
 

 

Journal of Agricultural Science and Practice 
Volume 3(1), pages 1-18, February 2018 
https://doi.org/10.31248/JASP2017.036 

ISSN 2536-7072. Copyright © 2018  
Article Number: 00F7A8D41 

 http://integrityresjournals.org/journal/JASP 

 Full Length Research 
 
 
 

Simulating effect of climate change on finger millet 
(Eleusine Coracana) yield under selected tillage 

practices and soil fertilizers inputs in semi-arid lower 
Eastern Kenya 

 

Onwonga Richard1*, Madegwa Yvonne1 and Shibairo Solomon2 

 

1Department of Land Resource Management and Agricultural Technology, University of Nairobi, Nairobi, Kenya. 
2Department of Plant Science and Crop Protection, University of Nairobi, Nairobi, Kenya. 

 
*Corresponding author. Email: onwongarichard@yahoo.com 

 
Copyright © 2018 Onwonga et al. This article remains permanently open access under the terms of the Creative Commons Attribution License 4.0, 

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 
 

Received 14th February 2017; Accepted 20th March, 2017 
 

ABSTRACT: The current study, conducted in semi-arid Machakos and Kitui Counties of Kenya, simulated effect of climate 
change (CC) on finger millet yield under different soil fertilizer inputs (SFI), tillage practices (TP) and projected CC 
scenarios using the Agricultural Production Systems Simulator (APSIM) model. A randomized complete block design with 
split plot arrangement was employed. Main plots were TP; oxen plough-OP, ridges and furrows-RF with SFI; Farm yard 
manure-FYM, Triple super phosphate-TSP + Calcium Ammonium Nitrate-CAN (TSP+CAN) and no fertilizer input as split-
plots. The CC scenarios considered were; Current Rainfall (R0) and Temperature (T0) provided the baseline, R1 (R0+10% 
increase in rainfall), R2 (R0-10% decrease in rainfall), T1 (T0 + 20C) and T2 (the combined effects of 10% decrease in 
rainfall and 20C increase in temperature (-10%+20C). Significantly (P≤0.001) higher finger millet yields were obtained in 
TSP+CAN treated plots compared to FYM and control in both Kitui (with higher yields) and Machakos. Comparatively, 
finger millet yields were well simulated with moderate RMSE (1.04, 0.94) values in OP and RF in Kitui and low values 
(0.18) in OP in Machakos). Simulated finger millet yields mirrored measured yields, and were higher in Kitui (RF) than 
Machakos (OP) with TSP+CAN recording highest simulated yields compared to FYM and control.  R1 (R0+10% rainfall) 
registered significantly high finger millet yields under OP and RF with application of TSP+CAN in both sites. The lowest 
finger millet yields, across sites were noted in T2 (-10% rainfall+20C), in decreasing order; TSP+CAN; FYM and control 
under OP and RF. Finger millet yields measured and simulated, insitu and across CC scenarios, indicated that application 
of TSP+CAN under conservation tillage practices (RF in Kitui and OP in Machakos) consistently gave superior yields 
compared to FYM and control. In the event of change of climate favouring increased rainfall (R1), finger millet grown under 
RF and OP with application of TSP+CAN may have the potential to adapt to climate change and enhance food and 
nutritional security. Further studies, mainly focusing on moisture conservation and breeding of drought tolerant crops, are 
nonetheless recommended to generate possible CC adaptation strategies under R2, T1 and T2 possible climate change 
scenarios in semi-arid regions of Kenya.  
 
Key words: APSIM, climate change scenarios, farm yard manure, indigenous crops, mineral fertilizers, modeling, oxen 
plough, ridges and furrows. 
 
 
INTRODUCTION 
 
Arid and semi-arid regions which make up to 80% of 
Kenya’s landmass (MoA 2007) are characterized by low 
erratic rainfall, poor soil fertility (FAO, 2008), and food 
insecurity (GoK, 2011). Besides, these regions are most 

vulnerable to impacts of climate change (Madegwa et al., 
2016). Lower Eastern Kenya, being a semi-arid region has 
not been immune to effects of climate change (Jesen et 
al.,  2003).  Agricultural  production   in    this    region   has 
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been on the decline in recent years due to low rainfall and 
soil moisture content, high temperatures and solar 
radiation (Bishaw et al., 2013), unsustainable tillage 
practices, such as conventional tillage, and increasing 
effects of climate change. Use of conventional tillage 
practices, characterized by regular ploughing of the soil, 
inverts the soil thereby burying surface vegetation and 
crop residues. Furthermore, conventional tillage systems 
traditionally suffer from severe soil organic matter (SOM) 
depletion due to intense decomposition following soil 
ploughing, the removal of most of the aboveground 
biomass during harvest, and the enhanced soil erosion 
inherent to those activities (Lipper et al., 2011). This in 
addition to soil fertility depletion (Claassen, 1996). The 
depletion of soil fertility can be countered by the 
introduction of conservational cultivation practices such as 
minimum tillage with appropriate soil fertilizer inputs and 
adoption of low fertility crops such as cowpea, millet, 
sorghum and cassava (Samantha, 2001 and Tolessa, 
2006). Greater crop yields in conservation tillage (e.g. 
ridge tillage) relative to conventional tillage have been 
reported in Ghana (Akinyemi et al., 2003) and Kenya (Miriti 
et al., 2012).  

Conservation practices that contribute to better natural 
resources management include mulching, ridging, pitting, 
terracing, oxen plough, integrated nutrient management 
and manure management options among others. These 
practices increase infiltration and moisture retention in the 
soil profile for crop growth (Fox and Rockstom, 2003; 
Kaumbutho and Kienzle, 2007). Miriti et al. (2012) 
observed that soil water was best conserved in the order 
tied-ridge tillage, ox-plough tillage and subsoiling ripping 
tillage. Tillage practices such as oxen plough and ridges 
and furrows are seen as possible solutions to reducing soil 
moisture loss (Claassen, 1996).  Ridges and Furrows are 
particularly useful in arid and semiarid regions where 
irrigation water is not available or is expensive (Boers et 
al., 1986). This technique can improve soil moisture 
storage, prolong the period of moisture availability and 
enhance production of agricultural, horticultural and forest 
crops (Boers et al., 1986; Cater and Miller, 1991).  

Besides conservation tillage practices, to address low 
soil fertility application of organic and inorganic fertilizers 
is critical (Lema and Degebassa, 2013) for enhanced crop 
productivity. Organic manures improve physical, chemical 
and biological conditions of the soil (Crown and Dunn, 
2010), whereas mineral fertilizers have been the primary 
means of enhancing soil fertility in small-farm agriculture 
for many years (Lema and Degebassa, 2013).  
Studies combining the use of conservation tillage 
practices, fertilizers and finger millet production in 
particular are, however, scanty (Madegwa et al., 2016). 
Cognizant of the effects of climate change on agricultural 
production in arid and semi-arid lands (ASALs), finger 
millet cultivation is being promoted as an adaptation 
strategy to the adverse effects of climate change (CC) and 
subsequently   alleviation   of   food   insecurity  in  ASALs  

 
 
 
 
(Taylor, 2003). This is due to finger millet’s inherent 
characteristics; high nutrient content, drought resistance, 
pest/disease resistance and ability to produce with little 
inputs (Holt, 2000), that makes it more adapted to the 
harsh African environment (Kotschi, 2006). However, with 
increasing effects of climate change, there is a dire need 
to evaluate the effect of various climate change scenarios 
on finger millet production with the aim of developing 
appropriate, well-grounded and informed adaptation 
mechanisms. 

Use of crop simulation models such as the Agricultural 
Crop Production System Simulator (APSIM) is a reliable 
way to achieve this objective (Keating et al., 2003). Use of 
crop simulation models has been on the rise in recent 
years due to time and resources (Jones et al., 2003) 
incurred during field experimentation, especially as the 
number of variables and treatments increases. Climate 
change has further reduced popularity of field experiments 
as they are done against the backdrop of changing 
weather parameters, making it nearly impossible to create 
exact conditions desired for conducting experiments 
(Whisler et al., 1986).  

The APSIM model has proved to be reliable in studies 
carried out in the African continent. Some of these studies 
include plant growth (Ahmed and Hassan, 2011) nutrient 
competition (Keating et al.,1999), plant nutrient uptake 
(Carberry, 2002), impact of climate variability on crop 
production (Keating et al., 2003; Tsubo et al., 2005; Wu et 
al., 2006 and Wang et al., 2008) among others. 

The aim of this study was therefore to evaluate and 
simulate the effect of climate change on finger millet yields 
under different soil fertilizer inputs and tillage practices in 
semi-arid lower eastern Kenya using the Agricultural 
Production Systems Simulator Model.  

It is envisaged that promotion of drought tolerant crops 
such as finger millet and switching to more moisture 
conserving tillage techniques could form the first steps in 
response to low rainfall in these areas and in the long run, 
help to counter the problem of declining agricultural 
productivity and food insecurity in the arid and semi-arid 
areas of Kenya. 
 
 
MATERIALS AND METHODS 
 
Site description 
 
The study was carried out in Kalama and Katangi divisions 
of Machakos and Kitui Counties (Figure 1) respectively of 
semi-arid lower Eastern Kenya. Machakos County is 
located between Latitudes 0º45´S to 1º31´S from north to 
south and Longitudes 36º45´E and 37º45´E from east to 
west with a mean altitude of 1714 meters above sea level. 
Long rainy season fall between March and May and short 
rainy season between October and December (Jaetzold et 
al., 2006). Dominant soil groups are acrisols, ferrasols and 
andasols (WRB, 2006). Main  agricultural  activities include 

http://www.fao.org/climatechange/29763-0daebeae838c70f713da780982f16e8d9.pdf


 

Onwonga et al.        3 
 
 
 

 
 
Figure 1. Map showing the location of the study sites (Wagate et al., 2010). 

 
 
 

small scale livestock keeping, cultivation of maize, 
mangoes, papaws, watermelons, cow peas, beans, pigeon 
peas and lentils (Thiongo et al., 2016).  

Kitui County is located between Latitude of 0º 3.7’ and 
3º 0 South and Longitude 37º 45’ and 39º 0’ East with an 
altitude of 1151 meters above mean sea level (Pauw et al., 
2008). The region receives average rainfall of about 900 
mm (van Loon and Droogers, 2006). Long rains fall 
between April and May, while short rain between October 
and December (Pauw et al., 2008). Soils in Kitui are a 
combination of acrisols and luvisols with ferralsols (WRB, 
2006). Main agricultural activities include subsistence crop 
(maize, beans, cowpea, pigeon pea, cassava, cotton) and 
livestock (cattle, sheep and goats) farming.  

Machakos and Kitui Counties regions are both prone to 
high temperatures (average 22.50C), low and erratic 
rainfall (231 to 361 mm per annum) and highly vulnerable 
to climate change (Jaetzold et al., 2006). 
 
 
Treatment and experimental design 
 
On farm fields experiments were conducted within each 
county and run for two seasons. Experimental set up was 
a randomized complete block design with split plot 
arrangement. Main plots were two tillage practices (TP): (i) 
oxen plough (OP) and, (ii) ridges and furrows (RF), while 
split plots were soil fertilizer inputs: (i) farm yard manure 

(FYM with (%) N, P and OC of 2.75, 1.03 and 37 
respectively. Carbon: Nitrogen (C: N) ratio (13.82) and pH 
(H2O) of 8.6), (ii) Triple Super Phosphate (TSP) combined 
with Calcium Ammonium Nitrate (CAN) (TSP+CAN) and 
no fertilizer input (absolute control) was also included in 
the split plot. 
 
 
Land preparation, fertilizer application and planting 
 
The RF were constructed manually using a hand hoe to 
heap the top soil to a height of 30 cm for ridges and a depth 
of 15 cm for furrows. OP tillage was established using a 
normal oxen plough at a depth of 15 cm (from soil surface 
– plough layer).  FYM (10t/ha) and TSP (45kg/ha) was 
applied by hand during planting. CAN (40kg/ha) was top 
dressed three weeks after planting. Planting of finger millet 
was done at a spacing of 30 cm by 15 cm and at a depth 
of 0.5 cm (Oduori 2008). Weeding was done by hand every 
three to four weeks after planting. 
 
 
Soil sampling and analysis 
 
Soil sampling was done before planting and harvesting. 
Initial soil samples were collected in a zigzag manner 
across the entire field at depth of 0 to 30 cm, 30 to 60 cm, 
60 to 90 cm. Thereafter, samples for chemical analysis (N, 
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Table 1. Soil parameters measured and associated analytical methods. 

 

Soil parameters  Analytical methods  Reference  

Bulk Density (g/cm3) 
Samples weighed and oven dried (1050C) to 
constant weight and bulk density determined based 
on the oven dry weight of soil per unit volume.  

Blake and Hartge 
(1986) 

   

Saturated water content 
(cm3/cm3), Drained 
Upper Limit (cm3/cm3), 
Lower limit (cm3/cm3) 

Pressure plate method- Where the soil sample is 
brought to a specific water potential by applying 
pressure at different heads, and allowing excess 
water to flow out.  Once soil samples reach required 
water potential under pressure, the water content is 
determined for each head. 

(Richards, 1948)  

 

   

Organic C (g/kg)  

Walkley black method in which 10ml of soil sample is 
digested with potassium dichromate and 
concentrated sulphuric acid. The solution is then 
titrated with ammonium ferrous sulphate with di 
phenylamine as an indicator.  

Nelson and Sommers 
(1982) 

   

Total N (%) 

Kjeldahl procedure which involves using sulphuric 
acid to decompose organic substances and oxidize 
organic nitrogen as ammonium sulphate for nitrogen 
extraction. 

Bremner and Mulvaney 
(1982) 

   

P (mg/kg)  
Olsen method where P is extracted  using Olsens 
extracting solution (NaHCO3 ) at pH 8.5 

Olsen and Sommers 
(1982) 

   

pH 
Mixing soil sample and KCl at a ratio of 1:2.5 soil to 
KCl (1M), and using standardized pH meter and 
glass electrodes to determine pH  

Okalebo (2002) 

   

CEC 

Mehlich procedure which involves extracting the 
cations using mehlich solution and determining 
concentrations using Atomic absorption 
spectrophotometry (AAS) 

Nelson and Sommers 
(1982) 

   

Na, K and Ca 
Ammonium acetate method which involves extraction 
of nutrient from the soil through leaching with 1N 
ammonium acetate 

McLean et al, (1959) 

   

Texture 
Soil texture classes and size classification according 
to USDA system   

Gee and Bauder 
(1986) 

 
 
 
 

P, K, OC, Na, Ca, pH, CEC) were collected from each plot 
and thoroughly mixed to make composite soil samples. 
Samples for soil Physical analysis (Texture, Bulk density) 
were collected using core rings. Soil analysis was 
performed using standard analytical procedures (Table 1) 
as compiled and described by Okalebo et al. (2002) and 
Estefan et al. (2013). 
 
 
Plant sampling, biomass and yield determination 
 
Plant samples for determination of dry matter and grain 
yields were collected from the inner rows in each plot in a 
1 m2 quadrant. After determining the weight of 14 to 18 
plants, six plants corresponding to average weight were 

selected and their dry matter was determined after oven-
drying at 80°C to a constant weight for 72 hours. Samples 
were then weighed using a digital weighing scale and 
weight recorded. The dry matter weight was then 
extrapolated to kg/ha. The finger millet fingers were 
threshed and winnowed to remove grain and after which 
grain yields were determined by weighing the grains 
obtained from the 1 m2 quadrant and converted into t/ha.  
 
 

APSIM data requirements, calibration and validation 
 

Data requirements for APSIM modelling 
 

APSIM (version 7.3) was configured to simulate finger 
millet  yields  under  different   tillage   practices   and  soil  
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Figure 2. Average annual rainfall, maximum and minimum temperature trend in Kitui. 
 
 
 

 
 

Figure 3. Average annual rainfall, maximum and minimum temperature trend in Machakos. 
 
 
 

fertilizer inputs during the 2013 short and long rain 
seasons. The data (Probert et al., 1998) required for model 
parametrization included:  
 
Meteorological data: The meteorological data used 
included; daily data on rainfall, radiation, maximum 
temperature (Max t) and minimum temperature (Min t) 
(Figures 2 and 3 and Tables 2 and 3). These data were 
obtained from nearest weather sub-stations in Kalama 
(Machakos) and Katangi (Kitui) for a period of 33 years 
(That is, from 1980 to 2013). 
 
Soil Data: APSIM requires several soil parameters (Table 
1, Probert et al. (1998) and www.apsim.info). A soil profile 
was dug and sampled for estimates of drained upper limit 

(DUL, mm mm–1), and drained lower limit (LL15, mm mm–

1), bulk density (BD, g cm–3), soil pH, organic matter (OM, 
%), clay content, Saturated water content (SAT, mm mm–

1) was calculated from bulk density as described by 
Dalgliesh and Foale (2005). 

The soil moisture limit to which soil can dry by 
evaporation (Airdry, mm mm–1) was estimated as 0.5 × 
LL15 in 0 to 15 cm soil layer, 0.9 × LL15 in 15 to 30 cm soil 
layer and equal to LL15 at deeper depths (Cresswell et al., 
2009). For unsaturated water flow the default values for 
APSIM coefficients (diffus_const and diffuse_slope) were 
used. Organic carbon (OC, %) was estimated from OM 
(OC = OM/1.72; Dalgliesh and Foale, 2005). The APSIM 
default value coefficients (Probert et al., 1998) were used 
to partition OC to different pools (BIOM, HUM, and INERT). 
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Table 2. Monthly rainfall, mean monthly maximum and minimum temperature in Kitui during the experimental 

period. 

  

Parameters Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Rain (mm) 9.5 38.5 116.3 120.3 4.0 0.0 0.0 1.0 1.0 20.1 150.3 6.5 

Max Temp (0C) 30.0 30.5 32.4 23.2 28.3 28.2 23.7 26.6 30.5 33.1 27.5 30.1 

Min Temp (0C) 16.0 17.7 18.2 20.1 17.1 18.0 15.7 15.4 15.2 18.6 19.7 20.9 
 

Source: Katangi weather sub-station, Kitui. 
 
 
 

Table 3.  Monthly rainfall, mean monthly maximum and minimum temperature in Machakos during the 

experimental period. 
 

Parameters Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Rain (mm) 5.4 37.2 115.4 65.3 10.1 1.0 0.0 1.0 1.5 32.7 140.7 5.1 

Max Temp (0C) 32.2 33.3 31.2 29.6 30.7 28.1 27.8 26.9 29.0 32.7 26.1 29.3 

Min Temp (0C) 20.7 20.8 21.6 21.7 19.7 20.5 18.3 18.3 19.8 20.5 19.3 21.2 
 

Source: Kalama sub-weather station, Machakos. 
 
 
 

Crop data: Crop data was collected through field 
observations and registry of crop phenology stages; 
sowing (sowing date, sowing rate), germination 
(emergence, flowering harvesting dates) and crop 
management: crop (crop type and variety), seeding (plant 
spacing) and organic inputs (date of application, amount 
and nutrient content). 
 
 
APSIM model calibration 
 
As APSIM is not calibrated for finger millet, the “pearl 
millet” module was used as a proxy and adjustments made 
towards finger millet crop. Pearl Millet was chosen due to 
similar characteristics alluded to all millets that make them 
closely related functionally, ecologically and agronomicaly 
(Obilana, 2003).  

A new simulation was created in APSIM and calibrated 
to simulate finger millet yields as affected by tillage 
practices (OP, RF) and soil fertilizer inputs (FYM, 
TSP+CAN and control - no fertilizer input). The first module 
used to build the simulation was ‘Met module’ which 
incorporates all weather variables (daily rainfall, maximum 
temperature, minimum temperature, solar radiation from 
1980 to 2013) into the model. Also included in the met file 
were full descriptions of location, latitude and annual 
average temperature. The “Clock” module was used to 
input start (1/1/2013) and end dates (31/12/2013) for the 
simulation. The “summary file” which displayed all 
information about the run, including settings, problems 
encountered, management options carried out and errors 
was also included in the simulation. The “Paddock module” 
which is the main module that includes all information 
about the crop, soil management-including planting and 
harvesting, and an output file (which summarizes all 
simulation outputs) were also included in the simulation. 

Under this module, the following folders were incorporated 
into the simulation: Soil Wat (Soil water), Surface om 
(Surface organic matter), Soil N (Soil Nitrogen), Soil P (Soil 
phosphorous), manure and Fertilizer, (in order to 
incorporate soil physical and chemical characteristics). 
Using the APSIM-millet module, for APSIM calibration, 
data collected through field observations and registry of 
crop phenology stages; sowing (sowing date, sowing rate), 
germination (emergence, flowering harvesting dates) and 
crop management: crop (crop type and variety), seeding 
(Plant spacing) were incorporated into the simulation.  

To capture the effect of various soil fertilizer inputs, the 
“apply manure on a fixed date” and “apply fertilizer on a 
fixed date” including date of application, amount and 
nutrient content were incorporated into the simulation. To 
capture effect of tillage practices curve number was set at 
5 and 10 for oxen plough and ridges and furrows 
respectively (Stephen Kimani, Personal Communication) 
based on the assumption that oxen plough had a higher 
runoff potential than ridges and furrows. Simulations were 
run under nutrient non limiting conditions, with no pest 
occurrences or weed infestation. Growth and yield data 
collected were further used as input parameters to 
calibrate the millet module. With the requisite data for 
APSIM simulation set, the model was run and predicted 
finger millet yields were compared with measured values. 
 
 
APSIM model validation  
 
The calibrated model was then validated using field 
experimental data (yields). The validation process was 
aimed at determining model sensitivity and performance 
by comparing observed and simulated yields using the 
following statistical formulae; Root mean square error 
(RMSE), Correlation  coefficient (r), Coefficient  of determi- 



 

 
 
 
 
nation (r2) and Range ratio (RR). Root mean square error 
(RMSE) is considered a good measure of model 
performance as it provides information on overall model 
performance (Willmott and Matsuura, 2005) with low 
values are an indication of good model performance 
(Smith et al. 1996). The determination of how low, middle 
or high the values are determined by the range of the 
dataset. 
 

RMSE = √[n −1 ∑(p1− Oi)]2 

 
Correlation coefficient (r) is used to determine relationship 
between observed and simulated yields. Values range 
between -1 and 1 with higher values indicating a stronger 
relationship between observed and simulated values 
(Moore and McCabe, 1993) 

Coefficient of determination (Correlation coefficient-R2) 
is the strength of linear association between observed and 
simulated values representing the proportion of 
unexplained variation to total variation. It’s used to analyze 
linear relationship with higher values indicating a close 
relationship between measured and simulated yields. 

 

R2 =
SSR

SST
= 1 −

SSE

SST
 

 
Where SSR is the regression sum of squares, SST is the 
total sum of squared deviations of the predicted values 
around their mean, and SSE is the sum of squared 
differences between the residuals/errors and their means. 
For a perfect regression, SSR = SST and SSE = 0, so that 
R2 =1. 

Range ratio (RR) compares the range of outputs 
between observed and simulated values focusing on 
extreme values between the two data sets. 

 

RR = 100 ∗ ⌊
Maxobserved − Maxobserved

Maxsimulated − Maxobserved
⌋ 

 
 

Climate change scenarios used in finger millet yield 
simulations 
 
The climate change scenarios used in finger millet yield 
simulations under the imposed treatments were based on 
projected rainfall and temperature expected in the study 
region for the 21st century under representative 
concentration pathway 2.6, low emission scenario (IPCC, 
2007). Rainfall projections ranged from -20% to 10% for 
the study region based on the Canadian Centre for Climate 
Modelling and Analysis (Flato et al., 2000; Flato and Boer, 
2001). For finger millet yield simulations, the following 
climate change scenarios were considered; current 
Rainfall (R0) and Temperature (T0) provided the baseline, 
R1 (R0+10% increase in rainfall), R2 (R0-10% decrease in 
rainfall), T1 (T0 + 20C) and T2 (the combined effects of 
10% decrease in rainfall and 20C increase in temperature  
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(-10%+20C).  

To incorporate the effect of climate change into the 
simulations, the “Climate control” module was used. The 
module was selected from the “Meteorological folder” in 
the Standard tool box and placed in the manager folder. 
The climate control module allowed changes in 
temperature and rainfall (as a percentage) to be effected 
in the simulations, and subsequent effects of the change 
reflected in crop yields. 
 
 
RESULTS AND DISCUSSION 
 

Effect of tillage practice and soil fertilizer inputs on 
measured and simulated finger millet yields 
(Measured finger millet yields) 
 
Kitui had significantly (P≤0.05) higher finger millet yields 
than Machakos across all TP and soil fertilizer inputs 
(Figure 4). This may have been caused by the high rainfall 
experienced in Kitui during the 2013 short and long rain 
season (Table 2). Xu et al. (2011) and Ngeve (2003) found 
that rainfall intensity and distribution was one of the main 
determinants of soil moisture content, which would have a 
direct influence on crop yields. In addition, Kitui soils had 
higher nutrient content than Machakos (Table 4).   

The generally higher nutrient content of farms in Kitui 
may also be attributed to their higher clay and organic 
matter (Table 4) content which reduced nutrient losses 
through soil erosion. Morris, (2006) and Magdoff and Weil 
(2004) while working on the significance of soil organic 
matter to soil quality and health, reported that higher soil 
clay content reduced loss of nutrients through erosion. 
High organic matter content of soils in Kitui (Table 4) may 
have improved crop yields due to enhanced water and 
nutrients supply (through mineralization) as well as 
improved soil physical and chemical conditions. Adeyemo 
and Agele (2010) had also found that organic matter 
improved soil quality, health, and enhanced nutrient use. 

In Machakos, TSP+CAN treated plots had highest (1.77 
t/ha, 0.86 t/ha) finger millet yields compared to FYM 
(1.69t/ha, 0.78 t/ha) and control (1.5 t/ha, 0.69 t/ha) in OP 
and RF (Table 5).  

In Kitui, TSP+CAN (1.83 t/ha, 2.11 t/ha) treated plots 
correspondingly recorded highest yields compared to FYM 
(1.79 t/ha, 1.85 t/ha) and control (1.72 t/ha, 1.77 t/ha) in 
OP and RF (Table 6). 

High finger millet yields in RF in Kitui may have been 
caused by improved soil moisture availability to plants 
brought about by retention of soil moisture and controlled 
nutrient loss through erosion with subsequent 
improvement of crop yields.  Jia et al. (2006) and Uloro and 
Gebrekidan (2002) found that construction of RF reduced 
moisture loss and subsequently improved crop yields. 
Further, the improved surface roughness in RF than OP 
may have contributed to the observed high finger millet 
yields leading to improved water storage. Miriti et al. (2013) 
had also reported in a similar study that RF tended to have   
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Figure 4. Effect of site (Machakos, Kitui) on finger millet yields. 
 
 
 

Table 4. Soil profile data for Machakos and Kitui used in model calibration. 
 

Soil Parameters Mach kos Kitui 

Soil horizon depth (cm) 0-30 30-90 90-150 0-30 30-90 90-150 

Saturated water content (%vol) 0.32 0.34 0.33 0.4 0.38 0.36 

Drained upper limit (%vol) 0.28  0.28  0.28 0.32 0.25 0.27 

Lower limit (% vol) 0.15 0.15 0.17 0.18 0.17 0.16 

Sand  50 45 43 40.35 48.33 39.85 

Silt 18 16 15 17.84 16.97 17.05 

Clay 32 29 29 43.67 38.85 43.01 

Bulk density (g/cm3) 1.28 1.34 1.31 1.35 1.32 1.36 

Organic carbon-OC (%) 1.21 1.28 0.46 1.28 1.34 0.69 

Total Phosphorous-P (ppm) 25.25 21.48 16.2 29.45 24.72 24.3 

Total Nitrogen-N (%) 0.1 0.06 0.08 0.15 0.09 0.06 

pH (H2O) 6.3 6.1 6.5 6.55 6.3 5.92 

Cation exchange capacity (cmol/kg) 5.9 5.7 6.4 12 11.05 9.26 

Sodium-Na(cmol/kg) 1.12 1.88 1.88 1.14 1.77 1.77 

Calcium-Ca(cmol/kg) 3.12 3.24 1.41 3.15 3.27 1.48 

Potassium-K (cmol/kg) 1.25 1.55 1.25 1.63 1.45 1.19 

 
 
 
a higher surface roughness than OP, which in turn 
increased soil water infiltration and storage, and 
subsequently enhanced crop yields. This assertion is also 
in line with that of Hansen et al. (1999) who found that soils 
with higher surface roughness had higher soil moisture 
conservation ability than soils with lower surface 
roughness. The OP plots having lower yields in Kitui may 
have been caused by increased water and nutrient losses 
through erosion, as was evident from the observed 
formation of ox rills. According to Kaumbutho and 
Simalenga (1999), use of OP increased rates of moisture 
loss due to formation of ox rills that reduced water 

retention.  Relatively low finger millet yields under RF in 
Machakos may have been caused by destruction of RF 
during the rainy season due to the farms high sand content 
(Table 4).  

Soil fertilizer inputs had a significant (P<0.05) effect on 
finger millet yields with TSP+CAN having highest yields 
compared to manure and control (Figure 5). This was 
attributable to the fact that the fertilizers (TSP+CAN) 
provided readily available phosphorous and nitrogen 
whose availability increased finger millet yields, as the two 
nutrients are considered the most limiting in finger millet 
production  (Oduori  2008).  According   to  Okalebo  et  al.    

 
 

Figure 4: Effect of site (Machakos, Kitui) on finger millet yields. 
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Table 5. Model evaluation, observed and simulated yields in Mwala, Machakos. 
 

Treatments 

Tillage 

Oxen plough Ridges and Furrows 

Observed Simulated Observed Simulated 

Control 1.5 1.61 0.69 1.76 

Manure 1.69 1.77 0.78 1.83 

Fertilizer 1.77 1.9 0.86 1.95 
     

R 0.67  0.53  

RMSE 0.18  3.62  

R2 0.5  0.29  

RR 35.87  74  
 
 
 

Table 6. Model evaluation, observed and simulated yields in Katangi, Kitui. 
 

Treatments 

Tillage 

Oxen plough Ridges and Furrows 

Observed Simulated Observed Simulated 

Control 1.72 1.82 1.77 1.84 

Manure 1.79 1.89 1.85 1.93 

Fertilizer 1.83 2.3 2.11 2.6 
     

R 0.63  0.65  

RMSE 1.04  0.94  

ME 0.31  0.27  

R2 0.43  0.40  

RR 40.35  42.59  
 
 
 

(1990), use of nitrogen and phosphorous fertilizers causes 
a substantial increase in finger millet yields. The FYM 
applied plots had higher yields than control plots and this 
may have been as a result of addition of nutrients through 
application of FYM containing; (%) N, P and OC of 2.75, 
1.03 and 37 respectively. Further, manure has been found 
to cause increased response of plants towards better 
uptake of macro and micro elements and enable roots to 
exploit a large volume of nutrients from the soil (Yedidia et 
al., 2001; Altomore et al., 1999). The relatively low finger 
millet yields with application of FYM compared to 
TSP+CAN can be attributed to the applied manure’s low 
phosphorous content compared to that of TSP. This 
observation has also been made by Mugunda and Tenywa 
(1999) who found that treatments with phosphorous 
fertilizer performed better than those with FYM and 
attributed this behavior to manures’ lower phosphorous 
content.  
 
 

Model calibration, simulated and measured finger 
millet yields 
 

Model calibration 
 

The calibration process aimed at analyzing the differences  

between observed and simulated parameters, in order to 
evaluate model performance.  

Comparative analysis of finger millet yields showed non-
significant yield differences between measured and 
simulated yields under OP for Machakos with a moderate 
correlation value of 0.50 (Figure 6). In Machakos RF, there 
was a significant difference (P≤0.05) between observed 
and simulated yields with a poor correlation value of 0.29 
(Figure 6).  
The large difference between observed and simulated 
yields under ridges and furrows may have been caused by 
environmental effects in the field that could not be 
simulated by the model. One such factor was high sand 
content of ridges and furrows plots that caused destruction 
of ridges during rainy season, and rendered them 
ineffective. Jewell (1995) reported that ridges and furrows 
on soils with a high sand content were easily destroyed by 
rainfall. The differences between measured and observed 
finger millet yields may partly be attributed to the fact that 
pearl millet was used as a proxy to finger millet and may 
have therefore be a pointer to crop physiological 
differences.  According to Reilly (2002), the use of proxy 
crops has many limitations; without actually simulating the 
omitted crops. One cannot easily establish the error 
involved in using one crop or another as a proxy. 
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Figure 5. Effect of soil inputs on finger millet yield. 
 
 
 

 
 

Figure 6.  Observed and simulated millet yields for Machakos OP and RF, respectively. 
 
 
 

In Machakos, grain yield predictions in response to tillage 
practices and fertilizers were well predicted for OP with 
correlation coefficient values close to one (0.67) and low 
RMSE (0.18) indicating a close relationship between 
observed and simulated values (Table 5). However, for 
Machakos RF, the high RMSE values (3.62) and high 
range ratio (74%) showed a tendency of model over 
prediction (Table 5).  

In Kitui, the difference between measured and simulated  

finger millet yields were significantly (P≤0.05) different with 
R values of 0.43 and 0.40 for OP and RF respectively 
showing tendency towards model over prediction (Figure 
7). The strength of linear relations between observed and 
simulated values was moderate for both regions with 
correlation values closer to 0.5 than 1. 

In Kitui, grain yields in response to tillage practices and 
fertilizers were well predicted with correlation coefficient 
values  of  (0.63, 0.65)  and  RMSE  values  of  (0.94, 1.04) 

 1 

 2 
 3 

Figure 5: Effect of soil inputs on finger millet yield. 4 
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Figure 7. Observed and simulated millet yields for Kitui OP and RF respectively. 
 
 
 

indicating a moderate relationship between observed and 
simulated values (Table 6) in OP and RF respectively. 
Simulated means were better predictors than observed 
means as shown by RR values of 40.35 and 42.59 in OP 
and RF respectively.   
 
 
Simulated and measured finger millet yields 
 
Simulated finger millet yields varied across sites with Kitui 
registering high finger millet yields than Machakos. In Kitui, 
TSP+CAN (2.3 t/ha, 2.6 t/ha) treated plots recorded 
highest simulated yields compared to FYM (1.89 t/ha, 1.93 
t/ha) and control (1.82 t/ha, 1.84t/ha) in OP and RF in that 
order. Simulated yields in Kitui were 16% higher than 
observed yields in both RF and OP plots (Figure 8).  

In Machakos TSP+CAN (1.9 t/ha, 1.95 t/ha) treated plots 
had highest simulated yields compared to FYM (1.77 t/ha, 
1.83 t/ha) and control (1.61 t/ha, 1.76 t/ha) in OP and RF 
respectively. In Machakos, differences between observed 
and simulated finger millet yields were higher in RF plots 
(138% higher) than OP plots (16% higher) (Figure 9).  

In Machakos however, RF had higher simulated finger 
millet yields than OP, unlike field experiments where OP 
performed better than RF (Table 5). Model over prediction 
of finger millet performance for RF may be attributed to the 
farms’ high sand content (Table 4) which contributed 
towards destruction of the RF structures, rendering them 
ineffective. Simulated yields being higher than actual 
yields are expected as crops in the field tend to suffer from 
environmental stresses that reduce yields. These findings 
are in agreement with those of Challinor et al. (2004, 2005) 
and Bondeau et al. (2007) who found that crop yield 
overestimation was a common shortfall of many crop 

simulation models in Sub-Saharan Africa, because crop 
models were usually calibrated against data collected in 
controlled environments, and did not account for non-
climatic factors like pests, weeds and soil-related 
constraints.  

Based on long term simulations, finger millet yields 
depicted fluctuations across years (Figures 10 and 11) 
mainly because of fluctuations in rainfall and temperature 
across the years. Rainfall decrease and temperature 
increase (T2) had a negative effect on finger millet yields. 
Abdulhamid (2011), Kurukulasuriya et al. (2006) similarly 
found that changes in climate directly affected crop yields 
with declining rainfall resulting in reduced crop yields. 
Although climate variability has been recorded to account 
for significant variations in crop yields, there are other 
reasons which come from agronomic challenges and 
farmers’ management practices, which have been found to 
affect crop yield production over extended periods of time. 
These include use of agronomic inputs (Gourdji et al., 
2015), disease/pest infestations (Bebber et al., 2013; 
Timsina and Connor 2001), crop varieties used (Traore at 
al., 2013), soil management (Rurinda et al., 2013), 
irrigation (Finger et al., 2011), socio economic conditions 
(Brown and Funk, 2008; Garrett et al., 2013) political and 
social strife (Ray, 2012).  

Despite this yield decline, there was a significant 
(P≤0.05) difference observed between treatments with 
highest yields recorded in TSP+CAN treatments followed 
by FYM and control (Figures 10 and 11). The TSP+CAN 
can thus be seen as a viable method for reducing the effect 
of climate change on crop yields. Akponikpè et al. (2010) 
used the APSIM model to carry out a 23-year, long term 
scenario analysis combining different application rates of  
cattle  manure, millet  residue  and  mineral  fertilizer, found

  
 

Figure 7: Observed and simulated millet yields for Kitui OP and RF, respectively. 
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Figure 8. Observed and simulated yields Katangi, Kitui. OP, Oxen plough, RF, Ridges and 

Furrows. NOTE: Vertical lines on graphs represent error bars. 
 
 
 

 
 

Figure 9. Effect of inputs on observed and simulated yields in Mwala, Machakos. OP, Oxen plough, 
RF, Ridges and Furrows.  NOTE: Vertical lines on graphs represent error bars. 

 
 
 

that moderate soil inputs with N application (15 kg N ha−1) 
improved both the long term average and the minimum 
yearly guaranteed yield without increasing inter-annual 
variability compared to no N input. Agesa (2014) using the 
APSIM software to carry out a 50 years long term 
simulation to determine the effect of soil inputs (FYM, 
compost and control) on sorghum yields under various 
cropping systems (monocrop, intercrop and crop rotation) 
in Yatta sub county found that addition of soil inputs, FYM 
and composite, provided higher yields when compared to  
no input treatments.   
 
 
Effect of climate change on finger millet yields 
 
The R1 (R0+10% rainfall) had highest finger millet 
yields(t/ha) in both sites with Machakos recording highest  

yields in TSP+CAN treated plots (2.09 t/ha, 2.11 t/ha) 
followed by FYM (1.89 t/ha, 2.01 t/ha) and control (1.75 
t/ha, 1.96 t/ha) in OP and RF respectively (Table 7). A 
similar trend was observed in Kitui with the R1 (R0 +10% 
rainfall) recording highest yields in TSP+CAN treated plots 
(2.18 t/ha, 2.21 t/ha) followed by FYM (2.04 t/ha, 2.01 t/ha) 
and control (1.85 t/ha, 1.98 t/ha) in OP and RF 
respectively. The T2 (-10% rainfall +20C) had the lowest 
finger millet yields across sites in the order (for Machakos); 
TSP+CAN (1.76 t/ha) and FYM (1.63 t/ha) under OP, and 
control (1.50 t/ha) R2 (R0-10% rainfall). In RF, lowest 
yields were recorded in T2 (-10% rainfall +20C) in 
TSP+CAN (1.44 t/ha) treatments compared to FYM (1.36 
t/ha) and control (1.28 t/ha). In Kitui, lowest yields were 
simulated under T2 (-10% rainfall +20C) TSP+CAN (1.79 
t/ha, 1.83 t/ha) followed by FYM (1.72 t/ha, 1.61 t/ha) and 
control  (1.53 t/ha,  1.58 t/ha)  in  OP  and  RF  respectively  

 1 
OP-Oxen plough RF-Ridges and Furrows                NB: Vertical lines on graphs represent error bars 2 

Figure 8: Observed and simulated yields Katangi, Kitui 3 
(138% higher) than OP plots (16% higher) (Fig.9).  1 

 2 

 3 
 4 

OP-Oxen plough RF-Ridges and Furrows               NB: Vertical lines on graphs represent error bars 5 
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Figure 10. Long term effects of fertilizers on finger millet yields in Katangi, Kitui OP. 

 
 
 

,  
 

Figure 11. Long term effects of fertilizers on finger millet yields in Mwala, Machakos OP. 
 
 
 

(Table 7). 
Apart from R1 (R0+10%), all climate change scenarios 

[rainfall decrease R2 (R0-10%), temperature increase T1 
(To+20C)] and their combinations T2 (-10 % rainfall+20C) 
caused a decrease in finger millet yields. The effect of 
predicted temperature increase (T1) and combined effect 
of temperature increase and reduced rainfall (T2) had a 
greater effect on yield than reduced rainfall (Table 7).   

Rainfall increase R1 (+10% rainfall) caused an upsurge 
in finger millet yields. This was expected as water is 
considered one of the main raw materials for 
photosynthesis, plant growth and subsequently yields 
production. The results are consistent with those of Basak 
et al. (2009) and Kang et al. (2009) who found that an 
increase in rainfall would increase crop yields. 

Harvest Choice (2010) similarly reported that more 
rainfall correlates with higher yield and lower yield 
variability. The decline in finger millet yields with rainfall 

reduction may have been due to reduced amounts of 
available water, leading to reduced plant growth, 
development and yields. This line of argument is in 
agreement with Barlow (1986) and Armstrong et al. (1996) 
who found that reduced soil moisture would reduce crop 
yields due to reduced leaf expansion, leaf appearance, 
reduced photosynthesis and grain filling. Mastalerz (1977) 
similarly found that moisture stress was generally 
detrimental to plant growth reducing both yield and quality 
of the crop. Based on APSIM climate simulations, 
Maccarthy et al. (2013) found that reduced rainfall would 
reduce crop yields due to diminished crop growth and 
development. Reduced yields due to increasing 
temperatures may have been caused by increased rates 
of metabolic processes, leading to amplified rates of crop 
maturity, reduced crop development stages and reduced 
leaf growth. These findings are in tandem with those of 
Abrol and Ingran (1996) who found  that  increased  tempe- 

 1 
 2 

Figure 10: Long term effects of fertilizers on finger millet yields in Katangi, Kitui OP. 3  1 
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Figure 11: Long term effects of fertilizers on finger millet yields in Mwala, Machakos OP. 4 
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Table 7. Effect of climate change on yield in Machakos and Kitui. 
 

Treatments  

Climate Changes 

Actual 
(To+Ro) R1 R2 T1 T2 

Base line +10% -10% +2oC -10%;+2oC 

Machakos 

OP 

Control 1.50 1.61 1.75 1.50 1.58 1.51 

FYM 1.69 1.77 1.89 1.66 1.73 1.63 

TSP+CAN 1.77 1.91 2.09 1.78 1.84 1.76 
        

RF 

Control 0.69 1.76 1.96 1.58 1.51 1.28 

FYM 0.78 1.83 2.01 1.68 1.59 1.36 

TSP+CAN 0.86 1.95 2.11 1.71 1.65 1.44 

       

Kitui       

OP 

Control 1.72 1.82 1.85 1.69 1.61 1.53 

FYM 1.79 1.89 2.04 1.75 1.64 1.72 

TSP+CAN 1.83 2.31 2.18 1.99 1.97 1.79 
        

RF 

Control 1.77 1.84 1.98 1.81 1.71 1.58 

FYM 1.85 1.93 2.09 1.87 1.76 1.61 

TSP+CAN 2.11 2.61 2.21 2.04 1.98 1.83 
 
 
 

ratures accelerated crop physiological maturity. This in 
turn shortened crop development stages and reduced 
harvesting index, crop cycle, rates of photosynthesis and 
grain filling thus resulting in low crop yields. Brassard and 
Singh (2008) similarly found that higher temperatures 
translated into faster crop development and earlier 
maturation which reduced crop yields as the plant 
intercepted less cumulative solar radiation before it 
reached maturity and harvest. Sultan et al. (2013) found 
that the major effect of climate change on millet and 
sorghum in West Africa was yield losses induced by higher 
temperature leading to increased potential 
evapotranspiration, crop maintenance respiration and a 
reduction of the crop-cycle length.  

A combination of both temperature increase and rainfall 
decrease T2 (-10 % rainfall; +20C) reduced crop yields. 
This may be attributable to reduced soil water availability 
for the plant to carry out crucial plant processes such as 
photosynthesis resulting in the stunting, drying up and 
eventual death of the crop (Agesa, 2014). Similar results 
were recorded by Sultan et al. (2012) and Rowhani et al. 
(2011) who found that with the combination of temperature 
increase and rainfall decrease, mean crop yields were 
always found to decrease significantly.  

Despite the predicted climate changes causing a decline 
in crop yields, RF had relatively higher yields than OP 
across soil fertilizer inputs in both Machakos and Kitui. 
High crop yields in RF may have been caused by improved 
soil moisture availability to plants brought about by 
construction of RF that increased moisture retention for 
prolonged periods of time. The OP plots having lower 
yields may have been caused by increased water and 

nutrient losses through erosion (as discussed under effect 
of tillage practice and soil fertilizer inputs on observed and 
simulated finger millet yields).  
 
 
Conclusion 
 
The effect of tillage practice varied in the two regions with 
OP performing relatively better than RF in Machakos and 
the opposite being true for Kitui. The effect of soil fertilizer 
inputs had a similar effect on finger millet yields in both 
regions with the combination of TSP+CAN providing 
highest yields followed by FYM and control. Simulated 
yields followed a similar trend with TSP+CAN performing 
better than the other treatments (FYM and control). 
However, there was a difference between observed and 
simulated finger millet yields in Machakos with respect to 
tillage practices. OP had higher yields than RF in field 
experiments, while RF performed better than OP in 
simulations. In comparison, OP had a correlation 
coefficient (0.5) displaying a moderate relationship 
between observed and simulated finger millet yields in 
Machakos. Due to large differences between observed 
(0.77) and simulated (1.84) values, RF in Machakos was 
poorly simulated with low correlation coefficient (0.29). For 
Kitui, yields were moderately predicted and simulated with 
root mean square errors (1.04, 0.94) in RF and OP 
respectively. Apart from R1 (R0 +10% rainfall), all climate 
change scenarios R2 (R0: -10% decrease in rainfall), T1 
(T0  +  20C)  and  T2  (- 10%  decrease   in   rainfall  +  20C 
increase in rainfall), reduced finger millet yields, with 
increase  in  temperature  having  a  higher  negative  effect 



 

 
 
 
 
than decrease in rainfall. Despite the decline in yields, RF 
provided higher yields than OP in both regions. The effect 
of soil fertilizer inputs on different CC scenarios was similar 
with TSP+CAN providing higher yields compared to FYM 
and control.  

Both measured and simulated, insitu and across 
projected CC scenarios, indicated high finger millet yields 
in RF with application of TSP+CAN. In the absence of 
inorganic farm inputs, however, use of FYM under RF and 
OP can be a better alternative. Further studies are 
nonetheless recommended to generate possible CC 
adaptation strategies under R2, T1 and T2 in semi-arid 
regions of Kenya. These strategies should focus on, but 
not limited to; moisture conservation and breeding of 
drought tolerant crops. 
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