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Abstract Conservation Agriculture (CA) and Integrated Soil Fertility Management (ISFM) have been
promoted in Sub Saharan Africa as a means to improve
soil quality. A four season research (March, 2017 to
March, 2019) was conducted to evaluate CA-based
treatment, no tillage with residue retention (NTR),
ISFM-based treatment, conventional tillage with use
of manure (CTM), a combination of CA ? ISFM, no
tillage with residue retention and use of manure
(NTRM) and a control, (C) on soil quality attributes. In
the two locations (sub-humid and semi-arid) the effect
of soil fertility gradients (high and low) were considered. Trials were set out using a one farm one replicate
randomized design. In either high or low fertility
fields, soil chemical and physical properties were
significantly different between the control and NTR,
CTM and NTRM with no significant differences
between NTR, CTM and NTRM. SOC was higher

under NTR and NTRM practices, which consequently
had higher hydraulic conductivity, air permeability,
mean weight diameter and available phosphorus. For
all the treatments and in both locations, the low
fertility fields had significantly lower agronomic use
efficiency (AUE) compared to the high fertility fields.
In both soil types, plant available water capacity and
relative water capacity values were below the recommended thresholds indicating low soil water uptake,
suboptimal microbial activity and consequently low
nutrient uptake which explains the observed low AUE.
Keywords Soil quality  Soil fertility gradients 
Agronomic use efficiency  Physical soil quality
indicators
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Sustainable intensification of agriculture is needed for
areas where fallow periods are no longer possible. The
said intensification is necessitated by the projected
increase in world population to 9.1 billion by 2050
(FAO 2009). The increase is expected to come mostly
from the developing world with Sub-Saharan Africa
(SSA) highlighted on top of the list (Gerland et al.
2014). This creates a need for increased food production putting pressure on the natural resource base. As
such, agricultural intensification has recently gained
support, in part because of the growing recognition
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that it enhances farm productivity as well as conserve
the natural resource base, a major entry point to
breaking the vicious cycle underlying rural poverty
(Vanlauwe et al. 2011). Over the past years, food
production increase in SSA has been achieved mainly
through shifting cultivation with 92% of forest loss in
this area related to this practice (Curtis et al. 2018).
This practice is however not sustainable due to its
related biodiversity loss and greenhouse gas emissions
which will further worsen climate change effects (Van
Ittersum et al. 2016). Insufficient use of mineral and
organic fertilizer has led to nutrient mining thereby
making plant nutrition a major limitation to crop
production (Tittonell and Giller 2013; Wall et al.
2013). In Kenya, the situation is not different, where
continuous cropping without addition of adequate
organic and inorganic resources has caused soil
fertility decline and reduced productivity (Mugendi
et al. 1999). While these negative effects could be
reversed by fallow periods, van Vliet et al. (2012)
reported a decrease in fallow length related to
population growth. As a consequence, smallholder
farmers in Kenya are said ‘‘to have little choice but to
better manage their soils’’ as a means to increase crop
productivity (Kapkiyai et al. 1999).
Several land management practices to help intensify crop production in SSA have been developed,
among them Conservation Agriculture (CA) and
Integrated Soil Fertility Management (ISFM) (Sommer et al. 2018). CA is defined by three linked
principles: continuous minimum mechanical soil disturbance, permanent organic soil cover using crops
and/or crop residues, and diversification of crop
species grown in sequence and/or association (FAO
2002). ISFM, on the other hand, is defined as a set of
soil fertility management practices that necessarily
include the use of fertilizers, organic inputs, and
improved germplasm combined with the knowledge
on how to adapt these practices to local conditions
(Vanlauwe et al. 2014). The effects of these practices
on soil quality have not been studied sumptuously in
Kenya, raising a need for that (Mutuku et al. 2020).
Soil quality is defined by Schjønning et al. (2004) as
a measure of a soil’s capacity to deliver ecosystem
services and functions. To evaluate the effects of
management practices on soil quality, measured
parameters are used, for example, bulk density (BD),
aggregate stability, and hydraulic conductivity as soil
physical attributes. In addition to the measured soil

physical properties, the importance of indirect soil
physical quality indicators has been documented
(Reynolds et al. 2002, 2008, 2009). A summary of
such indicators that are directly influenced by land
management is presented in Reynolds et al. (2007).
These parameters are obtained from the soil water
retention curve and for their usability, critical threshold values for optimal soil functioning have been
determined (Reynolds et al. 2007, 2009). Calculated
values falling outside the thresholds are an indication
that the soils are physically limited.
While smallholder farmers generally believe that
soil tillage is needed to maximise crop yield (Johansen
et al. 2012), whether to till the land or not is a question
that has gained a lot of research interests. Worldwide,
most farmers till their land in preparation for sowing
crops (Huggins and Reganold 2008). Soil tillage
before sowing buries crop residues and troublesome
weeds, aerates the soil and makes it easier for crop
germination. But disturbing the soil in this way can
also leave it vulnerable to erosion by wind and water,
increased soil water loss via evaporation as well as
cause soil organic carbon (SOC) losses through
oxidation (Sithole et al. 2016). No tillage (NT)
improves the physical and chemical characteristics
of the soil by eliminating the negative effects of
unsustainable intensive tillage (Derpsch et al. 2010).
Nevertheless, ISFM-based practices, which involves
soil tillage, have been promoted for their ability to
relieve chemical and physical soil fertility constrains
in the short run, thereby increasing crop productivity
(Vanlauwe et al. 2014). The combined use of organic
and inorganic nutrient sources under ISFM has been
suggested as one of the effective ways of addressing
soil fertility decline by resource constrained smallholder farmers who are unable to apply sufficient
quantities of inorganic soil nutrients (Chivenge et al.
2011).
The shortages in the supplies of organic inputs and
fertilizers have created soil fertility gradients within
farms in SSA (Chianu et al. 2012) while resource
endowments have contributed to between farm soil
fertility gradients (Tittonell et al. 2005). With the
majority of farmers in sub-humid and semi-arid
regions being smallholders and resource strained,
low availability of organic and inorganic resources has
resulted in between and within farm soil fertility
gradients (Vanlauwe et al. 2006). While information
on the existence of soil fertility gradients between and
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within farms is present, there is scanty information on
the influence of such gradients on the effectiveness of
different soil fertility management practices.
In this study, we evaluated soil quality, nutrient
agronomic use efficiency (AUE) and gross income
analysis under CA-based, ISFM-based and a combination of the two practices and on smallholder farm
fields on two contrasting sites (sub-humid and semiarid) after four growing seasons. Gradients in soil
fertility at farm scale were distinguished by the
productivity of control trials. Specifically, the objectives of this study were to evaluate the short-term
effects of CA-based practice (NTR), ISFM-based
practice (CTM) and their combination (NTRM) on
(i) top soil chemical properties on fields with high and
low fertility status, (ii) top and sub soil physical
properties and physical soil quality indicators, (iii)
within and between planting row physical and chemical properties, (iv) agronomic efficiency in the high
and low fertility fields and (v) to assess the economic
viability of the practices.

Materials and methods
Study area and experimental design
This study was conducted in Embu county of Kenya
which has contrasting agro-ecologies. Trials were set
up in Kibugu (0° 260 S and 37° 260 E), classified as subhumid and Machang’a (0° 460 S and 37° 390 E),
classified as semi-arid. The locations lie at an altitude
of 1543 m and 1106 m for Kibugu and Machang’a,
respectively. The soils are classified as Nitisol with
clay texture and Cambisol with sandy loam texture, in
Kibugu and Machang’a, respectively (WRB 2006).
Soil sampling was done in February, 2018 from
rainfed trials with maize (Zea mays L.) as the test crop.
The trials had been established on 10 farms in each of
the locations in 2017 and were running for four
consecutive seasons, i.e. long rains 2017 (LR17), short
rains 2017 (SR17), long rains 2018 (LR18) and short
rains 2018 (SR18). However, two farmers in
Machang’a dropped out of the trials due to land
subdivision reasons, leaving 18 farms at the end of the
study. In each location, fields were selected representing a high and a low fertility status. Farms were
selected firstly based on the willingness of the farmer
to provide plots for the trials and secondly on whether

farmers could identify fields of high and low fertility
within their farms. The identification of high and low
fertility fields was done based on past management
and maize production history. After this classification,
farms were later reclassified based on first season
maize yield data from the control treatment which
showed a clear distinction. After season four, farms
were dropped to remain with two farms in each
location where the trials were continued for another
two seasons, LR and SR of 2018.
In addition to the fact that farmers in Africa start
CA adoption with two principles, majority of farmers
in the study area practiced maize-monocropping.
Pittelkow et al. (2015) has also highlighted the need
to investigate the effects of no tillage in the tropical
environments. The trials were then designed in support
of these, i.e., test no tillage and residues retention
management systems on maize-monocropping. Therefore, in each field, the following treatments were laid
down following a one-farm-one-replicate randomized
design: (1) a conventional control with no inputs
which depicts farmers practice in the study locations
(C), (2) a CA-based treatment involving no tillage and
residue retention (NTR), (3) an ISFM-based treatment
involving conventional tillage and use of manure
(CTM), and (4) a combination of the CA- and ISFMbased treatments involving no tillage, residue retention and use of manure (NTRM). It is important to note
that rather than evaluating the individual components
that constitute the tested treatments, such as tillage,
residue retention, use of fertilizer and manure, the
setup was designed to compare the alternative cropping systems.
Plots under tillage (C and CTM) were weeded by
hand, hoeing up to 0.15 m, while plots under no tillage
(NTR and NTRM) were sprayed with a selective
herbicide (Tingatinga, Geneva agrochemical limited).
Plots under NTR, CTM and NTRM were fertilized
with 80 kg nitrogen (N) ha-1 (urea) using split
application of 40 kg N ha-1 at planting and topdressed at the same rate 6 weeks after planting, 30 kg
phosphorus (P) ha-1 (triple superphosphate) and
40 kg potassium (K) ha-1 (muriate of potash) every
growing season. Fully decomposed cow manure
containing 2.1% N was applied at 2 t ha-1 on plots
under CTM and NTRM. Maize stover mulch was
applied on the plots under NTR and NTRM at an
application rate of 3 t stover ha-1 to achieve ca. 30%
soil cover. Plots under the farmer practice, C, received
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0 kg N ha-1, 0 kg P ha-1, 0 kg K ha-1, 0 t manure
ha-1 and 0% soil cover.
Soil sampling and field measurements
Soils were sampled (0 to 0.15 m) in each farmer field
before planting in season one. A composite sample
was made from five points along an X shape covering
the area where trials were to be established. At the end
of season four, sampling was done using a similar
sampling procedure. Composite soil samples were
collected at 0–0.15 m since this is the depth where
most of the maize roots were concentrated. Undisturbed soil samples were collected from 0 to 0.15 m
and 0.15–0.30 m using Kopecky rings of 0.05 m inner
diameter and 0.051 m height with a volume of 0.0001
m3 for soil water retention curve analysis. In addition,
disturbed soil samples for aggregate stability were
collected from the same two depths. After season six,
sampling was done to represent points within planting
line and points between planting lines. During this
sampling, two composite and three undisturbed samples per sampling point (within or between planting
rows) were taken under each treatment. The soil
samples were air-dried, 2 mm sieved and analysed for
selected physico-chemical soil properties.
Hydraulic conductivity was determined in the field,
in within and between planting points, using a tension
disk infiltrometer (minidisk infiltrometer by Decagon,
USA) at matric potentials of - 0.5 which eliminates
water flow through macropores. The tension disk’s
bubble and reservoir chambers were filled with water
and the matric potential adjusted to - 0.5 kPa. The
disk was placed into contact with the soil after clearing
the soil surface. The volume of the water in the tube
was recorded at a time interval of 20 s for clay loam
soils and 10 s for the sandy soils. After obtaining a
constant volume at least five times in the selected time
intervals, the run was stopped.
The hydraulic conductivity was calculated using
the method proposed by Zhang (1997), Eqs. 1 and 2.
pﬃ
I ¼ C1t þ C2 t
ð1Þ
where I is the cumulative infiltration, C1 and C2 are
adjustable parameters related to hydraulic conductivity and soil sorptivity respectively.
The hydraulic conductivity (k) of the soil is
computed from:

K ¼ C1=A

ð2Þ

where C1 is the slope of the curve of the cumulative
infiltration versus the square root of time and A is a
value relating to the matric potentials, soil type and
radius of the tension disk infiltrometer.
Tillage practices induce soil structure degradation.
Shear stress which is related to soil’s ability to resist
soil aggregate detachment can be used as an indicator
to such structure degradation (Richard and Le 2004).
As such, top soil with high SOC has low shear stress
for soil particles are well cemented and can thus resist
disintegration. Top soil and sub soil shear stress was
measured in the field using a pocket vane tester with
CL100 vane (Eijkelkamp Soil & Water, the Netherlands) with a measuring range of 0 to 250 kPa. To take
measurements, the vane was placed on a pit wall. The
meter was then turned by hand at a constant speed
from zero in the direction of one until the head slipped
back, leaving the arrow at the highest shear stress. To
ensure constant meter turning speed, the measurements were done by one person.
Laboratory analysis
Each intact 0.0001 m3 core was used for several soil
physical parameters analyses. First, the core was
gradually saturated in a tray. It was then transferred to
a permeameter (Eijkelkamp Soil & Water, type
09.02.01.05) for measuring hydraulic conductivity
(Ks) using the constant head method. The water
discharge was measured until a constant flux enabling
calculation of Ks (m d-1) using Darcy’s equation,
Eq. 3.
Ks ¼

Qw L
ADH

ð3Þ

where Qw is the outflow of water through the soil core
(m d-1), L is the length of the soil core (m), A is the
surface area of the soil core (m2) and DH is hydraulic
head difference (m H20).
The core was then equilibrated at -100 hPa using
the sand box apparatus (Eijkelkamp Soil & Water)
after which the core was used for measuring air
permeability (Ka) using a steady-state in-house made
air permeameter proposed by Grover (1955) (Eq. 4).
Ka ¼

Qa gaL
ADP
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where Qa is the outflow of air through the soil core (m
s-1), ga is the air viscosity (Pa s or kg m-1 s-1), L is
the length of the soil core (m), and DP is the pressure
head difference across the sample (m).
After measuring Ka, the samples were subdivided
into three sub samples for soil water content measurements at lower potentials of - 330 hPa, - 1000 hPa
and - 15,000 hPa using pressure chambers (Soilmoisture Equipment, Santa Barbara CA, USA). As
stipulated by Reynolds et al. (2007), water content at
field capacity (FC) was taken at - 100 hPa, matric
porosity (MatPor) at - 10 hPa and permanent wilting
point (PWP) at - 15,000 hPa, while soil dry BD was
determined at - 100 hPa during retention curve
analysis.
Indirect soil physical quality indicators were
calculated by Eqs. 5–8;
AC ¼ hs  hFC

ð5Þ

MacPor ¼ hs  MatPor

ð6Þ

PAWC ¼ hFC  hPWP

ð7Þ

RWC ¼ 1 

AC
hs

ð8Þ

where AC is air capacity, hs, hFC, and hPWP is the
volumetric water content at saturation, field capacity
and permanent wilting point, respectively, MacPor is
macro porosity, plant available water capacity
(PAWC) is plant available water content and relative
water capacity (RWC) is relative water capacity.
MacPor is dependent on pore diameter and according to Jarvis (2007), it can be defined as pores having
an equivalent cylindrical diameter larger than 0.3–
0.5 mm, which is equivalent to a water entry pressure
head of - 0.06 to - 0.1 m, according to the Young–
Laplace equation (Eq. 9).
h¼

2ccosðhÞ
qgR

ð9Þ

where h is the pressure head, c is the surface tension, h
is the contact angle between the two fluids, q is the
fluid density, g is the gravitational acceleration, and
R is the radius of the capillary.
Aggregate stability was measured by the fast
wetting procedure outlined by Le Bissonnais (1996).
Fast wetting was chosen based on its ability to evaluate
a large range of soils as affected by rapid wetting,

appropriate for tropical areas that experience heavy
rainstorms (Le Bissonnais 1996). To this effect, the
soil materials were sieved through a column of sieves:
2000, 1000, 500, 200, 100 and 50 lm to determine
fragment size distribution. The aggregate stability was
expressed by mean weight diameter (MWD), which is
the sum of the mass fraction of soil remaining on each
sieve after sieving multiplied by the mean aperture of
the adjacent mesh.
Total N and SOC were determined using an
elemental analyzer (ANCA-SL, PDZ Europa, UK)
coupled to an IRMS (20–22, SerCon, UK). Available
P and exchangeable K were extracted using the resin
and ammonium acetate method, respectively, and
measured using the Inductively Coupled Plasma (ICP)
method (Thermo scientific, iCAP 6000 SERIES, ICP
spectrometer). pH-H2O (1:5) was measured using a
HANNA PH ? ISE Meter HI 5222. Texture analysis
was done following the standard sieving and sedimentation techniques (Smith and Mullins 1991).
Nutrient agronomic use efficiency
Agronomic use efficiencies of N, P or K were
calculated using a formula given by Vanlauwe et al.
(2011), Eq. 10.
AUE ¼

ðYF  YC Þ
Fappl

ð10Þ

where AUE (kg grain kg-1 N, P or K) is defined as the
increase in maize grain yield per unit of fertilizer N, P
or K applied, YF and YC refer to grain yields (kg ha-1)
in the treatment where fertilizer N, P or K has been
applied and in the control plot, respectively, and Fappl
is the amount of fertilizer N, P or K applied (kg ha-1).
Cost benefit analysis
The purpose of this analysis was to evaluate and
compare the short-term economic returns of producing
maize using under CA and ISFM-based practices.
Maize productivity data has been presented earlier by
Mutuku et al. (2020). Since the improved treatments
did not show significant difference in soil quality, this
analysis was important to help give an informed
recommendation to smallholder farmers. In this analysis, fixed costs like land and tools were excluded
hence results are presented as gross profit (Eqs. 11 and
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12) (Kifuko et al. 2007). Maize yield was calculated as
an average per treatment for the four seasons in
Kibugu and three seasons in Machang’a (see Mutuku
et al. 2020). Revenue from maize was calculated using
farm gate prices. Parameters used for the calculation
are presented in Table 1. The unit cost was based on
prevailing retail prices during the study period. Labour
costs include planting cost, fertilizer application,
weeding, pesticide and herbicide application, manure
application, mulching cost, harvesting and shelling
costs. The information used for labour cost analysis
was collected at the specific time of each activity in the
course of the seasons. Labour calculations were based
on the prevailing labour cost for casual workers and
the number of days needed to accomplish any given
activity.
Gross profit ¼ Revenue  costs

ð11Þ

Revenue ¼ Grain yield  market price

ð12Þ

(Kuznetsova et al. 2017). The residual normal distribution and homoscedasticity of all models were
ascertained by plotting residuals against quantiles
and fitted values. Location, fertility level, treatment as
well as interactions between these three factors were
designated as fixed effects. The random intercepts of
all mixed models were based on individual farm fields.
The significance testing of main effects and their
interactions for mixed models was performed through
Type III analysis of variance with Satterthwaite
approximation for degrees of freedom. In each location, seasons were taken as replicates for AUE data.
Pairwise comparisons of means was made by least
squares with confidence intervals and standard errors
of difference using the ‘lsmeans’ package at a
probability level of p B 0.05.

Results
Baseline soil properties

Statistical analysis
All statistical computing and graphic designs were
carried out in the R environment, version 3.4.2. (R
Development Core Team 2016). The treatment effects
on soil properties in each location and fertility level
were evaluated through a linear mixed model using the
packages ‘lme40 (Bates et al. 2015) and ‘lmerTest’

Table 1 Values used for gross profit calculation
Parameter

Unit

Unit cost (US$)

kg

2.25

Inputs
Hybrid seeds
Urea

50 kg bag

35

Triple superphosphate

50 kg bag

35

Muriate of potash

50 kg bag

35

Pesticide

litre

6

Herbicide

litre

12

Manure

tonne

10

mandays

4

kg

0.2

Labour cost
Labour
Revenue
Maize yield

Exchange rate of 1 USD = 100 Kenya shillings was used, USD
is united states dollar and kg is kilogram

For maize crop, in our study locations, most roots were
concentrated in the top 0.3 m. Visual evaluation of the
soils showed a distinction between the top (0–0.15 m)
and sub (0.15–0.3 m) soil layers. The top layer had a
dark colour, an indication of higher soil organic matter
thereby confirming its role in the supply of crop
nutrients. For this reason, the top soil was considered
in testing chemical soil quality while both top and sub
soil were considered for physical soil quality.
Soils from Kibugu on average had significantly
lower pH, higher SOC, higher total nitrogen (TN),
higher total phosphorus (TP) and lower BD (bulk
density) compared to soils from Machang’a (Table 2).
In Kibugu, soils from high fertility fields had significantly higher pH, higher SOC, higher Resin-P and
higher TP compared to low fertility fields. There were
no significant differences in TN and exchangeable K
between high and low fertility fields. On the other
hand, soils from Machang’a high and low fertility
fields showed no significant differences in the measured soil properties, though the high fertility fields
had higher SOC, TN, resin-P and exchangeable K
compared to the low fertility fields. Soils from Kibugu
have significantly higher percentage of clay while
those from Machang’a have a higher sand fraction.
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Table 2 Mean values of basic soil properties with standard
deviations in parentheses at the start of the trial period for
locations Kibugu and Machang’a and for soil fertility (SF)
levels, high and low; pH (H2O), soil pH in water (1:5); soil
Soil property

Kibugu

Machang’a

High SF
pH-H2O

5.7 (0.2)

SOC (g kg-1)
-1)

TN (g kg
TP (g kg-1)

Resin-P (mg kg-1)
-1

Low SF
b

5.0 (0.2)

p value
b

19.2 (4.3)a

14.8 (9.3)a

a

a

2.2 (1.2)
1.3 (0.2)a

1.7 (0.8)
0.9 (0.3)a

16.5 (21.4)a

4.1 (4.9)a

a

Exch. K (mg kg )

0.4 (0.2)

BD (Mg m-3)

0.9 (0.0)b

-1

organic carbon (SOC); total nitrogen (TN), Resin-P, available
phosphorus; exchangeable potassium (Exch K); bulk density
(BD); texture (clay, silt and sand), n = 10 and n = 8 for Kibugu
and Machang’a, respectively

a

\ 0.001
0.03
0.06
\ 0.001

High SF

Low SF
a

p value

6.9 (0.6)

6.8 (0.5)

a

0.49

6.2 (3.8)b

4.6 (0.4)b

0.46

b

0.7 (0.4)
0.1 (0.0)b

b

0.5 (0.1)
0.1 (0.0)b

0.61
0.48

0.02

7.5 (9.6)a

1.5 (2.4)a

0.14

a

0.51

a

0.7 (0.4)

0.4 (0.1)a

0.17

0.9 (0.0)b

0.98

1.5 (0.0)a

1.5 (0.0)a

0.97

a

b

b

0.19

0.4 (0.3)

Clay (g kg )

747 (6.0)

0.06

134 (5.5)

112 (5.3)

Silt (g kg-1)

158 (4.5)a

135 (10.1)a

0.18

125 (2.6)b

152 (5.5)a

0.15

88 (2.7)b

54 (3.5)b

0.01

747 (5.9)a

737 (7.5)a

0.58

Sand (g kg-1)

811 (13.4)

p values show significant differences between high and low soil fertility (SF) fields per location. Per fertility level, values indicated
with the same letter are not significantly different between kibugu and Machang’a for the same SF status

Treatment effects on soil chemical properties
At the end of season four, measured soil chemical
properties were not significantly different between the
improved management practices in either the low or
high fertility fields of both locations (Table 3). They
became, however, significantly higher compared to
the farmer practice, i.e. control. In Machang’a, N,
SOC, available P and exchangeable K were, as at the
start of the study, not significantly different between
the high and low fertility fields (Table 2). Similarly,
after four seasons, these properties were not significantly different between the high and low fertility
fields (Table 3). In the high fertility fields of Kibugu,
total N was higher under NTRM with a value of
2.5 g kg-1compared to NTR and CTM both with
2.3 g kg-1. In the low fertility fields, the values were
again higher in NTRM, 3.2 g kg-1 compared to 3.0
and 2.8 g kg-1 for CTM and NTR, respectively. In
Machang’a, N trend was similar to Kibugu. In the high
fertility fields, values of 0.8 g kg-1 for NTRM and
0.7 g kg-1 for both NTR and CTM while in the low
fertility, values of 0.6 g kg-1 for NTRM and
0.5 g kg-1 for both NTR and CTM.
In Kibugu, SOC under NTR and NTRM was with
values of 22.9 and 23.6 g kg-1, respectively, higher
compared to CTM with 21.7 g kg-1 in the high

fertility fields. In the low fertility fields, NTRM
showed higher SOC than CTM, with values of
32.2 g kg-1 and 29.0 g kg-1, respectively, while
NTR had the lowest with 27.7 g kg-1. In Machang’a,
SOC was as well higher under NTR and NTRM, with
values of 7.4 g kg-1 and 8.5 g kg-1, respectively,
compared to 6.7 g kg-1 SOC in the high fertility fields
under CTM. Also the low fertility fields exhibited
higher SOC under NTR and NTRM with both showing
values of 5.3 g kg-1, compared to CTM with
4.6 g kg-1 SOC. The general trend in SOC was
NTRM [ NTR [ CTM.
In the low fertility fields of Kibugu and all the fields
in Machang’a, no till resulted in higher resin-P as
compared to conventional tillage (Table 3). Resin-P
was 26.9 mg kg-1 and 20.9 mg kg-1 under NTR and
NTRM, and 20.8 mg kg-1 under CTM in the low
fertility fields of Kibugu. In Machang’a, it was
45.1 mg kg-1 under NTR and 54.5 mg kg-1 under
NTRM, and 36.2 mg kg-1 under CTM in the high
fertility fields. In the low fertility fields, values of
48.2 mg kg-1 and 57.6 mg kg-1 were observed under
NTR and NTRM, respectively, and 31.7 mg kg-1
under CTM. In the higher fertility fields of Kibugu,
values of 31.5 mg kg-1 for CTM and 21.0 and
25.2 mg kg-1, for NTR and NTRM, respectively,
were observed. Even though resin-P was mainly
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Table 3 Mean chemical data and standard deviations in parentheses after four treatment seasons for locations Kibugu and
Machang’a and soil fertility levels (SF) levels, high and low
Location

SF/Practice

C

NTR

CTM

NTRM

Kibugu
TN (g kg-1)
-1

SOC (g kg )

High

2.3 (0.3)Aa

2.3 (0.3)Aa

2.3 (0.3)Ab

2.5 (0.3)Ab

Low

Aa

Aa

Aa

3.2 (0.7)Aa

Ab

23.6 (2.7)Ab

Ba

32.2 (8.3)Ba

High
Low

Resin-P (mg kg-1)
-1

Exch. K (mg kg )

2.7 (0.6)

Ba

17.8 (3.6)

Aa

14.5 (6.9)

2.8 (0.4)

Ab

22.9 (2.4)

Ba

27.7 (3.5)

3.0 (0.6)
21.7 (2.4)
29.0 (8.5)

High

2.2 (2.4)Ba

21.0 (23.9)Aa

31.5 (22.9)Aa

25.2 (25.0)Aa

Low

Ba

Aa

Aa

20.9 (31.8)Aa

High

2.2 (2.8)

Ba

0.1 (0.2)

Ba

26.9 (21.4)

Aa

0.5 (0.3)

Ba

20.8 (13.9)

Aa

0.8 (0.5)Aa

Aa

0.7 (0.3)

Low

0.3 (0.3)

0.4 (0.2)

0.5 (0.2)

0.7 (0.5)Aa

High

0.6 (0.2)Aa

0.7 (0.2)Aa

0.7 (0.2)Aa

0.8 (0.3)Aa

Low

0.4 (0.1)Aa

0.5 (0.1)Aa

0.5 (0.0)Aa

0.6 (0.1)Aa

High

Aa

Aa

Aa

8.5 (3.2)Aa

Aa

5.3 (0.8)Aa

Machang’a
TN (g kg-1)
-1

SOC (g kg )

Low
-1

5.0 (2.1)

Aa

3.8 (0.6)

Ba

7.4 (2.4)

Aa

5.3 (0.4)

4.6 (0.4)

Resin-P (mg kg )

High
Low

0.3 (0.4)
0.1 (0.0)Ba

45.1 (20.8)
48.2 (26.1)Aa

36.2 (19.0)
31.7 (27.8)Aa

54.5 (14.4)Aa
57.6 (13.7)Aa

Exch. K (mg kg-1)

High

0.2 (0.3)Ba

0.3 (0.3)Ba

0.4 (0.3)Ba

0.5 (0.4)Aa

Low

Aa

Aa

Aa

0.4 (0.1)Aa

0.2 (0.1)

Aa

6.7 (4.5)

0.3 (0.3)

Aa

0.3 (0.1)

C is control, NTR is no tillage with residue retention, CTM is conventional tillage with use of manure, NTRM is no tillage with
residue retention and use of manure, TN is total nitrogen, SOC is soil organic carbon, Resin-P is available phosphorus, Exch. K is
exchangeable potassium. Values in a row indicated with similar capital letters are not significantly different between the treatments
for each fertility level. Under each management practice, values indicated with similar lower case letters are not significantly
different between high and low fertility level for each soil property. SOC values in bold are below the suggested lower critical value
of 23%

higher under NT practices compared to conventional
tillage, very high variability between fields masked
any significance difference.
Exchangeable K was higher under CTM with
0.7 mg kg-1 and NTRM with 0.8 mg kg-1 compared
to NTR with 0.5 mg kg-1 in the high fertility fields of
Kibugu. In the low fertility fields, it was again higher
under CTM with 0.5 mg kg-1 and NTRM with
0.7 mg kg-1 compared to NTR with 0.4 mg kg-1. In
Machang’a, the same trend was observed in the high
fertility fields under CTM with 0.4 mg kg-1 and
NTRM with 0.5 mg kg-1 having higher exchangeable
K compared to NTR with 0.3 mg kg-1. In the low
fertility fields, exchangeable K was slightly higher
under CTM and NTRM with both 0.4 mg kg-1
compared to NTR with 0.3 mg kg-1. Generally, the
trend in exchangeable K was NTRM [ CTM [ NTR,
an indication of a positive effect of manure application
on exchangeable K.

Treatment effects on soil physical properties
The improved management practices had no significant effect on measured soil physical properties in
either the top or the sub soil in both the sub-humid
Kibugu and the semi-arid Machang’a after four
seasons since their introduction (Fig. 1). Unlike BD
which did not show significant differences between
top and sub soil, Ks, Ka, MWD and shear stress in
Kibugu were significantly different, with the top soil
showing better values. In the semi-arid Machang’a,
only shear stress showed significant differences
between top and sub soil. Nevertheless, the other
parameters were better in the top soil as compared to
the sub soil. That lack of significant differences in
physical properties could be attributed to their high
spatial variability. This spatial variability is said to be
inherent in nature because of geological and pedological factors (Wang and Shao 2013). In this study, it was
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Fig. 1 Soil physical properties under control (C), no tillage with
residue retention (NTR), conventional tillage with use of
manure (CTM) and no tillage with residue retention and use
of manure (NTRM) for Kibugu (a-e) and Machang’a (f-j) in the
top and sub soil after four seasons. In each location, bar graphs
indicated with the same capital letters are not significantly
different (p \ 0.05) between the treatments in the same depth,

while bars indicated with the same small letters are not
significantly different between top and sub soil under each
treatment. BD is bulk density, Ks is saturated hydraulic
conductivity, Ka is air permeability and MWD is mean weight
diameter. Black horizontal lines indicate lower and upper BD
thresholds below and above which soils have insufficient water
retention and reduced soil aeration, respectively

reported that soil physical properties have strong
spatial dependence. Though differences were not
significant, some trends in treatment effect on Ks,
Ka, MWD and shear strength can be perceived in
Kibugu, but not always in Machang’a. In Kibugu,
higher mean values for Ks, Ka, MWD and shear stress
were obtained under NTR and NTRM as compared to
CTM over the top soil with no clear trend in the sub
soil.
BD values in Kibugu ranged between 0.89 and
1.02 Mg m-3 while in Machang’a they ranged from
1.34 to 1.72 Mg m-3. Overall, in the top soil, the order
for Ks, Ka and MWD was NTRM [ NTR [ CTM,
while in the sub soil, it was NTR [ NTRM [ CTM.
In the top soil, MWD was in the order NTR [
NTRM [ CTM in Kibugu and NTRM [ NTR [
CTM in Machang’a. Even though there was no trend
in MWD in the sub soil of the two locations, highest
MWD was recorded under NTR in Kibugu and NTRM

in Machang’a. In Kibugu, between and within planting
rows soil properties were not significantly different in
most of the treatments (Fig. 2). In all treatments, BD
was lower in the within row position compared to
between row position. Consequently, hydraulic conductivity was lower within rows compared to between
rows with the values being significantly different
under NTR. In Machang’a on the other side, all the soil
properties with an exception of BD under NTRM,
were not significantly different between row positions.
Under NTRM, BD was significantly lower within rows
compared to between rows.
Treatment effects on physical soil quality
indicators
The improved management practices had no significant effect on physical soil quality indicators in either
the top or the sub soil in both the sub-humid Kibugu

123
Content courtesy of Springer Nature, terms of use apply. Rights reserved.

Nutr Cycl Agroecosyst

Fig. 2 Soil properties under control (C), no tillage with residue
retention (NTR), conventional tillage with use of manure (CTM)
and no tillage with residue retention and use of manure (NTRM)
for Kibugu (a–e) and Machang’a (f–j) between and within rows
after six seasons. In each location, bar graphs indicated with the
same capital letters are not significantly different (p \ 0.05)

between the treatments in the same row position, while bars
indicated with the same small letters are not significantly
different between row positions (within and between row) under
each treatment. BD is bulk density, TN is total Nitrogen, SOC is
soil organic carbon, RP is resin phosphorus and K is hydraulic
conductivity

and the semi-arid Machang’a after four seasons since
their introduction (Figs. 3, 4). In Kibugu, macroporosity, matrix-porosity and air capacity showed
significant differences between the top and sub soil
under CTM and NTRM. Values were higher in the top,
sub and top soil for macro-porosity, matrix-porosity
and air capacity, respectively. In Machang’a, field
capacity, permanent wilting point, air capacity and
relative water capacity were significantly different
under CTM and NTRM. Their values were higher in
the sub, sub, top and sub for field capacity, permanent
wilting point, air capacity and relative water capacity,
respectively. Macro-porosity and matrix-porosity
showed significant differences between the top and
sub soil only under CTM. Higher values were recorded
in the top and sub soil for Macro-porosity and matrixporosity, respectively.
While there was no significant treatment effect on
physical soil quality indicators, comparing the
obtained values to set critical thresholds is important

in order to establish any limitations to optimal soil
functioning. MacPOR values were in the range of 0.15
to 0.24 m m-3 and 0.10 to 0.18 m m-3 for Kibugu
and Machang’a, respectively (Fig. 4). PAWC values
in Kibugu ranged between 0.05 to 0.09 m3 m-3 while
in Machang’a, they ranged between 0.05 to 0.06
m3 m-3. AC values ranged between 0.20 to 0.30 and
0.16 to 0.27 m3 m-3 for Kibugu and Machang’a,
respectively. In Kibugu, RWC values ranged between
0.51 and 0.64 while in Machang’a, the values were
between 0.35 and 0.57.
Nutrient agronomic use efficiency and economic
analysis
N, P and K-AUE were not significantly different
between treatments in the high or low fertility levels in
Kibugu (Fig. 5). Under NTR and NTRM for both
locations, the low fertility fields had significantly
lower AUE’s compared to the high fertility fields
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Fig. 3 Physical soil quality indicators under control (C), no
tillage with residue retention (NTR), conventional tillage with
use of manure (CTM) and no tillage with residue retention and
use of manure (NTRM) for Kibugu (a–c) and Machang’a (d–
f) in the top and sub soil after four seasons. In each location, bar
graphs indicated with the same capital letters are not

significantly different (p \ 0.05) between the treatments in the
same depth, while bars indicated with the same small letters are
not significantly different between top and sub soil under each
treatment. FC is field capacity, PWP is permanent wilting point
and MatPor is matrix-porosity

while AUE values under CTM were not significantly
different between the high and low fertility fields. In
the high fertility fields of Kibugu nitrogen AUE (NAUE) values ranged between 28 and 21 kg grain (kg
N)-1 while in the low fertility fields, they ranged from
14 to 7 kg grain (kg N)-1. Phosphorus AUE (P-AUE)
ranged between 76and 57 kg grain (kg P)-1 in the high
fertility fields while values in the low fertility fields
were in the range of 38–18 kg grain (kg P)-1. In the
high fertility fields, potassium AUE (K-AUE) values
were 58–43 kg grain (kg K)-1 while in the low fertility
fields, the values ranged between 29 and 13 kg grain
(kg K)-1.
There were no significant difference in nutrient
AUE between treatments in the high or low fertility
fields in Machang’a (Fig. 5). In this location, N-AUE
values ranged between 18 and 15 kg grain (kg N)-1 in
the higher fertility fields while they ranged from 13 to

5 kg grain (kg N)-1 in the low fertility fields. P-AUE
values in the high fertility fields were in the range of 47
to 41 kg grain (kg P)-1 while in the low fertility fields,
the values ranged between 34 and 15 kg grain (kg
P)-1. Lastly, K-AUE values in the range of 35 to 30 kg
grain (kg K)-1 were observed for the high fertility
fields with low fertility field they ranged between 26
and 11 kg grain (kg K)-1. In general, the order of N, P
and K-AUE for the high fertility fields was NTRM [
CTM [ NTR and CTM [ NTRM [ NTR for the
low fertility fields of Kibugu. In Machang’a, the order
was NTR [ CTM [ NTRM for the high fertility
fields and CTM [ NTRM [ NTR for the low fertility
fields.
In both locations, cost were in the order NTRM [
CTM [ NTR [ C (Table 4). In the high fertility
fields, the order of gross profit was NTRM [ CTM [
NTR [ C and NTR [ CTM [ NTRM [ C, for
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Fig. 4 Physical soil quality indicators under control (C), no
tillage with residue retention (NTR), conventional tillage with
use of manure (CTM) and no tillage with residue retention and
use of manure (NTRM) for Kibugu (a–d) and Machang’a (e–
h) in the top and sub soil after four seasons. In each location, bar
graphs indicated with the same capital letters are not significantly different (p \ 0.05) between the treatments in the same

depth, while bars indicated with the same small letters are not
significantly different between top and sub soil under each
treatment. MacPor is macro-porosity, PAWC is plant available
water content, AC is air capacity and RWC is relative water
capacity. Black horizontal lines indicate thresholds below and
above which soils are physically restricted

Kibugu and Machang’a, respectively. The low fertility
fields in both location resulted to a gross loss, with
CTM showing a lower gross loss compared to NTR
and NTRM. The gross loss was in the order CTM \
C \ NTR \ NTRM and C \ CTM \ NTR \
NTRM, for Kibugu and Machang’a, respectively.

of experiments (Webster 2007). In addition, the use of
a ‘one-farm-one-replicate’ design resulted to high
standard deviations thereby masking significant differences between treatments at p \ 0.05. The
observed higher levels of SOC under both NT
practices compared to CT could be explained by the
combined effects of no tillage and residue retention.
No tillage is known to protect SOC from rapid
oxidation and thus enhance build-up of SOC over
time (Cooper et al. 2016). Gwenzi et al. (2009) also
found higher SOC in the 0–0.15 m soil layer under
minimum and no tillage compared to conventional
tillage in Zimbabwe, with differences being significant. In South Africa, no tillage resulted in insignificantly higher SOC (27.1 g kg-1 compared to
conventional tillage (26.6 g kg-1) after 13 years since
its introduction (Sithole et al. 2019). CA-based

Discussion
No tillage improves SOC
Even though there were no significant differences in
measured soil chemical properties between the
improved treatments and given the duration of the
study, trends can be perceived when considering the
mean values, which are anyway an important outcome
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significantly different (p \ 0.05) between the treatments in the
same fertility level, while bars indicated with the same small
letters are not significantly different between high and low soil
fertility under each treatment. N is nitrogen, P is phosphorus and
K is potassium

Fig. 5 Nutrient Agronomic Use Efficiency (AE) under no
tillage with residue retention (NTR), conventional tillage with
use of manure (CTM) and no tillage with residue retention and
use of manure (NTRM) for Kibugu (a–c) and Machang’a (d–
f) in the top and sub soil after four seasons. In each location, bar
graphs indicated with the same capital letters are not

Table 4 Total cost, revenue and gross profit averaged for the four seasons under control (C), no tillage with residue retention (NTR),
conventional tillage with use of manure (CTM) and no tillage with residue retention and use of manure (NTRM)
Location

Kibugu

Machang’a

Treatment

Cost (US$
ha-1)

Revenue (US$
ha-1)
High fertility

Gross profit (US$
ha-1)

Revenue (US$
ha-1)
Low fertility

Gross profit (US$
ha-1)

C

195

446

251

72

- 123

NTR

362

768

406

178

- 184

CTM

400

822

422

300

- 100

NTRM

408

882

474

218

- 190

C

175

258

85

62

- 113

NTR
CTM

338
386

536
522

199
137

152
270

- 186
- 116

NTRM

404

510

107

174

- 230

C is control, NTR is no tillage with residue retention, CTM is conventional tillage with use of manure, NTRM is no tillage with
residue retention and use of manure. US$ is united states dollar and ha is hectare
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practices have been shown to enhance SOC (Derpsch
et al. 2010). Under the farmer practice, C, the semiarid Machang’a had a relative higher SOC loss
compared to the sub-humid Kibugu on the high
fertility fields. This is mainly an effect of its lower
clay content in the soil. According to Feller and Beare
(1997), the amount of soil organic matter loss is higher
on coarse textured than fine textured soils mostly due
to lack of physical protection of organic matter in
sandy soils. Higher SOC gain under NTRM treatment
is explained, by the effects of no tillage and manure.
SOC carbon is enhanced by addition of manure while
no tillage ensures less loss of SOC by oxidation. In
Kibugu, soils under the control and top layer under
CTM had SOC values below the lower critical value of
23% proposed by Greenland (1981) below which
tillage-induced loss of structure may occur in finetextured soils. In Machang’a, all soils were below the
lower critical value. However, care should be taken
while interpreting SOC limits in Machang’a for the
used SOC limits refer to fine textured soils. In Kibugu,
the below the critical level SOC could be related to
SOC loss through oxidation occurring under soil
tillage while in Machang’a the low levels are related to
inherent low SOC nature of Cambisols.
The use of physical soil quality indicators
MacPor values for our soil were all within the critical
values (MacPor C 0.05–0.10 m3 m-3) indicating that
soils are in good physical condition and their potential
to quickly drain excess water and allow good root
development (Drewry et al., 2001). This could be
confirmed by the fact that within the four seasons of
our study, there was no water logging related problems
observed. All the soils were also above the upper
critical threshold of 0.10 m3 m-3 which could indicate
excess water drainage and could be a possible cause of
meteorological drought. For all the treatments in both
locations, PAWC values were below 0.10 m3 m-3
indicating poor water availability for crop uptake
(Reynolds et al. 2009). While PAWC could be
improved through an increase in SOC we did not find
a significant correlation between SOC and PAWC. An
increase in organic carbon in soil has been reported to
have a small effect on soil water content (Minasny &
Mcbratney, 2018). In this meta-analysis, a 1% mass
increase in soil SOC on average increased available
water capacity by 1.16%, volumetrically. These could

mean that an increase in PAWC cannot be related to
one single parameter due to other processes that affect
it. In Machang’a, all soils had RWC values below the
given optimal range of 0.6 B RWC B 0.7 (Reynolds
et al. 2007). The below optimal values are an indicator
that these soils cannot achieve maximum microbial
activity due to soil water limitation and consequently
low nutrient uptake which explains the observed low
AUE.
Where to invest
Given that fertilizer was applied at the same rate in the
high and low fertility fields, the low N-AUE in the low
fertility fields could suggest that these soils are either
biologically, physically or chemically (in respect to
micro-nutrients) limited, which restrains responses to
the applied fertilizer. These soils have been referred to
as ‘poor, less-responsive soils’ by Vanlauwe et al.
(2010). It is important to eliminate the existing
restriction in these low fertility fields before farmers
can successfully apply nutrients. Soils in Kibugu had
higher nutrient agronomic efficiency compared to
soils from Machang’a which could be attributed to
inherent soil fertility conditions in the two regions.
The observed average N-AUE are in line with values
reported elsewhere. For example, N-AUE values of
30.6 kg grain (kg N)-1 for fertilizer application rate of
90 kg ha-1 were reported in USA under irrigated
maize (Johnson and Raun 2003). In Pakistan, maize
N-AUE of 28, 23 and 19 kg grain (kg N)-1 were
reported for fertilizer application rates of 60, 120 and
180 kg ha-1 (Amanullah and Alkas 2009). From our
observations, CTM enhances nutrient use efficiency in
low fertility fields of both locations which is related to
the combined use of organic and inorganic inputs as it
has been reported earlier that ISFM principles can
substantially improve AUE (Vanlauwe et al. 2011).
Based on the cost benefit analysis of four seasons in
2017 and 2018, higher economic returns were
obtained under NTRM and NTR for the high fertility
fields of Kibugu and Machang’a, respectively. The
low nutrient AUE in the low fertility fields of both
locations was reflected by economic losses in the same
fields. Therefore, investing on the low fertility fields at
our input rates is not advisable for farmers in both
locations.
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Conclusion
Improved SOC under no tillage indicates the possibility of CA to help solving one of the pressing soil
fertility issues in SSA: build SOC which improves soil
physical and chemical properties crucial for water
management and nutrient availability. With the
obtained lower nutrient AUE and economic losses
from the low fertility fields, further investigation could
therefore be needed to ascertain which other soil
physico-chemical parameters need to be enhanced to
increase AUE. In addition, an in-depth study is
required to determine at which input rates could the
low fertility fields result to economic gain.
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