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Cassava is a staple food and a major source of income for many smallholder farmers. However, its yields are less than 6¢ ha™
compared to a potential yield of 20-25 t ha™" in Zambia. Understanding cropping practices and constraints in cassava production
systems is imperative for sustainable intensification. Therefore, a survey of 40 households each with three fields of cassava at 12, 24,
and 36 months after planting (MAP) was conducted. Analyzed soil data, leaf area index (LAI), intercepted photosynthetically
active radiation, and management practices from 120 fields were collected and subjected to descriptive statistics. To explain yield
differences within the same cassava growth stage group, the data were grouped into low- and high-yield categories using the
median, before applying a nonparametric test for one independent sample. Stepwise regressions were performed on each growth
stage and the whole dataset to determine factors affecting tuber yield. Cassava intercropping and monocropping systems were the
main cropping systems for the 12 and 24-36 MAP, respectively. Cassava yields declined by 209 and 633 kg ha™' at 12 and 36 MAP
due to soil nutrient depletion for each year of cultivation until field abandonment at 8-9 years. Fresh cassava yields ranged from
3.51-8.51, 13.52-25.84, and 16.92-30.98¢ ha! at 12, 24, and 36 MAP, respectively. For every one unit increment in
exchangeable K (cmol (+)/kg soil), cassava yield increased by 435, 268, and 406 kg ha " at 12, 24, and 36 MAP, respectively. One
unit increment of magnesium (cmol (+)/kg soil) gave the highest yield increase of 525kg ha™" at 24 MAP. The low levels of soil
organic carbon explained the deficient nitrogen in cassava fields, which limits the LAI growth and consequently reduced
intercepted radiation and low yields. The effect of exchangeable K on growth was limited by the moderate availability of Mg and
low N, thus the need for balanced fertilizer regimes.

1. Introduction

Cassava (Manihot esculenta Crantz) is the second most
important source of calories and contributes about 30% of
daily calorie requirements per person in Africa [1]. Sub-
Saharan Africa (SSA) is the largest producer of cassava in the
world [1]. Apart from the tubers, cassava leaves are harvested
and consumed as an important source of protein and
micronutrients by both humans and livestock [2]. Until

recently, cassava was mainly grown as a subsistence crop by
smallholder farmers. Cassava is able to thrive and produce
reasonable yields where many crops fail completely [3]
because of its tolerances to drought conditions. With im-
proved management, cassava could be the ultimate crop to
combat food insecurity and provide a source of income even
in remote parts of SSA. Furthermore, there is an increasing
demand for cassava as a raw material by local agro and
industrial markets for many products [1, 4]. Moreover, the
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rapid increase in population also exacerbates the demand for
food and fuel, exerting more pressure on land availability for
agriculture, especially in Africa [5, 6]. These new patterns of
demand present an opportunity along the value chain of
cassava in Zambia. Low yields characterize current small-
holder cassava production systems in Zambia.

Cassava is the main crop grown by smallholder farmers
in shifting cultivation systems in Northern Zambia. Recent
adverse effects of climate variability and change [7] have
increased dependence on cassava production since it thrives
and produces reasonable yield where other crops fail
completely. However, with less than 6 ha™', the produc-
tivity of the crop is below the potential of 20-25 ¢ ha™! [8]
under similar farming systems in Zambia. There are many
causes of low cassava yields in smallholder farmer’s fields.
These include poor farming practices [9-11], poor weed
management [11], and little or no use of inorganic fertilizer
and pesticides. Moreover, farmers perceive cassava to be
tolerant to poor soils [12-14] and, therefore, it is grown on
soils low in nutrients. Fresh cassava tuber has been reported
to contain about 4kg K per ton [3]; thus, a yield of 30-40 ¢
ha™' can remove about 120-160kg K ha™' [12]. Similarly,
Howeler [15] has reported a tuberous yield of 30t/ha to
remove major nutrient amounts of 164kg N ha™', 31 kg P
ha™!, and 200 kg K ha™! at harvest from the soil. Therefore,
after a few of years of cropping, the land is exhausted and a
new land is opened up by lopping of trees [6, 12, 14, 16, 17].

Understanding the productivity constraints of cassava
production systems is an important prerequisite to increase
cassava productivity to satisfy the demand of the escalating
population. Productivity is determined by radiation inter-
ception, radiation use efficiency, and harvest index [18].
Radiation interception depends on the green leaf area du-
ration and the ability of the leaf area to intercept light,
characterized by the light extinction coeflicient (k). Differ-
ences in canopy architecture may result in a variation of light
interception and may also affect the conversion of inter-
cepted radiation into dry matter [18]. Tesfaye et al. [19] and
Sennhenn et al. [20] found values for k of less than 0.5 in
legumes as an adjustment to water deficit. Begg [21] noted
such adaptive mechanisms to be important in grain legumes
to cope with drought stress. A good understanding of the
constraints of cassava production systems is imperative to
intensify cassava production in a sustainable way to meet the
current and future large demand for cassava. Therefore, the
objective of this study was to investigate the constraints to
cassava tuber yield in smallholder farming systems in
Northern Zambia. The specific objectives were (i) to evaluate
cropping management practices in cassava systems, (ii) to
assess the effects of management practices on selected soil
nutrient adequacy levels and tuber yield, and (iii) to assess
the factors affecting cassava tuber yield.

2. Materials and Methods

2.1. Description of the Study Area. The study was conducted
in the Mantampala Camp of Nchelenge District in Luapula
Province, Northern Zambia (9°19.028'59"S, 28°50'44'E, and
at an elevation of 959 m above sea level). The area lies in
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agroecological region III, which is characterized by an av-
erage annual rainfall of above 1,071.6 mm and an average
annual temperature of 22.1°C (Figure 1) and experiences a
tropical savanna climate with three seasons, namely, winter
(May-August), dry (September-October), and rainy season
(November-April). The main soil types in the region include
Ferric and Orthic Acrisols formed from underlying acid
igneous or siliceous sedimentary rocks [22]. Agriculture is
the main livelihood activity in Mantampala with cassava
being the staple crop and source of income. Other crops
interplanted with cassava include maize, groundnuts,
common beans, cowpea, and millet. Cassava is grown under
shifting cultivation (chitemene system) which involves
slashing grass and burning of lopped tree branches as a
source of nutrients and fuel. After two to three cycles of
cropping, the land is exhausted and cannot provide sufficient
nutrients to meet crop demand. Thereafter, the land is left to
regenerate via fallowing [12, 16]. Fallowing is a prerequisite
for maintaining long-term plant-available nutrient pools
and crop yields in many tropical cultivation systems [14].
The shifting cultivation system is only sustainable where
there is a low population density and abundant land [5, 22].

2.2. Sampling Design. Ten well-spaced villages were selected
for this study, giving a variable number of inhabitants and
ease of access to and from the district. In each village, 3 to 7
farmers were selected each with three fields of cassava at 12,
24, and 36 months after planting (MAP). These farmers were
chosen so that their fields would cover the largest possible
variation in soil characteristics. For each farmer, informa-
tion for the three fields was obtained using semistructured
interviews. In total, the dataset comprised 40 farmers and
120 fields. The fieldwork was conducted between October
and December 2017 and a follow-up in 2018 to fill up the
necessary information which was not covered during the
first survey.

2.3. Data Collection

2.3.1. Management and Biophysical Data. In the farmer
fields, semistructured interviews were conducted in situ with
the farmer owning the field or other members of the
household. Interviews were focused on the previous use of
the fields and their current management. In each farmer’s
field, the coordinates were obtained using GPS to calculate
the field sizes in Arc GIS 10.

To assess the cassava cropping practices, basic infor-
mation on age of the field and cassava, land clearing,
preparation, planting times, weeding frequency and cassava
varieties planted and legumes intercropped with cassava,
and period of cropping before fallow was recorded. Other
information obtained included input use (fertilizer, pesti-
cides, and fungicides) and leaf harvesting frequency.

2.3.2. Soil Samples. In each farmer’s field, the topsoil
(0-30cm) samples were collected at five random points
using an auger, and the subsamples were thoroughly mixed
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FIGURE 1: Mean monthly maximum and minimum temperatures
with total monthly rainfall during the 2017 survey period. Bar
graphs show the total monthly rainfall, and the line graphs show the
mean, maximum, and minimum temperature.

to make one composite sample per field. In total, 120
composite samples were collected. The soils were dried and
sieved through a 2 mm sieve before being analyzed for se-
lected soil chemical and physical properties. Soil reaction
(pH), soil texture, exchangeable acidity, soil carbon, total
nitrogen, exchangeable cations, and phosphorus were de-
termined. The analyses were carried out in triplicate. The
particle size distribution was assessed following the
Bouyoucos method, soil organic carbon content was de-
termined following the Walkley-Black procedure [23], soil
pH was measured in 1: 2.5 soil water suspension using a pH
meter, total nitrogen content was analyzed by the Kjeldahl
method with sulphuric acid and selenium as a catalyst [24],
available phosphorus was extracted using the Bray 1 method
and colorimetrically measured using the molybdenum blue
method, and exchangeable bases were extracted using am-
monium acetate (NH,OAc) buffered at pH 7. Magnesium
and potassium were determined after strontium chloride
addition using an atomic absorption spectrophotometer
(AAS) (Analyst 400., PerkinElmer Life and Analytical Sci-
ences, Shelton, USA), while the other cations (Na and Ca)
were determined using a flame photometer [25].

2.3.3. Leaf Area Index, Light Interception, and Tuber Yield.
Leaf area index (LAI) was measured in established cassava
fields at three locations using the LAI2200 (LICOR Inc.,
Lincoln, NE, USA). Similarly, the intercepted photosyn-
thetically active radiation (PAR) was measured at each of the
three locations in the field using the line quantum sensor and
LI COR 190R (LICOR Inc., Lincoln, NE, USA). The rela-
tionship between intercepted light and LAI was calculated
using equation (1) as carried out by Veltkamp [26]:

Ln(Ii) = -KLAL (1)

0

where I =light received beneath the canopy (three positions
per plot), I, = incoming light just above the crop canopy (one
measurement per plot), and k =light extinction coefficient.

The k values for cassava at maturity stages of 12, 24, and
36 MAPS at the time of the survey were calculated as the
slope of a regression line of In (light transmission) as a
function of LAI, according to Veltkamp [26].

Since the planting patterns were not orderly in some
fields, harvesting of cassava was carried out based on the
number of plants after the LAI and light interception were
measured. The plant population in each field was obtained
by counting the cassava stands in a 3m by 3m area.
Thereafter, the tubers were dug and counted before weighing
for each of the 120 fields. Total fresh yield weight of each field
and the number of plants in a 3 m by 3 m area were used to
calculate fresh cassava yield (¢ ha™"). To convert to dry matter
tubers per ha, a factor of 0.34 was used, similar to the work of
Alves [27].

2.4. Statistical Data Analysis. Descriptive statistics were
applied to analyze cropping management practices in cas-
sava fields at 12, 24, and 36 months after planting. Nutrient
levels in crop fields were evaluated for soil nutrient adequacy
for cassava production by comparing soil values to known
critical nutrient levels and sufficiency ranges recommended
for optimal cassava growth for each soil type [28, 29]. An
analysis of variance (ANOVA) was conducted on the data to
compare the effects of cassava management practices on soil
properties for each cassava maturity group and on the whole
dataset. Effects of management practice and soil properties
on cassava yield within each maturity group were obtained
by separating each group into high and low yields using the
median. These were analyzed using nonparametric tests for
one independent sample using the Kruskal-Wallis test or
linear model. Statistical analyses were conducted in R-3.5.2
(R Core Team, 2016).

Cassava tuber yield-determining factors were identified
and estimated using stepwise regression models according to
the maturity group at 12, 24, and 36 MAPS. The variables
that considered yield-determining factors were social,
management, cassava, and soil properties. Correlation
analysis was performed on the variables, and explanatory
variables that had a significant relationship with cassava
tuber yield were selected for stepwise regression analysis
(P<0.05). All variables were further scaled to ensure
standardization of the different variables in the model.
Explanatory variables that had a significant correlation (r)
with yield and/or exhibited a pattern of covariation with
cassava tuber yields were selected for further analysis. The
significance of the different factors on the yield were eval-
uated at P value <0.05 significance level.

3. Results and Discussion

3.1. Crop Management Practices in Cassava Systems. The
cropping and management practices in cassava farming are
presented in Table 1. Cassava is normally planted during
October to November depending on the onset of the rains.
The main cropping system is cassava intercropping in the
first year of cassava planting. The main crops in cassava
intercropping are cereals and legumes. Improved varieties of
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TaBLE 1: Cropping practices for cassava in the study area.
Characteristics Key attribute Proportion of respondents (%) (n =40)
. . Intercropping 100
Cropping practice Monocropping 0
Maize 45.8
Most intercropped crop Beans 25.3
Cowpea 8.3
. Improved varieties 95
Variety Local varieties 5
Fertilizer 0
Input use Slash and burn 100
Pesticide and fungicide use 0
Female (11) 9.2
Land use duration (years) by gender Male (29) 8
Overall mean (40) 8.6

cassava were most commonly grown compared to the local
varieties at 95% and 5%, respectively. Farmers practice the
slash and burn system which supplies wood ash which
ameliorates soil acidity and supplies nutrients for cassava
production. Therefore, no inorganic fertilizers and pesticides
were used in cassava production.

Consistent with this study, several researchers have
observed cassava intercropping as the most dominant
practice in Africa [30-32]. Farmers stated that reducing risk
of crop failure and weed suppression is the main reason of
practicing intercropping [30, 33, 34]. Furthermore, the
farmers indicated that cassava intercropping saves labour
from preparing separate lands for other crops. The other
crops benefited from the slash and burn practice under
intercropping. In the study area, cassava intercropping was
not practiced at 24 and 36 MAP to avoid the competition for
light and nutrients. The plant density of more than 20,000
plants/ha was very high for intercropping (Table 2). The
farmers also stated that cassava is intercropped with maize,
beans, and cowpea arranged in order of importance (Ta-
ble 1). The beans and cowpea provide a cheap source of
protein while fixing nitrogen. These findings are consistent
with many studies that have shown cassava intercropping
with maize and legumes as the dominant crops [30, 31].
Similar to this study, Munyahali [30] also reported common
bean and maize as the main crops in cassava intercropping in
DR Congo. Similarly, Fermont et al. [33] found maize as the
most intercropped crop with cassava in Kenya and Uganda.

Cassava yield variation against the number of years of
field cultivation is presented in Figure 2. For every year of
cultivation without fertilizer application, the cassava yield
decreased by 633 and 209kg ha™' at 36 and 12 MAP,
respectively.

The households depend on agriculture as a source of
food and income. Cassava is the staple food in the study area,
and all households have cassava at different maturity stages
of 12, 24, and 36 MAP (Table 1). The field with cassava at 36
MAP is the main source of tubers, although sometimes
cassava at 24 MAP is harvested. In an event of food scarcity
at the household level, the earliest time the farmers could
harvest the tubers is at 12 MAP old for the improved va-
rieties. The majority of farmers use improved varieties in
preference to local varieties (Table 1). Munyahali [30] also

reported improved cassava varieties to be the most cultivated
in Uvira, DR Congo, to mainly control cassava mosaic
disease.

Generally, farmers do not apply any inorganic fertilizer
to cassava fields (Table 1). Some nutrients to support
cassava growth are provided by the ash from the slash and
burn practices in shifting cultivation (Table 1). According
to Biratu et al. [35], the high costs of fertilizers (Table 1),
nonavailability at the right time, and poor crop response in
dry periods exacerbated by technical and institutional
issues constrain the use of inorganic fertilizer. Several
authors have also reported that farmers perceive cassava to
be tolerant to low soil fertility status [13, 28, 36, 37].
Similarly, Leihner [36] reported that farmers believed that
cassava could restore the fertility of degraded soils and so
does not require fertilization. This practice of not applying
fertilizer to the cassava systems is the reason many farmers
grow cassava on marginal land or land that is about to be
abandoned with natural regeneration [38]. Studies have
shown that local varieties tend to be more tolerant to low
soil fertility compared to improved varieties when grown
without fertilizer [39]. Ezui et al. [9] explained the nonuse
of fertilizer as one of the reasons of the substantial yield
gap between actual productivity of farmers’ fields and the
potential cassava productivity. The fact that farmers
practice slash and burn as an alternative source to inor-
ganic fertilizer is an indication of the need for fertilizer
application. The yield loss of 622kg ha™' at 36 MAP is
higher than 209kg ha™' at 12 MAP because of the many
number of years of cassava cultivation without applying
tertilizer (Figure 2). The yield loss at 24 MAP was negli-
gible since the fields and yields were not variable. This is
supported by the overall average land cropping period
before abandonment of the field, which is 8.6 years based
on the results from semistructured interviews (Table 1).
The farmers resort to opening up of the new fields to meet
the escalating cassava demand [14, 16, 37, 40]. This land
use duration contradicts earlier findings by Mansfield et al.
[22] who reported 4-6 years in the northern part of
Zambia. The observed increase in the landuse duration in
this study could be attributed to increased population and
may result in high rates of deforestation and degradation
of the environment [17].
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TaBLE 2: Comparison of cassava characteristics in farmers’ field and light extinction coefficient at 12, 24, and 36 MAPS (+standard

deviation).

Property 12

Cassava age

24 36
Months after planting

Plant density (/ha) 23794 + 14764 21760 + 11168 26294 + 20073
LAI 1.31+0.44 1.52+0.55 2.07 +0.61
Intercepted radiation (%) 49.07 + 14.66 55.95+10.01 7043 +12.14
Light extinction coefficient 0.56+0.17 0.58+0.25 0.64+0.13
Fresh root tuber yield (¢ ha™) 6.01 +2.50 19.68 +6.16 23.95+7.03
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FIGURE 2: Variation in cassava yield with the duration of field cultivation.

The management practices, namely, weeding frequency,
leaf harvesting frequency, and field characteristics, namely,
field texture class and sizes, are presented in Table 3. The
respondents indicated that weeding was commonly carried
out using a hand hoe (Table 1) and, therefore, herbicides
were never used in controlling weeds. On average, more than
70% of farmers weeded in cassava in the first and second year
and no weeding was carried out in cassava in the third year.
Generally, from planting to harvest, most farmers weeded
twice, with the most frequent weeding carried out in the
first-year fields compared to the second-year fields. This is
due to higher weed pressure in cassava fields in the first year
than cassava in the second year which has developed a
canopy which reduces weed pressure. The farmers harvest
and cook cassava leaves as vegetable of cassava at maturity
stages of 12 and 24 MAP.

Farmers mainly control weeds using the hand hoe
(Table 1), which is mostly carried out twice from cassava
planting to harvesting (Table 3). This is inconsistent with the
three weed operations per cassava growing cycle recom-
mended by the IITA [41] and NACWC [42]. Contrary to our
findings, Munyahali [30] reported at least three weeding
operations per cassava growing cycle are practiced by the
majority of farmers in all sites in DR Congo. In this study,
weeding was mostly carried out by family members who
took longer to finish and this affects the growth of cassava.
These findings are consistent with those reported by Enete
et al. [43], who found that family labour is often sufficiently
available and this leads to weeds adversely affecting crop
yields. According to Leihner [36], the critical period for weed
competition in cassava lasts up to 4 months after planting
(MAP).
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TaBLE 3: Management practices for cassava and field characteristics in the study area (+s.d = standard deviation).
Cassava age (months)
Practice Attribute 12 24 36
%
1 72.5 72.5 0
Weeding frequency (per year) 2 27.5 25 0
3 0 2.5 0
1 15 20 0
2 40 42.5 0
Monthly leaf harvesting frequency 3 12.5 12.5 0
4 32.5 25 0
Loamy sand (%) 12.5 12.5 12.5
Texture class Sandy loam (%) 75 62.5 62.5
Sandy clay loam (%) 12.5 25 25
Field size Area (ha) 0.58 +0.29 0.55+0.43 0.53+0.37

The tender leaves in the first year are mostly used for
household consumption, while the ones obtained in the
second year are mainly for selling. The leaf harvesting fre-
quencies of 2 and 4 times monthly were the most common
and were carried out based on the household demands. The
time of the first leaf harvesting was generally at 6 months
after planting. Leaf harvesting is more frequent during dry
seasons as cassava leaves are present unlike other seasonal
traditional vegetables. The leaf harvesting frequency was
negatively correlated and nonsignificantly affected the yield
(r=-0.10, P> 0.05). The leaf harvesting interval observed in
this study (Table 3) is in agreement with that in the work of
Munyahali et al. [11], who observed 2- or 4-week leaf
harvesting intervals starting at 3-4 MAP for household
consumption. They reported that this harvesting had in-
significant effects on tuber yields. However, Lockard et al.
[44] recommended a leaf harvesting interval of at least 2
months starting at 4 MAP since monthly intervals signifi-
cantly reduced tuber size. The nonsignificant effect of leaf
harvesting on tuber yield in the study could be attributed to
the larger field size and observation at the plant level, which
requires further research.

The sandy loam textured soils were dominant in the
visited fields, followed by sandy clay loam and loamy sand
which were the least. Field sizes were variable and less than
1 ha in the whole study area. The average cassava field size
was 0.53 ha with a range of 0.19-0.92 ha characterized with
higher variability (Table 3). There has been a decrease in field
sizes compared to those reported by Mansfield et al. [22]
who found field sizes to range between 1.6 and 2.0 ha in the
northern part of Zambia. This pattern of smaller cassava
fields has also been reported by Junqueira et al. [45] in the
Amazon Basin under shifting cultivation. The authors at-
tributed smaller fields to a strategy to combat the higher
weed pressure on fertile land when combined with fast-
growing species or landraces with shorter cycles. Similarly,
Munyahali et al. [30] reported smaller field sizes with an
average of 0.9 ha in Kivu, Democratic Republic of Congo
(DR Congo), although they were slightly larger than those
found in this study. Similar results of average field sizes of
other studies are 0.3 to 0.9 ha by Fermont et al. [34] in Kenya
and Uganda and 0.1-0.98 ha in Kongo Central Province and
between 0.2 and 4.4 ha in Tshopo Province of DR Congo by

Kintché et al. [10]. In this study, the fields were located very
far from home because of shifting cultivation.

3.2. Effects of Cassava Cropping Practices on Selected Nutrient
Adequacy Levels. Physicochemical soil properties in
farmers’ field of cassava in fields of 12, 24, and 36 MAPS are
presented in Table 4. The soil pH and total nitrogen were
moderately suitable for optimal cassava production. Gen-
erally, soil parameters (K, Ca, and P) were highly suitable for
optimal cassava production while magnesium (Mg) was
moderately suitable. Meanwhile, total nitrogen, Cu, and Zn
were very low compared to the cassava production re-
quirement. Soil organic carbon ranged from low suitability
levels for cassava at 12 and 24 MAP to moderately suitable
for matured cassava at 36 MAP. Most soil physicochemical
soil properties were strongly correlated with cassava yields,
except total nitrogen (r=0.002).

The soil pH varied from very strongly acidic to strongly
acidic and moderately suitable for optimal cassava pro-
duction according to Howler [34] (Table 4). In this study, the
soil pH was alkaline in cassava at 36 and 24 MAP maturity
stages than 12 MAP. These findings are in agreement with
those reported by Giardina et al. [46] who found that soils
under shifting cultivation are generally less acidic than those
under forest because of the combustion of vegetation and
subsequent addition of ash that may increase the soil pH.

The results show that exchangeable cations; potassium,
calcium, and phosphorus were above the critical levels
(Table 4) [34]. This result contradicts several findings in the
literature which have reported low soil exchangeable po-
tassium which limits cassava tuber yield [3, 47, 48]. Gen-
erally, there were higher amounts of soil exchangeable
potassium at 12 MAP than cassava at 24 and 36 MAP. This
trend of higher exchangeable K could be explained by the
immediate effects of the slash and burn practice in recently
opened fields with cassava at 12 MAP. Meanwhile, the low
values of exchangeable K at 24 and 36 MAP could be at-
tributed to the high uptake of exchangeable K during the
growing period. These findings are in agreement with those
by many other authors who have reported cassava to take up
more exchangeable potassium than any other nutrient
during the growing season [3, 47-50]. Similarly, Pellet and
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TaBLE 4: Chemical and physical analyses of soil samples collected in cassava fields of varying maturity at 12, 24, and 36 MAPS and their

suitability for cassava production.

Cassava age (months)

Parameter . o . 4+ Significant level Suitable levels
12 Rating 24 Rating 36 Rating

PHmzo 5.54+0.29 m 5.62+0.68 m 5.66+0.48 Medium ns 4.5-7.0
K Cmol (+) kg™ 0.60+0.12° h 0.45+0.11% h 0.48 +0.11° h * >0.25

Ca  Cmol (+) kg 079085  h 0.96 +0.81° h 1774203 h . 1.0-5.0
Mg Cmol (+) kg71 0.76 +0.25 m 0.82+0.26 m 0.74+0.29 m ns 0.4-1.0
P Mg kg71 37.81+15.24 h 32.65+12.56 h 36.32+17.78 h ns 10-14

SOC % 0.78 £0.36° 1 0.81+0.37% 1 1.34+0.25° m o 2.0-4.0
N % 0.18+£0.03 m 0.19+0.02 m 0.19+0.05 m ns 0.2-0.5
Cu mg kg_1 0.154+0.1 1 0.15+0.06 1 0.16 £ 0.05 | ns 0.3-0.8
Fe mg kg71 33.86+2.11 m 35.625+18.95 m 30.02+13.91 m ns 4.0-6.0
Zn mgkg  0368+005 1  02475+019 1 0.35+0.28 1 ns 1.0-3.0
Mn mg kg71 17.54+2.07 m 15.48 +3.87 m 17.41 £12.71 m ns 1.2-3.5

Means followed by the same letters in a column are not significantly different from each other according to Tukey’s HSD. TN = total soil nitrogen, SOC = soil
organic carbon, signif. codes: 0 “***” 0.001 “**” 0.01 “*” P <0.05; vl, ], m, h, and vh stand for very low, low, medium, high, and very high; numbers are average

(+standard deviation).

EL-Sharkawy [51] found plant-available soil K concentra-
tions to decrease from the first to the second growing season,
irrespective of the fertilization treatment. This observation
supports high K uptake by cassava. The moderate levels of
exchangeable Mg for optimal cassava production (Table 4)
indicates nutrient imbalance and could limit cassava growth
and the need for a fertilizer regime. Higher K levels due to
fertilizer application increases above ground biomass and
dilutes plant Ca and Mg concentration, thus affecting yield
[52].

Total nitrogen was less than 1% and rated as moderately
suitable (Table 4) for optimal cassava production [53]. These
findings are consistent with those of several studies which
have observed nitrogen as the most limiting macronutrient
in the tropical regions of sub-Saharan Africa [54]. For ex-
ample, in a soil suitability assessment for cassava production
in Nigeria, the total nitrogen contents of surface and sub-
surface soils were found to be lower than the critical limits of
0.08 and 0.05%, respectively [55]. Results from this study are
consistent with those reported by Imakumbili et al. [29] who
found that low levels of organic matter are associated with
very low levels of total nitrogen under cassava systems in
Tanzania. The lower nitrogen levels in shifting cultivation
systems could be because of the oxidation of organic carbon
and subsequent volatization during slash and burn, which
limits the organic matter available for nitrogen minerali-
zation [46]. However, at 36 MAP, there is a moderate level of
SOC, and this is due to organic matter build up after the
slash and burn activity. Potassium is associated with N
metabolism through protein synthesis, and K fertilizer ap-
plication has been reported to increase the concentrations of
N and K in all parts of cassava plants [52].

3.3. Effects of Cropping Practices on Cassava Characteristics

3.3.1. Cassava Leaf Area Index, Light Interception, and Tuber
Yield. Results on cassava LAI tuber yield, plant density,
intercepted radiations, and light extinction coefficients at
12, 24, and 36 MAPS are presented in Table 2. There was a
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FiGure 3: Light extinction coefficient in cassava of different ma-
turity stages at 12, 24, and 36 MAP.

nonsignificant difference in plant density, intercepted ra-
diations, and light extinction coeflicients across the 3
cassava maturity stages [12, 24, 37]. However, there was a
significant difference (P <0.05) in cassava LAI at 24 MAP
only. The LAI ranged from 0.87-1.75, 0.97-2.07, and
1.46-2.68, respectively. The average light extinction coef-
ficients (k) in cassava at 12, 24, and 36 MAP were 0.56, 0.59,
and 0.64, respectively (Figure 3). The cassava light ex-
tinction coefficients increased from 12 to 36 MAP and
varied from 0.53-0.58, 0.61-0.69, and 0.62-0.66 at 12, 24,
and 36 MAP, respectively.

The light extinction coefficient (k) is a function of leaf
size and orientation, and the values obtained in this study are
within the recommended range of 0.3 to 1.3 [56]. Values of k
less than 1 indicate clumped leaf distribution and greater
light penetration, while those with values above 1 show more
horizontal leaves and greater light interception [57, 58]. The



average light extinction coefficients (k) were higher in
cassava at 36 and 24 MAP maturity stages than 12 MAP
(Table 2, Figure 3). This indicates more light interception for
the cassava at 36 MAPS age than at 24 and 12 MAPS. This
could be attributed to a higher density and better leaf po-
sitioning, possibly as a result of differences in leaf curving
and leaf angles among the different years. This pattern
corresponds to the work of Pellet and EL-Sharkawy [51]
which obtained higher k values in fertilizer treatment than in
unfertilized treatments. The k values obtained in this study
are within the range of 0.50-0.78 also reported by Pellet and
EL-Sharkawy [51] in Cauca, Colombia, for different varieties
under fertilized and unfertilized conditions.

The yields and LAI were lower at 12 MAPS than at 36
MAPS. The tuber yield was characterized by higher vari-
ability. The average fresh yields of cassava at 12, 24, and 36
MAP were 6.01, 19.68, and 23.95 t/ha (Table 2).

The LAI for cassava, regardless of the maturity age, was
below the critical level of 2.5-3.5, considered ideal for tuber
production [59, 60]. Howler [47] observed an LAI greater
than 4 to indicate higher nitrogen fertilization, which en-
hances more of vegetative growth by partitioning assimilates
for the growth of storage roots. Similarly, Lahai [61] ob-
served excessively larger canopies to reduce yield due to
shaded leaves which respire more carbon than partitioning it
to tubers. Biratu et al. [35] found an LAI of 2.7 which is
within the ideal range considered for tuber production in
Zambia after a combined application of 1.4 to ha™' man-
ure + 150 N : 33P:124.5 K kg ha™". The LAI was significantly
positive (r=0.39, P <0.001) related to soil organic carbon,
an indication that available nitrogen is important in leaf area
index growth. The low LAI obtained in this study could be
attributed to the low soil fertility levels, similar to obser-
vations by Pellet and EL-Sharkawy [51] in Columbia for a
cassava varietal response to fertilization trial. On the con-
trary, Cock et al. [59] observed low LAI regardless of
whether the cassava was fertilized or unfertilized. The LAI
was significantly correlated (r=0.56, P <0.001) with inter-
cepted radiation and tuber yield (r=0.58, P <0.001). These
findings are in line with many authors as this relationship is
key to the amount of dry matter produced [19].

Generally, cassava tuber yields varied widely between the
different fields within the same maturity age group and
across different age groups (Table 2). This variability in tuber
yields has been observed by several authors when cassava is
grown without fertilizer and is attributed to heterogeneity in
soil fertility [10, 30]. In this study, the average farmer fresh
cassava tuber yield at maturity groups of 12, 24, and 36 MAP
obtained was 6.01, 19.68, and 23.95 tha™". Yields at 24 and 36
MAP are within the range of those obtained in Uganda and
Kenya of 15-40¢ ha™' by Ntawuruhunga et al. [62] and
Fermont et al. [33] from on-farm breeding trials. The tuber
yields at 12 MAP were skewed towards the lower bounds of
617t ha™" reported by Fermont et al. [4] in farmer fields in
Kenya and Uganda without fertilizer. Several other on-farm
studies showed higher yields at 12 MAPS than in this study
which includes 6-10¢ ha™ [63] and 10.6¢ ha™ in Kenya,
12.0tha™" in Uganda [64], 8.6 tha™' [33] and 13-14tha™" in
DR Congo [10], and 7-17t ha™' in DR Congo [30].

International Journal of Agronomy

Munyahali [11] obtained 20-25¢ ha™" of tuber yield under
field trials, which is higher than those in this study at 12 and
24 MAPS but consistent with 36 MAPS. According to Cock
et al. [59], potential fresh root yields of 75-90¢ ha™' are
attainable for the late branching genotype that possesses
large leaves with a long leaf life. Similarly, El-Sharkawy [65]
observed that yields of between 25 and 30t ha™' of dry
matter are attainable under experimental conditions in
Colombia and India. These reported cassava yields in the
literature were acquired at 12 MAPS which is higher or
comparable to the yields obtained at 24 or 36 MAPS in the
study. Thus, there is great potential to obtain yields of even
more than 20 ¢ ha™' at 12 MAPS in the study area if fertilizer
regimes can be adopted. Furthermore, this could be at-
tributed to the unimodal rainfall pattern experienced in
Zambia in which cassava undergoes a physiological rest
mainly in the dry seasons and cold seasons associated with
stagnant growth (Figure 1). This could imply water man-
agement in the form of irrigation could increase cassava
productivity.

3.4. Factors Affecting Tuber Yield within Each Cassava Ma-
turity Group. Table 5 presents soil, plant, and management
practices which explained the differences between low and
high yields based on the median within each maturity
group.

The low- and high-yielding farmers ranged from 2.7-5.6
and 5.7-12t ha™' at 12 MAP. At 24 MAPS, the low- and
high-yield categories were 9-20 and 20-34t ha™' respec-
tively. The low- and high-yield categories were 7-23 and
24-35tha™, respectively, at 36 MAPS. At 12 MAP, weeding
frequency (P <0.01) was the parameter explaining yield
differences between high- and low-yielding farmers.
Meanwhile, at 24 and 36 MAP, exchangeable K (P <0.03),
LAI (P<0.01), and SOC (P<0.01) significantly distin-
guished yield differences between high- and low-yielding
farms.

Weeding was a significant (P<0.05) parameter
explaining the yield differences between low- and high-
yielding farms for cassava 12 MAP (Table 5). The ex-
changeable K, SOC, and LAI were the significant (P < 0.05)
parameters explaining the yield differences between low-
and high-yielding farms for cassava at 24 and 36 MAP
maturity stages (Table 5). This could be attributed to the
higher intercepted radiation enhanced by the quick estab-
lishment of LAI due to the higher exchangeable K levels
[52, 66, 67]. The higher uptake of exchangeable K has been
observed to have synergist effects in cassava which brings
about increased uptake of other nutrients such as ex-
changeable Mg and Ca [52, 67] which optimizes growth and
increases yields.

3.5. Determinants of Tuber Yield at Each Cassava Maturity
Group. A stepwise regression for the datasets revealed
weeding frequency (r=0.34, P<0.000), LAI (r=0.33,
P <0.000), soil organic carbon (SOC) (r=0.17, P <0.000),
and exchangeable magnesium (r=0.08, P < 0.000) arranged
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TaBLE 5: Comparison of yields under current soil, plant, and management practices within each cassava maturity group.
12 24 36
Variable Months after planting (MAP)
5.7-12 2.7-5.6 P value 20-34 9-20 P value 24-35 9-20 P value
tha™' tha™' t ha™
K (cmolc kg_l) 0.52 0.48 ns 0.52 0.38 * 0.52 0.46 *
SOC (%) 0.94 1.02 ns 1.23 0.92 * 1.32 1.44 *
LAI 1.29 1.33 ns 213 1.37 * 2.21 2.0 *
WEF 1.45 1.10 * 2.76 2.58 ns 2.83 2.48 ns
WEF = weeding frequency, SOC = soil organic carbon, asterisks denote significance within the age group at P = 0.05, and ns denotes not difference within the
age group.
TaBLE 6: Determining factors and their correlation with cassava yield at various maturity stages.
Cassava age (months
. ge ( ) All datasets (n=120)
Variable 12 (n=40) 24 (n=40) 36 (n=40)
t/ha rs P value t ha™ rs P value tha™ rs P value tha™ rs P value
K 0.435 0.19 0.000 0.268 0.37 0.023 0.406 0.28 0.003
Mg 0.525 0.2 0.000 0.326 0.38 0.016 0.188 0.08 0.018
LAI 0.262 0.19 0.017 0.313 0.33 0.000
SOC 0.255 0.11 0.028 0.245 0.17 0.004
WEF 0.425 0.34 0.000

Variables were scaled beforehand to enable comparison, and significant differences are indicated as P <0.05; rs = correlation coefficient; WF = weeding

frequency, SOC = soil organic carbon.

in order of importance as the main factors explaining the
variability observed in cassava yields (Table 6). For every
unit increment in exchangeable K (cmol (+)/kg soil), the
cassava yield increased by 435kg ha™' at 12 MAP. At 12
MAPS, exchangeable K was the main factor explaining 19%
of the tuber yield variability (P <0.049) (Table 6). At 24
MAP, for every unit increment in K, Mg, and LAI, cassava
yield increased by 268, 525, and 262kg ha™', respectively.
The main factors explaining yield variability at 24 MAP,
arranged in order of importance, were exchangeable Mg
(r=0.20, P <0.00), exchangeable K (r=0.37, P <0.05), and
LAI (r=0.19, P<0.05) (Table 6). At 36 MAPS, for every
unit increment in SOC, exchangeable K, and Mg, cassava
yield increased by 255, 406, and 326 kg ha™', respectively.
Therefore, exchangeable Mg (r=0.38, P <0.00), K (r=0.28,
P <0.01),and SOC (r=0.15, P <0.01) at 36 MAPS arranged
in order of importance were the main factors explaining
variability in cassava yields (Table 6). For every unit in-
crement in Mg, LAI, SOC, and weeding frequency on all
datasets, cassava yield increased by 188, 313, 245, and
425kg ha™', respectively. Weeding frequency, LAI, SOC,
and exchangeable Mg arranged in order of importance
were the main factors explaining cassava yield variability
for the whole area.

The various variables accounted for 18.9, 62.8, and 64.5%
of the variation in observed tuber yields for cassava maturity
stages of 12, 24, and 36 MAP, respectively. For all datasets,
the variables exchangeable Mg, LAI, SOC, and weeding
frequency explained 57.4% of the variation in the observed
cassava tuber yields.

Exchangeable potassium was the common determinant
of tuber yield in cassava at 12, 24, and 36 MAP (Table 6).
Exchangeable K has several functions in plant growth;

among them is the quick reestablishment of the leaf area of
the crop, which consequently improves yield [52, 66, 67].
This is confirmed by a significant positive correlation
(r=0.56, P<0.001) between K and LAI, which was also
positively correlated (r=0.81, P <0.001) with intercepted
photosynthetic radiation in this study. Additionally, ex-
changeable Mg, LAI, and SOC were limiting factors to tuber
yield in cassava at maturity stages of 24 and 36 MAP and
across the whole area.

Exchangeable Mg being limiting in tuber yield could
indicate the need to include it in fertilization regimes.
Several authors have observed exchangeable K to influ-
ence the mineral nutrition of Ca and Mg [52, 66, 67].
Kintché et al. [10] found imbalanced K versus ex-
changeable Ca and Mg to be the limiting factor in most
cases in the DR Congo. This nutrient imbalance is sup-
ported by many authors who have found cassava to take
up more potassium from the soil than Ca and Mg [3, 50].
In a cassava soil suitability assessment in Nigeria, total
nitrogen, exchangeable cations, and phosphorus were
found to be deficient and limited tuber formation [55].
Apart from exchangeable K and Mg, Munyahali [11]
further found soil reaction (pH) to be one of the factors
explaining the variability observed in cassava yields in DR
Congo. This finding corresponds to the results in this
study in which exchangeable Mg was one of the factors
explaining the variability in cassava tuber yield at 24 MAP
and 36 MAP and across the whole area. In this study, SOC
was lower (Table 4) and the limiting factor in cassava at 36
MAPS and the entire area. Soil organic carbon being the
major source of available nitrogen could explain why
nitrogen is moderately suitable for cassava production in
the study area. The moderate suitability of nitrogen
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(Table 4) seems to further limit LAI and intercepted ra-
diation with consequent low tuber yields.

Weeding frequency was the most significant (P <0.001)
contributing factor in explaining 34% of the observed var-
iability in tuber yield across the area (Table 6). Furthermore,
weeding frequency was the significant (P <0.05) main
variable explaining the differences between high- and low-
yielding farmers in cassava at 12 MAP (Table 5). As in the
present study, several other studies have recognized poor
weed management as an important constraint to cassava
production [11, 33, 36, 68]. Majority of farmers in this study
weeded twice during the entire cassava cycle which is rec-
ommended to increase cassava productivity when carried
out at the right time [10].

Despite the slash and burn method being productive for
three cassava growth cycles of up to 9 years (Table 1), this
practice is not sustainable in the long run due to soil nutrient
depletion and causes farmers’ shift to other places [17].
Similarly, Howeler [49] found exchangeable K to decrease to
0.07 cmol (+)/kg below the critical level of 0.15 cmol (4, kg™
in the seventh year of continuous cassava cultivation
without K fertilizer application at CIAT-Quilichao in
Colombia. In India, Kabeerathumma et al. [69] observed a
yield decrease from 22 t/ha in the first year to about 6 tha™"
in the tenth year without K fertilizer application. These
results from this study are consistent with those from Den
Doop [70] who reported a decrease in cassava yields after
three consecutive plantings without applied K (15¢ ha™" in
the first year to 4t ha™' in the third year). The intercropping
of legumes in cassava systems may help to suppress weed
pressure and complement the little fertilizer applied in
cassava production systems. Moreover, the use of balanced K
fertilizers in cassava systems can impede nutrient mining
while sustaining cassava production without land
degradation.

4. Conclusions

Cassava is intercropped with maize, beans, and cowpea to
suppress weeds and reduce labour, ultimately achieving food
security. Shifting cultivation can only support cassava pro-
duction for up to 8-9 years in which the field is abandoned due
to substantial cassava yield decline every year of cultivation. Soil
nutrients of K, Ca, and P were adequate for cassava production.
The low yields in this study could be explained by the low to
moderate levels of soil organic carbon (SOC) which concede to
moderate suitability of N for optimal cassava production.
Under slash and burn, there is limited SOC and, thus, lowering
N which limits LAI expansion resulting in reduced intercepted
radiation and yields. Average fresh cassava root yields ranged
from 3.51-8.51, 13.52-25.84, and 16.92-30.98t ha™* at 12, 24,
and 36 MAP, respectively. Soil organic carbon, LAIL ex-
changeable K, and Mg explained yield differences at 24 and 36
MAP while weeding was important at 12 MAP. Despite being
above the soil critical limit, exchangeable K was the common
limiting factor affecting all cassava maturity groups. This could
be due to the moderate availability of exchangeable Mg and low
N which limits the efficient use of K in plant functions, thus
causing low yields. The results suggest that legume species,
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tertilizer, pesticide, and fungicide integration in cassava pro-
duction systems should be promoted with the immediate
benefits of improved food security and increased income and,
in the long run, improving soil fertility. Such technologies
could ensure sustainable land use without causing further
deforestation and increased cassava production, thus im-
proving the people’s livelihood.
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