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The aim of this work is to investigate the consequences of selected soil and water conservation techniques and
tillage practices on runoff amounts, sediment yield and maize yields under semi-arid and sub-humid environ-
ments. Field trials were set in Kigogo primary school in Meru South Sub-County, Tharaka Nithi County,
representing the sub-humid conditions, and Machang'a secondary in Mbeere South Sub-County, Embu County
(semi-arid) in the central highlands of Kenya. The experiment layout was a randomized complete block design
and the treatments were implemented in runoff plots. Tied ridging (TR) was the most efficient technique in re-
ducing runoff and sediment yield and at the same time boosting crop yields in the semi-arid region. It significant-
ly (p b 0.05) reduced sediment yields by 94% compared to the conventional tillage (CT) during the study period.
The effects were particularly strong in periods of below average rainfall (dry seasons). During the drier season of
short rains 2010 (SR10), grain yield under TR was 7 times higher compared to CT (p b 0.01). In the sub-humid
region, minimum tillage (MT) generated high runoff but relatively low sediment yield compared to CT. During
periods of enough rainfall (over 450mmper season) in the drier site, intercropping suppressedmaize yields sig-
nificantly (p b 0.01) by 42% compared to conventional tillage in the drier site. The results on the magnitude of
runoff and sediment under the different soil and farmmanagement practices are crucial in selection and promo-
tion of valid farm management practices and tillage alternatives that not only abate soil erosion but also boost
agricultural productivity in both sub-humid and semi-arid agro-ecological zones.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Erosion by water is a primary agent of soil degradation at the global
scale, affecting 1094 million ha, or roughly 56% of the land experiencing
human induced degradation (Oldeman et al., 1991). Most regions of the
humid tropics of Africa suffer from severe land degradation because of
water erosion with its detrimental impact on food and agricultural pro-
ductivity and production (Defersha and Melesse, 2012a).

In Kenya, soil erosion is mainly due to surface-water runoff. Accord-
ing to El Swaify et al. (1982), erosion rates of up to 200 ton/ha/yr have
been noted in Kenya. Based on the Revised Universal Soil Loss Equation,
Angima et al. (2003) predicted that total annual soil loss variation from
one overland flow segment to the next ranged from 134 Mg ha−1 per
year for slopes with average slope length and steepness (LS) factors of
0–10 to 549 Mg ha−1 per year for slopes with average LS-factors of
20–30 in the central Kenyan highland conditions. Soil degradation by
tural Resource Management,
a. Tel.: +254 721 289 269.
.

accelerated erosion implies long-term decline in the soil's productivity
and in the moderating capacity of its environment and is therefore a se-
rious problem (Lal, 2001). The problem is more pronounced in the mar-
ginal lands, such as most semi-arid parts of Kenya, due to erratic and
highly variable rainfall both spatially and temporally. The rainfall often
occurs as high intensity, short duration giving rise to severe soil erosion
especially early in the cropping season when the ground is still bare
(Chikozho, 2010; Trabucco et al., 2008). Besides the undesirable effect
of soil erosion, soil moisture is generally limited and crop growth is al-
most always stressed by drought during the growing season, resulting
in decreased and unsustainable crop yields especially in the marginal
lands.

The quantification of the forms/type, rate, and extent of erosion has
been the primary goal of soil erosion-related research worldwide. As a
result, much more is known about the erosion process than the conse-
quences of erosion (Pierce and Lal, 1994). There is a lack of information
on the effect of erosion on crop yields and efficiency of management
practices.

The main limitation in stabilizing and increasing grain yields in
rainfed farming systems of dry-spell prone areas is crop water stress
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caused by inefficient use of total available seasonal rainwater (McHugh
et al., 2007). Even during periods of high seasonal rainfall, if the interval
between consecutive rain events is too long it can cause total pasture
and crop failure (Tilahun, 2006). The risk of drought in sub-Saharan
Africa is also linked to lack of available water as a result of deteriorated
soil physical characteristics (Stroosnijder and Slegers, 2008) accelerated
by physical processes such as soil erosion due to runoff. Runoff is a
major force that initiates soil movement, transports sediments and
accounts for the redistribution of rainfall water (Malam Issa et al.,
2011). Runoff can be caused by low infiltration rates as a result of soil
physical properties such as crusting, compaction, expanding clay min-
erals or due to saturation, slope surface management as well as rainfall
properties. Infiltration capacity is the most important factor controlling
runoff. Soil infiltration capacity is related to spatial variability of soil
properties such as structure, organic matter content, soil texture and
antecedent soil moisture (Vaezi et al., 2010). Soil structure is strongly
influenced by processes such as tillage, cropping system and climate.

Management of soil through conventional tillage changes soil water
storage, evaporation losses and soil susceptibility to runoff generation.
Most small scale farmers practice it. The advantages are clear: weeds
are well controlled and the sowing and planting operation can be
done effectively (Jin et al., 2007). However, the conventional tillage
practices are very far from being sustainable and environmentally com-
patible from a soil and water conservation perspective because of the
uncovered soil surface (Jin et al., 2007). In addition to the obvious effects
on erosion rates and water losses through runoff, soil disturbance dur-
ing regular tillage enhances direct evaporation of water from the soil
surface. Increased evaporation of water with tillage has also been attrib-
uted to enhanced vapor flow near the surface and greater absorption of
radiation by a tilled surface (Schwartz et al., 2010). Knowledge on the
merits and demerits of conventional tillage notwithstanding, there is a
gap in the quantification of runoff generation, sediment yields and im-
pact on crop yields under rainfed farming systems and different soil
types in the tropics.

Minimum tillage has the potential to reduce structural degradation
of soil, or may reverse it, compared to conventional tillage systems
(Karunatilake and van Es, 2002). Soil physical properties that are influ-
enced by minimum tillage include bulk density, infiltration and water
retention (Osunbitan et al., 2004). Improved infiltration of rainwater
into the soil potentially increases water availability to plants, reduces
surface runoff and improves groundwater recharge (Lipic et al., 2005).
Depending on the exact technique, minimum tillage can substantially
reduce soil erosion. For instance, in a study by Towery (1998)minimum
tillage reduced soil erosion by 68%. Albeit the beneficial effect of mini-
mum tillage especially on soil erosion reduction being known, there is
paucity of quantitative data on its effect on runoff reduction and crop
yield performance.

Mulch cover reduces surface runoff and holds rainwater on the
soil surface thereby giving it more time to infiltrate into the soil
(Mupangwa et al., 2007). It also shades the soil, serves as a water
vapor barrier against evaporation losses and increases infiltration
(Mulumba and Lal, 2008). Deng et al. (2006) reports an improved
water-use efficiency by 10–20% as a result of reduced soil evaporation
and increased plant transpiration attributed to mulching while
Bezborodov et al. (2010) reports that, straw mulching has been shown
to increase water-use efficiency from 1.55 to 1.84 kg m−3 maize.
Mulching is a promising soil management practice that can increase
soil water storage especially in semi-arid regions (Deng et al., 2006;
Wang et al., 2009; Zhang et al., 2009). Despite the high potential of
mulch, its effect for increasing yield would depend on the amount of
precipitation during the crop growth season (Wang et al., 2009). Be-
sides the runoff reduction, mulching affects hydro-thermal regime of
soils by moderating soil temperature and reducing soil water evapora-
tion component of evapotranspiration and controls weeds by their
smothering action (Arora et al., 2011). Soil biota increase in a mulched
soil environment thereby improving nutrient cycling and organic
matter build up over a period of several years (Holland, 2004). Although
the highlighted potential benefits can lead to improvements in crop
yields, there is a lack of quantitative data on the effect of mulch on run-
off reduction, sediment yield reduction and ultimately their effect on
crop yields under sub-humid, arid and semi-arid environments of trop-
ical regions.

Legume-cereal intercropping is common throughout East and
Southern Africa (Giller, 2001). Farmers commonly intercrop to secure
food production by averting risk and to maximize utilization of land
and labor. When crops are complimentary in terms of growth pattern,
aboveground canopy, rooting system, and their water and nutrient de-
mand, intercropping effectively enables a more efficient utilization of
available resources (sunlight, moisture and soil nutrients) and can re-
sult in relatively higher yields than when crops are grown separately,
as pure stands (Mucheru-muna et al., 2010). Besides fertility related
benefits, intercropping ensures good ground cover which can reduce
runoff and increase infiltration (Olasantan, 1988). Increased infiltration
rate in an intercropmay also be caused by increased soil biota activity as
a result of lower soil temperature (Hulugalle and Ezumah, 1991). A spe-
cial feature of intercrops is that, for some time during growth the com-
ponent crops compete with each other for available resources (Fukai
and Trenbath, 1993) leading to overall lower benefits when one of the
resources is highly limiting. In order to overcome this limitation, studies
have been done on the best arrangement of the intercropped crops and
the best intercropping system recommended for Kenya is an innovative,
improved intercropping system, named Mbili (kiswahili for “two”, and
an acronym for “Managing Beneficial Interactions in Legume Inter-
crops”); two maize rows are alternated by two legume rows, also
known as a two-by-two staggered arrangement (Mucheru-muna
et al., 2010; Tungani et al., 2002; Woomer, 2007). Mbili system superi-
ority has been tested in the Central Highlands of Kenya by Mucheru-
muna et al. (2010) and recommended based on its effect on the fertility
status of the soil, but limited information is available on its impact on
runoff generation and sediment yields under rainfed conditions.

Tied ridging can decrease runoff, increasewater infiltration and con-
sequently greater water storage than with either flat planting or open
ridging. Planting on tied ridges has been found to result in striking
yield increases on the Alfisols of the West African semi-arid tropics
(Hulugalle, 1987). Apart from tied ridging reducing runoff, it increases
profilewater content and hence root growth and development. If poorly
implemented, ridging can act as waterways and may cause erosion and
this is the main reason of tied ridging; connecting the ridges every 2–3
m so that small basins are formed (Nuti et al., 2009; Temesgen et al.,
2009). The exact impact of tied ridging effect on runoff and sediment
yield reduction in the tropics under rainfed conditions is lacking.

Adoption of appropriate on-farm crop management strategies and
tillage practices can be the key in reducing runoff generation and soil
erosion. These appropriate management practices can increase avail-
able water content, enhance soil fertility and reduce sediment loss com-
pared to the conventional practices. Therefore, understanding runoff,
soil erosion, sediment yield and how they affectmaize yield and agricul-
tural productivity is essential for developing practices and policies for
decision making, planning and reduction of soil erosion.

Based on this assumption, runoff plots were installed at two sites
with varying agro-ecological conditions. The objective of the study
was to evaluate the effects of minimum tillage, mulching, conventional
tillage, tied ridging and Mbili intercropping on runoff amounts, sedi-
ment yield and maize yields under semi-arid and sub-humid environ-
ments in the Central Highlands of Kenya.

2. Materials and methods

2.1. Study area

The field research was carried at two contrasting sites in Central
Kenya (Fig. 1): Kigogo (0°23′S and 37°37′E) in Meru South Sub-



Fig. 1.Map showing the study sites.
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County, Tharaka Nithi County and Machang'a (0°46′S and 37°39′E)
Mbeere South Sub-County, in Embu County. The farmers in the region
primarily rely on small-scale rainfed farming, which is mostly non-
mechanized and involves little use of external inputs.

Machang'a site lies at an altitude of 1106 m above the sea level on
the South-Eastern slopes of Mount Kenya, with a mean annual temper-
ature ranging from 20.7 to 22.5 °C with an average annual rainfall
between 700 and 900 mm. The rainfall is bimodal with long rains (LR)
from mid March to June and short rains (SR) from mid October to Feb-
ruary, hence two cropping seasons per year. The soil type of the exper-
imental site is Plinthic Cambisol (FAO and UNESCO, 1988). The
prevalent soil texture in the site is sandy clay loam with about 30%
clay, 10% silt and 60% sand. The site is characteristic of marginal region
with low agricultural potential and is situated in the Lower Midland
Agro-ecological Zones 4 (LM4). Lower Midland 4 is a Livestock-Millet
Zone characterized by short to very short cropping season. These
zones are suitable for common beans (Phaseolus vulgaris), Dry land
composite and hybrid maize (Zea mays), sorghum (Sorghum bicolor)
green grams (Vigna radiata), cowpeas (Vigna unguiculata), and chick
peas (Cicer arietinum) among other pulses (Jaetzold et al., 2006). It is
representative of semi-arid agro-climatic conditions with relatively
low agricultural production potential. Although the region is more suit-
able for drought tolerant crops and livestock rearing (Jaetzold et al.,
2006), major crops grown by most households are maize (Z. mays),
cowpeas (V. unguiculata), pigeon peas (Cajanus cajan) and common
beans (P. vulgaris).

Kigogo lies in the Upper Midland Agro-ecological Zone 3 (UM3) on
the Eastern slopes of Mount Kenya, at an altitude of 1398 m above the
sea level and an annual mean temperature of 20 °C and total annual
rainfall ranging from 1200 to 1400 mm. The rainfall is bimodal with
long rains (LR) from March to June and short rains (SR) from October
to December. The soil type at the experimental field is a Humic Nitisol
(FAO and UNESCO, 1988). The prevalent soil texture in the site is
clay with about 78% clay, 14% silt and 8% sand. Upper midland 3 (UM
3) is a marginal coffee zone having intermediate to short rains
(Jaetzold et al., 2006). Major crops grown are beans (P. vulgaris), Irish
potatoes (Solanum tuberosum), sweet potatoes (Ipomoea batatas),
cabbages (Brassica oleracea), kales (B. oleracea L.), tomatoes (Solanum
lycopersicum), onions (Allium cepa), and maize (Z. mays). The farmers
in the region primarily rely on small-scale rainfed farming, which is
mostly non-mechanized and involves minimal use of external inputs.

2.2. Field experiments

The experimental layout for the runoff experiment was a random-
ized complete block design with four treatments replicated thrice
leading to 4 experimental units per replicate and a total of 12 units
per site. The treatments for Kigogo were minimum tillage (MT),
conventional tillage (CT), Mbili intercrop (MI) and mulching (MC) at a
rate of 5 Mg ha−1. In Machang'a, the treatments were the same as
Kigogo except MT was replaced with tied ridges (TR), the justification
of the variation being that, given the agro-ecological conditions prevail-
ing inMachang'a, itwas logical to focus on technologies that are likely to
increase the soil's available water content.

The experiment was implemented in the runoff plots (described in
Section 2.4) for three seasons: long rains season of 2010 (LR10), short
rains season of 2010 (SR10) and long rains seasons of 2011 (LR11).
The slope where experimental units were installed in Machang'a was
between 4 and 5% and in Kigogo it was 9.5 to 12%. The test crop was
maize (Z. mays), DH04 variety for Machang'a and H513 for Kigogo.
Threemaize seeds per hillwere plantedwith a spacing of 0.9mbetween
and 0.6mwithin the rows inMachang'a and 0.75 m between by 0.25 m
within the rows for Kigogo, and were thinned out to 2 per hill two
weeks after emergence. Inorganic fertilizers (NPK, 23:23:0 and triple
super phosphate, TSP) were spot applied during planting at a rate of
60 kg N ha−1, the recommended rates. Phosphorous was applied as
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Triple Super Phosphate to give a total of 90 kg P ha−1. Tillage was done
by hand hoeing to a depth of about 0.15 m. Weeding was done using
hand hoe when required to ensure that clean fields as much as possible
throughout the seasons and pests were controlled when necessary
following conventional best practices. Above ground biomass yields
were determined on dry weight basis after harvesting and sun drying
until constant weight. Grain yield quantities were measured at 13.5%
moisture content.
2.3. Rainfall

Daily rainfall measurements were taken using tipping-bucket, data
logging rain gauge, Hobo, model; RG3-M (manufactured by Onset Com-
puter Corporation Company) with a 0.2 mm resolution installed within
the research sites. The data loggers were launched and read out, and
data were exported to excel worksheets for further processing using
HOBOware Pro Version 3.2.2. Daily rainfall (Fig. 2) was calculated by
multiplying the number of tips per day (09:00 h) by 0.2 mm tipping
bucket resolution of the rain gauge.
2.4. Runoff data collection

Runoff plots measuring 3 m width by 12 m long (along the slope)
were bounded on three (top width and length across the slope) sides
by installing galvanized corrugated metal sheets buried at least 25 cm
in the ground and 25 cm left above the ground surface. At the bottom
end of the plot, a gutter, designed to slope towards one end, was
installed to collect and convey runoff into a 200 liter storage tank via a
7.6 cm diameter drain pipe. Given the limited storage capacity, the
tank was modified so that in cases of high runoff, excess runoff that
would lead to storage tank overflow was accounted for. Seventy eight
holes per storage tank were perforated using 8.4328 mm (3/8″) drill
bits at a constant height from the bottom so that all the holes were on
the same plane (level). One of the holes was fitted with hose pipe that
drained to a smaller (20 l) container. The tanks were calibrated at the
site following the dynamic calibration procedure as described by
Okoba and Sterk (2006). Total runoff in storage tank was measured
after thoroughly mixing and sampling for sediment concentration de-
terminations in the laboratory. In cases of excess runoff, overflow vol-
umes were determined and also sampled separately for sediment
concentration determinations. After every storm event and having sam-
pled andmeasured the necessary parameters, gutters and storage tanks
were cleaned and set for the next rainfall. All samples were oven-dried
at 105 °C until constant weight. The sediment yield data from the stor-
age tank overflowwere rescaled bymultiplying with the number of the
holes per tank and summed up with the main storage tank sediment to
give the total sediment yield per rainfall.
Fig. 2. Cumulative rainfall (mm) for the two research sites over
2.5. Curve number determination

Daily runoff and daily rainfall were analyzed together to obtain
runoff curve number (CN) for each runoff plot per rainfall event
then averaged to give the indicative CN for the treatments. The fol-
lowing Eqs. (1) and (2) (SCS, 2004) were used for CN derivation.

Q ¼ P−0:2Sð Þ2
P−Ia þ S

ð1Þ

With P ≥ Ia; S ≥ Ia + F; F = P − Ia − Q and Ia = 0.2S.

Q ¼ P−0:2Sð Þ2
Pþ 0:8S

ð2Þ

Where P is precipitation (mm), Ia is initial abstraction (mm), Q is
runoff (mm), S is storage parameter, F is the actual retention after runoff
begins and CN is the curve number. The initial abstraction ratio was as-
sumed to have a value 0.2. To account for the effects of antecedentmois-
ture condition (AMC) on runoff production, an overall CN per site was
derived by averaging the various CNs per treatment per site after
which S was obtained using Eq. (3).

S ¼ 254
100
CN

−1
� �

ð3Þ

The obtained S was taken to be for average conditions (AMC II). It
was then used to derive AMCs I and III using Eqs. (4) and (5) (Raes
et al., 2009).

CNAMC I ¼ −16:91þ 1:348 CNAMC II− 0:01379 CN2
AMC II

þ 0:0001172 CN3
AMC II

With

0≤CNAMC I≤100: ð4Þ

CNAMC III ¼ 2:5838þ 1:9449 CNAMC II− 0:014216 CN2
AMC II

þ 0:000045829 CN3
AMC II

With

0≤CNAMC III≤100: ð5Þ

The AMC I and AMC III were plotted to represent the ‘error-bands’ to
describe departure of surface runoff from the average as a result of rain-
fall intensity and duration, total rainfall, soil moisture conditions, cover
density, stage of growth, and temperature among others.
the entire study period. The season durations are indicated.
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2.6. Data analysis

Grain, biomass and sediment yield data were analyzed with a
mixed model analysis of variance (ANOVA) treating the four
management options as fixed effects, and the three seasons per
site and replication (season) as random effects. Diagnostic checks
on potentially influential and outlying random and residual ef-
fects were performed on the data as a first step in the analysis
using studentized residual approach. This allowed for quick
graphical checks of fitted residuals in assessing distributional as-
sumptions such as variance homogeneity and lack/presence of se-
rial correlation, and to examine the need to add or transform
fixed model effects. Diagnostic plots suggested heterogeneity of
variances, that is, the variability of the data changed according
to one or more factors. Heterogeneity of variances was accounted
for by modeling the covariance structure with a power-of-the-
mean model (POM) (Littell et al., 2006). Kenward and Roger
(1997) correction for standard errors and F-statistics and a gen-
eralized procedure to obtain degrees of freedom were included
in the model. In order to fit the POM model, initial values for
the intercept and slope as well as starting values for the covari-
ance parameters were provided from external data set derived
using ordinary least squares i.e., by using a linear regression
model that assumed the errors to be identically independently
distributed. To improve on the model convergence by avoiding
residual variance to become too small when estimating variance
in the POM model, rescaling of sediment yield data was done so
that all parameters were of the same order of magnitude.
Rescaling does not affect the results, except that Least Squared
means (LSMeans) had to be scaled back before utilizing the re-
sults. The ANOVA was conducted using the Mixed procedure in
SAS 9.2 (SAS Institute, 2004). When the treatment effects were
found to be statistically significant, standard error of difference
(SED) post hoc range test was used to determine how the treat-
ments differed from each other at an alpha level of 0.05.

Runoff coefficient (RC)was determined and expressed in percentage
using Eq. (6)

RC ¼ Runoff depth =Rainfall depthð Þ � 100 ð6Þ

Sediment yield per plot was determined using Eq. (7) and expressed
in Mg ha−1.

Sediment loss¼
Sediment concentration

g
l

� �
�Runoff volume lð Þ

Plot area 36 m2
� � ð7Þ
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Fig. 3.Average runoff coefficient per treatment during the SR10 and LR11 seasons in Kigogo (a)
p = 0.05.
3. Results and discussion

3.1. Runoff coefficient

The cumulative rainfall amounts received during the study in both
sites are shown in Fig. 2. Generally, Kigogo site received more rainfall
compared to Machang'a in all the seasons.

The average runoff coefficient per treatment during the study
period was lower in Kigogo than in Machang'a which had the
highest RC. In Kigogo, NT had significantly (p b 0.01) the highest
RC compared toMCwhile CT andMI were not significantly different
from each other or any other treatment. Although the rainfall
amounts were generally very low in Machang'a (less than 400
mm per season), there was a high prevalence of runoff CT having
significantly (p b 0.01) the highest RC followed by MI and MC
which were both significantly different from CT but not between
each other and lastly TR (Fig. 3). In other words, CT generated
high runoff while TR was more efficient in reducing runoff.

The high runoff coefficient observed in Machang'a's CT despite the
relatively low rainfall amounts (about 400 mm per season on average)
can be explained by theprevailing soil type coupledwith climatic effects
in the site. In marginal environments with predominantly silty soils,
high rainfall intensities and frequent dry spells lead to the formation
of surface seals and crusts which alters the hydrological properties of a
soil (Twomlow and Bruneau, 2000). Soil crusting combined with CT
methodmight result to high runoff generation. Frequency and intensity
of tillage practices alter the soil bulk density and soil organic carbon in
the plow layer (Jin et al., 2007) in a manner that is not favorable for ag-
gregate stability leading to an increase in soil's susceptibility to erosion.
Mamedov et al. (2002) found that the effect of antecedent moisture on
runoff and soil loss was very pronounced in clay soil, while in silt loam
soil, the effect was negligible. The observation can be explained based
on the soil physical property dynamics as a result of conventionally
tilling the soil. Soil retains more water when the tilled layer is more po-
rous or when soil fragments are large, with large macro-pores between
them. The altered pore size distribution as a result of conventional till-
age is very unstable and tends to change as the season progress which
is often the case for structurally unstable soils that settle due to post-
tillage rainfall (Karunatilake and Van Es, 2002). Up to a 300% increase
in macroporosity after plowing and subsequent decrease upon soil set-
tling have been measured by van Es (1993). Furthermore, high rainfall
intensities coupled with crust sensitive soil types can result in a signifi-
cant production of surface over-land flow in crop fields (Rockström,
1998). Surface sealing, a dynamic process during rainfall, is mostly ig-
nored inmany soil erosion studies, although surface sealing due to rain-
drop impact and its effect on infiltration rate has been recognized for a
long time (Fohrer and Rudolph, 1999).
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Table 1
Runoff curve number values for Antecedent Moisture Classes (AMC) II and their corre-
sponding values for AMCs I (dry) and III (wet) for the treatments and average potential
maximum retention (S).

Site AMC CT MI MC NT Mean CN S (mm)

Kigogo I 48 49 48 49 48 271
II 68 69 68 69 69 117
III 84 84 84 84 84 49

Machang'a I 76 71 69 62 70 110
II 89 86 84 80 85 46
III 95 94 93 91 93 19
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The CN values for the different treatments per site are shown in
Table 1. The average CN of AMC II for Kigogo was 69 while that of
Machang'a was 85. Also, the derived average S was almost three times
higher in Kigogo compared to Machang'a (Table 1).

The rainfall–runoff relationship plots showed that runoff generation
increasedwith increase in rainfall amounts in Kigogowhile inMachang'a,
the relationship was more erratic (Fig. 4). In Machang'a, the rainfall
amounts were generally low while the runoff was comparatively high.
There was an instance where low rainfall events of less than 20 mm
were generating runoff amounts beyond the AMC III and at the same
time very high rainfall events generating comparatively very low runoff
(below AMC I). Generally, the rainfall versus runoff plot distribution
was randomly distributed between AMC I and AMC III CN curves. CT gen-
erated themost runoff in almost all rainfall events during the entire study
period followed by MI while TR effectively reduced runoff generation
during rainfall events of both high and low amounts.

In Kigogo, rainfall amounts per event were generally high compared
to Machang'a but runoff generation was very low. The relationship be-
tween runoff versus rainfall followed the expected trend; runoff in-
creases with an increase in rainfall. Most of the rainfall with high
amounts fell between CN AMC II and AMC III. Contrary to the observa-
tion inMachang'a,MC and CT reduced runoff as shown by comparative-
ly lower values while MI was intermediate, Fig. 4.

The runoff–rainfall relationship as influenced by the treatments in
Machang'amight be attributed to antecedent runoff conditions. They in-
clude rainfall intensity and duration, total rainfall, soil moisture condi-
tions, cover density, stage of growth, and temperature, which can
influence variability in CN. Defersha and Melesse (2012b) concluded
that, factors such as rainfall intensity, topography, and soil properties
are the important parameters that determine runoff, erosion and sedi-
ment concentration. The high runoff generation observed during rela-
tively low rainfall was probably due to erosivity, that is, rainfall's
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Fig. 4. Daily rainfall–runoff relationships fitted with Antecedent Moisture Class
capacity to cause erosion as a result of its properties: raindrop size, fre-
quency, duration and their velocities of impact whenmultiplied togeth-
er coupled with soil erodibility and densification of the soil.

The overall temporal change in runoff discharge rate in Kigogo
could be explained by the temporal variation of soil infiltration (Jin
et al., 2007), just like in an infiltration experiment conducted by
Schiettecatte et al. (2005), where they observed a pattern that can
be attributed to high infiltration rates at the beginning of rainfall
event, followed by a relatively rapid decline and an asymptotic ap-
proach to a near constant value. Specifically, NT consistently generated
high runoff, an indication of low infiltration leading to lower soil water
content recharge in the soil. The observation can be attributed to micro
andmacro pores' dynamics as influenced byminimum tillage practices.
Under minimum tillage, total porosity is usually smaller than conven-
tional tillage, but pore systems are more continuous because of worm
and root channels and vertical cracks between peds that are not dis-
turbed (Karunatilake and Van Es, 2002). Also, given the soil type in
the site, most of the runoff generated was likely a consequence of the
saturation of the upper part of the soil. In a 3-year experiment with
five differentmulching rates, Jordán et al. (2010) demonstrated that ap-
plication of straw mulching to cultivated soils contributed to a general
improvement of soil physical and chemical characteristics and reduced
runoff and erosional response to rainfall. Hatfield et al. (2001) reports a
34–50% reduction in soil water evaporation as a result of crop residue
mulching.

3.2. Sediment yield

Conventional tillage led to high sediment yields over the entire
study period in both sites (Fig. 5).

The sediment yield difference was significant between CT and
mulching by 40% (p b 0.05), between MI and mulching by 28%
(p b 0.05) and between CT and NT by 32% (p b 0.05) in Kigogo (Fig. 5a).
Conventional tillage roughens the soil surface and breaks apart any soil
crust. This leads to increasedwater storage as a result of increased infiltra-
tion into soil. Increasing mulch application rates contributed to an in-
crease in soil porosity, stability of aggregates, and organic matter
content and a decrease in bulk density and hence lower sediment yield
in the MI treatments as observed by Jordán et al. (2010). Defersha and
Melesse (2012b) showed that, the highest total sediment yield over the
study period was observed on cultivated land (162.38 g m−2) hence the
observed high sediment yields in CT are not unique. The main source of
the high sediment yields is due to regular disturbance of the soil surface
in CT.

In Machang'a CT generated the highest amount of sediment yield
followed by MI and mulching while tied ridges was the least (Fig. 5b).
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Table 2
Grain and total above ground biomass yields as influenced by the selected treatments.

Treatment Grain Biomass Grain Biomass
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Compared to CT, the sediment yield difference of TR was significantly
(p b 0.01) the highest (94% less) followed by mulching (73.5%) and
the least was MI (63.3%), though not statistically different. There
was no statistical difference between MI and Mulching treatments
inMachang'a. During all the field trial period, therewas high prevalence
of termite infestation specifically on the MC plots especially in
Machang'a. The termite activities were always high after rainfall events
which, coupled with prevailing atmospheric conditions (Mando and
Stroosnijder, 1996) in the region, such as high temperatures, resulted
in higher and faster degradation rates of mulch inMachang'a compared
to Kigogo. The soil surface cover effect of mulchwas not strongly affect-
ed by the degradation since by the time the termite effect was pro-
nounced, mostly the crop would have established enough canopy to
cover the soil surface andmaintain low soilwater loss through evapora-
tion, presumably as low as that of mulch or even better. The compara-
tively high degradation rate of mulch in Machang'a ensured minimal
amount of mulch remaining by the end of each season. Besides the
soil and water conservation benefits of mulching, studies in the semi-
arid and arid tropics of Africa have demonstrated that mulch can be
used as a sustainable restoration practice for crusted soils, through the
stimulation of termite activity (Mando and Miedema, 1997) which
can have beneficial effects especially on soil physical properties.
Termite-mediated processes have been shown to increase water infil-
tration and storage, decomposition, soil carbon, water use efficiency
and productivity (Ouédraogo et al., 2007; Rouland et al., 2003). As a re-
sult of these, by default, the processwould likely reduce crust formation
on crust susceptible soils ofMachang'a and hence less runoff generation
leading to low sediment yields.
(Mg ha−1) (Mg ha−1) (Mg ha−1) (Mg ha−1)

Kigogo Machang'a

LR10
CT 6.09a 15.09a 2.91a 7.43a

MI 4.43c 13.15b 1.70b 5.10b

MT/TR 4.67c 13.59b 2.70a 7.16a

MC 5.24b 13.68b 2.64a 7.10a

SED 0.45 0.85 0.34 0.92

SR10
CT 7.03a 17.16a 0.15b 1.08c

MI 7.13a 17.36a 0.07b 0.80d

MT/TR 5.62b 15.20b 1.23a 3.36a

MC 5.84b 15.53b 0.38b 2.23b

SED 0.74 1.18 0.35 0.75

LR11
CT 5.30b 12.85b 0 0.18b

MI 7.01a 15.62a 0 0.21b

MT/TR 5.69b 10.61c 0 0.55a

MC 6.06b 11.79bc 0 0.59a

SED 0.87 1.68 0 0.07

Different letters among treatments represent significant differences at a p b 0.05
significance level.
3.3. Maize yield

Comparative biomass and grain yield performance between the
three seasons in the two sites indicate that there was better perfor-
mance of biomass and grain yields during the SR10 for Kigogo and
LR10 in Machang'a sites while LR10 and LR11 for Kigogo and SR10 and
L11 for Machang'a were the worst seasons (Table 2).

The differences inmaize performance of the different seasons can be
attributed to rainfall amounts and patterns that were experienced dur-
ing the seasons (Fig. 2). In Kigogo, rainfall amount was high in LR10 and
SR10 compared to L11 while in Machang'a, the amount was above the
seasonal average and the onset was timely in LR10, neither too late
nor too early even though the cessation was no different from any
other season. The yield differences observed between the sites were
due to the prevailing climatic conditions in the regions and also the
crop varietal differences. Due to the relatively low rainfall amounts
(on average about 400 mm per season) and poor distribution in
Machang'a, short duration maize varieties (e.g. DH04) were used in
order to cope with and produce within the short duration when the
available soil moisturewas sufficient for crop growth and development.
Also the soil types are differentwithMachang'a having sandy clay loams
within the plow layer and a restrictive (to root development) plinthite
layer within the top 1 m depth while Kigogo has clayey soils and a
deep soil profile.

In Kigogo, grain yields under CT were significantly (p b 0.05) the
highest followed by MC while MT and MI were low without significant
difference between them in the LR10 season (Table 2). The high grain
yield in Kigogo was probably because of the prevailing agro-ecological
conditions coupled with prevailing soil type/properties as expounded
in the site description section. Conventional tillage facilitated soil profile
water recharge at the beginning of each season as a courtesy to soil dis-
turbance, an attribute that is lacking inMT. Compared toMI, therewas a
limited competition for the limited resources such as water, sunlight
and plant nutrients under CT. It has been observed that, sometimes
MT decreases grain yields during the first season of implementation,
but after several years of cropping with better-adapted management
techniques, yield increases have been observed (Astatke et al., 2003).

Mbili intercrop suppressed both the grain and biomass yields signif-
icantly (p b 0.05) in Machang'a during the LR10 season which was the
best season in the site. The other treatments had comparatively high
yields with no significant differences between them. Ensuring good
ground cover by intercropping can reduce runoff and increase infiltra-
tion (Olasantan, 1988) during seasons of above average rainfall.
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Increased infiltration rate in an intercrop may also be caused by
increased earthworm activity as a result of lower soil temperature
(Hulugalle and Ezumah, 1991) and enhanced soil biota activity. Howev-
er, under semi-arid conditions coupled with additive nature of
intercropping practice, water availability at depth may be reduced
rapidly because of the more rapid development of leaf area and hence
higher water use and hence might explain the low yields under MI
treatments. Hulugalle (1987) highlighted that, during years with
above-average rainfall, TR can result in a greater proportion of roots
being concentrated in the surface regions besides water logging-
induced plant water stress being more likely to occur in crop.

In the SR10 season in Kigogo, CT andMI led to significantly (p b 0.05)
higher maize grain yields (7.62 and 17.36 Mg ha−1, respectively) with
no significant differences between the two. Mulching and MT signifi-
cantly (p b 0.05) suppressed the yields (15.20 and 15.53 Mg ha−1)
although there was no significant difference between them. Compared
to SR10 yields of the same site, MI showed tremendously positive
impact on yields, from being the lowest (4.43Mg ha−1) in the previous
season to the best performer (7.13 Mg ha−1). There was comparatively
less increase due to MC and CT treatments while MT had the lowest in-
crease in grain yields by about 0.95Mg ha−1 compared to previous sea-
son. The biomass yields in the same season and site had a similar trend
as the grain yields.

Due to low rainfall amounts in Machang'a in the SR10 season, crop
performance was low compared to the previous season but the treat-
ment effects were most conspicuous. Tied ridging had the highest pos-
itive effect on yields (1.23 Mg ha−1) followed by MC, CT and MI in
that order. Compared to CT, TR grain yields were over 7 times higher.
Without the TR treatment, SR10 would have been considered a totally
failed season as far as grain yields were concerned but given the kind
of agroclimatic conditions, even stover yields are considered precious
especially as animals feed and for soil water conservation purposes.
The same trend as in grain yields was observed in the biomass
production with the only difference being that there was a significant
difference between all the treatments. The difference between TR (the
highest) biomass yields and CT was over two fold. Planting on ridges
which are subsequently ‘tied’ by construction of earthen bunds at
right angles to the ridges, at intervals of 1–2m, has been found to result
in striking yield increases on the Alfisols of the West African semi-arid
tropics (Hulugalle, 1987). Besides TR reducing runoff, it increases profile
water content and hence root growth and development. The increase in
available soil content can play a great role in drought effect mitigation
availing moisture to crops especially when prolonged dry spells coin-
cide with crop's sensitive phonological stages. FAO (2002) reports that
impact of drought stress on crop productivity is particularly severe
when the drought coincides with the moisture-sensitive stage of the
crop and if farmers have no management alternatives to overcome the
problem. Planting crops on tied ridges has been shown to increase
grain yields in years of below-average rainfall, whereas in years of
above-average rainfall, grain yields are unaffected (Hulugalle, 1987).

Unlike the previous two seasons, in LR11, CTwas theworst perform-
er while MI was significantly (p b 0.05) the highest (7.01 Mg ha−1)
(Table 2). Improved ground cover achieved by an additive intercrop
contributes to reduced soil erosion and hence better retention of soil
fertility, particularly when spreading-type cultivars are used as the
shorter component (Stoop, 1986). The moisture environment immedi-
ately below the soil surface is commonly improved by intercropping
(Fukai and Trenbath, 1993). The soil surface under an intercrop is not
as exposed as in the sole crops hence evaporative loss from it is reduced.
In a drying cycle, the moisture content of the surface soil layer is often
higher under intercrop than under sole crop (Fukai and Trenbath, 1993).

The LR11 season was the worst season in terms of rainfall amounts
in both sites, but unlike Kigogo, there was a total crop failure in
Machang'a and hence the reason of nil values in grain and only stover
yields are shown (Table 2). Although the biomass production was too
low in Machang'a, TR and MC had high biomass yield compared to CT
and MI. The low performance can be attributed to prolonged dry spells
betweenwhen thefirst cropwas established and the period of sufficient
rainfall that lasted for more than 18 days (based on rainfall observa-
tions/records during the season). This led to drying up of the initially
planted crops necessitating re-planting, which is not only an expensive
process, but very risky given that the later it establishes a crop, the
higher the likelihood of early crop senescence as a result of rainfall ces-
sation. It is not always the case that when rainfall onset dates are late,
then automatically cessation will be late. This underlines the impact of
rainfall variability especially to small scale farmers who are constrained
by resources and labor. The challenge is not unique to the region alone
but it has been documented by others. For instance, Rockström (2003)
corroborates it through the observation that, intra-seasonal dry spells
during the cropping season have become a common feature and their
impact on crop production is often severe, especially if they coincide
with critical stages of crop development. In the semi-arid areas severe
crop yield reductions due to dry spells occur once or twice in every
five years (Rockström et al., 2002).

Biomass yields in Kigogo were relatively high in LR10 and SR10 sea-
sons. The treatment effects followed the same trend as those of the grain
yields in both seasons with CT having the highest yields. There was no
significant difference between MI and MT in the two seasons. The ob-
served trendwasprobably due to the fact that the biomass yield is inclu-
sive of the grain yields. In LR11, biomass yields were generally low and
the treatment effects were better manifested through the grain perfor-
mancewhichwas generally higher compared to the previous season ex-
cept for CT. InMachang'a, the biomass yield also followed the grain yield
performance except during the LR11when therewas a total crop failure,
hence low amounts of biomass. Based on the observed biomass trends
that followed grain yields, it can be inferred that, treatment effects on
the biomass were probably the same as the effects it had on the grain
yields. The biomass response to treatment differences was most likely
for the same reasons explained for the grain responses.

4. Conclusion

The study clearly showed that under water limiting conditions, the
TR technique is very efficient in reducing both runoff amounts and sed-
iment yields. It also influences maize productivity positively even when
the total rainfall amounts were below average. It was observed that CT
accelerates soil loss as signified by high sediment yields in both sides ir-
respective of the rainfall pattern. Under sub-humid conditions, MT gen-
erated high runoff amounts but low sediment yields while its effect on
maize productivity seems to improve with time, though slowly. Mbili
intercropping has a crop positive effect on yields in the sub-humid re-
gion and very negative in the semi-arid regions especially during thepe-
riods of above average rainfall. It might be useful to explore further the
interaction effects of various on-farm technologies such as minimum
tillage combined with Mbili intercrop in the sub-humid region and
tied ridging combined with Mbili intercrop in the semi-arid region in
order to enhance and sustain crop production in the these agroclimatic
regions. The results on the magnitude of runoff and sediment under the
different soil and farmmanagement practices are crucial in the selection
and promotion of valid farmmanagement practices and tillage alterna-
tives that not only abate soil erosion but also boost agricultural produc-
tivity in the sub-humid and semi-arid agroclimatic zones of the tropics.
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