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A B S T R A C T

Loss of topsoil, enriched with nutrients, reduces soil fertility, and is one of the major impediments to sustainable
crop production in West Africa. Appropriate management practices can lead to a stable restoration of land’s
capacity to provide adequate ecosystem services. Thus, our study aimed to investigate the impact of alternative
management practices and their interactions on topsoil (0–20 cm) organic carbon (SOCd), nutrient stocks [total
nitrogen (STNd), phosphorus (SPd) and potassium (SKd)] under a maize-cotton rotation system on highly
weathered soils of West Africa. To this end, on-farm trials were set up on four sites in the sub-humid Savanna of
West Africa (2 in Benin (St1 and St2), and 2 in Burkina-Faso (St3 and St4)) in a strip-split plot layout, where 2
levels of tillage (contour ridge tillage, Ct and reduced tillage, Rt) were considered as main plot factor, and sub-
plot factors included 2 levels of crop residue management (removed, CRr and incorporated, CRi), and 2 levels of
N fertilizer (control, N0 and recommended rate, Nr). In 2016, after 5 cycles of annual maize-cotton rotation
(2012–2016), the largest pool of soil nutrients was recorded on St3 (Haplic Lixisol, footslope in Benin), while the
lowest content was observed on St1 (Ferric Lixisol, footslope in Burkina). When comparing the treatments, we
found that Ct combined with CRi improved soil nutrient stocks in upslope sites, St2 (Eutric Plinthosol, upslope in
Burkina) and St4 (Plinthic Lixisol, upslope in Benin), which are more prone to erosion. At the same time,
footslope sites (St1 and St3) benefited from Rt coupled with CRi. CRi promoted an increase in SPd and SKd on all
sites except St1 (Haplic Lixisol on footslope). The application of recommended dose of N fertilizer improved
STNd under the Ct system in upslope regions and under the Rt system in footslope regions. However, no sig-
nificant difference was observed for soil pH among the treatments across all sites. In summary, the efficiency of
practices for conservation of soil nutrient stocks was closely related to landscape position of the field, which was
correlated with soil moisture, textural class, and gravel content. Consequently, site-adapted tillage practices
combined with residue incorporation are crucial for sustainable soil fertility management and crop productivity
under maize-cotton rotation in smallholder production systems in West Africa.

1. Introduction

Soil degradation is one of the major challenges that significantly
hampers global sustainable crop production. This is particularly severe
in the Sudan Savanna region of West Africa, that covers the semi-arid
portion of tropical Africa. Low productivity of agriculture is pre-
dominantly attributed to widespread soil degradation, and a limited
capacity to invest in soil improvement, although the majority of the
population depends on agriculture for livelihood. Consequently, crop

productivity is hampered and economic growth is affected, contributing
to poverty and food insecurity (Tully et al., 2015). Causes of on-going
soil degradation in West Africa include inappropriate soil management
practices leading to poor soil nutrient supply capacity and limiting crop
productivity. One of the most widely studied soil management practices
is conservation agriculture (CA). CA consists of the combined use of
zero or minimum tillage, crop residue incorporation, and crop rotation
with legumes, and has been recommended in several previous studies as
a potential approach to improve N stock (Martinsen et al., 2019; Naab
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et al., 2017; Swanepoel et al., 2018), phosphorus (P), potassium (K)
(Tolessa et al., 2014), soil moisture (TerAvest et al., 2015) and mini-
mize soil loss through reducing runoff and erosion processes (Araya
et al., 2011; Ghosh et al., 2015). Additionally, incorporation of crop
residue is imperative to maintain soil health as it offers positive impacts
on SOC, N, P, and K (Alam et al., 2018; Huang et al., 2012; Singh et al.,
2018). Crop residue retention has also been demonstrated as an effec-
tive way to control soil loss by erosion (Cong et al., 2016), and improve
soil water holding capacity and infiltration rate (Desrochers et al.,
2019). In spite of the fact that CA has the potential to mitigate the
severity of soil nutrient loss caused by conventional cultivation
methods, numerous studies hold an opposite view. In particular cases,
CA can lead to detrimental effects on soil nutrient stock and reduce crop
yield (Jan et al., 2016; Okeyo et al., 2016). Studies conducted in steep-
slope regions suggest that the use of contour and/or tied ridge tillage is
more effective than CA at limiting soil loss by erosion, thereby main-
taining more SOC in topsoil layers and improving crop yields (Gathagu
et al., 2018; Mohamoud, 2012). Contour ridge tillage was initially
promoted to smallholder farmers in SSA to combat soil degradation in
areas with high rainfall intensity (Nyamadzawo et al., 2013). In
Northern Ethiopia, Araya and Stroosnijder (2010) reported that crop
residues retention with contour/tied ridges increased soil water in the
root zone by 13%. On the other hand, Karuma et al. (2014) report
potentially noxious effects of tied/contour ridge tillage in a maize-bean
cultivation system in Eastern Kenya.

Despite the breadth of previous research, much of it has focused on
evaluating the effects of tillage, crop residue incorporation or nitrogen
fertilizer application on soil properties in mono cropping systems at
single locations (Dossou-Yovo et al., 2016; Kihara et al., 2011; Masvaya
et al., 2017). Such studies were often short-term and conducted over
2–3 growing seasons. Accordingly, comprehensive multi-location and
multi-factor studies over more than 2 growing seasons on the inter-
active effects of tillage, crop residue management and N fertilizer ap-
plication on soil properties are still scarce in the Sudan Savanna Zone of
West-Africa. Therefore, the aim of this study was to evaluate the effects
of tillage, crop residue management and N fertilizer application on soil
nutrient stocks at four representative sites in the Sudan Savanna of West
Africa after five years. It was hypothesized that over a 5-years period of
continuous cropping i) application of reduced tillage as well as the
incorporation of crop residues in a maize-cotton rotation has beneficial
effects on topsoil (0–20 cm) properties, SOC, total nitrogen (TN), soil
exchangeable phosphorus (PCAL) and potassium (KCAL), and pH com-
pared to current management practices (contour ridge tillage, residue
removal and no mineral N application) irrespective of site, ii) SOC and
TN are expected to be higher under combined reduced tillage and crop
residue retention at all sites; and iii) amounts of less mobile compo-
nents, PCAL and KCAL, are increased with crop residue retention across
all sites.

2. Materials and methods

2.1. Experimental sites

On-farm trials were carried out (Fig. 1) on farmers’ fields in Dassari
village (10˚49´N, 1˚04´E) in Atakora Province of the Republic of Benin,
and in Dano village (11˚10´N, 2˚38´W) in the Loba province of Burkina-
Faso for five consecutive years (2012–2016). At each location (Fig. 2),
two sites were defined based on topographical positions along the slope
(footslope and upslope), such that a total of four similar trials were
conducted on four different soil types (differed mainly by topography).
An average of 3% slope existed between footslope and upslope sites.

Thus, our study consisted of a total of four different sites, where
each site shares common weather conditions within the same location
but different soil type. The sites were designated as St1 (Dano on Ferric
Lixisol at footslope position), St2 (Dano on Eutric Plinthosol at upslope
position), St3 (Dassari on Haplic Lixisol at footslope position), and St4

(Dassari on Plinthic Lixisol at upslope position).

2.1.1. Seasonal and spatial variations in temperature and precipitation
The study sites are located in the Sudan-Savanna agro-ecological

zone, characterized by a semi-humid climate. The mean rainfall ranges
between 900mm to 1000mm during May to October, while the mean
temperature is 15 °C during the night and 40 °C during the day in the
rainy season (Danso et al., 2018a; Kpongor, 2007). The amount of
monthly total rainfall during the cotton growing seasons of 2013 and
2015 in Dano was 766mm and 874mm, respectively (Fig. 3b). In
contrast, Dassari received 777mm and 973mm of monthly total rainfall
during the cotton growing seasons of 2013 and 2015. Mean monthly
cumulative rainfall in Dano and Dassari during the maize growing
seasons (2012, 2014 and 2016) were 780mm and 850mm, respec-
tively. During the cotton growing seasons at both Dano and Dassari, the
average monthly air temperature was 27 °C and 28 °C, respectively
(Fig. 3a). Conversely, monthly mean air temperature during the maize
growing seasons at both Dano and Dassari was 27 °C. Also, the monthly
mean air temperature tended to increase from 2012 to 2016 in Dassari,
while in Dano, no such increase was recorded.

2.1.2. Spatial variations in soil properties
According to FAO soil classification system, the major soil types in

Dano are Ferric Lixisol (footslope), and Eutric Plinthosol (upslope) with
a bedrock type of Andesite; while the soils in Dassari were formed on a
parent material of massive Sandstone and classified as Haplic Lixisol
(footslope), and Plinthic Lixisol (upslope) (Danso et al., 2018a). These
soils differed in many characteristics. Soils in Dano, Ferric Lixisol (FL)
and Eutric Plinthosol (EP) had a maximum rooting depth of 75 cm and
65 cm, respectively (Table 1). On the other hand, soils of Dassari,
Haplic Lixisol (HL), and Plinthic Lixisol (PL) exhibited a maximum
rooting depth of 90 cm and 65 cm, respectively. The total available
water capacity (AWC with field capacity at 33 kPa) across the soil
profile (up to maximum rooting depth) of HL, EP, PL, and FL were
52.5 mm, 50.6 mm, 42.6 mm, and 29.2mm, respectively. In addition,
these four soil types also varied according to gravel content by mass,
exhibiting the following rank: FL (47%)>EP (26%)>PL (24%)>HL
(13%) in the topsoil (Table 1).

2.2. Experimental layout and management practices

The experiments started in 2012 at each site, and were conducted
for five consecutive growing seasons (2012–2016) under a maize-cotton
rotation. A strip-split plot design with four replications was used for
statistical analysis. The main plots consisted of two levels of tillage
treatment (contour ridge tillage, Ct and reduced tillage, Rt); and the
size of each main plot was 30m long by 10m wide. Each main plot had
sub-plots of 10m by 5m, containing random combinations of the two
sub-plot treatments. Sub-plot treatments were crop residue manage-
ment, i.e. with incorporation of crop residues from previous crop (CRi)
or without crop residues (CRr), and N fertilizer amount, i.e. no fertilizer
(N0) or recommended dose of N fertilizer (Nr) at 45 kg N ha−1 for
cotton and 60 kg N ha−1 for maize. In total, there were 32 plots (8
treatments × 4 replications) at each experimental site (Danso et al.,
2018b).

Our study used a short cycle maize variety (Zea mays L. cv. Dorke
SR) that was generally sown in late June and harvested in mid-October
of the same year (every even year, 2012, 2014, and 2016). Cotton
(Gossypium hirsutum L. cv.FK 97) was sown in mid-June and harvested
in mid-October to mid-November of the same year (every odd year,
2013 and 2015) at all sites. Animal drawn moldboard ploughing was
used to establish contour ridges in mid-June. Commercial mineral fer-
tilizers, urea (46% N), single superphosphate (12% P2O5), and po-
tassium chloride (60% K2O) were used to provide 60 kg N ha−1, 60 kg
P2O5 ha−1, and 60 kg K2O ha−1 during the maize-growing seasons, and
45 kg N ha−1, 60 kg P2O5 ha−1, and 60 kg K2O ha−1 during the cotton-
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growing season. All P2O5 and K2O and 50% of N fertilizer was broadcast
25 days after planting and the remaining 50% of N fertilizer was used
45 days after planting. In the control plots, P and K, but no N was
applied. At harvest of the previous crop, residues were removed,
chopped into pieces and stored until the subsequent growing season. At
planting, the previous year’s residues were distributed evenly in the
sub-plots receiving crop residue retention treatments. Thus, the appli-
cation rate of residues varied across the tillage and N fertilizer treat-
ments. The C:N ratio of the applied cotton and maize residues were 30
and 70, respectively. Maize and cotton were planted at the re-
commended density and row spacing (Table 1). Weeds were cleared

before implementing tillage operations by applying 2.1 L ha−1 gly-
phosate. Cotton balls were protected from pests by spraying 5–6 times
throughout the growing season the pesticide “Super Lambda”.

2.3. Soil sampling and analytical methods

To determine soil fertility related properties (pH, OC, TN, PCAL, and
KCAL), soils were sampled systematically from five different points using
a gouge auger at five different depths, 0–20 cm, 20–40 cm, 40–70 cm,
and> 70 cm (depending on the maximum rootable depth) from each
sub-plot in August-September, 2016. Collected soil samples were mixed

Fig. 1. Locations of study and the corresponding experiment plots.

Fig. 2. Experimental design and slope layout (Nr=Recommended rate of nitrogen, N0=No nitrogen, CRi= residue incorporated, CRr= residue removed).
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and composited to form a representative sample per sub-plot for each
depth. Visible plant residues and other debris were removed from the
samples. Soils were then dried at 40 °C, clods were broken by hand,
passed through a 2mm sieve for uniformity, and transferred to the la-
boratory for chemical analysis.

The residual samples (particle diameter> 2mm) after sieving were
used to measure and calculate soil gravel content following a mass
approach suggested by Gardner (1986). SOC and TN was determined
using the dry combustion method in a CHN elemental analyser (Fisons
NA 2000, Fisons Instruments, Rodano, Milan, Italy), where about 5mg
soils were weighed, settled in silver capsules, combusted in a furnace at
a temperature of 1800 °C under a stream of oxygen (Santi et al., 2006).
Soil pH was measured using a pH meter after mixing soil with 0.01M
CaCl2 solution in a 1:5 ratio. In order to measure PCAL and KCAL, soils
were extracted using calcium acetate lactate (CAL) solution (Schüller,

1969). PCAL was then measured with a photometer, and KCAL de-
termined using atomic absorption spectrophotometry.

2.3.1. Computation of soil nutrient stock
Similarly, soil organic carbon stock/density (SOCd) was calculated

for each layer of the soil, for fine earth particles only, thereby allowing
for correction of gravel content. Eq. (3) was followed to calculate soil
organic carbon stock (SOCd, Mg ha−1) using values of % of organic
carbon (OC), mass of fine earth materials (Massfine, kg m-2), and %
gravel content of the i soil layer (cm). Mass of fine earth materials was
derived from total soil mass (Eq. 1) and % gravel content as:

= × ×
−Masstotal (kg m ) [soil layer thickness (cm) BD 10]2

total (1)

Fig. 3. Climatic conditions during growing seasons of cotton and maize (2012–2016) in experimental sites of Dano and Dassari [a] Mean monthly air temperature
(˚C), [b] Total monthly rainfall (mm). The black round point indicates the monthly average value over five cropping seasons.

Table 1
Major soil characteristics of all four sites in the topsoil (0–20 cm).

Properties Units (methods) Location/Topography/Soil types

Dano Dassari

Footslope Upslope Footslope Upslope
Ferric Lixisol Eutric Plinthosol Haplic Lixisol Plinthic Lixisol

pH (0.01M CaCl2) 6.4 6.3 6.6 6.5
Organic C Mg ha−1

(%)
12.5
0.5

13.4
0.6

16.2
0.7

12.3
0.5

Total N Mg ha−1

(%)
1.1
0.06

1.6
0.07

1.9
0.07

1.4
0.06

CAL P Mg ha−1

(mg kg−1)
0.03
10

0.03
10

0.06
20

0.06
20

CAL K Mg ha−1

(mg kg−1)
1.0
60

1.5
60

1.8
70

1.4
60

Sand % 52.9 32.8 66.4 56.9
Silt % 43.1 17.1 32.5 40.1
Clay % 3.0 50.0 1.1 2.0
Texture Sandy Sandy clay loam Sandy Loam Sandy Loam
Gravel % 47 26 13 24
Permeabi-

lity Class
Rapid Moderately Slow Moderately Rapid Moderately Rapid
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=
−

×
−Massfine (kg m )

(100 %gravel content)
100

Mass2
total (2)

=
×

×
−SOCd (Mg ha ) (Mass % OC )

100
10i

1 finei i
(3)

SOCd from each soil layer per sub-plot were aggregated to quantify
the total SOCd within the soil profile (up to rooting depth) for each sub-
plot.

Similar steps were followed to calculate nitrogen stock (STNd),
available phosphorus stock (SPd), and available potassium stock (SKd)
by substituting SOCd value with concentration of nutrients (TN/PCAL/
KCAL) in the respective soil layer.

2.4. Statistical analysis

R v 3.5.1 (R Core Team, 2018) in RStudio was used to perform all
the statistical analyses. Arithmetic mean, standard error (se), and
standard deviation (sd) were calculated independently for all the
measured soil attributes using the “summarise” function under the
“dplyr” packages (Wickham et al., 2019) and the values were presented
as mean and standard error. To analyse the effects of site, tillage, crop
residue management, N fertilizer rates and their interactions on mea-
sured soil properties, OC, TN, PCAL, KCAL, a mixed linear model for strip-
split plot layout was generated according to Gomez et al. (1984) using
the “lme” function in the “nlme” package in R (Gałecki and
Burzykowski, 2013). Site, tillage, crop residue management, and N
fertilizer rate were considered as fixed factors, while the random factors
included replication, and replication× tillage interactions. We ex-
cluded the effects of crops as the soils were sampled only once after
completion of a five continuous annual maize-cotton rotation cycles.
Site was a fixed factor in our analysis as the sites represent specific soils
among which comparisons were to be made (Piepho et al., 2003).
Differences in measured soil attributes among the implemented treat-
ments were examined by Tukey test at p≤ 0.05 level using the
“lsmeans” function (Lenth, 2016). All the figures were produced using
the “ggplot2” package (Wickham, 2016).

3. Results

After five years of maize-cotton rotational cropping, all the mea-
sured soil attributes (SOCd, STNd, SPd, and SKd) at 0–20 cm soil depth
showed large variation under the influence of different tillage systems,
crop residue management measures, and N fertilizer application rates
across different experimental sites (Table 3). We conducted an analysis
of variance (ANOVA) in order to identify factors significantly affecting
the topsoil properties. Topsoil SOCd significantly varied according to
the individual effects of tillage and crop residue, while topsoil STNd was
affected by the single effects of tillage and N fertilizer application. On
the other hand, topsoil SPd and SKd varied significantly according to
only crop residue. Interestingly, we found no treatment effects on
topsoil pH. We also observed site-specific effects of the factors
(site× factor) on the measured soil traits. A significant effect of
site× tillage and site× residue interactions were also observed for
topsoil SOCd, whereas site× tillage and site×N fertilizer interactions
were significant for topsoil STNd. Interestingly, only site× residue in-
teraction effect was recorded for topsoil SPd and SKd. No three-way or
four-way interactions were observed.

3.1. Changes in topsoil properties

3.1.1. Soil organic carbon stock (SOCd)
Relative to Rt, Ct increased SOCd at the surface layer by 8.1% when

averaged across sites and treatments (residue and N fertilizer). SOCd

under the Ct system was 31.7% and 15.8% higher than under the Rt
system on St2 and St4, respectively, both sites being located on upslope
positions (Fig. 4). A significantly higher SOCd (+28.9%) in the surface

soil of St3, which was located footslope, was recorded under the Rt
system compared to Ct. Interestingly, no difference in SOCd between
the tillage operations was found on St1 (footslope position). Addition of
crop residues to the surface soil significantly increased SOCd only on
sites at the upslope positions, St2 and St4 by 14.1% and 15.8%, re-
spectively (Fig. 5). CRi had no significant beneficial effects on SOCd at
the footslope sites (St1 and St3). CRi led to a 6.8% increase in SOCd in
the surface soil layer when averaged across sites and treatments (tillage
and N fertilizer). Our results suggested that SOCd on sites in the upslope
position benefited from CRi and Ct. On the other hand, implementation
of Rt together with CRi improved SOCd in the topsoil layer only on St3
(Table 2).

3.1.2. Soil nitrogen stock (STNd)
In comparison to Rt, implementation of Ct increased STNd in the

topsoil layer of St2 and St4 by 10.3% and 19.4%, respectively (Fig. 4).
Although, there was a small variation in STNd between Ct and Rt on St1,
this difference was not significant (P > 0.05). Contrarily, application
of Rt instead of Ct increased topsoil STNd of St3 by 12.7%. Average
STNd in the topsoil layer over all sites was 14% greater under Ct than
under Rt (Table 3). After application of the recommended rate of N
fertilizer, average STNd in the topsoil layer increased by 6% (1.6Mg
ha−1 vs 1.54Mg ha−1) compared to the control (Table 3). STNd in-
crease in the topsoil layer was 7%, 5.8%, and 19.4% with recommended
rate of N fertilizer at St2, St3, and St4, respectively (Fig. 6). Top soil
STNd was also significantly affected by soil× tillage×N fertilizer in-
teractions. For example, application of the recommended dose of N
fertilizer under the Ct system sharply increased STNd in the topsoil layer
of St2 and St4 (Fig. 7). Rt together with the recommended dose of N
fertilizer increased topsoil STNd on St3. We did not find any difference
in topsoil STNd between tillage and N fertilizer combinations on St1.
These results indicated that sites located in upslope positions increased
STNd in the topsoil layer under Ct and judicial application of N ferti-
lizer. Similar to SOCd, Rt combined with the recommended rate of N
fertilizer was beneficial to STNd only on one of the sites (St3) in foot-
slope position.

3.1.3. Soil phosphorus stock (SPd)
CRi increased SPd in the topsoil layer at all sites except St1 (Fig. 5).

The order of the topsoil SPd increase over the sites due to CRi was St1
(+25%)< St2 (+33%)< St3 (+35%)< St4 (+38%). When averaged
across sites and treatments, CRi resulted in a 34.8% increase in SPd in
the topsoil layer (Table 3). These results illustrated that CRi improved
SPd in the topsoil layer across all sites.

3.1.4. Soil potassium stock (SKd)
Due to incorporation of crop residues into the surface soil layer

(Table 3), SKd in the topsoil increased by almost 9.4% when averaged
over sites and treatments (tillage and N fertilizer). However, only sites
located in upslope positions had significantly higher SKd with CRi. CRi
resulted in an increase of 14.3% and 10.8% in SKd in the topsoil layer of
St2 and St4, respectively (Fig. 5). However, such an effect was not
significant when crop residues were applied to sites located at the
footslope position. These results indicate that incorporation of crop
residues into soils of upslope sites showed marked positive effects on
topsoil SKd, while such effects were smaller and not significant on sites
in footslope positions.

3.1.5. Soil pH
The pH of the topsoil layer varied from 6.3 to 6.6. Sites at Dassari

had the highest average topsoil pH of 6.6 (St3) and 6.5 (St4), while sites
at Dano, St2 and St1 had average topsoil pH of 6.3 and 6.4, respec-
tively.
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4. Discussion

his study adds to the understanding of the combined effects of til-
lage, crop residues, and N fertilizer application on major soil chemical
properties under maize-cotton rotations in highly weathered soils of
West Africa. The evidence gathered aids in addressing the questions, i)
how the observed topsoil attributes (0–20 cm) respond to different
management practices and how they vary across locations differing by
climatic and soil conditions; and ii) how the combined effects of these
management practices contribute to the conservation of soil fertility.

4.1. Effects of tillage operations

or the soils considered in our study, Ct over 5 years improved SOCd

in both the topsoil and over the entire soil profile compared to Rt when
averaged across soil types and treatments. This is consistent with the
findings from a study conducted in Luvisols with a gentle slope (1–3%)
in Southern Mali under semi-arid climate by Traoré et al. (2004) who

found a significant positive impact of Ct implementation on crop yield,
SOCd, and soil water content. Ct prevents the rainwater from moving
footslope which in turn provides the rainwater with more time to in-
filtrate and increases soil water storage (Traore et al., 2017). Increase in
soil water storage can be expected to stimulate crop biomass production
and consequently root biomass when water is otherwise limiting (Nunes
et al., 2018; Thierfelder et al., 2013; Wolka et al., 2018). Higher above
and below-ground biomass is one possible explanation of the greater
SOCd in both topsoil and the entire soil profile (Berhongaray et al.,
2019). Additionally, it is well documented that the adoption of Ct could
be an effective measure to control the loss of topsoil through erosion
(Hatfield et al., 1998; Lal, 1990; Wolka et al., 2018).

In our study, about 14% higher topsoil STNd under Ct was observed
compared to Rt when averaged across soil types and treatments. This is
explained by the fact discussed above that Ct increased on average
SOCd and the close relationship between SOCd and STNd in all arable
soils. According to Dai et al. (2018), implementation of Ct in red clay
soils with 5˚ to 25˚ slope under subtropical monsoon climatic conditions

Fig. 4. Topsoil soil organic carbon stock (Mg ha−1) [a], topsoil soil nitrogen stock (Mg ha−1) [b], topsoil soil phosphorus stock (Mg ha−1) [c], and topsoil potassium
stock (Mg ha−1) [d] as affected by contour ridge tillage and reduced tillage in four sites. Each bar is a mean of 16 values (1 tillage×2 crop residue×2N fertilizer×4
replications). Vertical bars indicate mean standard error (± ). Bars belonging to same variable within a soil group followed by same letter (s) are not significantly
different at P≤ 0.05 level according to Tukey test.

Fig. 5. Topsoil soil organic carbon stock (Mg ha−1) [a], topsoil soil nitrogen stock (Mg ha−1) [b], topsoil soil phosphorus stock (Mg ha−1) [c], and topsoil potassium
stock (Mg ha−1) [d] as affected by crop residue retention in four sites. Each bar is a mean of 16 values (1 crop residue×2 tillage×2N fertilizer×4 replications).
Vertical bars indicate mean standard error (± ). Bars belonging to same variable within a soil group followed by same letter (s) are not significantly different at
P≤ 0.05 level according to Tukey test.
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resulted in approximately 97% reduction in total N loss. Generally, the
underlying mechanism is that Ct across the slope increases surface
roughness and acts as a barrier that reduces run-off velocity, traps

sediments, and increases soil water infiltration, thereby controlling
sediment loss during the period of intensive rainfall (Lal, 1990; Liu and
Huang, 2013; Liu et al., 2014, 2011; Quinton and Catt, 2006).

Moreover, the present study has shown significant interactions be-
tween tillage and site with respect to the effect on SOCd and STNd. Ct
significantly improved SOCd and STNd on two out of four sites, St2
(Eutric Plinthosol, upslope in Dano) and St4 (Plinthic Lixisol, upslope in
Dassari). At the same time, Rt contributed to significantly higher SOCd

and STNd on St3 (Haplic Lixisol, footslope in Dassari) compared to Ct.
As mentioned earlier, soil erosion risk was probably lower on the
footslope site St3, and the site might even benefit from eroded sedi-
ments from upslope. On the same experimental site (St3), Danso et al.
(2018b) stated that the average biomass production was greatest under
Rt compared to Ct. Another possible contribution of Rt to higher SOCd

compared to Ct could be related to reduced disruption of soil ag-
gregates. Minimum soil mechanical disturbance due to Rt likely results
in restricted SOC oxidation, which is the primary source of SOC loss
from tropical soils (Nandan et al., 2019). Therefore, increased biomass
production as well as improved soil aggregate stability resulting from
minimum soil disturbance could have contributed to increased SOC
input under the Rt system in St3. Implementation of Rt also markedly
improved STNd only on St3, which is consistent with the higher SOCd

that occurred only on this site.

4.2. Effects of crop residue retention

Consistent with our expectations and other studies (Ghimire et al.,
2017; Han et al., 2018; Xu et al., 2019a, b), greater SOCd in the topsoil
was detected with crop residues returned to the field when averaged
over all sites (Table 3). Application of crop residue as a surface mulch is

Table 2
Crop characteristics and management practices.

Crop characteristics/
Management Practices

Descriptions

Maize Cotton

Variety Dorke SR FK 37
Sowing mid-June mid-June
Harvesting mid-October mid-October - mid-

November
Planting density (plants

ha−1)
62,500 plants ha−1 83,333 plants ha−1

Inter-row spacing (m) 0.8 m 0.8 m
Intra-row spacing (m) 0.4 m 0.3 m
Physiological Maturity

(days)
94-108 124-150

N Fertilizer (kg ha−1) 60 kg ha−1 45 kg ha−1

P Fertilizer (kg ha−1) 60 kg ha−1 60 kg ha−1

K Fertilizer (kg ha−1) 60 kg ha−1 60 kg ha−1

Tillage Contour ridges were developed by using animal drawn
moldboard ploughs

Fertilizer Application All the P and K and 50 % nitrogen was broadcasted 25
days after planting and the rest 50 % of nitrogen was
applied 45 days after planting

Weeding 2.1liter ha−1 glyphosate was applied prior to tillage
operations and manual hoe weeding as needed during
the growing season

Pest Management “Super Lambda” was sprayed 5-6 times to protect the
cotton bolls

Table 3
Mean effects (single main effects) and summary of ANOVA output of generalized linear mixed model for the effect of sites, tillage, crop residue, and N fertilizer on soil
nutrient stocks on topsoil layer (0–20 cm).

Sites/Factors/Levels SOCd

(Mg ha−1)
STNd

(Mg ha−1)
SPd
(Mg ha−1)

SKd

(Mg ha−1)
pH

Sites
St1: Ferric Lixisol (FL) 12.5 ± 0.1 c 1.1 ± 0.01 d 0.03 ± 3 b 1.0 ± 0.01 d 6.4 ± 0.03 b
St2: Eutric Plinthosol (EP) 13.4 ± 0.1 b 1.6 ± 0.01 b 0.03 ± 3 b 1.5 ± 0.01 b 6.3 ± 0.03 b
St3: Haplic Lixisol (HL) 16.2 ± 0.1 a 1.9 ± 0.01 a 0.06 ± 3 a 1.8 ± 0.01 a 6.6 ± 0.03 a
St4: Plinthic Lixisol (PL) 12.3 ± 0.1 c 1.4 ± 0.01 c 0.06 ± 3 a 1.4 ± 0.01 c 6.5 ± 0.03 a
Tillage
Reduced Tillage (Rt) 13.1 ± 0.1 b 1.5 ± 0.09 b 0.04 ± 3 a 1.4 ± 0.01 a 6.4 ± 0.02 a
Contour Ridges (Ct) 14.2 ± 0.1 a 1.5 ± 0.07 a 0.04 ± 3 a 1.4 ± 0.01 a 6.5 ± 0.02 a
Crop Residue
Residues Removed (CRi) 13.2 ± 0.1 b 1.5 ± 0.08 a 0.04 ± 3 b 1.4 ± 0.01 b 6.4 ± 0.02 a
Residues Incorporated (CRr) 14.1 ± 0.1 a 1.5 ± 0.08 a 0.05 ± 3 a 1.5 ± 0.01 a 6.4 ± 0.02 a
N Fertilizer
Control (N0) 13.6 ± 0.1 a 1.5 ± 0.08 b 0.04 ± 3 a 1.4 ± 0.01 a 6.5 ± 0.02 a
Recommended N (Nr) 13.6 ± 0.1 a 1.6 ± 0.08 a 0.04 ± 3 a 1.4 ± 0.01 a 6.4 ± 0.02 a
Analysis of Variance
Site (St) < .0001 *** < .0001 *** < .0001 *** < .0001 *** < .0001 ***
Tillage (T) < .0001 *** < .0001 *** ns ns ns
Residue (R) < .0001 *** ns < .0001 *** < .0001 *** ns
Nitrogen (N) ns < .0001 *** ns ns ns
St:T < .0001 *** < .0001 *** ns ns ns
St:R < .0001 *** ns 0.0351 * 0.0249 * ns
T:R ns ns ns ns ns
St:N ns < .0001 *** ns ns ns
T:N ns 0.0022 ** ns ns ns
R:N ns ns ns ns ns
St:T:R ns ns ns ns ns
St:T:N ns 0.0003 *** ns ns ns
St:R:N ns ns ns ns ns
T:R:N ns ns ns ns ns
St:T:R:N ns ns ns ns ns

The values are presented as lsmean ± standard error. For each main treatment effect, values within a column followed by same letters are not significantly different
at P≤ 0.05. The amount of nitrogen fertilizer for cotton was 45 kg ha−1 and for maize was 60 kg ha−1.
*, **, and *** denote the significance of the factor at P≤ 0.05, 0.01, and 0.001, respectively; ns, not significant at P≤ 0.05.
SOCd= soil organic carbon stock, STNd = soil nitrogen stock, SPd = soil phosphorus stock, SKd = soil potassium stock.
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one of the most prominent measures to rebuild SOC stock in dryland
soils of West Africa, although our results showed that this effect was
site-dependent.

The decomposition of added high quality cotton residue (C:N ratio
30) might have promoted microbial growth (Srinivasan et al., 2012;
West and Post, 2002), whereas returning low quality maize residues
(C:N ratio 70) might have added more recalcitrant SOC. This is con-
sistent with the findings from Ghosh et al. (2016) who observed in-
creased stable SOC pool by adding cereal residues with high content of
less decomposable lignin. However, our results contradict findings by
Wang et al. (2015) who reported rapid decomposition rate of maize
residues that had smaller C:N ratio and lower lignin content.

In agreement with previous studies, SPd was also improved with CRi
in our experiments. On a Vertisol in India, application of wheat residue

markedly reduced soil P adsorption and increased both bicarbonate-
extractable inorganic and organic P (Reddy et al., 2014). Moreover, soil
phosphatase is the most common enzyme in soil that accelerates the
transformation of organic P into the available form (Nannipieri et al.,
2011). CRi can increase phosphatase activity in the topsoil layer
(Akhtar et al., 2018; Yang et al., 2016) causing greater soil P avail-
ability. Another probable explanation could be that the rapid decom-
position of previously added cotton residues released a considerable
amount of organic acids, thereby solubilizing inorganic P (Laboski and
Lamb, 2003). Oxidation of added residues releases some organic ligands
that physically block the adsorption sites by forming complex com-
pounds (Agbenin and Igbokwe, 2006). CRi also increased SKd in the
topsoil, although an interaction with the sites was observed. As de-
monstrated by Wei et al. (2015) and Yang et al. (2018), soil available K

Fig. 6. Topsoil soil organic carbon stock (Mg ha−1) [a], topsoil soil nitrogen stock (Mg ha−1) [b], topsoil soil phosphorus stock (Mg ha−1) [c], and topsoil potassium
stock (Mg ha−1) [d] as affected by N fertilizer applications in four sites. Each bar is a mean of 16 values (2 crop residue×2 tillage×1N fertilizer×4 replications).
Vertical bars indicate mean standard error (± ). Bars belonging to same variable within a soil group followed by same letter (s) are not significantly different at
P≤ 0.05 level according to Tukey test.

Fig. 7. Topsoil soil nitrogen stock (Mg ha−1) as affected by N fertilizer (control and recommended rate) and tillage interactions (N×T) in four sites. Each bar is a
mean of 8 values (2 crop residue×1 tillage×1N fertilizer×4 replications). Vertical bars indicate mean standard error (± ). Bars within a soil group followed by
same letter (s) are not significantly different at P≤ 0.05 level according to Tukey test.
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in the topsoil increases as a result of CRi. Findings from China by Zhao
et al. (2014) demonstrated that CRi could be an ideal measure for in-
creasing the level of both soil available and slowly available K.

Our study also demonstrated a significant interaction of sites and
crop residue management on soil chemical properties. It appeared that
improved SOCd, SKd, and SPd were recorded under CRi in all sites (soil
types) except St1 (Ferric Lixisol, footslope in Dano). Addition of crop
residues to the soil is an effective measure to limit soil erosion, sedi-
ment concentration in the runoff, and runoff discharge (Abrantes et al.,
2018; Keesstra et al., 2019). During the period of intensive rainfall, crop
residues act as a barrier that protect soil particles from detachment by
raindrop impact and loss by water erosion (Brant et al., 2017; Edwards
et al., 2000). Accordingly, we assume that crop residue retention exerts
strong control over surface run-off that could result in improved soil
nutrient stock at St2 (Eutric Plinthosol, upslope in Dano) and St4
(Plinthic Lixisol, upslope in Dassari), as these sites are located in up-
slope positions and are more prone to erosion. In addition, increased
physical protection of soil organic matter through improved soil ag-
gregate stability triggered by CRi could have increased SOCd on St2, St3
and St4. In contrast to St3 (Haplic Lixisol, footslope in Dassari), St1 (the
footslope site in Dano) had much higher gravel content in the topsoil
and contributed to much lower crop biomass production. Scant soil
cover and rapid oxidation of existing soil organic matter as well as
lower quantity of fine earth to stabilize SOC due to high gravel content
could be a possible explanation of poor SOCd with CRi on St1. Lower
crop residue production in St1 compared to St2 and St4 resulted in
lower release of mobile P and K and therefore CRi did not improve SKd

and SPd compared to CRr on this site. In addition, P and K could have
been subjected to more rapid leaching losses on St1 due to higher hy-
draulic conductivity with greater gravel content (47%).

4.3. Effects of N fertilizer application

Average total aboveground biomass with the recommended rate of
N fertilizer was approximately 27% higher compared to no N fertilizer
application as evidenced from Danso et al. (2018a). Improved crop
biomass production contributes to increased organic matter input to the
soils by aboveground litter and root exudates. Steady decomposition of
large amounts of maize litter with high C:N ratios causes immobiliza-
tion of mineral N added through synthetic fertilizer (Chen et al., 2014;
Gentile et al., 2009; Kaleeem Abbasi et al., 2015). Few studies con-
firmed that N fertilizer application stabilizes soil organic matter, pre-
serves native and stable organic matter, and immobilizes N, which in
turn increase soil TN content (Hagedorn et al., 2003; Ren et al., 2014).
Collectively, these assumptions can explain why, averaged over all
sites, higher STNd was recorded with the application of recommended
rates of mineral N fertilizer. However, our study revealed a significant
interaction of mineral N fertilizer with site and tillage on STNd. Ct with
N fertilizer application had significant effects on STNd in St2 (Eutric
Plinthosol, upslope in Dano) and St4 (Plinthic Lixisol, upslope in Das-
sari) while higher STNd was recorded under Rt combined with N fer-
tilizer application in St3 (Haplic Lixisol, footslope in Dassari). As shown
in before implementation of Ct might have acted as a barrier to surface
runoff in upslope soils, reducing soil erosion and mitigating mineral N
loss added as synthetic fertilizer. However, on footslope sites and in
particular on St3, N fertilizer application combined with Rt was related
to increased residue production, higher SOCd and consequently higher
N immobilization of the added N fertilizer.

The lack of significant increase in SOCd under N fertilizer applica-
tion in this study is in agreement with many other studies (Chen et al.,
2014; Mahal et al., 2019; Poffenbarger et al., 2017). This might be due
to the fact that inorganic N inputs can accelerate soil organic matter
decomposition by increasing soil microbial biomass and enzymatic
activities. Further, no significant changes in SPd and SKd content were
observed with the application of N fertilizer. Addition of N fertilizer
stimulates crop growth, increases biotic P and K demand, and

concurrently promotes P and K uptake by the crops which decreases SPd
and SKd (Apthorp et al., 1987; Káš et al., 2016; Yang et al., 2015).

Collectively, with respect to our hypothesis that implementation of
Rt along with CRi increases SOCd and STNd across sites, we found only
partial support. Rt combined with CRi was effectively increasing SOCd

and STNd only on one out of four sites (St3, Haplic Lixisol, footslope in
Dassari) while Ct along with CRi was beneficial for conservation of
SOCd and STNd on St2 (Eutric Plinthosol, upslope in Dano) and St4
(Plinthic Lixisol, upslope in Dassari). Regarding the second hypothesis
that CRi increases SPd and SKd across sites, we found that SPd and SKd

were higher with CRi on all sites except St1 (Ferric Lixisol, footslope in
Dano). However, soil pH was unaffected by the implemented manage-
ment practices. Overall, the findings of our study suggest the potential
of Ct along with CRi in building-up of soil nutrient stocks in upslope
soils (St2 and St4), while Rt combined with CRi could be more effective
on footslope soils like St3

5. Conclusions

Our study helps to understand alternative management effects on
soil fertility and crop production in different soils of West Africa, and
may be used in the development of site-specific agronomic practices
aiming to reduce negative impacts of soil degradation on soil properties
and agronomic productivity. Our experiment demonstrated that in a
gently undulated region subject to soil degradation through runoff and
erosion, implementation of contour ridge tillage along with crop re-
sidue retention in upslope areas maintained soil fertility and sustained
crop productivity. On the other hand, in footslope areas, adoption of
reduced tillage with crop residue retention could be more beneficial.
We emphasized that water retention capacity of the soils, which
strongly affects water supply to the crops, is one of the most prominent
factors influencing the conservation of SOCd, STNd, and SKd across sites.
We recommend additional simulation-based studies in order to predict
the long-term effect of the management practices tested in this paper as
well as the effect of future climate change.
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