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Abstract 
Agricultural activities that encourage slashing, burning and ploughing greatly affect the soil struc-
ture and soil organic matter on which soil water retention depends. In this study, we hypothesized 
that inclusion of rotational leguminous tree species improves soil water retention in a semi-arid 
conservation agriculture system. In a study done in Kibwezi, semi-arid eastern Kenya, results 
showed that the amount of water retained in the different soil strata from plots with different tree 
species and tillage practices was highly significant (P = 0.032). Plots with planting basins and Gli-
ricidia sepium and Faidherbia albida tree species retained more water in both the upper and lower 
strata. Plots with G. sepium tree species under planting basins and zero tillage under F. albida had 
significantly higher soil organic carbon levels than plots that were managed under ridges and 
ploughing (P = 0.002). On the other hand, bulk density in plots with planting basins and zero til-
lage and ridges ranged between 1.35 g/cm3 and 1.53 g/cm3. Conventional tillage plots had bulk 
density values of 1.65 g/cm3 and 1.72 g/cm3 in the upper and lower strata respectively. The time- 
dependent nature of rotational leguminous tree species on soil organic matter and soil water re-
tention in the semi-arid conservation agriculture system highlights the importance of considering 
these species for improving organic carbon and water retention for improved crop production. 
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1. Introduction 
Soil and water losses are becoming a major challenge to smallholder farmers. Declining crop yields and in-
creasing levels of food insecurity especially among the smallholder farmers in the arid and semi-arid regions 
have been blamed on increased soil and water losses (Hernanz et al., 2002). The scarcity of water in the arid and 
semi-arid regions and now in the humid tropics where poor rainfall distribution leads to low moisture availabili-
ty to plants thereby inducing water stress limits agricultural production (Osuji et al., 2010; Wild, 1984). Small-
holder farming areas in semi-arid regions are low in soil organic matter and this makes the soil to have low soil 
structural stability, soil fertility and hydraulic properties (Lal, 2002) leading to water losses through runoff and 
reduction in the amount of water that infiltrates into the soil (Rao et al., 1998). 

Many smallholder farmers use different tillage practices for land preparation. Chivenge et al. (2007) point out 
that tillage plays a significant part in influencing nutrient storage and release from soil organic matter. However, 
some of these practices lead to the break down in soil organic carbon and destruction of the soil structure result-
ing in increased runoff and soil and water losses (Nyamadzawo et al., 2008; Thierfelder & Wall, 2009). Deteri-
oration in the structure of the soil can have both short and long term effects on the soil organic matter which in 
turn will affect soil water content, retention and plant growth. Soil organic matter represents a major proportion 
of the organic carbon within the terrestrial biosphere which plays an important role in soil fertility (Powlson et 
al., 2001) and affects infiltration, water retention, crop growth and productivity (Cattanio, 2012; Imogie et al., 
2008). In view of the foregoing, it is important that higher rain use efficiency be achieved so that the infiltration 
rate of the soil is increased to diminish losses of water through runoff (Gicheru et al., 2004).  

Soil water content is an important hydraulic property related to size and connectedness of pore spaces (Tuller 
& Or, 2004). Disruption of the soil structure and breakdown of soil constituents like organic matter highly affect 
soil moisture content. Studies (Li et al., 2009; Meskini et al., 2014) have shown that the mineral composition 
and pore network geometry of many soils are different and that these can affect soil water retention (Li et al., 
2009). The use of ploughing as the major tillage practice in the semi-arid area of eastern Kenya affects the soil 
structure, organic matter and soil water retention. 

Water scarcity is a major problem constraining agricultural production in the semi-arid area of Kibwezi. To 
effectively make use of the limited rainfall received in the semi-arid areas, it’s important to put in place and 
adopt soil management practices and tillage methods that enhance rain water penetration into the soil and ensure 
that adequate water is conserved for plant growth. Therefore, a good understanding of the links between the til-
lage systems and the soil water retention is needed especially in the arid and semi-arid region for improved soil 
water retention.  

Decline in soil productivity has led to development of new methods that can sustain crop production and pro-
ductivity (Cattanio, 2012). There is evidence that woody leguminous tree species can be used to produce bio-
mass and recycle nutrients in agroforestry systems, thus hastening soil fertility restoration (Imogie et al., 2008). 
Leguminous trees have beneficial effects on the soil physical and chemical properties, soil moisture content and 
retention by their litter deposition, root activity and changes in microclimate brought about by the leaf canopy 
(Arowolo, 2007; Cattanio, 2012). Notwithstanding these benefits, the use of short term rotational leguminous 
tree species in a conservation agriculture system of the semi-arid regions of Kenya is little known. This study 
was therefore carried out to investigate the effect of short term rotational leguminous tree species on soil water 
retention in a semi-arid conservation agriculture system. In this study, we hypothesized that short term legu-
minous tree species greatly improve water retention in both the lower and upper soil strata and improve soil 
bulky density through their influence on soil organic matter in a semi-arid conservation agriculture agroforestry 
system. 

2. Materials and Methods 
2.1. Site Description 
This study was conducted at Masongaleni location which is about 22 km south-east of Kibwezi town in eastern 
Kenya. The area falls in a semi-arid zone and experiences a bimodal pattern of rainfall; with the long rains fall-
ing in March to May and short rains in October to December (Nyariki et al., 2004). The short rains are more re-
liable for crop production than the long rains. The rain received during the long rain season is erratic and unre-
liable. In total, the area receives less than 500 mm of rainfall per annum (Nyariki et al., 2004). Mean tempera-
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tures range from 20.2˚C to 24.6˚C but temperatures as high as 32˚C have been recorded during prolonged drought 
periods. 

The major land forms include the volcanic Chyulu Hills, which lies along the southwest border of the county 
in Kibwezi. The altitude ranges from 600 m above sea level to 1900 m. The topography greatly influences the 
precipitation (Biamah, 2005). 

2.2. Soil Types and Farming Systems  
The most dominant soils in the area are the lixisols and Acrisols according to FAO/UNESCO Classification 
(Biamah, 2005). These soils are acidic, with low organic matter, low in water retention capacity and have strong 
surface sealing and crusting properties (Biamah et al., 1993; Jaetzold et al., 2006). The majority of farmers are 
small holder and use hand hoes and animal draw ploughs for land preparation. The crops grown are maize, cow 
peas, beans, pigeon peas and green grams (Biamah, 2005). 

2.3. Vegetation 
The distribution of vegetation is affected by a number of complex interrelated factors such as climate, geological 
formation, soil types and the presence or absence of water (Nyariki et al., 2004). The natural vegetation is wood-
land and savanna, with several tree species mainly Acacia spp. such as Acacia tortilis (Forsk) and Acacia melli-
fera (Vahl.), Commiphora africana (A. Rich), Adansonia digitata Linn and Tamarindus indica L. Shrubs in-
clude Apis mellifera, Apis senegal (L.) and Grewia sp (Nyangito et al., 2009).  

2.4. Experimental Design and Layout 
The experimental design was a randomized complete block design (RCBD) with three replicates of the treatment 
combinations. The treatments comprised of four tillage practices namely: planting basins, zero tillage, ridges and 
ploughing and three tree species: Gliricidia sepium [Kunth], Tephrosia candida DC and Faidherbia albida [De-
lile A. chev] which wereplanted in October 2009 in plots measuring 20 m × 20 m in the study site. This study 
was conducted between the months of February and August in 2012. Nine (9) farms located in three locations 
were selected. Three farms per locations were used in the study.  

Three tillage practices, minimum tillage, zero tillage and ridges had a plot with one single tree species, repli-
cated thrice. Gliricidia sepium and Tephrosia candida were planted at 2 m × 1 m spacing. With proper main-
tenance of these trees during their growth and at coppicing, this spacing results in tree population of 5000 
trees∙ha−1. At the time of the study, not all plots had this plant population. Tree head count recorded 60% - 80% 
tree stand in the selected farms. Faidherbia albida trees were planted at 5 m × 5 m giving plant density of 200 
trees per hectare. G. sepium was coppiced once a year to a height of 50 cm above the ground just before the on-
set of the short rain season while light pruning of T. candida was done to avoid re-growth problems because the 
species is not known to regrow after cutting.  

Rectangular shaped planting basins with a length of about 30 - 35 cm and width of about 10 - 12 cm (based 
on the width of the hoes that were used during land preparation) were prepared using hand hoesto a depth of 
about 20 - 25 cm. This depth was used to help break any compacted soil layers below the surface. The basins 
were made in rows spaced at 70 cm (0.7 m) between rows and 50 cm (0.5 m) between basins in each row giving 
a total of 1143 planting basins in a 20 m × 20 m. Under zero-tillage, no soil disturbance was done during plant-
ing. The seeds were drilled directly into the soil using machetes or pangas. In the plots under conventional til-
lage, the crop residue from the previous season was gathered and burned. The plots were then ploughed. In plots 
with planting basins and zero tillage, crop residue and coppiced legume tree biomass were returned on the 
ground as mulch. Ridges were constructed using hand hoes by splitting the ridges from the previous season. This 
is because farmers have always used ridges in their field from one season to another for improved soil moisture 
retention and erosion control, especially where ridge height was well maintained. Plant residue and coppiced 
tree biomass were incorporated under the new ridge.  

The coppicing of trees was done just before the onset of the more reliable short rains of October-November 
farming season. The trees were coppiced to about 50 cm height to allow for re-growth. Light coppicing of the 
over grown trees was done just before the onset of the March-April long rain season. However, to allow for 
more biomass accumulation, coppicing was done once a year. The selected farms had been doing this from the 
time the plots were established in 2009. 
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2.5. Soil Organic Carbon Determination  
Soil samples for total organic carbon determination were collected from quadrants of about 100 m2 drawn in 
each plot. The soil samples were collected randomly from three points within each quadrant. The sampling 
depth was 0 - 30 cm. The soil samples collected were used to constitute a composite sample from which three 
soil samples were then taken and analyzed for total organic carbon using the Walkley & Black (1934) rapid ti-
tration method.  

2.6. Determination of Soil Moisture Content  
Determination of soil moisture content was done using undisturbed soil samples which had been collected in 
metal cores of size 5 cm × 2.5 cm and taken to the laboratory for analysis. Three soil samples per depth (0 - 20 
cm, 20 - 30 cm) were collected from each plot. In the laboratory, the samples were saturated with water from the 
bottom of the tray for 24 hours. The saturated samples were then allowed to drain out excess water for about 30 
minutes to reach equilibrium of field capacity. These samples were then weighed and placed in a centrifugal 
chamber of the pF meter. Starting with the lowest tension, the machine was run for at least an hour. The samples 
were then removed, weighed and retained in the machine for the next tension level. The difference in weight 
represented the amount of water released within the specific range of revolutions/minute. The process was re-
peated at different revolutions per minute until the tension equivalent to wilting point was reached. The samples 
were then taken and dried in the oven at 105˚C for at least 24 hours. The oven dry weight of the samples was 
obtained and the percentage moisture content and bulk density for all samples was computed.  

The equivalent pF according to the range of revolutions was obtained using the following formulae: 

2 log log 4.95
2
hpF n h r = + + + − 

 
 

where: n = number of revolutions; 
r = radius of sample; 
h = height of sample. 
The selected range of revolutions per minute and the pF equivalent are given in Table 1. The pF values were 

then plotted against the volumetric water content to obtain moisture characteristic curves. Moisture characteris-
tic curves for the soils under the three tillage practices and different tree species were produced. 

2.7. Data Analysis 
To evaluate the effect of tree species and tillage practices on soil organic matter, we tested for variances differ-
ences using a two way ANOVA. Our interest was to evaluate the interaction between the tree species and the 
different tillage practices on soil organic matter. To test our hypotheses about the influence of short term legu-
minous tree species on water retention, we analysed our moisture retention results from the pF machine in a two 
way ANOVA and plotted moisture retention curves. We also subjected our results on bulky density under dif-
ferent leguminous trees and tillage practices to ANOVA tests. For separation of means, post hoc analysis was 
done using Least Square Differences (LSD) because this was a planned experiment. All these tests were done in 
Genstat 13th Edition after testing for normality and constant variance. 

 
Table 1. Revolutions per minute (rpm) versus pF equivalent in the centrifugal pF meter.                                 

Selected revolutions per minute (rpm) PF value Corresponding tension (KPa) 
500 1.72 5 
700 2.01 10 
1200 2.48 30 

2200 3.01 102 

3100 3.30 199 

4900 3.70 501 

6500 3.95 891 

8700 4.2 1585 
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3. Results 
3.1. Soil Organic Carbon  
The amount of soil organic carbon (SOC) was highly influenced by the interaction of the tree species and tillage 
practices (Table 2). Plots with planting basins and zero tillage had significantly (P = 0.002) higher soil organic 
carbon levels than plots that were managed under ridges and ploughing. 

3.2. Soil Moisture Characteristic Curves 
Results from this study show that there were significant (P = 0.032) differences in the amount of water retained 
in the different soils from plots with different tree species and tillage practices. The best performing plots in 
terms of water retention were plots with G. sepium and F. albida tree species. T. candida was relatively better 
than the conventional plots. The available soil water for crop growth under minimum tillage plots with G. se-
pium and F. albida tree species was 5.8% and 6.2% respectively in the top strata (0 - 20 cm depth) (Figure 1(a)). 
In the lower strata (20 - 30 cm depth), the available soil water for crop growth under minimum tillage with G. 
sepium tree species was 6.0% while that under F. albida was 6.2% (Figure 1(b)). Under conventional tillage 
practice, the available soil water for plant growth 3.6% in the top strata (Figure 1(a)) and 3.9% in the bottom 
strata (Figure 1(b)). 

 

 
(a) 

 
(b) 

Figure 1. Moisture characteristic curves in minimum tillage practices plots: (a) at 20 cm 
depth; (b) at 30 cm depth.                                                        
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In zero tillage plots, water retention was highest in plots with F. albida and T. candida. The available soil 
water for crop growth under zero tillage with G. sepium tree species was 6.3% in the top strata (Figure 2(a)) and 
5.2% in the lower strata. F. albida and T. candida had 5.8% and 5.4% respectively in the top strata (Figure 2(a)) 
and about 5.3% and 3.8% respectively in the lower strata (Figure 2(b)). Under conventional tillage, the availa-
ble soil water was 3.7% in the top strata (Figure 2(a)), 3.5% in the bottom strata (Figure 2(b)). Zero tillage 
plots with G. sepium tree species stored more water than the other two tree species with the same tillage prac-
tice. 

Plots with ridges that had T. candida and G. sepium tree species had more water retained as compared to plots 
with F. albida and conventional tillage plots. The available soil water for crop growth under T. candida and G. 
sepium tree species was 5.8% top strata and 4.8% in the lower strata (Figure 3(b)). 

3.3. Bulk Density 
Planting basins, zero tillage and ridges under the different tree species had bulk densities with typical values 
between 1.35 g/cm3 and 1.60 g/cm3 (Table 3). The least bulk density was observed in plots with G. sepium and  

 

 
(a) 

 
(b) 

Figure 2. Moisture characteristic curves in zero tillage practices plots (a) at 20 cm depth; (b) at 30 cm depth.                
 

Table 2. Influence of the interaction between tree species and tillage on soil organic carbon % (0 - 30 cm).                   

Tillage 
Tree species 

Gliricidia sepium Tephrosia candida Faidherbia albida 
Planting basins 1.30a,x 1.23a,x 1.28b,x 

Zero tillage 1.33a,x 1.12ab,y 1.35a,x 
Ridges 1.14b,x 1.01b,y 1.11c,xy 

Ploughing 0.81 

Superscripts letters a, b and c down the column compares same tree species under different tillage practices while letters x, y and z along the row 
compares same tillage practice but under different tree species. LSD 0.12 valued used to separate means. 
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(a) 

 
(b) 

Figure 3. Moisture Characteristic curves in plots with ridges at 30 cm depth (a) at 20 cm depth; (b) at 30 cm depth.          
 

Table 3. Bulk density of Kibwezi soil (0 - 30 cm) under different tillage practices.                                     

Tillage 
Bulk density (0 - 20 cm) g/cm3 Bulk density (20 - 30 cm) g/cm3 

F. albida T. candida G. sepium F. albida T. candida G. sepium 

Basins 1.38 1.43 1.30 1.43 1.48 1.35 

Zero tillage 1.45 1.48 1.33 1.5 1.53 1..38 

Ridges 1.51 1.46 1.51 1.58 1.53 1.6 

Conventional tillage 1.65 1.75 

 
planting basins. Under conventional tillage plots, high bulk density values of 1.65 g/cm3 and 1.72 g/cm3 in the 
upper and lower strata respectively were observed. 

4. Discussion 
4.1. Organic Carbon 
Under G. sepium tree cropping system, zero tillage and planting basins practices had higher total organic carbon 
than plots that were ploughed. Gliricidia sepium had mean soil organic carbon of 1.195% across all tillage prac-
tices and was the best performing legume tree species in terms of soil organic carbon build up with frequent 
coppicing. The kind of tillage practices employed in land preparation can have an effect on soil organic carbon 
consequently affecting the soil structural stability, soil erosion, nutrient availability and nutrient loss. The rota-
tional leguminous tree species that were included in conservation agriculture system positively influenced the 
soil by returning the leafy organic material to the soil. This decomposed to influence the physicochemical, nutri-
tional, and biological properties of the soils (Diaz et al., 2004). The decomposed organic material contributed to 
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soil organic carbon which positively influenced soil fertility, soil water content and infiltration. The inclusion of 
short term rotational leguminous tree species in the farming system increases the soil organic carbon and soil 
infiltration and retention. Salazar et al. (2011) observed that agroforestry has a positive effect on nutrient stocks 
and soil structure in the upper soil layer than the other crop management systems. Under conventional tillage 
plots, the crop residues were removed and hastened the decline of soil organic carbon (Mann et al., 2002). Plots 
with planting basins and zero tillage had the highest soil organic carbon content recording 1.27% and 1.26% re-
spectively while the ploughed plots had the least amount. 

4.2. Soil Moisture Characteristic Curves 
Based on the differences in the amount of moisture retained at the soil samples, among the tillage and tree spe-
cies combinations, significant (P = 0.032) differences in the soil water content were observed. The soil-water 
characteristic curves show that at low suction values, soil samples had a higher water-holding capacity.  

Minimum tillage plots with G. sepium and F. albida tree species had more water compared to plots with T. 
candida and conventional tillage plots in both the lower and upper soil stratas. In zero tillage plots, the water re-
tention in the upper strata was highest in plots with F. albida and T. candida while the in the lower strata, the 
retention was highest in plots with G. sepium and F. albida. Studies (Vanapalli et al., 1999; Zhou & Yu, 2005) 
have shown that soil water characteristic curve depends on several factors such as soil structure, texture and 
compaction. The presence of tree leaf biomass and crop residue in plots maintained under minimum tillage, zero 
tillage and ridges led to improved soil texture, low bulky density, a higher infiltration rate and increased mois-
ture retention. This is due to increase in the amount of organic matter content from the tree biomass and crop re-
sidue in the soil 

4.3. Bulk Density 
Plots with planting basins, zero tillage and ridges under the different tree species had bulk densities with typical 
values between 1.30 g/cm3 and 1.60 g/cm3 (Table 3). The least bulk density was observed in plots with G. se-
pium with basins in both the upper and lower strata. In plots with ridges, it was observed that the soils under the 
ridge (20 - 30 cm depth) were highly compacted thus likely to limit and restrict water movements. Because 
ridges are constructed and moved from season to seasons, the area on which the ridges had been previously con-
structed also exhibited high bulk density. Under conventional tillage plots, high bulk density values of 1.65 
g/cm3 and 1.75 g/cm3 in the upper and lower strata respectively were observed. Increase in the bulk density de-
creases the volume occupied by pores and increases the density and strength of the soil mass which in turn af-
fects the soil water holding capacity (Hamza & Anderson, 2005; Nivedita, 1992). High bulk density leads to low 
water infiltration rate and this can be used as index of soil compaction (Abu-Hamdeh, 2004). Soil compaction 
may cause such undesirable effects as decreased infiltration of water, restriction of root growth, and increased 
runoff (Bailey et al., 1988). The plots under conventional ploughing had higher bulk density than the other three 
tillage practices. At 20 - 30 cm depth, the study reviewed that there had been a significant increase in bulk den-
sity of the land under across all tillage practices (Table 3). 

5. Conclusion 
The inclusion of short term rotational leguminous tree species such as G. sepium and T. candida in crop lands of 
semi-arid regions is a potential strategy to improve soil fertility and infiltration and increase water retention. F. 
albida has been known to contribute significantly to improved soil fertility and organic matter. However, at four 
years old, the trees have an undeveloped leaf system which makes the tree unable to influence soil fertility 
through its shedding of leaves, thus qualifying it as a long term fertility amendment tree. For quick soil fertility 
and organic matter buildup in the semi-arid region, G. sepium and T. candida can be used as they contribute to 
organic matter buildup with frequent coppicing. 
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