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John Patrick Kagororab, Jürgen Kurt Friedel a, Andreas Melcher c and Bernhard Freyer a

aDivision of Organic Farming, University of Natural Resources and Life Sciences, Vienna, Austria; bFaculty of Agriculture and Environmental
Sciences, Mountains of the Moon University, Fort Portal, Uganda; cInstitute for Development Research, University of Natural Resources and
Life Sciences, Vienna, Austria

ABSTRACT
Integrating a combination of organic matter management (OMM) practices can increase soil
fertility, biomass, and nutrient recycling, but evidence of this potential is limited. This study
tested the impact of integrating a combination of OMM practices on soil fertility, biomass, and
nutrient recycling on smallholder farms. Following a randomised complete block design, a four-
season experiment was conducted in 2018-2019 on 10 farms. The treatments (T) included T1:
cowpea-maize-bean-maize rotation; T2: cowpea-maize-bean-maize rotation + farmyard manure;
T3: Faidherbia albida alleys + cowpea-maize-bean-maize rotation; T4: F. albida alleys + cowpea-
maize-bean-maize rotation + farmyard manure; and T5 (control): maize monocrop with
diammonium phosphate application at 50 kg/ha application rate. T1-T4 are the OMM practices.
The maize in T2-T4 was undersown with Mucuna pruriens. Soil fertility parameters (i.e. pH,
water holding capacity, nitrogen, phosphorus, and potassium), biomass, and nutrients in the
biomass were determined. There were no differences in soil fertility parameters among all
treatments (P > 0.05). From the second to the fourth season, biomass was consistently higher
under T3 and T4 than in other treatments. Moreover, the nutrients in biomass were higher in T3
and T4 than in other treatments, an indicator that OMM practices with alley crops can increase
nutrient recycling.
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Introduction

To achieve the United Nations’ sustainable development
goals of ‘no poverty, zero hunger, and good health and
wellbeing’, soil fertility improvement in nutrient-
depleted smallholder farms is paramount. Moreover,
soil nutrient depletion has continued to affect farming
systems in most Sub-Saharan African countries (Tully
et al. 2015; Zingore et al. 2015). As a result, negative
nutrient balances have been observed in 21 countries
of Sub-Saharan Africa, including Uganda, and have
been estimated to be higher than 60 kg NPK/ha/year
by 2002-2004 (Henao and Baanante 2006). These nega-
tive nutrient balances are contributed by several
factors, including soil erosion, especially in sloping
areas, limited nutrient input, monocropping, and poor
crop residue (stover) management within the field (Hai-
leslassie et al. 2005; Gebresamuel et al. 2020). As a result,
they are more significant in conventional and organic

farming systems with low nutrient inputs than in
systems with high inputs (Adamtey et al. 2016).

An effective way to minimise the negative nutrient
balances in the organic fertiliser management
systems could be to apply a combination of organic
matter management (OMM) practices such as alley
cropping, farmyard manure (FYM) application, crop
residue incorporation into the soil, and cover crop inte-
gration in a well-planned rotation system. Alley crop-
ping increases organic matter (OM), mainly in the
topsoil (Beuschel et al. 2019). This OM is formed from
the accumulated tree leaf and root litter, and it then
mineralises to increase soil nutrients in the upper soil
layer that support crop growth (Beuschel et al. 2019;
Birhane et al. 2018; Yengwe et al. 2018). In this
context, deep rooting alley shrubs and trees (> 60 cm
soil depth) transfer nutrients from below ground.
With that, the trees increase nutrient availability for
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annual crops, and if they are legumes, they can increase
the net profit via nitrogen fixation. The increased
carbon offer leads to increased soil microbial biomass
and thus nutrient availability. Studies have shown
that FYM application increases soil organic carbon
and the availability of nutrients supporting crop
growth and increases crop biomass, providing a signifi-
cant residual advantage to crops in the subsequent
seasons (Meena et al. 2019; Basha et al. 2017).
However, the quality of the FYM in terms of nutrient
content depends on the type of fodder given to the
livestock (Kato et al. 2013; Snijders et al. 2009). For
instance, feeding livestock with different supplements,
including legumes, can improve the nutrients in the
FYM (Snijders et al. 2009). When cover crops are inte-
grated into a farming system, a substantial improve-
ment of OM content with or without the addition of
mineral fertilisers can be realised (Beltrán et al. 2018).
These cover crops can be integrated as intercrops in
combination with the main crop or between the main
crops in a rotation system. Cover crops offer several ser-
vices in a cropping system, which include soil structure
improvement when the roots bind the soil particles
together, soil aeration improvement, protection of
soil against rain splash, recycling of unused nutrients,
providing animal feed, and controlling competing
weeds (Baraibar et al. 2018; Pérez-Álvarez et al. 2015;
Gómez et al. 2018; Uzoh et al. 2019). An additional
benefit of biological nitrogen fixation can be obtained
by integrating leguminous forage cover crops such as
Mucuna pruriens into a rotation system (Muoni et al.
2019). Integration of grain legumes as intercrops or in
a rotation can also improve soil chemical and physical
conditions for the subsequent crops and improve the
yield of the following crops (Nassary et al. 2020).
When biomass from legumes and crop residues is incor-
porated into the soil, further improvement in soil struc-
ture, water holding capacity (WHC), nitrogen,
phosphorus and potassium content is achieved (Bu
et al. 2020; Malobane et al. 2020). The integration of
legumes and incorporation of legume residues can
improve soil properties, nutrient balances, and recy-
cling (Lele and Tunya 2016; de de Tombeur et al.
2021). Moreover, the integration of OMM practices
into a cropping system has been reported for improv-
ing biomass in terms of dry matter (DM) grain yield
and DM residue yield (Basha et al. 2017; Meena et al.
2019; Sanginga 2003). The grains can be eaten by the
family or sold in the market, while the crop residues
can be sold or fed to livestock or incorporated into
the field for soil nutrient recycling.

The authors hypothesise that integrating a combi-
nation of OMM practices in a crop rotation system can

double or triple biomass and soil nutrients even better
than the application of inorganic fertilisers as a sole
strategy or in combination with a single OMM practice.
It is further hypothesised that OMM practices, including
recycling nutrients from animal husbandry and alley
cropping, increase soil nutrient content and availability.
The performance of such a cropping system with a com-
bination of OMM practices may be high in humus pro-
duction, nitrogen fixation, weed control, soil erosion
management, and further nutrient recycling as the accu-
mulated biomass decomposes.

Evidence of nutrient recycling and biomass contri-
bution to a farming system via the integration of a com-
bination of different OMM practices is limited. This
study aimed at modifying the annual cropping
systems by applying a combination of forage
legumes, grain legumes, alley crops, crop residue incor-
poration, and FYM to understand their impact on soil
nutrient availability, biomass contribution, and nutrient
recycling on smallholder farms. The specific objectives
of this study were to (1) understand the impact of a
combination of OMM practices on the soil physical–
chemical properties of pH, OM, WHC, and the plant
available nutrients of N, P, and K; (2) determine the
nutrient content of grains that are harvested from the
different OMM practices; (3) determine the biomass
contribution of the different OMM practices and (4)
ascertain the contribution of OMM practices on nutri-
ent recycling.

Materials and methods

Description of the study area

This study was conducted on 10 smallholder farms in
the Nyabbani sub-county of Kamwenge district that
is located in the Rwenzori region in Western Uganda
(Figure 1). The elevation of this area is between 1140
and 1184 m above sea level. The area has a tempera-
ture distribution of 20–25°C and bimodal rainfall distri-
bution, where the first season is the short rainy season
(SR) that stretches from March to May while the
second is the long rainy season (LR), which stretches
from August to December (Kamwenge 2016). From
2018 to 2019, the study area received 384–525 mm
of rain during the SR and 570–660 mm during the LR
(Figure 2). The area is dominated by sandy clay loam
– Acrisols, which are acidic with a pH (H2O) of
approx. 5.1 and have organic carbon of 0.8% (FAO
2012). Such soils require the integration of OMM strat-
egies for pH adjustment and further organic carbon
improvement.
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Experimental design

In January 2018, a multi-locational field experiment was
set up following a randomised complete block design
on 10 smallholder farms. These farms had undergone a

fallow period of at least six months before they were sub-
jected to experimental conditions. Each of the 10 farms
was considered a block. Five treatments that involved
crop rotations for four consecutive crop-growing

Figure 1. Location of the farmer fields in Nyabbani sub-county, Kamwenge District, Uganda.

Figure 2. 2018-2019 rainfall distribution in the study area in Kamwenge district, Uganda (Source: Uganda Meteorological Authority,
2019).
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seasons (two years) were randomly allocated to each
block. Each treatment was allocated to a plot of 10 ×
10 m dimensions. The five treatments (T1-T5) were:

. T1: Vigna unguiculata (cowpea)- Zea mays (maize)-
Phaseolus vulgaris (bean)-maize rotation;

. T2: cowpea-maize-bean-maize rotation + Farmyard
Manure (FYM);

. T3: cowpea-maize-bean-maize rotation + Faidherbia
albida alleys;

. T4: cowpea-maize-bean-maize rotation + FYM +
F. albida alleys; and

. T5 (control): maize monocrop with diammonium
phosphate (DAP) fertiliser (18-46-0) application at a
rate of 50 kg/ha (N: 9 kg/ha; P: 10 kg/ha). This rate is
affordable to most maize subsistence farmers in the
Rwenzori region.

T1-T4 are treatments with OMM strategies, while T5 is
the treatment with an inorganic fertiliser application
strategy, and it served as a control. The maize in T2-T4
was undersown with M. pruriens. For T2 and T4, FYM at
a rate of 2.5 tons/ha (N: 13 kg/ha; P: 6 kg/ha; K: 18 kg/
ha) was incorporated into the soil. The FYM required
for this application rate can be obtained from 4–6 tropi-
cal cows per season. In all treatments, crop residues from
the previous harvest were chopped into pieces of about
3 cm in length and then incorporated into the soil of the
same plots where they were obtained. This was done to
further improve soil organic matter and nutrient recy-
cling. Table 1 gives details of the four-season arrange-
ment of the treatments.

Maize was the main crop selected for this exper-
iment because of its ability to tolerate the drought
conditions of the study area (FAO 2017). Longe 5
maize variety was planted in the long rainy season of
2018 (LR2018) and the long rainy season of 2019

(LR2019), and was selected because it matures very
fast in only 115 days. The legume cowpea (Vigna
unguiculata) was planted in the short rainy season of
2018 (SR2018) as a pre-crop for maize due to its
capacity to produce high biomass and nitrogen in a
short time (Omae et al. 2014). SECOW 5 T cowpea
variety was planted, as it is the one that was rec-
ommended for the study site conditions by the
National Agricultural Research Organisation of
Uganda. M. pruriens var. utilis is a forage legume that
was undersown into the 30 days old maize crop
during LR2018 and LR2019. The aboveground
biomass from M. pruriens was later incorporated into
the soil as green manure in the same field where it
had grown. F. albida is a leguminous tree with reversal
phenology since it develops leaves during the dry
season and sheds them off during the rainy season.
This reversal phenology enables the tree to grow well
with minimum water competition with other crops
(Roupsard et al. 1999). F. albida of Moroto provenance
was planted as it was the only seed provenance avail-
able at the Uganda National Tree seed centre. The
F. albida seedlings were introduced into the plots
with treatments T3 and T4 when they were only
three months old at a height of about 30 cm tall. By
the fourth season, F. albida had grown to a height of
about 4 m tall. At the end of every season, the leaves
from the prunings of this tree were incorporated into
the soil of the same plots where the trees were
growing for further organic matter improvement. The
grain legume beans (Phaseolus vulgaris) were planted
during the short rainy season of 2019 (SR2019) as a
pre-crop for the maize planted in LR2019. The bean
crop was selected since it is a common source of pro-
teins in both urban and rural areas (Aseete et al. 2018).
Nabe 4 bean variety was planted because of its fast
maturity (matures after 80–85 days) and has high
resistance against anthracnose and the bean common
mosaic virus, which are prevalent in the Rwenzori
region (Kankwatsa 2018). The seed/seedling planting
rates and spacing of all crops are shown in Table 2.

Table 1. Arrangement of treatments for the entire experiment in
2018 and 2019.
Treatments
(T) Seasons

SR2018 LR2018 SR2019 LR2019

T1 Cp M + CpR B + MR M + BR
T2 Cp + FYM M/Mpr + CpR B + FYM +

MR
M/Mpr + BR

T3 Cp + Fa M/Mpr + Fa
+ CpR

B + Fa + MR M/Mpr + Fa
+ BR

T4 Cp + Fa +
FYM

M /Mpr + Fa
+ CpR

B + Fa + FYM
+MR

M/Mpr + Fa
+ BR

T5 M M+ DAP +
MR

M +MR M + DAP +
MR

AC = Faidherbia albida alley crop; B = beans (Phaseolus vulgaris); BR = bean
residues (stover); Cp = cowpea (Vigna unguiculata); CpR = cowpea resi-
dues; DAP = diammonium phosphate; FYM = farmyard manure; LR =
long rains; M =maize (Zea mays); Mp =Mucuna pruriens; MR = maize resi-
dues; SR = short rains; + = addition of; and / = undersow.

Table 2. The seed planting rates and spacing of crops during the
field experiment.
Input Application rate Spacing

Maize (variety Longe 5) 24.7 kg/ha 75 × 60 cm (two seeds
per hole)

Cowpea (variety SECOW 5 T) 25 kg/ha 60 × 30 cm (two seeds
per hole)

Bean (variety Nabe 4) 20 kg/ha 60 × 10 cm (two seeds
per hole)

Faidherbia albida (Moroto
provenance)

1000 seedlings/
ha

One tree per 3 m2

Mucuna pruriens var. utilis 20 kg/ha 60 × 60 cm (one seed
per hole)
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Soil sampling and testing

A composite soil sample was collected from each of the
50 study plots at 0–15 cm soil depth in January 2018
(before experimenting) and in April and September
2018 and 2019 (one month after sowing). Soil phys-
ical–chemical properties (pH, OM, WHC, and macronutri-
ent content of N, P, and K in plant-available forms) were
tested. Soil pH was determined through an electrometric
method using a pHmeter (Eutech pH 700 meter). In con-
trast, OM was determined through the ignition of the
samples at high temperatures (up to 550 °C) (Okalebo
et al. 2002). WHC was obtained by calculating the differ-
ence between the air-dried soil and the soil saturated
with water (Pawar et al. 2009). The plant-available nitro-
gen was determined through the use of H2O2 and KCl
following a procedure by Sahrawat (1982) and Tie
et al. (2013). In this soil test procedure, the soil was
sorted out of plant roots and stones, air-dried, and
sieved through a 2 mm sieve. 5 g of the sieved soil
was placed into a 300 ml conical flask where 50 ml of
25% H2O2 was added. The conical flask with its
content was then placed into a ventilated oven and
heated at a temperature of 60°C for 6 h. The suspension
was cooled and 1 M KCl was added. The flask with its
content was then rotated for 30 min and then filtered.
N-NH4

+ from the filtrate was determined through distilla-
tion (Ibid).

Plant available phosphorus was determined through
Bray 1 extraction method in the procedure by Kovar
and Pierzynski (2009). In this procedure, 20 ml of Bray1
extraction solution (0.025M HCl in 0.03 M NH4F) were
added into a 50 ml conical flask containing 2 g of soil.
The contents of the flask were shaken at 200 revolutions
per minute at room temperature. The extract was filtered
using the Whitman No. 42 filter paper and the plant-
available P was measured by use of a spectropho-
tometer (VWR- UV- 6300PC) at a wavelength of 880 nm
(Kovar and Pierzynski 2009). The results obtained were
converted from mg P/kg soil to Kg/ha.

Plant available potassiumwas determined following a
flame photometry procedure using chemical atomic
absorption (Pawar et al. 2009; Okalebo et al. 2002).
Under this procedure, 100 ml of Ammonium acetate
(NH4OAc) was added to a conical flask containing 5 g
of air-dry soil sample. The flask and its content were
shaken at 200 oscillations per minute for 30 min. The sol-
ution was left to stand for 30 min and the supernatant
was filtrated through the Whatman No. 42 filter paper.
The extracted solution was diluted 10 times and 5 ml
of the solution was pipetted into a 50 ml volumetric
flask. 1 ml of lanthanum chloride solution was added
to the volumetric flask with its contents. The contents

were then diluted with NH4OAc extraction solution to
the mark. The solution was sprayed onto the flame of
the flame photometer (PFP7 model), starting with stan-
dards, the sample, and blank solutions to determine
the K content. K concentration was calculated by refer-
ence to the calibration graph (Pawar et al. 2009;
Okalebo et al. 2002). The ratings of the nutrient
content and pH results in all the samples were based
on Pawar et al. (2009).

Plant sampling and testing

Depending on the crop type grown in a particular
season, we obtained aboveground biomass from each
plot by randomly cutting ten different maize, beans,
and cowpea plants from the root collar. All plant
samples were oven-dried at 70 °C until each sample
attained a constant weight. The total dry weight of all
crops and trees per plot, including grains, crop residues,
and leaves was measured and then expressed in kg/ha.
Biomass from each plot that can be incorporated into
the soil for organic matter enhancement was calculated
by adding the total dry weight of crop residues, and
leaves of F. albida and M. pruriens.

The grains, plant residues, and leaves of M. pruriens
and F. albida were analyzed for N, P, and K content.
Nitrogen was tested using the Kjeldahl nitrogen pro-
cedure with selenium catalyst and it was determined
through distillation and titration (Muñoz-Huerta et al.
2013; Okalebo et al. 2002). Phosphorus was tested by
the total phosphorus without pH adjustment, using
the ascorbic acid procedure. The P content in the plant
parts was then measured with a spectrophotometer at
a wavelength of 880 nm. A flame photometer was
used to determine potassium concentration in the
digested plant samples (Okalebo et al. 2002). The nutri-
ents in the grains of maize, cowpea, and beans were con-
sidered as nutrients taken out of the field, while the
nutrients in biomass were considered as nutrients that
can be recycled into the field for organic matter and
nutrient improvement.

Data analysis

One-way multivariate analysis of variance (one-way
MANOVA) test in IBM SPSS version 26 was applied to
determine the differences in the soil physical–chemical
properties of pH, WHC, OM, and the plant available
forms of N, P, and K. The pre-requisite for the ANOVA
test was the normal distribution of the residuals as deter-
mined by the Kolmogorov–Smirnov and Shapiro–Wilk
test, and the homogeneity of variance of the data as
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determined by the Levene Statistics. The data about soil
physical–chemical properties was further subjected to
Tukey’s HSD post hoc test for pairwise comparison
between the means of each studied property.

The differences in biomass and nutrients in both
grains and biomass among the treatments in each
season were determined through the one-way
MANOVA test. MANOVA was conducted after the
data had undergone a Log10 transformation. Further-
more, a Tukey’s HSD post hoc test was used for pair-
wise comparisons of the Log10 transformed total
biomass and nutrients in grains and biomass among
the treatments in each season. Both the untransformed
and the log10-transformed data were presented for
easy comparison.

Results

Soil physical–chemical properties

The baseline study indicates that the soils had a pH value
of 5.8 with 2.5% organic matter and 62.01% water
holding capacity. Further tests revealed that the mean
plant-available N, P, and K were 256.2, 21.1, and 198.5
kg/ha respectively. According to the classification by
Pawar et al. (2009), the baseline soils can be categorised
as acidic with high organic carbon (mean content is
more than 1%). These soils can further be categorised
as relatively low in plant-available N (mean content is
within the 140–280 kg/ha rating), moderate in plant-
available P (mean content is within 13–22 kg/ha), and
moderate in plant-available K (mean content is within
the 181–240 kg/ha rating). In a comparison of soil phys-
ical–chemical properties between seasons, it can be
seen that soil pH values were however generally lower
in the first season (SR2018) than in the baseline soil. In
the subsequent seasons, the soil pH values increased
irrespective of the treatments. According to Pawar
et al. (2009), the soils, irrespective of the treatments,
can be described as moderately acidic (pH value of
5.3–6.0) before subjecting the fields to the different
treatments. The moderately acidic soils became strongly
acidic (pH value of 4.6–5.2) during the first season and
then moderately acidic during the fourth crop-growing
season (LR2019). However, there were no major differ-
ences in the pH values observed among treatments of
the same season (P > 0.05). Similarly, there were no
major differences in WHC observed among treatments
of the same season (P > 0.05), but the amounts increased
in the subsequent seasons. For OM content, minor differ-
ences were observed among all treatments (P > 0.05),
and the amount was not affected by the change in
seasons. The soil OM content remained high in organic

carbon for all treatments during the four study seasons
(Pawar et al. 2009).

There were minor differences in soil N content among
treatments (P > 0.05), but the amounts increased in the
subsequent crop-growing seasons. Based on Pawar
et al. (2009), soil N content was relatively low before
the study, increased to medium amounts (281–420 kg/
ha) right during the first season and to moderately
high amounts (421–560 kg/ha) at the end of the fourth
season. Like soil N, there were minor differences in soil
K content among all the treatments (P > 0.05). K
content, however, increased in the subsequent
seasons. The amounts were moderate before the
study, and they became moderately high (241–300 kg/
ha) during the third season (Pawar et al. 2009). Like N
and K, there were minor differences in P content
among all treatments (P > 0.05), but the change in the
content did not follow any specified trend. Notwith-
standing, the P content in the soil remained within the
medium range for all treatments in the four seasons
(Pawar et al. 2009).

Nutrient content of grains

The total N content in grains for the entire four-season
rotation was lower in T1-T4 with OMM practices than
in T5 (P < 0.05). In SR2018, the N content in grains was
lower in the treatments with OMM practices than in T5
(Table 3). For SR2019, the N content in grains was
highest under T5 (P < 0.05). However, minor differences
in N content were observed between T5 and the treat-
ments T1, T2 and T4 with the OMM practices (P > 0.05)
(Table 3). In both LR2018 and LR2019, there were no
major differences observed among all treatments-T1-
T5 (P > 0.05) (Table 3). P and K content in grains followed
a similar trend as observed in N (Table 3).

Biomass contribution of the OMM practices

The total biomass for the entire four-season rotation
system was lower under T5 than in T1-T4 and was
highest under T3 and T4 in comparison with other treat-
ments (P < 0.05). In the first season, the biomass was
higher under T5 than the treatments with the OMM
practices (P < 0.05). However, this tendency changed in
the subsequent seasons and the biomass became
higher under treatments T3 and T4 with F. albida alleys
than in other treatments (Table 4). From the second
season onwards, the biomass in T3 and T4 was consist-
ently higher than in other treatments (Table 4). Apart
from T5, which did not show any specified trend,
biomass for other treatments increased in the sub-
sequent seasons except in LR2019 (Table 4).
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Nutrient composition of biomass

For the entire four-season rotation system, the total N
content in biomass was lower in T5 than in T1-T4 (P <
0.05). The total N content in biomass was however
higher in T3 and T4 than in other treatments (P < 0.05).
In a season-per-season nutrient comparison, it can be
seen that N content was higher in T5 than in T1-T4
during the first season (P < 0.05) (Table 5). In the sub-
sequent seasons, the N content in biomass was
however higher in T3 and T5 than in other treatments
(Table 5). P and K content in the biomass followed a
similar trend as the N content.

Discussion

Soil physical–chemical properties

It was found that OM had high organic carbon while P
and K were moderate in the baseline soil samples. The

high organic carbon and moderate P and K content in
the baseline soil samples could be attributed to the
six-month fallow period the farmers had subjected to
the fields before the experiment was set. The soil pH
values throughout the experimental period were lower
than what was observed under the baseline conditions
possibly because of the difference in rainfall intensities
between January 2018, when the baseline samples
were collected, and the months of April and September
during the experimental period. Besides, January is
within the dry season, while April and September are
months of high rainfall amounts in the Rwenzori
region (Figure 2). The rains received one month after
we had sowed could have leached some of the alkaline
elements making the soil more acidic than in the dry
season when the baseline samples were collected. More-
over, high rainfall intensities have been documented for
accelerating soil nutrient leaching rates (Hougni et al.
2021; Lehmann and Schroth 2003). In the first season,
cowpea was expected to produce more biomass that

Table 3. Comparison of N, P, and K content in the grains between treatments T1-T5 over four seasons during 2018 and 2019.
Treatment (T) SR2018 LR2018 SR2019 LR2019 Total

Log10-transformed nitrogen in grains [kg/ha]
T1 1.3 a (38.2) 2.1 a (134.1) 2.1 a b (130.4) 2.3 a (217.6) 2.7 a (520.2)
T2 1.1 a (15.0) 2.1 a (125.1) 2.0 a b (109.7) 2.2 a (190.2) 2.6 a (440.0)
T3 1.3 a (20.7) 2.0 a (111.8) 2.0 a (99.7) 2.3 a (241.6) 2.7 a (473.9)
T4 1.3 a (24.9) 2.1 a (137.4) 2.0 a b (115.1) 2.4 a (275.6) 2.7 a (553.0)
T5 2.2 b (181.6) 2.2 a (161.5) 2.2 b (180.56) 2.4 a (242.6) 2.9 b (766.3)
Log10-transformed phosphorus in grains [kg/ha]
T1 0.3 a (3.3) 1.1 a (12.1) 1.1 a b (13.2) 1.3 a (22.6) 1.7 a b (51.2)
T2 0.1 a (1.8) 1.0 a (12.0) 1.0 a b (10.7) 1.2 a (19.3) 1.6 a (43.7)
T3 0.2 a (2.0) 1.0 a (13.0) 1.0 a (10.0) 1.4 a (26.1) 1.7 a (51.0)
T4 0.2 a (2.0) 1.1 a (11.6) 1.0 a b (11.5) 1.4 a (28.4) 1.7 a b (53.6)
T5 1.2 b (17.3) 1.1 a (12.5) 1.2 b (17.5) 1.3 a (22.8) 1.8 b (70.2)
Log10-transformed potassium in grains [kg/ha]
T1 1.0 a (17.9) 1.7 a (58.2) 1.8 a b (60.7) 2.0 a (112.2) 2.4 a (249.1)
T2 0.9 a (8.6) 1.7 a (55.9) 1.7 a (52.0) 1.9 a (95.6) 2.3 a (212.1)
T3 1.0 a (10.8) 1.6 a (47.8) 1.7 a (52.3) 2.0 a (118.2) 2.4 a (229.1)
T4 1.0 a (12.5) 1.8 a (60.3) 1.8 a b (61.2) 2.1 a (142.0) 2.4 a (275.9)
T5 2.0 b (99.4) 1.8 a (70.5) 1.9 b (90.9) 2.1 a (118.6) 2.6 b (379.4)

For each variable per column, values followed by different small letters are different at P < 0.05. Values in parentheses represent the means of nutrients in
grains, based on untransformed data. SR2018 = short rainy season of 2018; LR2018 = long rainy season of 2018; SR2019 = short rainy season of 2019;
LR2019 = long rainy season of 2019. T1 = cowpea-maize-bean-maize rotation; T2 = cowpea-maize-bean-maize rotation + farmyard manure; T3 = Faidherbia
albida alleys + cowpea-maize-bean-maize rotation; T4 = Faidherbia albida alleys + cowpea-maize-bean-maize rotation + farmyard manure; and T5 (control)
maize monocrop with diammonium phosphate application at an application rate of 50 kg/ha. The maize in T2-T4 was undersown with Mucuna pruriens.

Table 4. Comparison of total biomass between treatments T1-T5 over four seasons during 2018 and 2019.

Treatment (T) Log10-transformed biomass [ton/ha]

SR2018 LR2018 SR2019 LR2019 Total

T1 0.4 a (2.9) 1.4 b (24.5) 1.9 b (77.3) 1.18 a (15.4) 2.1 b (120.1)
T2 0.6 a (3.9) 1.4 b (23.7) 1.8 b (60.5) 1.25 a (18.5) 2.0 b (106.5)
T3 0.4 a (2.9) 2.0 c (136.7) 2.2 c (180.3) 2.02 b (144.8) 2.6 c (464.8)
T4 0.5 a (3.6) 1.8 c (78.6) 2.1 c (134.5) 1.88 b (83.6) 2.5 c (300.3)
T5 1.2 b (17.9) 1.0 a (10.8) 1.0 a (10.8) 1.15 a (14.5) 1.7 a (54.0)

For each variable per column, values followed by different small letters are different at P < 0.05. Values in parentheses represent the means of biomass, based
on untransformed data. SR2018 = short rainy season of 2018; LR2018 = long rainy season of 2018; SR2019 = short rainy season of 2019; LR2019 = long rainy
season of 2019. T1 = cowpea-maize-bean-maize rotation; T2 = cowpea-maize-bean-maize rotation + farmyard manure; T3 = Faidherbia albida alleys +
cowpea-maize-bean-maize rotation; T4 = Faidherbia albida alleys + cowpea-maize-bean-maize rotation + farmyard manure; and T5 (control) maize mono-
crop with diammonium phosphate application at an application rate of 50 kg/ha. The maize in T2-T4 was undersown with Mucuna pruriens.
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would decompose with an eventual increase in pH than
the sole maize cropping system. However, there were
minor differences in pH results between the cowpea
and maize fields, as no treatment had enough time to
accumulate OM responsible for nutrients and pH
change. These results did not agree with other studies
(Jan et al. 2016; Latati et al. 2014; Wang et al. 2015; But-
terly et al. 2013) where lower pH values were obtained
from the cowpea-maize intercrop than in the monocrop-
ping system. The lower pH values obtained in the
cowpea-maize intercrop system than in the sole maize
or sole cowpea cropping system in the previous
studies could be explained by the higher cation uptake
in the fields with an intercropping system than in the
monocrop system (Latati et al. 2014). Soil pH in our
study increased from season to season and this trend
differed from Rezig et al. (2012), where the values
under crop residue incorporation further increased soil
acidity. The soil pH increase that we observed could be
attributed to the accumulation of alkaline elements
into the soil as the organic material decomposes.

During the experimental period, soil organic carbon
remained high despite the cropping systems. These
high amounts of organic carbon could be attributed to
the decomposition of the crop residues incorporated
into the soil during land preparation. Moreover, retain-
ing crop residues within the field has proved to
improve soil OM in other studies (Raffa et al. 2015).
Apart from crop residue incorporation, a maize-legume
rotation system, maize/ M. pruriens, and F. albida alleys
in this study could have increased biomass that decom-
posed to keep the organic carbon high. This is expected
since the maize-legume rotation system, maize/

M. pruriens and F. albida integration have been docu-
mented for improving soil organic carbon and OM
(Pikuła and Rutkowska 2020; Birhane et al. 2018).

Like pH, there were no major differences in WHC
among all treatments, but it increased in the subsequent
seasons. From the baseline conditions to the fourth crop
growing season, the WHC increased by 19.6% under T4
with a combination of OMM practices and 16.5%
under T5 with the inorganic fertiliser application prac-
tice. The higher WHC in T4 than in T5 could be explained
by the higher biomass in T4, which could have decom-
posed, contributing to higher WHC than in T5. Since
crop residues were the main constituent of biomass
under this investigation, they could have contributed
to the higher WHC in the soil. Besides, other studies
have indicated an improvement in WHC through crop
residue incorporation into the field (Rezig et al. 2012).
Furthermore, the OM accumulated by the decomposed
FYM, and M. pruriens and F. albida leaves could further
improve the soil WHC if such soil amendment strategies
are continued for more than the four study seasons.

In this study, there were no major differences in N
content between the OMM practices and the inorganic
fertiliser application strategy. This could imply that the
OMM practices increased soil N content to amounts
similar to those under the inorganic fertiliser application
strategy. In SR2018, which was the first crop-growing
season, the results did not agree with what was
observed in other studies, for example, Jan et al. (2016)
where higher N content under cowpea than in the sole
maize cropping system was reported. The difference in
our results and those of Jan et al. (2016) could have
resulted from the type and rates of fertilisers applied in

Table 5. Comparison of N, P, and K content in biomass between treatments T1-T5 over four seasons during 2018 and 2019.
Treatment (T) SR2018 LR2018 SR2019 LR2019 Total

Log10-transformed nitrogen in biomass [kg/ha]
T1 1.6 a (56.6) 2.0 a (101.2) 3.1 b (1318.3) 2.3 a (192.8) 3.2 b (1668.9)
T2 1.8 a (65.2) 2.4 a (236.0) 2.9 b (842.7) 2.5 a (336.5) 3.2 b (1480.4)
T3 1.6 a (39.4) 3.5 b (4550.0) 3.7 c (6787.0) 3.6 b (6620.0) 4.1 c (17996.4)
T4 1.8 a (61.4) 3.3 b (2250.3) 3.5 c (3884.2) 3.5 b (3626.5) 3.9 c (9822.4)
T5 2.3 b (236.0) 2.0 a (121.2) 2.1 a (162.1) 2.3 a (187.8) 2.8 a (707.1)
Log10-transformed phosphorus in biomass [kg/ha]
T1 0.9 a (8.5) 1.3 a (21.7) 2.3 b (231.9) 1.7 a (48.6) 2.5 a b (310.7)
T2 1.7 b (286.0) 1.5 a (31.9) 2.4 b (2270.5) 1.8 a (61.9) 2.8 b c (2650.3)
T3 0.8 a (7.2) 2.4 b (383.8) 2.6 b (496.4) 2.5 b (410.5) 3.0 c (1297.9)
T4 1.3 a b (119.9) 2.3 b (221.8) 2.5 b (348.3) 2.3 b (243.6) 2.9 c (933.6)
T5 1.7 b (49.8) 1.3 a (19.7) 1.5 a (32.3) 1.6 a (43.9) 2.2 a (145.7)
Log10-transformed potassium in biomass [kg/ha]
T1 1.8 a (67.0) 2.3 a (207.8) 3.3 b c (2091.5) 2.6 a (393.2) 3.4 b (2758.5)
T2 2.0 a (95.8) 2.4 a (266.9) 3.1 b (1454.3) 2.7 a (492.9) 3.4 b (2309.9)
T3 1.8 a (63.2) 3.2 b (2546.2) 3.6 d (4140.8) 3.4 b (3333.4) 3.9 c (10083.7)
T4 2.0 a (98.0) 3.0 b (1237.8) 3.5 c d (3233.5) 3.3 b (2071.8) 3.8 c (6641.0)
T5 2.6 b (397.9) 2.3 a (198.6) 2.4 a (284.1) 2.5 a (355.2) 3.1 a (1235.8)

For each variable per column, values followed by different small letters are different at P < 0.05. Values in parentheses represent the means of nutrients in
biomass, based on untransformed data. SR2018 = short rainy season of 2018; LR2018 = long rainy season of 2018; SR2019 = short rainy season of 2019;
LR2019 = long rainy season of 2019. T1 = cowpea-maize-bean-maize rotation; T2 = cowpea-maize-bean-maize rotation + farmyard manure; T3 = Faidherbia
albida alleys + cowpea-maize-bean-maize rotation; T4 = Faidherbia albida alleys + cowpea-maize-bean-maize rotation + farmyard manure; and T5 (control)
maize monocrop with diammonium phosphate application at an application rate of 50 kg/ha. The maize in T2-T4 was undersown with Mucuna pruriens.
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the field. Moreover, the field studies by Jan et al. (2016)
involved inorganic N, P, and K fertiliser application in
both maize and cowpea fields, while the current study
did not involve any inorganic fertiliser application
during the SR2018. In our subsequent seasons, the
increase in N and P content under the inorganic fertiliser
application strategy could be explained by the DAP
applied to the field. The increase in N, P and K content
under the OMM practices could be attributed to the min-
eralisation of OM from the biomass accumulated within
the fields in the subsequent seasons. Besides, FYM appli-
cation, alley cropping, integration of the forage legume-
M. pruriens and grain legume- beans into the cropping
system are recognised for improving N, P and K
content in the soil (Akpalu et al. 2020; Umar et al.
2013; Birhane et al. 2018; Gatsios et al. 2021; Uzoh
et al. 2019; Yengwe et al. 2018). Crop residue incorpor-
ation could have also contributed to the observed
increase in soil N, P, and K during the subsequent
seasons as the residues decomposed, mineralising into
soil nutrients as indicated in other studies (Bu et al.
2020; Thapa et al. 2018; Malobane et al. 2020). Our
results suggest that the OMM practices can improve
soil N, P and K to amounts observed when the inorganic
fertiliser- DAP, at 50 kg/ha is applied. The continuation of
the OMM practices is expected to lead to optimised
nutrient recycling in the future.

Nutrient content of grains

The nutrients in the grains provide an insight into the
amount of nutrients that are transported out of the
field for consumption and or sale, which need to be
replaced through external fertiliser application. It was
found that N, P, and K content in grains during SR2018
were lower under T1-T4 than in T5 (Table 3), which
could be explained by the variation of crops planted in
that season, i.e. maize in T5 and cowpeas in T1-T4.
Obtaining a similar effect in N, P, and K content in
grains among all treatments (T1-T5) in LR2018 and
LR2019, where maize was a common crop among all
the five treatments could imply that both the OMM prac-
tices and inorganic fertiliser application can result in
similar nutrient concentrations in the grains. However,
nutrient depletion is expected if nutrients are continu-
ously carried away from the field via the grains
without any effort to recycle the biomass and integrate
legumes or add other external fertilisers.

Biomass contribution of the OMM practices

The results show that total biomass in SR2018 was lower
under T1-T4 than in T5 (Table 4), which could be

explained by the lower weight of cowpea residues
under T1-T4 than the maize residues in T5. The higher
biomass we observed under T3 and T4 from SR2019 to
LR2019 than in other treatments (Table 4) could be an
indicator that alley cropping greatly contributes to the
improvement of biomass. As the biomass from the
F. albida leaves decomposes releasing nutrients, other
crops take up these nutrients hence improving their
growth and producing more biomass. A combination
of FYM and F. albida alleys in a cropping system was
expected to increase biomass more than the other treat-
ments. The contrary results in the current study could be
explained by the ability of the microorganisms to take
up some of the nutrients during the tree leaves and
FYM decomposition process, temporarily fixing the
nutrients that would be available for crop growth and
biomass accumulation. Moreover, FYM is one of the
amendments reported to increase microbial population
growth (Basha et al. 2017). In addition, T5 had less
biomass possibly due to the lower N (9 kg/ha) and P
(10 kg/ha) content with no potassium in DAP than T3
and T4 where the integration of a combination of
F. albida and M. pruriens resulted into high biomass
and the nutrients therein. Biomass of F. albida had N, P
and K content of 2512, 165 and 1194 kg/ha in T3 and
1193, 81 and 580 kg/ha in T4 respectively while the
biomass of M. pruriens, had N, P and K content of 60, 5
and 39 kg/ha in T3 and 61, 5 and 31 kg/ha in T4 respect-
ively. Since F. albida andM. Pruriens were integrated into
the cropping system, their nutrients could have contrib-
uted to the increased biomass observed in T3 and T4. T3
and T4 could be recommended for integration into the
nutrient-depleted smallholder farms as they exhibited
the highest biomass compared to other OMM practices
and the inorganic fertiliser application strategy.

Nutrient composition of biomass

The higher N, P and K content in biomass for the treat-
ments with OMM practices (T1-T4) than in T5 during
LR2018, SR2019, and LR2019 (Table 5) could be
explained by the OM generated from the biomass that
was accumulated by the legume-maize rotation
system, intercrop of maize with M. pruriens and the
crop residues incorporated into the field. Moreover,
biomass from crop residues has been reported for
releasing nutrients upon decomposition (da da Silva
et al. 2021). The higher amount of nutrients in biomass
that we observed in the treatments with OMM than in
T5 could have also resulted from the FYM incorporation
in T2 and T4, nitrogen fixation, and/or the uptake of
leached nutrients from deeper layers by F. albida for
T3 and T4.
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The high nutrient content in the grains and biomass
(crop residues, as well as leaves of leguminous trees
and forage legumes) observed in this study might
increase the risk of nutrient depletion if farmers do not
increase the input of biomass into their cropping
systems. The higher biomass and the associated avail-
able macronutrients of N, P and K in OMM treatments
than in T5 with DAP application can indicate that the
integration of OMM practices can maintain the soil
fertile.

We conclude that the incorporation of biomass into
the soil increases the availability of soil nutrients and
leads to more efficient use of farm own nutrients,
which in turn reduces the external inputs.

As the dominating farming practices are low in OMM
investment and are critical in terms of soil erosion,
climate change, and yield development, the findings of
this study are of relevance to motivating farmers to
change their practices. Our findings can also inform
extension workers on the use of a combination of
OMM strategies for improved soil nutrients, biomass
and nutrient recycling within their fields.

This study was conducted in four crop-growing
seasons with a rotation of two food crop families (Faba-
ceae and Poaceae). If a rotation based on only two crop
families continues for more than two seasons, soil-borne
diseases are likely to emerge. Future studies should be
conducted for more than four seasons and the rotation
system should involve more than two crop families.
This can enable us to know if the OMM practices will
further increase the soil physical–chemical and biologi-
cal properties, biomass and the nutrients in biomass.
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