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With climate change, maize production is becoming more constrained by limited water availability especially in rainfed production systems. Climate Smart Agriculture (CSA) practices have potential to enhance water availability and water use efficiency in rainfed production systems, but their efficiencies have not been adequately investigated. The study evaluated the performance of permanent planting basins (PPB), mulching (M), and halfmoon pits (HM) on soil moisture storage, maize yield, and water use efficiency in a maize cropping system for the sub-humid areas of Uganda for three cropping seasons in Albert region. The control treatment consisted of bare soil as the existing conventional farming practice without any CSA practice. Maize growth parameters and soil moisture storage were monitored and evaluated in each cropping season and CSA treatment. The maize yield, water use efficiency, and evapotranspiration (ET), were determined in each CSA treatment. Results showed that CSA practices significantly increased (P < 0.05) total soil water storage (1–12%) than the control treatment. It was also noted that; the use of M, PPB, and HM increased the water use efficiency by 9 – 68% and 8 – 66% of grain yield compared to the control in the three growing seasons. Our results indicate that even under unreliable and limited precipitation in sub-humid regions, the studied CSA practices indicate a high possibility to increase maize productivity than conventional farming practices (control). These findings are critical as climate change continues to affect maize productivity in rainfed farming systems where there limited supplemental water alternative sources for smallholder farmers. The adoption of CSA practices will enhance the resilience of maize production in sub-humid regions.
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INTRODUCTION

Globally, water stress arising from unreliable rainfall and rising temperatures is a major constraint on agricultural production (Rockström et al., 2007; Bhattacharya, 2019; Zizinga et al., 2022). Sub-humid zones are considered dryland farming regions, occupying 27–41% of the earth's land surface area and produce food for a third of world's population (Feng and Fu, 2013). Agriculture production in sub-humid regions is mostly rainfed, yet the adoption of irrigation is still low (Tilman et al., 2011; Wheeler and Von Braun, 2013 and Xie et al., 2018).

Recent studies have predicted decline in rainfall over East Africa (Souverijns et al., 2016; Ongoma et al., 2018; Wainwright et al., 2019) and 5.8°C increase in temperatures for Uganda (Epule et al., 2017). In Uganda, most smallholder farmers (76%) rely on rainfed agriculture that contributes 24% of gross domestic product Uganda Bureau of Statistics, 2019; World Bank, 2019). Given the ever-increasing droughts, extremely low and erratic rainfall with absence of effective adaptation and mitigation strategies, Uganda's climate change adaptation efforts remain a challenge. This is likely to affect agricultural production in the region, especially maize (Zea mays L.) (Gornall et al., 2010; Zizinga et al., 2022), and lead to food insecurity.

Climate smart agriculture (CSA) practices have been recommended as an effective tool for increasing and sustaining agriculture productivity in rainfed production systems, amidst climate change (Lipper et al., 2014; Tambo and Kirui, 2021). Climate smart agriculture (CSA) practices refers to farm management technologies which sustainably increases productivity, resilience, reduces greenhouse gases to enhance the achievement of national food security and development goals (FAO, 2016). It also contributes to resource use efficiency and environmental conservation in the context of low and erratic rainfall and offers alternatives to mitigate greenhouse gases (FAO, 2013; Nagargade et al., 2017).

Mulching, halfmoon pits and permanent planting basins have been used across the tropics as climatic change adaptation and mitigation strategies to increase soil moisture storage in rainfed maize production systems (Biazin et al., 2012; Partey et al., 2018). In southern Africa, adoption of permanent planting basins (PPB) increased water capture and storage, boosted maize yield and enhanced resilience to drought compared to conventional tillage practices (Twomlow and Bruneau, 2000; Mwenge Kahinda et al., 2009).

In Uganda, CSA practices such as mulching with straw dry grass, digging various basins and pits to harvest rain water (permanent planting basins and halfmoon pits) are being promoted to increase the resilience of cropping systems through improved soil and water conservation (FAO, 2013; MAAIF, 2017; Zizinga et al., 2022). However, the adoption of CSA practices in Uganda is still low, majorly due to lack of adequate research to generate the information necessary for integration into existing farming practices and extension services to transfer research products and innovations to farmers. For example, quantitative scientific data on the effects of mulching, halfmoon pits and permanent planting basins on soil moisture storage, maize growth, yield and water use efficiency is still lacking, yet crucial for adoption and implementation. In addition, based on the sole reliance of natural rainfall for agricultural production in Uganda, the production systems are prone to the unprecedented shifts in rainfall seasons which has adversely affected the critical stages of crop production due to water stress. Therefore, experiments to evaluate the performance of the selected CSA practices on maize production in a sub-humid climate of Uganda were conducted to bridge this gap. Specifically, the objectives of this study are; (1) assessing the effect of the CSA practices (i.e., PPB, M, and HM) on soil water storage and (2) analyzing the effect of CSA on maize growth, yield and water use efficiency, as compared with the conventional farming practices.



MATERIALS AND METHODS


Study Area Description

The experimental site was located in Bulindi Zonal Agriculture Research and Development Institute (1° 00′-2° 00′ N and 30° 30′-31°45′ E), the western Graben of Albert region, a high altitude region in Uganda (Wortmann and Eledu, 1999; Kikoyo and Nobert, 2016) (Figure 1). The annual rainfall received in the study area ranges between 800 and 1,300 mm and highly variable across the production seasons. The altitude of the study area ranges between 621 and 1,158 m above sea level with the mean annual temperature of 29°C.


[image: Figure 1]
FIGURE 1. Location of the study area, Bulindi station in gray color were the experiment was conducted. The red color illustrate a catchment area and river Kiha of Uganda.


During the study period, the weather station was installed to record weather data (rainfall and temperature). The rainfall received was 529, 416, and 405 mm for seasons 1, 2, and 3, respectively, while average temperatures of 21.5, 24.4, and 20.9°C were recorded during the same seasons (Figure 2). The site was characterized at the beginning of the experiment as indicated in Table 1. The soil type in the study area is Acric Ferralsols characterized by predominantly clayey texture in subsurface according to FAO soil classification (Legrain et al., 2018). The soil also has an impervious layer between 40 and 50 cm. Therefore, the maize roots could not exceed 40 cm. Consequently, this was considered as the rooting depth during experiments and the maximum length of the access tubes was chosen to be 40 cm. The experiments were established in a uniform sloping area with a slope of <5%.


[image: Figure 2]
FIGURE 2. Daily precipitation and temperature during the three maize growing seasons (S1, S2, S3) and (a), (b) are off seasons at the Bulindi Zonal Agriculture Research Development Research Institute station.



Table 1. Soil chemical and physical properties of the study site.
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Experiment Design and Field Management

The experiments were setup in 2019–2020 following the FAO CSA manual (FAO, 2013), and consisted of four treatments that included three CSA practices namely halfmoon pits (HM), permanent planting basins (PPB), straw mulch of 2 cm thickness (M), and the control (C) treatment. The C plots comprised a bare surface field, which is a typical common conventional cultivation practice in the study area without any soil water management technique (Figure 3A). The previous seasons before the experiment at the study site had been plowed using a tractor. The HM treatment was established by digging six halfmoon shaped pits measuring 30 cm deep, 50 cm wide and 100 cm circumference using a hand hoe at a spacing of 30 cm to capture rainwater (Figure 3B).


[image: Figure 3]
FIGURE 3. Schematic illustration of treatments of rainfed maize production at the experimental station; (A) control, (B) halfmoon pits, (C) permanent planting basin 30 cm deep, and (D) mulch 2 cm thick.


The PPB practice involved excavation of circular pits of 15 cm diameter at depths of 30 cm in a plot. Both PPB and HM were established 1 day before planting (Figure 3C). For mulch treatment, the soil in each plot was covered with dry grass materials of 2 cm thickness (Figure 3D), and this was applied at planting.

The completely randomized block design (CRBD) experiment was set up with eight replicates per treatment (Figures 3A–D). Maize (Longe 9H variety) which is tolerant to moisture stress was used as a test crop (MAAIF, 2009).

Maize planting was done on March 31st, 2019 (first season), October 5th, 2019 (second season) and March 17th, 2020 (third season) at spacing of 75 × 30 cm. Plots of 5 × 5 m with borders of 1 m between plots and 2 m between blocks were used in this experiment. Thinning was done at 2 weeks after planting to maintain one plant per hill, 111 plants per plot and 44, 444 plants per hectare for each treatment replicate. Prior to planting, soil properties were determined (Table 1). Based on the low values of available phosphorus (Av. P) and potassium (K), the plots were amended to cater for crop nutrient requirements and soil homogeneity, with a blanket basal application of di-ammonium phosphate (60 kg P ha−1) and muriate of potash (60 kg ha−1). At 8 weeks after planting, urea fertilizer was applied at a blanket rate of 90 kg N ha−1. After the first season, the soil in CSA treated plots was not tilled for the consecutive growing seasons, therefore, land preparation during season 2 and 3 was by slashing. In comparison however, land preparation in the control treated plots (conventional practice) was done by hand hoeing.



Data Collection
 
Maize Yield

Above ground biomass was determined at vegetative (44 days after sowing), tasseling (59 days after sowing), silking (87 days after sowing) and maturity (140 days after sowing) stages using four randomly selected plants from the two outside rows and this was done to retain enough plants for yield determination across the sampling growth stages. The selected plants were cut and their fresh weight measured. Maize yield was determined at maturity stage from a subplot of 2 × 2 m. The maize shoot, stovers, and grain samples were weighed for each plot in the field to obtain fresh weight and thereafter packed and taken to Makerere University laboratory. The samples were oven dried at 60°C for 48 h up to constant dry weight and expressed as Kg ha−1.



Soil Moisture Content and Evapotranspiration Determination

To determine soil moisture within each maize growing season, soil water content was measured at 0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm, using the principle of Frequency Domain Reflectometry (FDR) moisture probe-type PR2/4 (Delta-T Devices Ltd., 2006). The maximum length of the access tubes was 40 cm which was taken as the maximum rooting depth with 10 cm increment intervals used in the measurement of soil moisture content. Soil moisture was measured using 26 access tubes installed randomly at the start of the experiment in each treatment plot. In each replicate of the CSA practice and control treatment, one access tube was installed to measure soil moisture content. For control treatment plots, a total of five (access tubes were installed, for HM eight access tubes, seven for PPB and six for the mulched plots. For data analysis, soil moisture data from five access tubes were considered for each treatment to ensure uniformity with the control treatment.

Volumetric soil moisture readings were manually recorded daily along the four soil depths with a handheld moisture meter connected to a profile probe sensor. Seasonal evapotranspiration (ET, mm) for each CSA treatment was determined based on soil water budget (Bu et al., 2013; Lin et al., 2016; Equation 1):

[image: image]

Where, P = total precipitation (mm) and ΔSWS = difference in soil moisture storage (mm) between planting and harvesting stages. The water-use efficiency (WUE) was calculated by dividing grain yield (kg ha−1) with total ET (mm) over the growing seasons.

Soil water storage (mm) was determined using Equation 2.

[image: image]

Where,

SWS is soil water storage,

[image: image]is volumetric available soil water content at a given depth (mm cm−1),

L is the rooting depth (cm).




Soil Properties

The effect of CSA treatments on the selected soil properties were assessed at the end of the third season. At harvesting, 128 disturbed composite soil samples (32 from each treatment) were randomly collected using a soil auger for soil texture and soil organic carbon (SOC) determination. In each plot, four (4) soil samples were collected, one (1) sample from each soil depth (0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm). This was mixed to make a composite sample through quarter sampling technique. Soil texture was analyzed in the laboratory using the hydrometer method while for SOC, the wet oxidation method of Blackley-Walkley (Okalebo et al., 2002) was applied and thereafter converted into soil organic matter (SOM) using a factor of 1.724.

Conversely, a total of 128 undisturbed core samples (100 cm3; 32 from each treatment) were collected using a core method to determine soil bulk density (BD) and saturated hydraulic conductivity (Ksat). The Ksat was analyzed using a laboratory water permeameter with the constant head method (Eijkelkamp Soil Water, 2017).



Statistical Analysis

Data analysis was done using R statistical tool version 3.6.0 (R Core Team, 2019). Analysis of variance was performed on soil moisture using a linear mixed-effect model with “lmer” function from the package “lme4”. The CSA treatments, soil depth and the time (days after sowing) factor were maintained as fixed effects and the replication was a random effect. The CSA practices on soil moisture content and storage, yield, water use efficiency and maize grain yield was analyzed using one-way analysis of variances. The “lsmeans” package, was used to compute means while post-hoc comparisons were performed using the Tukey's HSD for separation of significant means at P < 0.05 and this was achieved using “cld” function from the “multicompView” package.




RESULTS


Maize Biomass Accumulation

The different CSA treatments caused significant differences in maize biomass accumulation in the three growing seasons at the various maize growth stages. However, the interactions of growth stages and CSA treatments and that of growth stages, CSA treatments and seasons were not (P = 0.990; Table 2).


Table 2. ANOVA results on effect of CSA treatments on maize biomass.

[image: Table 2]

Overall, mulch consistently produced the highest biomass (16,389 kg ha−1, 31, 801 kg ha−1, and 20,293 kg ha−1) followed by PPB (15,885 kg ha−1, 19,810 kg ha−1, and 20,293 kg ha−1) and HM (15,002 kg ha−1, 29,283 kg ha−1, and 18,569 kg ha−1) in season one, two and three, respectively, at all the growth stages (Figure 4).
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FIGURE 4. Biomass for the CSA practices in the vegetative (44 days after sowing), tasseling (59 days after sowing), silking (87 days after sowing) and maturity (140 days after sowing) growth stages for seasons 1 (A), 2 (B), and 3 (C). C, control; M, mulch 2 cm thickness; PPB, permanent planting basins; HM, halfmoon pits; M, mulch 2 cm thickness. The vertical bars represent ± the standard error of the mean and (P < 0.05). Means ± standard error followed by the same letters are not significantly different (p < 0.05).


The application of mulch increased biomass by 18%, 62%, 25% and HM treatment by 8%, 49%, and 14% in season one, two and three, respectively, compared to control treatment. While, the PPB treatment increased biomass by 1–14% in seasons one and two. The M treatment biomass was 3–61% higher from PPB and HM in the three growing seasons (Figure 4). Also, drastic loss of biomass in season three was attributed to crop damage at maturity stage and low rainfall (Figure 4C).



Variability in Soil Properties Across the CSA Practices

At the end of third season, soil properties showed high variability across the CSA practices and soil depths within the different CSA practices (Figure 5). At all soil depths, the CSA practices did not significantly (P > 0.05) influence Ksat. At soil depths of 0–10 cm and 10–20 cm, all CSA practices had higher soil organic matter (P < 0.05) (SOM) than control (C) treatment. At the same soil depths, the permanent planting basins (PPB) had significantly higher SOM than mulch (M). For the soil depth 20–30 cm, PPB and half-moon pits (HM) had significantly higher SOM than M and C whereas, CSA practices significantly enhanced SOM better than the control at 30–40 cm (Figure 5B). At soil depth, 0–10 cm, PPB had significantly lower bulk density than other treatments. However, bulk density did not vary significantly among treatments at 10–20 cm and 20–30 cm due to higher effects of non-mechanised tillage in the plots. Also, at 30–40 cm, PPB had significantly lower bulk density than other treatments while control had significant difference with mulch (Figure 5C).


[image: Figure 5]
FIGURE 5. Variability in selected soil properties across the CSA practices and soil depths. (A) Ksat-saturated hydraulic conductivity, (B) organic matter, and (C) Bulk density. C, control; HM, halfmoon pits; PPB, permanent planting basins; M, mulch 2 cm thickness. Different letters on each panel of the graph illustrate significant differences across soil depth (P < 0.05).




Soil Water Storage During the Growing Seasons

The rainfall concentration in season one also enhanced soil water storage compared to seasons two and three. The soil water storage varied significantly in 0–40 cm soil layers due to CSA treatments, seasons, and growth stages. However, the interaction effect of growth stages, season and CSA treatments (P = 0.660; Table 3).


Table 3. ANOVA output on the effect of CSA treatments on soil water storage.

[image: Table 3]

The changes in water during the maize growth affect yield significantly. In the three growing seasons, soil water storage in 0–40 cm soil layers caused significant (P < 0.001) differences in seasons for different treatments (Figure 6). The application of CSA practices increased soil water storage by 4–12%, 2–5%, and 1–6% in seasons one, two, and three, respectively relative to control treatment. The highest soil water storage (66.2 mm) was produced under HM in season one, mulch in season two (77.1 mm), and PPB (78.1 mm) for season three (Figures 6A–C). Soil water storage from mulch, permanent planting basins and halfmoon pits was higher in all three growing seasons than in the control treatment. In season one, the rainfall was higher by 113 mm than in season two and 14 mm for season three (Figure 2). The increase in rainfall affected soil water storage and this was observed after sowing in seasons one and three which led to the highest soil water storage and retention in the CSA practices (Figure 6A).


[image: Figure 6]
FIGURE 6. Total soil moisture storage in different CSA treatments for seasons 1 (A), 2 (B), and 3 (C). C, control; M, mulch 2 cm thickness; PPB, permanent planting basins; HM, halfmoon pits; M, mulch 2 cm thickness. The vertical bars represent the ± the standard error of the mean and (P < 0.05).




Effect of CSA Practices on Soil Moisture Content

CSA practices caused significant differences (P < 0.05) in soil moisture content at different soil depths in maize growth period in all the three growing seasons (Figure 7). The dynamic changes in soil moisture content was also affected by rainfall (Figure 7). The soil moisture trend was different across the soil depth, CSA practices and the maize growth stages. There was both increasing and decreasing trends in all CSA practices and the control treatments across the respective soil depths and seasons. At all depths, the soil moisture content increased from planting to 44 days after sowing (Vegetative stage) and at 87 days after sowing (Silking stage) with the control treatment having the lowest soil moisture content across seasons and soil depths (Figure 7).


[image: Figure 7]
FIGURE 7. Seasons 1 (A–D), 2 (E–H), and 3 (I–L) effects of CSA practices on soil moisture content at soil depths of 0–10 cm, 10–20 cm, 20–30 cm and 30–40 cm during maize growth, respectively. C, control; M, mulch 2 cm thickness; PPB, permanent planting basins; HM, halfmoon pits; M, mulch 2 cm thickness. The vertical bars represent the ± the standard error of the mean and (P < 0.05).


At soil depth of 0–10 cm, HM soil moisture content was relatively higher by 21–74% than other treatments from the vegetative to silking stage in season one (Figure 7A). Mulch also increased soil moisture content by 9–47% and PPB from 4 to 25%. At 0–20 cm soil depth, only PPB increased soil moisture content in all maize growth stages (Figure 7B). In the 0–30 cm soil depth, mulch increased moisture by 8–18% from planting to maturity stage (Figure 5C) and at 40 cm depth, it was 7–14% and 9–24% for half-moon pits (Figure 7D).

In season two, there was fluctuation of soil moisture content from planting to maturity in the M, PPB and HM across all the growth stages at the 10 cm soil depth. The soil moisture increase was observed at maturity in mulch by 33–48% (Figure 7E). At 20 cm depth, there were significant differences at 44 and 59 days after sowing in all the treatments due to reduction in the rainfall and soil moisture did not increase above 5% (Figure 7F). While at 30 and 40 cm soil depth, the differences are also observed in the CSA practices after 59 and 87 days of sowing (Figure 7G). At the 30 cm depth, soil moisture increased in mulch by 1–18%, 1–23% for PPB and HM to 16% (Figure 7H).

Furthermore, season three soil moisture content increased higher (78%) at 30 cm soil depth compared to 10 cm (18%), 20 cm (32%), and 40 cm (8%) soil depths in all the CSA practices (Figures 7I–L). In the whole maize growing period, the soil moisture content in the CSA practices was higher than the control treatment with M, HM and PPB having the highest soil moisture content across the maize growth stages.



Maize Grain Yield, Water Use Efficiency, and Evapotranspiration

CSA practices caused significant differences in maize grain yield and water use efficiency in all seasons (Table 4). The maize grain yield in CSA practices was significantly (P < 0.05) higher than control treatment by 28–66%, 38–57%, and 8–56% in seasons one, two and three, respectively (Table 2). The PPB and M treatments produced significantly higher (P < 0.05) grain yield than HM treatment by 30, 14, 44% for PPB and 18, 1, 44% for M in seasons one, two and three, respectively. Similarly, the water use efficiency (WUE) increase was higher for PPB, M and HM by 68, 54, 30% for season one, 57, 40, 38% for season two while season three M had the highest WUE of 58, 57% for PPB and HM by 9%.


Table 4. Yield, water use efficiency, and evapotranspiration of maize.
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The PPB and M treatments also enhanced water use efficiency better than HM in all the maize growing seasons (Table 4). Use of PPB, M and HM significantly reduced evapotranspiration in all the three maize growing seasons (Table 4).




DISCUSSION


Effects of Climate Smart Agriculture Practices on Soil Properties

The improvement in soil moisture storage, soil organic matter levels, bulk density and water infiltration achieved using the various CSA practices indicate the potential for improving soil moisture retention and crop productivity in rainfed systems. The significantly higher soil organic matter under PPB practice for the topsoil (0–20 cm) could be related to root biomass and crop residues within the permanent planting basins. This is related to findings of Campbell et al. (2001) who report higher soil organic matter levels in plots where residues were retained under minimum tillage. Similarly, soil organic matter increase is a result of microbial decomposition from crop residues as reported in maize fields treated with permanent planting basins and mulching practices, which is in agreement with previous studies (Thierfelder and Wall, 2012; Mupangwa et al., 2013; Mloza-Banda et al., 2014). The retention of crop residues in intermediate seasons in mulch and permanent planting basins in the present study is a major attribute for improvements in soil properties studied.

The higher soil organic matter in CSA plots compared to the control treatments could be the benefits of minimum tillage and crop residual decomposition which improved the soil structure. Studies earlier conducted (Sharma et al., 2011; Lin et al., 2016; Dixit et al., 2019), found a significant reduction in soil moisture, biological diversity and microbial activity in topsoil layers and increased rates of organic matter oxidation in soils under conventional practices. The topsoil organic matter levels of >4% achieved in CSA treated plots are within the values recommended for maize production in low-input tropical soils of sub-humid climates (Okalebo et al., 2002).

Low soil bulky density in the permanent planting basins could be attributed to high soil organic matter in topsoil layer (0–20 cm) as discussed in the past studies (Nyamadzawo et al., 2008), the relationship with soil organic matter and bulk density existed in the field trials. However, the slight increases in soil bulk densities at depths beyond 20 cm could be attributed to compaction arising a from the previous field site management of plowing with a method of land preparation (Thomas et al., 2007; Verhulst et al., 2010; Marumbi et al., 2020). Although, results from this present study agree with Moreira et al. (2016) who reported improvements in bulk density and saturated hydraulic conductivity of maize fields in conservation farming for subtropical soils in Brazil.

The absence of soil water management techniques limit maize productivity in most regions of tropics which are solely rainfed. This situation is exacerbated by low rainfall in prolonged droughts that result into soil water depletion (Fan et al., 2016). The higher moisture in 20–30 cm soil depth for mulch (M) and permanent planting basin (PPB) treatments compared to HM and C practices may be attributed to higher water storage arising from improved water infiltration and reduction in surface water runoff since the study area was relatively flat. This also directly relates to the rainfall variability in the maize growing seasons (Figure 2), the higher rain received in season one, the higher soil water storage compared to season two and three in the present study. Mulching reduces soil evaporation by protecting the soil surface from direct solar heat and preventing surface runoff while increasing water infiltration (Bu et al., 2013; Wang et al., 2019). Permanent planting basins (PPB) and halfmoon (HM) pits capture runoff and increase water infiltration, while the control treatment consisted of bare soil surfaces that was susceptible to soil erosion and evaporation. The soil surface is covered in M and low tillage for HM and PPB corroborates with previous findings (Twomlow and Bruneau, 2000; Nyakudya et al., 2014), of non-mechanized tillage systems in Southern Africa. Given the observed rainfall (Figure 2) in the growing seasons and the dimensions (sizes) of HM and PPB for this study, the rain drop effect was reduced through water capture in the pits which increased water retention.

The higher soil water storage observed in PPB, M, and HM treatments in the three growing seasons compared to the control can be a result of high harvest of rainwater and movement to deeper soil layers compared to the control treatment (Sawadogo, 2011; Kuotsu et al., 2014). The HM, PPB, and M treatments also created a soil surface buffer to insulate the ground surface and traped running water in rain seasons. For example, studies of Wang et al. (2019), showed that mulch cover can strongly reduce soil surface heat flux and soil water evaporation, and this corroborates to the present study of M relatively increasing soil moisture content compared to other treatments. However, the observed reductions in soil moisture in the mulch treatment compared to other CSA practices could also be largely attributed to termite activity which degraded the grass straw, leading to decreased mulch thickness and exposure of soil surface to evaporative water loss (Mando et al., 1996; Gregory et al., 2002; Iqbal et al., 2020). It is also imperative to note that, soil water storage and moisture content availability is dependent on rainfall and soil water conservation especially in the rainfed agriculture systems (Famiglietti et al., 1998; Gao et al., 2013), hence controlling mulch infestation maintains the thickness level, and occurrence of rainfall and its interception in CSA practices relatively improved soil water storage in the three growing seasons.



Climate Smart Agriculture Practices on Maize Growth, Yield, and Water Use Efficiency

With climate change, crop yield, especially that of maize will decrease drastically in rainfed production systems, and consequently lead to increased hunger and poverty in the sub-humid regions. Moreover, maize is a high water use crop (500–800 mm per season), hence often affected by water shortages at critical growth stages (Steduto et al., 2012; Song et al., 2019). For Uganda, the wake of the growing population growth (3.4% per annum) and high demand for food in Uganda justifies promotion and adoption of CSA practices to improve crop productivity (Uganda Bureau of Statistics, 2019). The increase in growth of maize, yield and water use efficiency achieved using climate smart agriculture (CSA) practices imply that adoption of these technologies is a critical step toward improving food security in rainfed agriculture through improved soil water storage in growing seasons. The higher growth and water use efficiency of maize in plots amended using CSA practices could be attributed to reduced soil evaporation, and increase in soil moisture storage available for the crop use as discussed in the above sections. Previous studies (Gicheru et al., 2004; Rahman et al., 2005), have reported higher maize yield and WUE using minimum tillage practices.

Biomass accumulation is a key physiological determinant for maize growth and yield for maize productivity (Gifford et al., 1984; Andrade et al., 2005). The significantly higher grain yield and WUE for maize grown in plots amended with M, HM and PPB treatments in the three maize growing seasons would be a result of increase in soil water availability for optimum maize growth and yield (Monneveux et al., 2006). In comparison to the control treatment, the higher maize productivity achieved using M, PPB and HM practices could be mostly attributed to increased water capture and assimilation to higher yield and this corroborate previous studies (Yang et al., 2004; Edreira et al., 2014; European Commission, 2014; Balugani et al., 2018). Thus, the improved soil water storage in CSA practices reduced risks of crop failure due to erratic rainfall corroborating the findings of Mupangwa et al. (2006), FAO (2013), and Nyakudya and Stroosnijder (2015) who reported improved soil moisture storage in the maize rainfed production systems using permanent planting basins and mulches.

In the present study, the maize grain yields achieved under the different CSA practices are above those reported from farmer-managed maize fields in the study area (2,500–3,800 Kg ha−1) (Uganda Bureau of Statistics, 2019). This suggests that adoption of CSA practices, especially PPB, M and HM could drastically improve maize productivity, due to high efficiency in soil water storage and conservation as demonstrated in the present study. Adoption of these CSA practices would require farmer training and more evidence-based data from mid-long-term trials in different agroecological zones, to refine the technologies for wider application. Our results also are in line with conclusions and recommendations made by The Montpellier Panel (2013) and FAO (2013) on adoption of CSA practices and a suite of on-farm technologies to increase resilience and agriculture productivity amidst the climate change conditions.




CONCLUSION

The study has revealed for the first time in the sub-humid regions of Uganda that Climate smart agriculture practices relatively improve soil moisture storage, maize growth, yield, and water use efficiency. Its integration with the existing conventional farming practices in rainfed agriculture production systems could be a solution to water shortages in the agriculture production seasons and a potential in increasing resilience for maize growth hence higher final maize biomass for smallholder farmers. Therefore, the adoption of CSA practices in the rainfed agricultural systems increases crop yields and water use efficiency compared to the conventional farming practices amidst the progressive climate change. This could accelerate implementation efforts of climate change adaptation for food production by providing cost-effective and sustainable strategies for soil water management, which is a critical step toward improving food security. Mulching and Permanent planting basins were the most effective at improving soil moisture retention, maize yield and water use efficiency compared to control treatment. Rolling out these technologies in different areas requires to consider availability of mulching materials, costs of establishment, landscape characteristics and labor requirements. More field studies would be necessary to further investigate the effectiveness of these climate smart agriculture practices for improved maize production in different agroecological zones, and their effects on soil nutrient cycles at both mid- to long-term basis.
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