Growth and Yield Response of Mucuna pruriens Plants to Soil Moisture Variation in the Cotton Production Zone of Mali, West Africa
ABSTRACT
In the cotton production zone of Mali, livestock farming faces many challenges, including forage constraints. This study aims to understand better the variations in Mucuna pruriens production in response to high rainfall variability and, consequently, in soil moisture. The systems used for this study comprised two measurement sites in Mali’s cotton production zone (Béguéné and Ziguéna) and a third at the Sotuba agronomic research centre in Bamako. The approach adopted was to take hemispherical photographs of pure Mucuna pruriens in parallel with soil moisture measurements. These measurements were taken in 9 plots of 25 x 25 m (3/site) at Sotuba, Béguéné, and Ziguéna. Remote sensing data the Leaf Area Index (LAI), and soil moisture were also used to monitor the seasonal dynamics of these two variables. The study showed that the yield of Mucuna pruriens is only weakly correlated with the annual rainfall. Dry sequences of 3 days were in the majority at all three sites, representing up to 79% of the total recorded at Sotuba, 76% at Béguéné, and 78% of the total recorded at Ziguéna during the same year. In contrast, those longer than 10 days represented only 4%, 11%, and 10% of the total in Sotuba, Béguéné, and Ziguéna, respectively. The linear regression between the average soil moisture (120 days after sowing) at each site and the maximum leaf area index explains 41% of this variability. The results revealed a relationship between the annual rainfall and the rainfall intensity in the study area. It also shows that the dynamics of Mucuna pruriens are weakly linked to annual rainfall, as they do not depend solely on soil moisture, and other factors can influence them. 
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1. INTRODUCTION
It is estimated that about 60 per cent of rural households in developing countries depend wholly or partially on livestock for their livelihoods, which provide essential protein and micronutrients for poor populations. On a global scale, livestock farming is a key mechanism for reducing stunting and wasting in children. Therefore, the livestock sector can play an important role in eliminating hunger, malnutrition, and child development, which in turn can be an engine for the fulfilment of various SDGs (Torres et al., 2022; Van‐Heurck et al., 2020). Livestock plays an important role in the household economy in Mali (Wane, 2006 ; Diawara et al., 2021). The estimated ruminant herds are 12,848,696 cattle, 21,149,809 sheep, and 29,201,079 goats (DNPIA, 2022). Livestock feed relies almost exclusively on forage resources, whether natural or cultivated (Ba et al., 2022). However, the productivity of these pastures is highly variable in time and space due to rainfall variability (Coulibaly et al., 2017; Diawara et al., 2020).
The interannual rainfall variability was high in the study area, as observed elsewhere in the sub-humid zone. The average rainfall rate was 14.19% over the 2012/2021 period in Béguéné, located in the north of Mali’s cotton production zone, for an average rainfall of 810.35 mm per year. In addition to temporal variability, there is considerable spatial heterogeneity (Traoré et al., 2022).
Many authors agree on the importance of rainfall distribution and volume for the dynamics of forage resources in sub-humid zones (Le Barbé & Lebel, 1997; Beyene, 2015). Breman and De Ridder (1991) added the influence of runoff and drainage in the Sahelian region.
It has also been established that the level of plant cover production depends much more on the water status of the soil than on the level of precipitation. Soil water availability results from both rainfall patterns and the redistribution of water through runoff and infiltration (De Rosany et al., 2009).
Soil water availability is influenced by the storage and transport characteristics of the soil itself (Cornet, 1981 ; Diawara et al., 2020). According to the same author, there may have been differences related to the texture and organic matter content.
The major challenges identified in livestock farming systems are a lack of pasture and quality feed, scarcity of water resources, climate change, undeveloped breeding and management of livestock, poor marketing and trade, and socioeconomic constraints (Eeswaran et al., 2022; Erdaw, 2023). In Mali’s cotton production zone, livestock farming faces many challenges, including forage constraints (Ba et al., 2022). The forage stock built up at the end of the growing season for annual grasses and at the end of the harvest for rainfed crops decreases throughout the dry season under the influence of grazing by domestic ruminants and other factors such as winds, bush fires, and termites. In southern Mali, the expansion of cultivated land has considerably reduced the rangeland areas (Coulibaly et al., 2017 ).
Forage grasses can help reduce the vulnerability of livestock systems to recurrent seasonal forage shortages in the southern Mali zone (Traoré et al., 2020). Forage development strategies have been introduced and popularised for about five decades in the country’s crop-livestock production systems (Tulu et al., 2023). This study is part of the activities of the AgrECo project (Projet d’Appui à la Transition Agro-Ecologique en zone cotonnière du Mali). It aims to gain a better understanding of the variation in the production of Mucuna pruriens, a forage plant, in response to the high variability of rainfall and consequently of soil water reserves in Mali’s cotton production zone.
2. MATERIAL AND METHODS
2.1. Study area and data acquisition
The systems used for this study comprised two measurement sites in Mali’s cotton production zone (Béguéné and Ziguéna) and a third at the Sotuba agronomic research centre in Bamako (Fig. 1). At Béguéné, in addition to the pure Mucuna pruriens formation, herbaceous measurements were conducted in a fallow area located close to the field. Given the remoteness of the sites from one another, two methods of data collection were used : one based on field or in situ data collection and another based on remote sensing.
2.2. Methodology
2.2.1. Estimating the biomass yield
The biomass was estimated using the integral harvesting method (Djitèye, 1988). Within each 1x1 m plot, biomass was harvested at the ground level. The green weight of each plot is determined. A 500 g sample of biomass from each plot was collected and placed in a Cretonne bag, followed by a label bearing all the information (survey number, fresh weight of sample, species, tec.). The samples were oven-dried at 105°C for 48 h to determine the weight of the dry matter (DM).
2.2.2. Hemispherical photographs
The approach consisted of taking hemispherical photographs above the plant cover (a pure Mucuna pruriens formation at the three sites and fallow at Béguéné) at the study sites. Photographs were taken every 10 m along diagonals and on the sides in 25 x 25 m meshes (three meshes per site). This dimension was chosen so that the in situ data could be compared with the satellite data. The photographs were analysed using Can-Eye software to estimate the leaf area index (LAI).
2.2.3. Estimation of the Leaf Area Index (LAI)
Vegetation dynamics in pure Mucuna pruriens were documented using Leaf Area Index values derived from satellite reflectance measurements in the green and red channels, which can be related to the green vegetation density. The use of this index has been accepted by the scientific community in vegetation monitoring studies (Mougin et al., 2019). In this study, we chose to use the LAI product delivered by the MODIS TERRA satellite, which offers sufficiently fine spatial resolution to work at the scale of a 25 x 25 m grid. Green vegetation dynamics were monitored using maximum LAI values, averaged over 4 days during the growth phase, and data were obtained through the http://daac.oml.gov/modiswebservice website. 
2.2.4. Estimation of the soil moisture
Several methods were used to measure the soil moisture in the study. Gravimetric measurements consisted of taking a known volume of soil samples (100 cm boxes) from a pit at different depths on the surface and then every 10 cm to calculate the dry bulk density and volumetric water content. The oven (at the Laboratoire Sol-Eau-Plante in Sotuba) was used to calculate the mass of water in the soil. The volumetric moisture values obtained were first compared with those obtained using the probe and with those derived from the satellite. Second, they were used to establish the relationships between Mucuna pruriens dynamics and the soil water content. 
We also had a portable probe to measure the surface soil moisture (0 cm to 6 cm) on the move. This probe was used to measure using the same 25 x 25 m plot. Oven drying (at the Soil-Water-Plant laboratory in Sotuba) was used to calculate the volumetric water content of the soil. The output signal is a voltage in mV. The HH2 box converts the voltage to the water content. The water content is a dimensionless quantity, expressing a ratio of 2 volumes, that of the water to that of the sample. The ML2x probe yielded an average value over the electrode length of 6 cm (Gaskin and Miller, 1996). The value is expressed as a percentage by volume. Variation in the soil water content was also determined using data derived from the SMAP (Soil Moisture Active and Passive mission) satellite. SMAP is placed in a sun-synchronous orbit. SMAP provides almost complete coverage of the globe, passing over the same area every 2 to 3 days. It provides soil moisture measurements with an accuracy of 4% in the top 5 cm of the soil at various latitudes.
2.3. Data analysis
To establish the relationship between LAI and soil moisture, linear regression was performed using R (RCRAN https://cran.r-project.org/Card). The descriptive statistics were also calculated using the same software. To understand the intra-seasonal rainfall fluctuations at the studied sites and determine the variables characteristic of the rainy season, the daily rainfall recorded at the Sotuba, Beguéné, and Ziguéna rainfall stations was analysed. The approach adopted was to determine the annual rainfall totals and then to break down the season's total rainfall into rainfall events of varying intensity (less than 5 mm, from 5 to 9 mm, from 10 to 19 mm, and greater than 20 mm). The agronomic start-up date is otherwise defined by the so-called significant rains that trigger the first germination of annual herbaceous plants. A rain-free period of 20 consecutive days beyond mid-August marks the end of the rainy season (Balme et al., 2005). This agronomic approach was used to determine the start and end dates of the rainy season, as well as the other variables presented above. To assess the influence of soil moisture on Mucuna pruriens dynamics, regressions were established between MODIS-derived LAI and SMAP-derived moisture.
3. RESULTS
3.1. Intraseasonal rainfall distribution
The analyses were used to determine the characteristic variables for the 2021 rainy season based on data from three rainfall stations. The results of these analyses are presented in Table 1. The Ziguéna site in Mali’s pre-Guinean zone received the highest rainfall of the three in 2021, with 1,168 mm. It is followed in Sotuba in the Sudanian zone, with an annual total of 1,043 mm. The Béguéné site, located in the Sudano-Sahelian zone, recorded only 563 mm in 2021. The highest number of rainfall events was recorded in Sotuba (88), although 38% were of low intensity (< 5mm). Despite the large differences in their annual rainfall, the Ziguéna and Béguéné sites recorded 60 and 52 rainfall events, respectively. Over 20 mm were recorded daily: 23 in Ziguéna, 18 in Sotuba, and 10 in Béguéné. Dry sequences of 3 days were in the majority at all three sites, representing up to 79% of the total recorded at Sotuba, 76% at Béguéné, and 78% at Ziguéna during the same crop year. In contrast, those longer than 10 days represented only 4%, 11%, and 10% of the total in Sotuba, Béguéné, and Ziguéna, respectively. 
3.2. Soil moisture dynamics
Table 2 shows the weight moisture profiles (10 - 100 cm) at the study sites. Vertical soil moisture profiles drawn up based on soil samples taken in the first week of August 2021 show wide variations depending on the site and the sampling horizon. At Sotuba, the maximum soil moisture was recorded at 100 cm. At Ziguéna and Beguéné, maximums were observed at depths of 60 and 40 cm, respectively. The average in Beguéné was 12.56 m3/m3, compared to 2.30 and 3.37 m3/m3 in Sotuba and Ziguéna. Fig. 2 shows the temporal variation in the soil water reserve measured in the field during the 2021-2022 rainy season from the SMAP satellite-derived data. Soil moisture in the 2-6 cm layer shows strong variation over the season, according to the intraseasonal distribution of rainfall. The maximum soil moisture derived from SMAP recorded at Beguéné was 19.60 m3/m3, compared to 23.11 m3/m3 at Sotuba and 23.28 m3/m3 at Ziguéna. Peak soil moisture was reached around day 228 (August 16) at all three sites. The relationship established between the SMAP satellite-derived soil moisture and that measured in the field shows a good match between the two methods (r = 0.81; n = 12).
3.3. Seasonal variation in the leaf area index
The relationship established between the leaf area index (LAI) derived from the hemispherical photographs and that of the MODIS sensor shows a good match (r = 0.69; n=16). Therefore, the comparative dynamics of the Mucuna pruriens LAI presented in Fig. 3 are based on the LAI values obtained from this sensor. The estimated LAI derived from the MODIS data varied greatly from site to site. This variation was high during the main growth phase (61% on average from sowing to day 45). Peak growth was reached only 45 days after sowing at Sotuba and Beguéné, with a maximum LAI of 0.7 and 1.6 m²/m², respectively. In Ziguéna, further south, the maximum LAI was reached 60 days after sowing, with a maximum LAI of 2.6 m²/m². The leaf area index at Sotuba represents only 35% of the maximum LAI estimated at the Beguéné site, which recorded twice as much rainfall. This inter-site variation is superimposed by the strong intrasite variations in LAI.
3.4. Dry matter yield (kg DM/ha)
Yields after sun-drying vary according to site (Fig. 4). The variability observed between yields is not statistically significant (p = 0.18). The Ziguéna site has the highest average yield, at 4.9 tons DM/ha. It is followed by the Sotuba site with an average yield of 4 tons DM/ha. The Béguéné site has the lowest yield, with an average of just 2.90 tons DM/ha. 
3.5. Relationship between the soil moisture and the leaf area index
Fig. 5 shows the relationship between soil moisture and the leaf area index at the study sites. For the Sotuba site, the soil moisture measured explains 54% of the leaf area index dynamics. In contrast, the Beguéné site explains only 8% of the seasonal dynamics of LAI. The soil moisture determinism for Mucuna pruriens dynamics for the Ziguéna site is close to that for Sotuba, with a coefficient of determination R² = 0.50. The linear regression established between the average soil moisture (120 days after sowing) at each site and the maximum leaf indices at the same sites showed a positive correlation between the two variables with R² = 0.41.
4. DISCUSSION
A comparison of the number of rainfall events over the season and annual accumulations revealed a strong spatial variation according to the bioclimatic gradient. Rainfall events are less numerous but more intense from south to north, and they determine the annual precipitation totals. These variables, which are characteristic of the rainy season, allow us to understand the spatio-temporal variation in soil moisture and to establish relationships between this variable and plant production, particularly that of pure Mucuna pruriens formations.These results agree with those of Lawin et al. (2010), who found a similarity between the Sudanian and Sahelian systems in terms of the relationship between the annual rainfall and the rain intensity. The dominance of dry sequences ≤ 3 days during the 2021 rainy season is not exceptional in the region. This result is close to that reported by Traoré et al. (2022), who showed that dry sequences ≤ 5 days are most numerous in the first half of the rainy season. However, Sissoko et al. (2020) showed that dry sequences at the start of the cropping season can affect the soil moisture levels in the 0-10 cm layer.
The gravimetric soil moisture values estimated for the Sotuba site seem relatively low for the sub-humid zone in August, especially as the site received 50 mm of rain on August 4, just two days before soil sampling. As soil moisture increased with depth (maximum estimated at 100 cm depth), this could be explained by infiltration, as shown by Shukla and Lai (2002). A study conducted by the CILSS (2012) also corroborates this result. In this study, the authors show that tillage, particularly ridging and ploughing, can improve the physical properties of the soil by slowing runoff and promoting infiltration. Although too low for the area, the estimated values for Ziguéna agree with the seasonal rainfall distribution. Soil sampling followed a 9-day dry sequence.
The analyses established a relationship between the seasonal dynamics of the leaf area index (LAI) and soil moisture. They showed that the average humidity during the main growth period explains 41% of the variation in the maximum LAI. The dynamics of Mucuna pruriens at the three study sites during the 2021 growing season show that the production of this forage crop depends on both the rainfall distribution during the season and other factors. The leaf area index estimated for the Sotuba site represents only 35% of the maximum LAI estimated for Beguéné, which recorded half as much rainfall. This intersite variation is superimposed by the strong intrasite variations in LAI. The infiltration and runoff characteristics of rainwater are linked to the soil texture mentioned above (Doorenbos and Kassam, 1987).
The average LAI estimated for the fallow area around the growth peak represents 1/3 of that estimated for the formation of pure Mucuna pruriens in the same period. This difference can be explained by the structure of the vegetation in the two types of formations and by the ability of Mucuna pruriens in pure cultivation to conserve soil moisture (Sissoko et al., 2020). Previous studies on the relationship between the nature of vegetation cover and the behaviour of water from precipitation (Beauchamp, 2006; Sissoko et al., 2020) point in the same direction, showing that vegetation opposes surface runoff and favours infiltration. The stems act as obstacles to surface runoff, reducing the speed of water flow. Roots increase soil permeability. The presence and type of crop greatly influence the effects of precipitation on the soil. Indeed, according to Beauchamp (2006), the consequences of rainfall are greater for a plot under cultivation than for a rangeland. It has been established that a meadow will protect the soil so that only 5% of it will be affected by rainwater, compared with 50% for a forage grass.
Globally, the leaf area index values obtained in this study agree with the phytomass estimated in a previous study (Traoré et al., 2021). In this study, the average yield of Mucuna pruriens in pure cultivation was 2347 and 4508 kg DM/ha, respectively, at Beguéné and Ziguéna, while the herbaceous phytomass obtained on the same sites during the same cropping season (2015 - 2016) was 733 and 1521 kg DM/ha (Ba et al., 2022).
5. CONCLUSION
This study was part of the AgrECo project and aimed to gain a better understanding of the variation in the production of Mucuna pruriens, a forage grass, in response to the high variability of rainfall and consequently of the soil water content in Mali’s cotton production zone. The results revealed a relationship between the annual rainfall and the rainfall intensity in the study area. It also shows that the dynamics of Mucuna pruriens are weakly linked to annual rainfall, as they do not depend solely on soil moisture, and other factors can influence them. The leaf area index values obtained for the three sites indicate that Mucuna pruriens is a very interesting forage grass in all three bioclimatic zones. 
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[bookmark: _Toc131391995]Table 1. Number of rainfall events and duration of dry sequences during the 2021 rainy season
	Rainfall /Sites
	Sotuba
	Beguéné
	Ziguéna

	
	Number of rain events

	< 5 mm
	33
	23
	14

	5 – 9 mm
	12
	7
	9

	10 – 19 mm
	15
	12
	14

	> 20 mm
	18
	10
	23

	Annual rainfall
	1043
	563
	1168

	Length of dry sequences
	Number of dry sequences

	≤ 3 days
	37
	19
	31

	4 – 6 days
	8
	3
	4

	7 – 9 days
	0
	1
	2

	>10 days
	2
	2
	3


 


[bookmark: _Toc131391996]Table 2. Moisture content profiles (% vol) at study sites
	Sampling depth (cm) / Sites
	Sotuba
August 6, 2021
	Beguéné
August 8, 2021
	Ziguéna
August 10, 2021

	10
	0.46
	13.31
	1.80

	20
	2.20
	14.26
	0.74

	30
	3.58
	14.47
	3.21

	40
	0.95
	15.00
	5.63

	60
	1.99
	8.98
	6.27

	100
	4.61
	9.37
	2.55

	Average (% vol)
	2.30
	12.56
	3.37

	Sd
	1.57
	2.68
	2.17
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[bookmark: _Toc131939089]Fig.1. Location of the study area
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[bookmark: _Toc132449339]Fig.2. Temporal variation of water reserve in the root layer 2 - 6 cm at Sotuba (a) Beguéné (b) and Ziguéna (c)
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[bookmark: _Toc131939095]Fig. 3. Seasonal dynamics of LAI derived from the MODIS sensor at the study sites in 2021
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Fig. 4. Variation in dry matter yields according to the site
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[bookmark: _Toc132449342]Fig. 5. Relationship between soil moisture and leaf area index (LAI)
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