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Abstract

Cassava is an important staple crop for the rural population but also more and more used as a cash and
industrial crop, contributing to economic development of sub-Saharan Africa (SSA). Therefore,
sustainable intensification of cassava has become necessary, but the crop’s yield potential is unknown.
This study aimed to understand the yield potential of cassava and the dynamics of nutrient limitations
in relation to water availability, to obtain better insight and a theoretical understanding of how the crop
responds to nutrient availability and application of fertilizers in different agro-ecologies. Field
experiments were conducted in different agro-ecologies: in Cross River (Tropical Rainforest), Edo
(Forest Transition Savanna) and Benue (Guinea Savanna) in 2016 and 2017. Treatments included NPK
fertilizers in four application rates, N, P and K omission plots and plots combining the highest rates of
Nand P (300 kg N ha™', 100 kg P ha') with respectively 60, 120, 180, 240 and 300 kg K ha™', and highest
rate of N, P and K combined with secondary and micronutrients. Fresh and dry biomass and nutrient
contents of leaves, stems and storage roots were recorded at 4 and 8 months after planting and at final
harvest. At set times, light interception and detailed plant characteristics were measured, including
canopy dimensions, number of leaves and leaf scars. The measured values were used to calculate other
variables, including leaf angle distribution, light extinction coefficient, leaf area index (LA/) and
radiation use efficiency (RUE). The LINTUL-Cassava model was recalibrated and tested for accuracy
of water limited yield predictions. Further, model components were added that allowed us to compute
N, P and K limited growth.

Foremost, we evaluated the cassava yield potential and nutrient use efficiency when supplied with
various N, P and K rates and at high N and P rates with increasing rates of K. Measured storage root dry
matter (DM) yields ranged between 11 and 35 t DM ha™'. The largest yields were obtained at the largest
rates of K with a mean agronomic efficiency of 60, 162 and 51 kg DM of storage roots per kg of N, P
and K applied. Increasing the supply of K improved yields and therefore also the agronomic efficiency
of N and P. Storage root yield responses to applied N, P and K fertilizers (2 — 18,3 — 16 and 3 — 22 t
DM ha™, respectively) varied across the agro-ecologies, reflecting variability in potential yields and
applied NPK ratios. Addition of secondary and micronutrients did not affect cassava storage root yield.
We found that the caloric energy yield of cassava per kg of N applied is 2.7 times larger than the value
reported for maize. For the nutrient uptake dynamics in cassava, on average, 67, 61 and 52 % of total
N, P and K uptake were already taken up at four months after planting (MAP), respectively. The
maximum uptake rates for N, P and K were 0.21, 0.03 and 0.12 g m™ d”' respectively at about four MAP.
Nutrient dilution curves for N, P and K at different application rates were quantified for the first time in
cassava, with obtained nutrient dilution coefficients higher than most other reported crops. Under
optimum conditions, nutrient dilution curves of the concentrations of N, P and K in the crop were
determined using a power function model with Nc = 82DM *®!, Pc = 7.4DM %3* and Kc = 43DM ",
when total biomass was between 5 and 57 t DM ha’'. Our study provides insights in the dynamics of
nutrient uptake and uptake rates, N, P and K dilution curves and nutrition indices for cassava under West
African conditions.

The average measured fraction of light intercepted during the season was 80 %, with a light extinction
coefficient of 0.67 and an RUE of 2.8 g DM MJ " intercepted photosynthetically active radiation. After
calibration with data from the 2016 experiment in Edo only, the LINTUL-Cassava model described the
crop growth and observed patterns of LA/ well, also for the other experiments in Cross River and Edo.
The 2016 season in Benue was not well described, likely due to rooting depth limitations early in the
season. Simulated storage root yield at 4 MAP (vegetative period), 8 MAP (mid-season) and at harvest
were strongly correlated to observed storage root yields (R? of 0.92), with a RMSE of 4.93 t DM ha™.
We ascertained that RUE of cassava was much higher than previously observed in Africa, resulting in
an average storage root yield of 39 + 7 t DM ha for a 14-month growing season (in Edo 2016)
Consequently, potential yields are higher and yield gaps larger than expected or previously reported.



We conclude that the LINTUL-Cassava model can provide an adequate estimate of storage root yield
across major cassava growing agroecological zones in Nigeria under rainfed conditions. Finally, we
integrated all the acquired knowledge to develop and test a dynamic model for cassava (LINTUL-
Cassava-NPK) that simulates N, P and K limited growth. The model captured the uptake patterns of N,
P and K well in both the calibration and the test dataset. The prediction accuracy of N, P and K uptake
for the test dataset was also high, with small root mean squared error of prediction (RMSEP) of 5.5 g N
m? 0.8 gPm? 4.0 g K m? respectively. The model predicted storage root yields accurately (RMSEP
of 355.2 g DM roots m™) with a satisfactory repeatability and limited bias, evidenced by satisfactory
linear relationships between simulated and observed values (R* of 0.7 — 0.8) with slope values close to
1 and only a small offset. The model provided insight in the need to balance especially N and K for
cassava. To our knowledge, this is the first tested crop growth model for a field crop that simulates
uptake and growth limitations of the three major macro-nutrients N, P and K. Although promising, the
model concepts require further testing, especially under a range of water- and nutrient-limited
conditions.

Keywords: Root crops; potential yield; nitrogen; potassium; phosphorus; secondary nutrients;
micronutrients; light interception, radiation use efficiency, dry matter partitioning, crop growth models;
relative biomass; Relative biomass; nutrient uptake rate; cassava plant parts; dilution coefficients;
nutrient dynamics; critical nutrient concentration; nutrient uptake; nutrient demand; nutrient stress.

VI



Contents

Chapter 1. General INTtrodUCTION .......c.eiiviiiiicee ettt et e sb e e te e e be e sbeesaaeennes 1

Chapter 2. Towards closing cassava yield gap in West Africa: Agronomic efficiency and

storage root yield responses to NPK fertiliZers ... oiieecciee e 11
Chapter 3. Evaluating cassava yield potential using the LINTUL-Cassava model...........cccceevuveeeennnes 31
Chapter 4. Dynamics of nutrient uptake, dilution and nutrition indices for cassava .........c.cccuu...... 53
Chapter 5. LINTUL-Cassava-NPK: a simulation model for nutrient-limited cassava growth............. 79
Chapter 6. GeNeral diSCUSSION ......cuiiiirieieriterie ettt sbe et e st sbe et e saeeeesaeenseeasensees 105
REFEIENCES ...ttt et e e sttt s e e e e n e re e n e e n e ne 117
SUMIMIAIY etttieiiiiee ettt e ee e e e e te e e e atee e e aaeeeeasseeesassaeesansaeeaanseeeaanseeeaassseseassseeasseeeennseeeennsseeennseeesnsnnenn 129
L] 041 012 L4 11 o Y= OO PT TP PPPPPRN 131
ACKNOWIEAZEMENTS. ...eiciiiciiecieeeteectee e sttt et et e e b e e s ae e s aee e beesaseessbeebeeenteessseesseesteaensens 133
PE&RC Training and EAUCAtion State@mMeNt........ccevieriiriereiieneereete ettt 135
ADOUL ThE QUENOT ... et 137

VII






Chapter 1. General introduction



Chapter 1




General introduction

1.1. Background

Food demand is predicted to increase substantially in sub Saharan Africa (SSA) where more than half
of'the anticipated growth between now and 2050 is expected to occur, with most of the projected increase
concentrated in Nigeria (UNDESA, 2017). The current world population of 7.8 billion is expected to
reach 8.5 billion by 2030, 9.7 billion in 2050 and 11.2 billion in 2100 (Worldometers, 2020). In SSA,
children under age 15 account for 41% of the population, while young persons of age 15 to 24 account
for a further 19 % (UNDESA, 2017). With such young growing population and over 54 percent of the
working force based on the agricultural sector for livelihoods, income and employment (FAO-DG,
2018), the need to increase crop productivity for food, industrial uses and other purposes that will
improve the living standard becomes paramount. However, only a small proportion of the required
increase in food production can come from expansion of the area cultivated (Koning et al., 2008; Hall
and Richards, 2013; Barnosky et al., 2016). There is increased awareness of the impacts of CO, release
and decrease in biodiversity, resulting from the conversion of grassland or forest to arable lands (Haberl,
2015). Moreover, it is expected that there will be losses of good quality agricultural lands for urban
development and other non-agricultural uses. In addition, the likelihood of expanding irrigated
agriculture in Africa is limited (Viala, 2008; Strzepek and Boehlert, 2010). Therefore, 90 % of the
increase in crop production will have to be from improved crop varieties and management (Hall and
Richards, 2013; Ray et al., 2013).

The ultimate challenge becomes to provide the growing population in SSA with a sustainable, secure
supply of safe, nutritious, and affordable high-quality food; using less land, with lower inputs, in the
context of global climate and environmental changes. Sustainable agricultural intensification especially
in SSA, resulting in increased yields per unit of land has been identified as the most promising approach
towards food security (Godfray et al., 2010; Tscharntke et al., 2012). The food scarcity of 2008 may be
a warning of what is to come. Staple food prices increased rapidly and caused unrest in 36 countries
(BBC-News, 2008; Mittal, 2009). Therefore, food self-sufficiency has become a necessity. Cassava
(Manihot esculenta Crantz) is a major staple food in SSA and has been vital to food security in
despite the low productivity in the area (Howeler et al., 2013; Senkoro et al., 2018). There is a large
potential to sustainably increase the crop’s productivity. Subsequently, increasing food availability and
provision of other by-products for industrial uses.

1.2. Cassava: a crop of hope for meeting the food needs of sub Saharan Africa

Cassava is extensively cultivated for its edible storage roots which is rich in starch and has high energy
content of about 16.5 MJ kg”' DM (Montagnac et al., 2009). It is more resilient to adverse conditions
and climate change than other crops, like grains (Rosenthal and Ort, 2012; De Souza et al., 2017) or
other cereals, and seems a better option for various reasons. It has the ability to survive on poor soils,
with a high yield per hectare. The flexibility of planting and harvesting times makes it a farmer’s friendly
crop, reduces cost and price risks (Fresco, 1986). Cassava could provide SSA with options for
food security in the face of increasing population, dwindling resources, and changing climate.
The global area cropped with cassava has expanded considerably over the past decades (Howeler,
2017; Shackelford et al., 2018), with over 26 million hectares of land cultivated in 2017, of which
approximately 78 % was in Africa (FAOSTAT, 2020a). Nigeria is the largest cassava-producing
country in the world with about 60 Mt of fresh cassava roots produced yearly from 2015 to 2018
(FAOSTAT, 2020a). Therefore, an in-depth study of the crop is essential to understand it’s growth and
yield potentials in the region, so as to explore ways of maximizing its benefits for food security and
economic growth.
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1.3. Cassava physiology

Cassava is propagated from the stems. Emergence of new sprouts from the stem cuttings begins at 5 —
15 days after planting (DAP) and is fully achieved at 30 DAP. Until 30 DAP, shoot and root growth
depends on the reserves of the stem cutting. The first adventitious roots are replaced by fibrous roots
(Cock et al., 1979; Alves, 2002). These new roots take up water and nutrients, only a few of them
(between 3 and 14) become storage roots, which can be distinguished from the fibrous roots from 60 to
90 DAP (Alves, 2002). Cassava shows simultaneous shoot and storage root development in which photo
assimilates are partitioned between shoots and storage root growth (Fukai et al., 1984; Alves, 2002).
However, photo assimilates are preferentially partitioned to shoot until c. 6 months after planting (Fig.
1.1). Maximum growth rates of stems and leaves are achieved within 90-180 DAP, which is the most
active vegetative growth stage for cassava. In the absence of Western Africa (WA) seasonal dry period,
cassava leaf area index (LAI) attains its peaks at c¢. 120 to 150 DAP, when senescence of lower leaves
begins to counteract further leaf production at the top of the canopy. LAI typically begins to decline at
270 DAP when senescence outpaces new leaf production (El-Sharkawy et al., 1990; El-Sharkawy and
De Tafur, 2010). The fastest rates of dry matter (DM) accumulation in storage roots occur between 180—
300 DAP. At 300-360 DAP, (referred to as the dormancy period or end of a growth cycle), the leaf
production decreases while starch accumulation in storage roots continues (Alves, 2002). The plant
completes its 12-month cycle, and this could be followed by a new cycle (Fig. 1.1). To obtain high
storage root yields, the crop should reach a leaf area index of 3-3.5 as quickly as possible and
maintain that LAI for as long as possible (El-Sharkawy, 2003). Leaf life varies between 60-80 days
during the first four months of growth and increases to about 120 days at later plant stage (El-Sharkawy,
2003). However, patterns of dry matter partitioning among the plant’s organs are affected by growth
conditions and could show different trends, particularly with changes in soil nutrient level, water regime,
solar radiation, length of the day (photoperiod), and temperature.

New period
begins, vegetative
growth, dry matter
translocation, and
dormancy

~ o\ (dormamcy /el
DM accumulation
continues

300-360 DAP
vegetative growth
decreases (dormancy

-end of the 12 month
growth cycle)

/
'l Emergence
\ 15 -30 DAP

_____

Highest rate of
DM
accumulation
in storage roots

180 -300 DAP

Storage roots
formation

60-90 DAP

Most active
vegetative

growth stage
90 -180 DAP

Fig. 1.1. Cassava growth cycle begins with emergence at 15 — 30 DAP and matures 300 - 360 DAP,
depending on variety, environment and climatic conditions.
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1.4. Attaining cassava yield potential

Cassava, though grown mostly as a subsistence crop by smallholder farmers is becoming increasingly
important as a commercial crop and now cultivated on large scale in order to meet the growing demand.
Average fresh storage root yield of cassava varies between 1.1 and 32.1 t ha™! with a global average
yield of 11.3 t ha™ fresh roots among 104 cassava growing countries. Current average root yield in
smallholder farmers’ fields in SSA is estimated at only 7.2 t ha™ fresh roots (FAOSTAT, 2020b).
Yields in research trials varied from 8.6 to 55.5 tons ha™ of fresh root yield (Fermont et al., 2009; Eke-
Okoro and Njoku, 2012; Howeler, 2017). These values are far below the potential yield of 80100t ha™!
(Cock et al., 1979; El-Sharkawy et al., 1990; Byju and Suja, 2020), when growth conditions and
management are optimal. Hence, it is possible to further increase cassava yields through improved
fertilizer management.

Improving crop yield with fertilizers must be considered alongside nutrient use efficiency (NUE)
(Janssen, 2011; Norton, 2014), for sustainable crop production. NUE is an important concept for
evaluating crop production systems and depends on fertilizer management (Norton, 2014; Fixen et al.,
2015). However, if the pursuit of improved NUE impairs current or future productivity, the need for
cropping fragile or preserved lands will likely increase. At the same time, as nutrient rates increase
towards an optimum, productivity continues to increase but at a decreasing rate, and NUE typically
declines (Barbieri et al., 2008). Though, the extent of the decline will be determined by factors including
soil and climatic conditions. Improvements in agronomic practices including balanced fertilizer (N, P
and K) application can markedly improve NUE and, when implemented concurrently with increased
nutrient rates, can result in simultaneous increase of both crop yields and NUE (de Wit, 1968; Fixen et
al., 2015). Yield response, nutrient uptake, agronomic efficiency, internal utilization efficiency, apparent
recovery efficiency and nutrient harvest index are used in agronomic research to assess the efficiency
of fertilizer application and such studies should be included in cassava production for better
understanding of the system.

1.5. Cassava crop characteristics for potential yield

The physiological and phenological traits of a crop determines its potential yield. These traits are
influenced by genotype, environment and management (Byju and Suja, 2020). In cassava, some
variables related to the canopy, such as LAI, leaf retention etc, are strongly positively correlated with
storage root yield (El-Sharkawy and De Tafur, 2010). Improvement of resource use efficiency is an
important approach towards achieving the potential yield. It depends on the efficiencies with which the
crop converts intercepted light into biomass over the course of the growing season (De Souza et al.,
2017). Light interception is affected by canopy size, duration and speed of ground coverage after
planting. Values of intercepted light from improved cassava cultivars ranged between 52.3 — 64.1%,
these are below values recorded from modern cultivars of major grains and seed crops, as well as the
theoretical limit of 100 % (De Souza et al., 2017). Therefore, increasing seasonal light interception of
cassava to approach theoretical maximum could greatly improve cassava storage root yield. Further,
improving the radiation use efficiency appears to present the greatest opportunity for improving cassava
yield potential. For instance, average RUE of 1.16 g DM MJ “'TPAR (Ezui et al., 2017b) recorded from
experiments in West Africa is only 36 % of the RUE of other Cs plants such a potato (Rezig et al., 2013;
Zhou et al., 2017). Understanding the basic physiology of cassava and relations among or between
parameters and crop growth rate (CGR) will enable us to optimize crop management and improve crop
growth simulation models (Kiniry et al., 1999; De Souza et al., 2017).
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1.6. Understanding cassava nutrient dynamics

The growth rates of cassava are inextricably related to cumulative nutrient uptake (Howeler, 2002; Byju
and Suja, 2020) and they determine fertilizer requirements. Nutrients uptake occurs during the entire
growth cycle, with the maximum at about 4 MAP (Howeler, 2012). This period corresponds to
maximum DM accumulation and uptake rate of cassava (when the canopy is fully developed and
vegetative growth has reached its peak). Uptake rate of nutrients decreases after six months, though
uptake of nutrients of the plant continues throughout the growth period (Howeler and Cadavid, 1983;
Howeler, 2012). Nutrients uptake and growth rates, including the production potential of cassava are
influenced by demand from the growing crop, climatic conditions, soil water availability, soil fertility
and plant age (Alva et al., 2002). Also, nutrient concentration of plants decreases during the growth
cycle, even when nutrient supply is sufficient (Justes et al., 1994; Lemaire, 2012). The concept of
nutrient dilution and nutrition index for nitrogen (N) have been widely used as a diagnostic tool for crop
N sufficiency, but only few studies are available for other macronutrients (Zamuner et al., 2016; Gomez
et al., 2018). To our knowledge, none exists for cassava. Therefore, it becomes important to understand
the nutrient uptake of cassava as affected by fertilizer application and establish nutrient dilution curves
and nutrition indices for cassava, for improved crop management.

1.7. Modelling cassava growth and yield

In order to provide information to farmers, policy makers and other stakeholders on approaches to
sustainable agriculture, many researchers and farmers seek to estimate the yield of crops before harvest.
On this basis, crop growth simulation models are used to study the system and provide relevant
information for planning and managing crop production. Robust simulation models that describe the
processes of cassava development and nutrients uptake can help to understand changes in crop growth
in response to changes in environmental conditions and nutrient management (van Ittersum et al., 2003).
A LINTUL-type of model that simulates dry matter production as a function of the amount of light
intercepted and a constant radiation use efficiency (RUE), can be used for this purpose. LINTUL has
been developed to simulate potential and water limited crop growth of cassava (Ezui et al., 2018).
However, this model has not been tested in Nigeria where cassava is cultivated across a range of
environmental and climatic conditions. Further, nutrient limited growth has not been included in the
LINTUL model. Hence, the need to develop and test a dynamic model for cassava that simulates N, P

and K limited growth in the tropics.

1.8. Study rationale and objectives

The potential yield of cassava in SSA is not known. However, if we apply the general rule of thumb in
crop production, average daily dry matter yield is about 200 kg DM ha™', with a harvest index of 0.5, the
potential storage root yield of cassava could be about 36 tons ha™'. Disturbingly, annual average yield in
SSA has remained poor (FAOSTAT, 2020a). No research yet investigated the response of cassava to
targeted optimized dosages of NPK fertilizer, aiming at potential yields for improved cassava production
in Nigeria. Existing crop models on water limited yield (Matthews and Hunt, 1994; Gabriel et al., 2014;
Ezui et al., 2018) have not been tested for cassava in Nigeria. In fact, no crop model has yet been
developed to simulate cassava growth under nutrient limited conditions. Cassava simulation model will
help to determine potential and economical yields in different agro-ecologies for agro advisory purposes.
This study aimed to quantify cassava yield potentials and interactions with water and nutrient
availability. Also, to improve the existing LINTUL-Cassava model (Ezui et al., 2018) to better
accurately assess yield gaps under water- and nutrient limited conditions. These findings could inform
better practises for increased productivity.
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Study objectives

The general objective was to explore the yield potential of cassava and the dynamics of nutrients
limitations in relation to water availability, obtain better insight and a theoretical understanding of how
the crop responds to nutrient availability and application of fertilizers in different agro-ecologies.

Specific objectives were to:

e assess cassava yield potential and response to fertilizer application, including the nutrient use
efficiency and evaluate yield responses to varying K supply with steady N and P rates (Chapter
2);

e evaluate the temporal dynamics of light interception in cassava and radiation use efficiency
under non-water limited conditions, calibrate, evaluate and test the LINTUL-Cassava model
(Chapter 3);

e understand the biomass growth and nutrient uptake of cassava as affected by fertilizer
application and establish nutrient dilution curves and nutrition indices for cassava (Chapter 4);

e develop and test a dynamic model for cassava that simulates N, P and K limited growth (Chapter
5).

1.9. Study area and research methodology

Nigeria was the prime area of study, where all agro-ecological types of the various tropical regional
climate categories are present (Adejuwon, 2006). Including the moist evergreen Rain Forests, semi-
evergreen Rain Forests (Transition Rain Forest or Derived Savannah), Guinea Savannah, Sudan
Savannah, and Sahel Savannah. The Rain Forests and Transition Rain Forest covers about 25% of the
country, Guinea Savannah spreads across over 40% of the land area, and the semi-arid Sudan and Sahel
Savannah together constitute about 35 % of the land area. The “Transition Rain Forest” was originally
Rain Forest before it was converted, due to human activities (Adejuwon, 2006). A two-year study
was conducted on-farm in Nigeria from 2016 to 2018. The experiments were established in 6
fields in three of the agroecological zones (AEZs) (Rain Forest — Cross River, Transition Rain Forest —
Edo, and Guinea Savanna — Benue), covering the major cassava-producing regions in Nigeria (Fig. 1.2).
These agro-ecologies represent the major cassava-cropping environments of other countries of WA. The
growing season of each region begins with the onset of rains from April — May — June for Cross River
— Edo — Benue, respectively. The dry season runs from November to early April — May. Mean annual
rainfall at the field locations in the years 2008 to 2017 were 2300, 2200, and 1400 mm for Cross River,
Edo, and Benue, respectively (Ukhurebor and Abiodun, 2018). More information about the experiment
sites is shown in Table 2.1.
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Fig. 1.2. Location of study sites and average annual rainfall in southern Nigeria.

Each experiment field contained 12 treatments replicated three times. Soil samples were taken before
land preparation from 0-30 cm depth. The treatments were N, P, K and other nutrients (secondary and
micronutrients) applied in different amounts and combinations. The twelve treatments were randomly
assigned to plots within blocks, resulting in 36 plots for each experiment. TME 419, a popular cassava
cultivar in Nigeria and West Africa was grown in all experiments. Fields were well managed and
observations and data collection were carried out until harvest.

1.10. Thesis outline

Six chapters are contained in this thesis. This Chapter (1) presents the propelling issue of enhancing food
security for the growing population through increased cassava production. Also, the chapter identified
the constraints hampering cassava from full expression of its potentials and possible solutions. In Chapter
2, collected data from experiments were used to quantify cassava yield potentials and responses to N, P
and especially K in different agro-ecologies and implications for the environment, through analysis of
NUE. Obtained crop parameters calculated from the observed data were used in Chapter 3 to calibrate
and evaluate the performance of the LINTUL-Cassava model. Chapter 4 provides insight in the
dynamics of nutrients uptake, uptake rates, N, P and K dilution curves and nutrition indices for cassava.
In chapter 5, the obtained information from the previous Chapters 3 and 4 were used to develop and test
a dynamic crop growth model for cassava that simulates N, P and K limited growth. Chapter 6 discuses
findings from chapter 2 to 5 and integrates them to solving identified issues of feeding the growing
population and enhancing socioeconomic development.



General introduction







Chapter 2. Towards closing cassava yield gap in West
Africa: Agronomic efficiency and storage root yield
responses to NPK fertilizers

This chapter is published as:

Adiele, J.G, Schut, A.G.T., van den Beuken, R.P.M., Ezui, K.S., Pypers, P., Ano, A.O., Egesi, C.E.,
Giller KE., 2020. Towards closing cassava yield gap in West Africa: Agronomic efficiency and
storage root yield responses to NPK fertilizers. Field Crops Res. Published online
https://doi.org/10.1016/j.fcr.2020.107820.




Chapter 2

Abstract

Nutrient management of cassava has received little attention compared with cereal crops. We evaluated
cassava yield potential and nutrient use efficiency when supplied with nitrogen, phosphorus and
potassium at high rates and when supplied with increasing rates of K. On-farm experiments were
conducted at six locations in Nigeria across the major cassava growing agro-ecologies of Western Africa
(Tropical Rainforest — Cross River, Forest Transition Savanna — Edo, and Guinea Savanna — Benue)
during two seasons (2016-2017 and 2017-2018). Nitrogen, P and K fertilizers were applied at various
rates, including treatments with and without added secondary and micronutrients. Storage root dry
matter (DM) yields ranged between 11 and 35 t DM ha™'. The largest yields were obtained with a mean
agronomic efficiency of 60, 162 and 51 kg DM of storage roots per kg of N, P and K applied, with
average uptakes of 364, 44 and 242 kg N, P and K ha™' respectively. Storage root yield responses to
applied N, P and K fertilizers (2 — 18, 3 — 16 and 3 — 22 t DM ha’', respectively) varied across the
locations, reflecting variability in potential yields and applied NPK ratios. Addition of a mixture of
secondary and micronutrients did not affect cassava yields. We found that the caloric energy yield of
cassava per kg of N applied is 2.7 times larger than the value reported for maize. Increasing the supply
of K gave a high agronomic efficiency of N even when supplied at high rates, supporting the theory of
“increasing returns to scale” of de Wit (1994). We conclude that cassava has a major role in future food
security of sub-Saharan Africa, with potentially larger DM yields, a better recovery of applied nutrients
and larger energy yield per kg of applied N fertilizer when compared with grains.

Keywords: Root crops; potential yield; nitrogen; potassium; phosphorus; secondary nutrients;
micronutrients.
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Towards closing cassava yield gap in West Africa: Agronomic efficiency and storage root yield responses to NPK fertilizers

2.1. Introduction

Cassava (Manihot esculenta Crantz) is a major staple food in sub-Saharan Africa (SSA), providing an
important source of calories and options for food security for the increasing population (De Souza et al.,
2017). Cassava roots can be harvested throughout the year, which ensures a continuous food supply for
smallholder farmers and raw materials for related processing industries (Rahman and Awerije, 2016).
Cassava is currently cultivated in 40 of the 53 countries in SSA, which account for half of the total world
production of cassava (FAOSTAT, 2019). Cultivation has expanded because cassava can grow in
relatively marginal soils and under erratic rainfall conditions (Howeler, 2017), important characteristics
especially for future more variable climates. Although cassava plays a major role in SSA, the current
average root yield in smallholder farmers’ fields is estimated at only 2.5 t DM ha™!, equivalent to 7.2 t
ha™! fresh roots (De Souza et al., 2017). This is only one third of average yields obtained in Asia
(Howeler, 2017).

Results from on-station and on-farm researcher-managed trials in the region have shown that cassava
yield can be improved substantially with improved crop establishment, genotype and management. Root
yields up to 19 t DM ha™' (equivalent to 54 t ha™' of fresh roots) were recorded in on-farm trials with
fertilizer application in Southern Togo within 10 to 11 months after planting (Ezui, 2017). Fresh root
yields of 40 t ha™' were attained with improved varieties in on-station trials in Nigeria (Eke-Okoro and
Njoku, 2012). Fermont et al. (2007) reported fresh root yields ranging from 14 to 59 t ha in Uganda
and western Kenya in on-farm breeding trials. The ideal plant type simulated by Cock et al. (1979)
suggested that potential cassava yields could be as large as 90t ha™' of fresh roots (32 t DM ha')in a 12-
month growing period. Indeed, with improved cultivars under optimal growing conditions cassava
yields as high as 90 t ha™! of fresh roots (equivalent to 27 - 32 t DM ha™') have been observed within 10
months in Cauca, Colombia (El-Sharkawy et al., 1990; El-Sharkawy, 2007). Fukai and Hammer (1987)
obtained cassava yield of 23 t DM ha™ at 12 months in northern Australia. Thus, cassava has a very high
yield potential when growth conditions and management are optimal.

Nigeria is the largest cassava-producing country in the world with about 60 Mt of fresh cassava roots
produced in 2017 (FAOSTAT, 2019). Increases in production over the years have been achieved largely
by expansion of the area cropped with cassava and improved varieties. Average fresh root yield of
cassava farmers from 1965 to 2017 ranged from 7 — 12 t ha™, much below its potential productivity.
Cassava yields could be increased in a sustainable manner through improved crop management and
fertilizer application, thereby reducing the need for a further expansion of cropland.

Crop yield is a key measure of the response of any cropping system to changed management practices,
but this response must be considered alongside nutrient use efficiency (NUE) (Janssen, 2011; Norton,
2014). Nutrient use efficiency is an important concept for evaluating crop production systems and can
be greatly impacted by fertilizer management as well as soil- and plant-water relationships (Norton,
2014; Fixen et al., 2015). Only few studies have focused on increasing cassava yield and NUE in tropical
rain-fed agricultural systems (Ezui et al., 2016; Ezui et al., 2017a; Senkoro et al., 2018). Improvements
in agronomic practices combined with balanced fertilizer (N, P and K) application can markedly
improve NUE and, when implemented concurrently with increased nutrient rates, can result in
simultaneous increase of both crop yields and NUE (de Wit, 1968; Fixen et al., 2015). This means that
if uptake of a particular nutrient increases then uptake of other nutrients (if available) will increase too.
At incremental rates of fertilizer in which all nutrients are present in proper proportions, in theory, each
additional kg of the fertilizer will initially give a greater production increase than the preceding kg up
to a certain optimum, followed by a decrease. Furthermore, if other essential production factors
(including genetics) are improved, this optimum will be achieved at high nutrient availability (de Wit,
1994; Nijland and Schouls, 1997), a concept known as “Increasing returns to scale” (de Wit, 1994).

Strategic research should search for the minimum of each production resource that is required to allow
maximum utilization of all other resources (de Wit, 1992). In this work, we aimed to quantify the yield
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potential and nutrient use efficiency of cassava in the major cassava growing agro-ecologies of Nigeria.
We studied especially the effect of K application on storage root yield as K is an essential nutrient for
plant physiological processes, it improves crop yield and quality and enhances stress tolerance (Krauss,
2004; Guo et al., 2019). Also, K is absorbed in large amounts by cassava and removed from the field
through harvest of the storage roots (Howeler and Cadavid, 1983). Our objectives were to: (1) assess
cassava yield potential and response to fertilizer application; (2) evaluate yield responses to varying K
supply with steady N and P rates; (3) test the need for secondary and micro-nutrients; and (4) evaluate
nutrient uptake, agronomic efficiency, internal utilization efficiency, apparent recovery efficiency and
nutrient harvest index of N, P and K of cassava.

2.2. Materials and methods

2.2.1. The study area

A two-year study was conducted on-farm in southern Nigeria from 2016 to 2018. Each year, experiments
were established in new fields in three agroecological zones (AEZs) (Rain Forest — Cross River,
Transition Rain Forest — Edo, and Guinea Savanna — Benue), covering the major cassava-producing
regions in Nigeria. These agro-ecologies also encompass the major cassava-cropping environments of
other countries of SSA. The growing season of each region begins with the onset of rains from April —
May — June for Cross River — Edo — Benue, respectively. The dry season with intermittent or no rainfall
runs from November to early April — May. Mean annual rainfall at the field locations in the years 2008
to 2017 were 2300, 2200, and 1400 mm for Cross River, Edo, and Benue, respectively (NIMET, 2012;
Ukhurebor and Abiodun, 2018). Weather data were obtained from the closest station of the Nigerian
Meteorological Agency (NIMET). Detailed characteristics of the experimental fields are shown in
Tables 2.1.

Table 2.1. Characteristics of experimental sites with planting and harvest dates, and the amount of
rainfall (mm) from planting to harvest.

Year 2016 2017
Location Ekpoma (Edo)  Ogoja Otukpo Ekpoma (Edo)  Ikom (Cross Otukpo
(Cross (Benue) River) (Benue)
River)
Geographic 7.05°N 6.76°N 7.27°N 6.80°N 5.96°N 7.27°N
coordinates 6.13°E 8.69°E 8.18°E 6.23°E 8.77°E 8.19°E
Elevation 214 47 135 215 105 139
(masl)
Planting date May 24, 2016 Jun 16, Aug 16, May 12, 2017 Jun 3, 2017 Jun 15,
2016 2016 2017
Harvest date Aug 4, 2017 Aug 25, Oct 6, 2017 May 21, 2018 May 3, 2018 Jun 15,
2017 2018
Crop duration 14 14 13.5 12 11 12
(MAP)
Agro Transition Rainforest ~ Guinea Transition Rainforest Guinea
ecological rainforest savanna rainforest savanna
zone savanna savanna
Rainfall 3157 3067 1747 2357 2141 1359
amount (mm)
Previous Cassava, maize Cassava Cassava, Cassava, maize Cassava, Soybean
crop(s) intercrop maize intercrop maize
intercrop intercrop
Max. rooting ~ >3.2 NA 1.6 >3.2 NA 1.4
depth (m)
Main soil type  Nitisol Acrisol Acrisol Nitisol Nitisol Acrisol

NA: rooting depth sampling was not done at the location, MAP: months after planting

14



Towards closing cassava yield gap in West Africa: Agronomic efficiency and storage root yield responses to NPK fertilizers

2.2.2. Experimental treatments and management

The experimental design for all six on-farm experiments was a randomized complete block (RCBD)
with three replicates (blocks). Plot size was 10 m by 8 m and treatments were randomized within the
blocks at each location. The blocks were placed perpendicular to the slope. Treatments were N, P, K,
and other nutrients (secondary and micronutrients) applied in different amounts and combinations
(Table 2.2). The rates applied ranged from 0 to 300 kg N ha™, 0 to 100 kg P ha™', and 0 to 300 kg K ha"
'in various combinations. One treatment received additional S, Ca, Mg, Zn, and B at the rates of 16.6,
10, 10, 5, and 2.5 kg ha™!, respectively. Treatment names are as shown in Table 2.2, where () represents
full rate of the optimized nutrient and K60, K120, K180, K240, were varied at rates of K at 60, 120, 180
and 240 kg ha™' (Table 2.2). The optimized fertilizer rates and combinations for the experimental
treatments were determined using the Quantitative Evaluation of the Fertility of Tropical Soils
(QUEFTS) model for cassava (Ezui, 2017), aiming at a yield of 90 t fresh roots ha™ (equivalent to 32 t
DM ha™'). Cassava variety TME 419 was grown in all experiments: this is a popular variety in Nigeria
and West Africa because it has high dry matter and is nutrient use efficient (De Souza and Long 2018).
Further, it has erect stems and minimal branching, which allows intercropping as well as higher planting
densities (Eke-Okoro and Njoku, 2012; Ezui et al., 2017a). Planting was done at the onset of rains each
year, except in Benue in 2016, where planting was done about 3 months after the first rains. The late
planting at Benue was due to the re-establishment of the experiment in a different field as the first
planting was badly damaged by soil erosion. Stem cuttings of 25 cm long were planted at distances of
1.0 m by 0.8 m, following the recommended planting density of 12,500 plants per hectare. Phosphorus
was applied at planting, while nitrogen and potassium were applied in three equal splits at 1, 2.5, and
3.5 months after planting (MAP) and secondary and micro-nutrients were applied at 2.5 MAP. The N,
P and K fertilizers used were urea, triple super phosphate and muriate of potash. The fields were weeded
regularly, especially before each fertilizer application and there was no observed pest or disease
outbreaks. TME 419 is considered to be resistant to pests and diseases. It has high water use efficiency
through its lower stomatal conductance, with higher photosynthetic rates than most improved cultivars
(De Souza and Long 2018).

2.2.3. Soil sampling and rooting depth

Composite soil samples were collected before land preparation from five points in a “W” pattern from
0 — 30 cm depth in each plot and bulked together. The samples were air-dried and sieved through a 2
mm mesh sieve. The pH was measured in a 2.5:1 soil suspension in water. The hydrometer method was
used to determine the particle size. Soil organic carbon was obtained by the combustion method and N
by Kjeldahl digestion. The Mehlich-3 extraction was used for Ca, Mg and K, while available P was
determined using the Olsen extraction method. All soil analyses were done at the IITA laboratory,
Ibadan, Nigeria. In order to measure cassava rooting depth, several soil pits were dug in plots (NfPfKf,
NOP{Kf, NfPOKf and NfPfKO0), in the area where intermediate harvests were carried out. Cassava roots
were clearly identified and differentiated from other roots as they were creamy-yellowish and when cut
secrete a cloudy-whitish latex. The depth at which the deepest cassava roots were found were recorded
at each location (Table 2.1).
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Table 2.2. Nutrient application rates per treatment, (f) represents full rate of the optimized nutrient
and K60, K120, K180, K240, were varied rates of K at 60, 120, 180, and 240 kg ha'l. S, Ca, Mg, Zn,
and B were applied in combination.

Treatment Nitrogen Phosphorus Potassium secondary and
micronutrients
(kgNha') (kgPha') (kg K ha'h) S-Ca-Mg-Zn-B (kg ha™)
1. Control 0 0 0 0
2. NOP{Kf 0 100 300 0
3. NfPOKf 300 0 300 0
4. NfPfKO 300 100 0 0
5. NfPfK60 300 100 60 0
6. NfPfK120 300 100 120 0
7. NfPfK180 300 100 180 0
8. NfPfK240 300 100 240 0
9. NfP{Kf 300 100 300 0
10.  NfPfKfMN 300 100 300 16-10-10-5-2.5
11.  NI150P40K180 150 40 180 0
12. N75P20K90 75 20 90 0

2.2.4. Yield assessment

At physiological maturity, a net plot of 6.4 m* containing eight consecutive plants, was harvested in
each experimental plot. Plants were separated into leaves, stems and storage roots and weights of each
harvested plant part (leaf with petiole, stem, and storage root) were recorded for each plot. Sub-samples
of about 400 g fresh weight were collected in the field using a digital field scale, and oven dried at 60°C
until constant weight, then weighed and dry matter content calculated, and fresh roots yields converted
to DM yield. Dried subsamples from leaves with petioles, stems and storage roots were analysed for
total N, P and K concentration. Total N in the tissue was analysed by Dumas combustion using a Carlo
Erba EA1108 elemental analyser. Total P and K concentrations were measured with inductively coupled
plasma (ICP) (iCAP 7400, Thermo Fisher Scientific, USA).

2.2.5. Calculations and data analysis

To estimate the nutrient use efficiency of cassava, parameters of yield response, nutrient uptake,
agronomic efficiency (AE), apparent recovery efficiency (RE) and internal utilization efficiency (IE)
were calculated using the following equations (Fixen et al., 2015; Chuan et al., 2016):

Agronomic efficiency (AE;) = @ )
app,1
A . N _ Ur-Uoi
pparent recovery efficiency (RE;) = I 2)
app.1
Internal utilization efficiency (IE;) = % 3)
L
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With i =N, P, or K: Y¢ = storage root yield for NfPfKf treatment [kg DM ha™']; ¥y, = storage root yield
with either N, P, or K omitted [kg DM ha'']; f,,, = rate of nutrient i applied [kg ha]; Uy = nutrient
uptake in below- and aboveground biomass with either N, P, or K omitted [kg ha™']; U= nutrient uptake
in below and aboveground biomass with N, P and K applied at full rate. N, P and K uptake by the crop
were calculated by multiplying each nutrient percentage with the total plant biomass dry matter. Nutrient
harvest indices (NHI) were calculated as the ratio between nutrient (N, P and K) uptake in storage roots
and N, P and K uptake in storage root plus shoot (Fageria, 2014). Energy and protein efficiencies of
cassava (the quantity of calories/energy or protein produced by a kilo of N applied), were calculated as
a product of agronomic efficiency of N and energy or protein content, which were derived from
literature, with energy and protein content of 16.54 MJ kg DM and 33.73 g N kg' DM, respectively
(Montagnac et al., 2009).

The treatment effects on DM storage root yield were analysed separately for each location and year,
using a linear mixed model with DM root yield as response variable and fertilizer treatment as
explanatory factor, while blocks were considered random effects. Interactions of yield response with
locations and year were analysed with a mixed linear regression model. Effects were analysed with a
type-1II ANOVA using Satterthwaite’s approximation method. Also, NUE (AE, RE, and IE) of applied
N, P and K fertilizers and NHI were analysed using a linear mixed model. Differences between treatment
means were considered significant when probability < 0.05. R software (R Core, 2019), version 3.5 with
the Ime4, ImerTest, and Predictmeans packages was used for statistical analysis.

2.3. Results

2.3.1. Soil nutrient status and rainfall distribution

Average soil organic matter (SOM) was 1.4, 0.9 and 1.0 % for Benue, Cross River and Edo, in 2016
respectively. Soil concentrations of available P, K, Ca and Mg were below standard critical nutrient
concentrations for crop production, indicating that the soil nutrient status of all experimental sites was
poor (Table 2.3). All sites used in 2017 were also deficient for P and K, with a mean of 2.66 £+ 0.07
(standard error) mg kg! for P, and 0.17 = 0.02 cmol kg™ for exchangeable K. Rainfall amounts received
during each cropping seasons at the experimental sites from planting to harvest were adequate for proper
establishment. Benue received the least rainfall in both years (Fig. 2.1). During both years, rainfall began
late March (Cross River), April (Edo) or mid-May (Benue) and continued until the start of the dry season
from November to March.

Table 2.3. Soil texture and chemical characteristics for samples taken at 0 — 30 cm depth before
land preparation and planting at Benue, Cross River and Edo in 2016.

Location pH SOC N C:N POlsen K Ca Mg Sand  Silt Clay
% % mgkg' cmol. cmolc cmol. % % %
kg‘1 kg'1 kg‘1
Benue 59 0.8 009 89 47 0.10 1.7 0.8 602 255 143
Cross 54 05 0.04 125 28 0.10 1.1 0.7 65.0 19.0 16.0
River
Edo 57 0.6 005 12 3.7 0.07 1.3 0.5 83.0 49 12.0
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Fig. 2.1. Cumulative daily rainfall amount (mm) during the two growing seasons across the regions. The 2016
experiments were planted on day of the year (DOY) 145, 168, and 237 and the 2017 experiments were planted on
DOY 131, 154, and 166 at Edo, Cross River (CRS), and Benue respectively.

2.3.2. Yield responses to nutrients

The crops were harvested at approximately 14 months in 2016, whereas in 2017 the experiments in
Benue and Edo were harvested at 12 MAP, and at 11 MAP at Cross River (Table 2.1), when the crops
were recovering from drought. Average yields in the control treatments (NOPOKO) for both years were
10.2, 10.3, and 7.3 t DM ha™' in Edo, Cross River, and Benue, respectively (Table 2.4). Yield responses
to N, P and K were most pronounced in Edo, then Cross River and least in Benue. Generally, yields
increased with fertilizer application rate. Yields differed greatly between the plots which received full
rates of all three nutrients (NfPfKf) and the corresponding PK, NK, and NP plots. Cassava storage root
yield in the full PK treatment plots (NOPfKf) ranged from 9 — 18 t DM ha™', with yield responses to N
from 2 — 18 t DM ha™ across the locations (Table 2.4). Yield from NK and NP (NfPOKf and NfPfK0)
plots ranged from 8 — 19 t DM ha™' with yield responses from 3 — 16 to P and 3 — 22 t DM ha™ to K
respectively. Yield response to treatments within the two years and across all locations was highly
significant (p<.001). The largest yields were obtained in the NfPfKf plot, though not significantly
different from NfPfKfMN plots, with Edo recording the largest yield of 35 and 22 t DM ha™, Cross
River 30 and 22 t DM ha™', and 26 and 11 t DM ha™' for Benue, in the 2016 and 2017 growing seasons,
respectively (Table 2.4). The N150P40K 180 treatments yielded less than with the full amount of
nutrients with average yields of 23, 20, 16 DM t ha™ and 13, 12, and 8 t DM ha™ in 2016 and 2017 for
Edo, Cross River and Benue, respectively.
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Table 2.4. Average storage root yield with standard deviation in t dry matter (DM) ha™ for different
fertilizer combinations at Benue (Guinea Savanna), Cross River (Rainforest), and Edo (Forest
Transition). The f denotes full (300 kg N and K, 100 kg P).

Benue Cross River Edo

2016 2017 2016 2017 2016 2017
Control 8.6 5.9 9.3 12.5 11.2 9.2
NOP{Kf 10.0 8.9 10.7 9.9 17.0 14.5
NfPOKf 10.0 7.6 13.1 13.8 194 11.9
NfPfKO 19.3 7.6 11.6 9.9 12.8 10.6
NfPfK60 17.3 6.9 14.3 14.1 19.7 13.0
NfPfK120 19.5 7.4 16.6 16.6 21.0 14.3
NfPfK180 19.3 7.8 19.2 12.2 24.1 16.0
NfPfK240 14.5 12.3 25.5 16.0 24.6 25.2
NPfKf 25.5 114 29.7 22.7 35.5 22.3
NfPfKfMN 27.0 10.8 28.7 21.5 34.8 27.6
N150P40K 180 16.1 7.8 19.5 12.4 22.5 12.9
N75P20K90 11.0 9.3 134 13.2 16.1 13.7

ANOVA

Treatment #%%(314)  ns #5%(2.54)  #%(2.70) #K(347)  *#%(2.85)
Location *%%(1.29)
Treatment*Year *12.4)

* Significant at P < 0.05; ns = not significant

** Significant at P <0.01

**%* Significant at P < 0.001

+ Standard errors (SE) in parentheses and relates only to comparisons between significant terms.

2.3.3. Nutrient uptake

Cassava that received fertilizer at full rate (NfPfKf) took up more nutrients across the seasons and
locations and uptake was significantly different from other treatments. Average N uptake by cassava in
both years was 416 kg ha™' (Edo), 326 kg ha™' (Cross River), and 215 kg ha™' (Benue). Average P uptake
in both years was 56 kg ha™' (Edo), 38 kg ha (Cross River), and 24 kg ha (Benue) (Fig. 2.2. ¢ and d).
Potassium uptake was on average 287, 263, and 212 kg ha!, in Edo, Cross River, and Benue,
respectively (Fig. 2.3. d). Treatment N150P40K 180 in both years had average N uptake of 250 (Edo),
196 (Cross River), 122 (Benue) kg ha™'. Phosphorus uptake was 30, 19, and 14 kg ha!, while K uptake
was 140, 159, and 132 kg ha™ in Edo, Cross River, and Benue, respectively. Uptake of K increased with
increasing rates (Fig. 2.3. b) and was higher in 2016 than 2017. A three-quadrant diagram explaining
further the relation between N and P fertilizer rate and uptake, uptake and yield, and fertilizer rate and
yield are included in Appendices 2.A and B.
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Fig. 2.2. Relationship between optimized fertilizer rate and uptake (c, d), uptake and yield (internal utilization
efficiency (a, b) of nutrients N and P. Across the three states (Edo, Cross River, and Benue) during the 2016 and
2017 growing seasons.
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Fig. 2.3. Three-quadrant diagram showing the relation between K rates and uptake in quadrant (d), uptake and
yield in quadrant (b) and fertilizer rate and yield in quadrant (a).

2.3.4. Agronomic efficiency (AE)

Agronomic efficiency of N and P was similar across the locations, but differed between the two years,
while the AE of K differed only across locations (Table 2.5). Overall, the AE of all nutrients was highest
with the full treatment (NfPfKf). Average AE of N, P and K were 49, 129 and 53 kg kg™! for the 2016
and 2017 cropping season in Edo and Cross River. Benue had the lowest AE values for all treatments in
both years (Table 2.5).
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Table 2.5. Agronomic efficiency (AE) of N, P, and K (kg kg'') when balanced and optimized N, P, K, rates
(kg ha!') were applied to cassava in 2016 and 2017. At Benue, Cross River, and Edo Nigeria.

Location Year AEN AEp AEKGO AEK120 AEK] 80 AEK240 AEK300
Benue 2016 52 155 34 1.7 -0.2 -20 21
Cross River 61 161 36 37 40 56 59
Edo 68 172 104 63 59 47 73
Average 60 162 58 34 33 28 51
Benue 2017 16 59 12 -1.7 0.7 19 25
Cross River 43 88 75 58 25 26 43
Edo 24 94 35 32 30 66 37
Average 27 80 40 30 18 37 33
ANOVA
Year Location Location*Year
AEN *(7.34) ns ns
AEp **(6.92) ns ns
AExk ns ns ns

N =300 kg ha'!, P = 100 kg ha"!

* Significant at P < 0.05; ns = not significant
** Significant at P < 0.01

+ Standard errors in parentheses

2.3.5. Internal utilization efficiency (IE)

Internal utilization efficiency (IE) of N, P and K differed greatly between locations, with Benue
recording the highest IEn and IEp (Fig 2. a, b). The largest IEx was observed in Edo. IEx was higher in
the PK plots, but consistently lower in NK and NP plots, when compared with treatments that received
the same rates of N fertilizers, across all locations and years. IEx ranged between 47 — 80, 45 — 118, and
40 — 126 kg kg™' N in Edo, Cross River and Benue, respectively. The NfPfKf treatment had an IEy of
76, 89 and 115 kg kg ' N in 2016 and 59, 78 and 59 kg kg ' N in 2017, at Edo, Cross River and Benue,
respectively. IEp ranged between 334 — 619, 370 — 791, and 400 — 1000 kg kg ™' P, in Edo, Cross River,
and Benue respectively. The NfPfKf treatment had an IEp of 599, 767 and 911 kg kg™' P in 2016 and
433, 653 and 405 kg kg ' P in 2017, in Edo, Cross River and Benue, respectively. Also, IEx was highest
in the NP plots across locations and years. It ranged between 91 — 213 (Edo), 69 — 150 (Cross River),
and 65 — 116 (Benue) kg kg ' K in both years. The IEx of NfPfKf treatment was 150 and 91, 111 and
85, and 88 and 77 kg kg ' K, in 2016 and 2017, respectively at Edo, Cross River and Benue, respectively
(Fig. 2.3. b). The mean highest IEx was obtained from Edo and was significantly different from other
locations. The slopes of Fig. 2.2 a, b and Fig. 2.3 b, reflect the IEs of N, P and K across treatments.

2.3.6. Recovery efficiency (RE)

Recoveries of N, P and K was significantly different in 2016 and 2017 and among the locations. (Table
2.6). Recovery efficiency of all nutrients was greater in 2016 at 14 MAP than in 2017 at 12 MAP. The
NfP{Kf treatment had average N, P and K recovery efficiencies of 0.73, 0.26 and 0.64 in 2016,
respectively across the locations. Recovery of N was lowest in Benue in both years (Table 2.6). RE of
P was different (p<0.05) and varied from 0.05 to 0.32 across locations. Also, RE of K differed across
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the locations and varied from 0.42 to 0.88 in 2016 and 0.24 to 0.61 in 2017 (Table. 2.6). RE of N, P and
K was larger in Edo and Cross River than in Benue. Average RE of K across the locations in both years
increased with higher rates with full rates of N and P and was least in the NfPfK60 treatment (RExkeo)
(Table 2.6).

Table 2.6. Recovery efficiency of N, P, and K when balanced and optimized N, P and K, rates (kg
ha'!) were applied to cassava in 2016 and 2017. At Benue, Cross River, and Edo Nigeria.

Location Year REN REp  REkeo REki20 REkis0 REk240 RExz00
Benue 2016 0.47 0.18 0.07 0.1 0.21 0.19 0.42
Cross River 0.92 0.28 0.37 0.37 0.62 0.57 0.62
Edo 0.79 0.32 0.57 0.79 0.7 0.71 0.88
Average 0.73 0.26 0.34 0.42 0.51 0.49 0.64
Benue 2017 0.20 0.08 0.04 0.02 0.01 0.24 0.24
Cross River 0.47 0.15 0.1 0.47 0.44 0.45 0.48
Edo 0.50 0.24 0.3 0.58 0.58 0.58 0.61
Average 0.37 0.16 0.15 0.36 0.34 0.41 0.44
ANOVA
Year Location Location*Year
REN *(0.05) *(0.06) ns
REp *(0.01) *(0.02) ns
REx *(0.04) *(0.05) ns

N=300kgha!, P =100 kg ha'
* Significant at P < 0.05; ns = not significant
+ Standard errors in parentheses

2.3.7. Nutrient harvest index (NHI)

Nutrient harvest index of N and P was largest in the full nutrient treatment, with averages of 0.43 for
HIx and 0.54 HIp across locations and years, when compared with the treatments where less K fertilizer
was applied. These NHI values were significantly larger than what was observed in the control. By
contrast, Hlx did not differ among treatments but differed between locations with smallest values for
Edo (Table 2.7). N, P and K concentration in the storage roots were highest in the NfPfKf treatment and
differed significantly from other treatments and locations. Averages of N, P and K concentrations in
both years were 3.35, 0.56, and 4.38 kg t1 DM. The lowest concentrations were in the control treatment,
with averages of 2.55, 0.43 and 3.49 kg N, P and K t! DM. The nutrient with largest concentration in
the storage root across the treatments and locations in both years was K, except in Edo, where the K
concentration was lower than that of N (Table 2.7).
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Table 2.7. Nutrient harvest index and storage roots nutrient concentration of N, P, and K (kg t1 DM).
At Benue, Cross River, and Edo in 2016 and 2017.
Treatment HIx HIp HIx N P K
(kg N t' kg P t' (kg K t'
DM roots) DMroots) DM roots)

Benue
Control 0.39 0.59 0.7 2.20 0.44 4.61
N150P40K180 0.46 0.61 0.67 3.12 0.56 5.50
NfPfK 180 0.43 0.6 0.63 3.29 0.60 4.82
NfP{Kf 0.47 0.64 0.69 3.77 0.72 6.17
Cross River
Control 0.37 0.52 0.71 2.57 0.40 3.30
N150P40K180 0.37 0.53 0.62 2.95 0.42 4.14
NfPfK 180 0.33 0.46 0.57 2.90 0.46 3.87
N{P{Kf 0.39 0.53 0.62 2.96 0.45 3.88
Edo
Control 0.28 0.39 0.58 2.88 0.45 2.57
N150P40K180 0.34 0.42 0.59 2.31 0.46 2.89
NfPfK180 0.31 0.4 0.49 3.02 0.47 2.40
NIP{Kf 0.42 0.43 0.54 3.33 0.56 3.08
ANOVA
Treatment location Treatment  location
HIx *(0.02) **(0.02) N ns ns
HIp **(0.01) **%(0.01) P ns *(0.04)
Hlx *(0.02) **%(0.02) K ns **%(0.23)

N =300 kg ha!, P = 100 kg ha!

* Significant at P < 0.05; ns = not significant
** Significant at P < 0.01

**%* Significant at P < 0.001

+ Standard errors in parentheses

2.4. Discussion

2.4.1. Yield potential of cassava in West Africa

Cassava yield responded strongly to applied nutrients on very infertile soils which clearly exhibited
large macro-nutrient deficiencies with soil nutrients below critical concentrations of about 10 mg kg’
for P, and 0.20 cmol kg for exchangeable K, 5.0 and 1.0 cmol kg™ for Ca and Mg (Howeler, 2002).
The rainfall distribution was adequate for establishment and growth of cassava in the selected locations;
the field in Cross River experienced a short dry period in 2016 and Benue suffered from a seasonal dry
period in both years. Nevertheless, a yield of 29 t DM ha™ was recorded in Cross River in 2016. The
largest cassava yield of 35 t DM ha™ at 14 MAP was achieved in Edo, equivalent to 97 t ha™ of fresh
storage roots. No effects of drought were observed in 2016 for Edo, despite a brief dry season, due to
the rooting depth of cassava in this field, which was greater than 3.2 m. This observed yield is larger
than the target yield of 90 t ha™! of fresh roots which we used to determine the nutrient requirements
with the QUEFTS model (Ezui, 2017). These yields are comparable to the simulated ideal yield of 32 t
DM ha! at 12 MAP proposed by Cock et al. (1979) and to the actual recorded yields of 27 — 32 t DM
ha™' at 10 MAP reported from Cauca, Colombia (El-Sharkawy et al., 1990). Cassava storage root yield
responses to applied N, P and K (2 — 18, 3 — 16 and 3 — 22 t DM ha™") varied across the locations
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reflecting variability in site conditions and water availability. A linear response to K application was
observed, without reaching the expected plateau that would result from diminishing returns Although
root growth was not measured, we suspect that K application strongly increased root growth and
increased the capacity to access water from deeper soil layers during the dry seasons and intercept
leached N from upper soil layers. The most limiting nutrient in Edo was K, while N was most limiting
in Cross River, and P was most limiting in Benue.

2.4.2. Nutrient uptake and nutrient use efficiency

Nutrient use efficiency was addressed in terms of agronomic efficiency (AE), internal utilization
efficiency (IE) and the apparent recovery efficiency (RE) of N, P and K of cassava. AE was lowest at
Benue reflecting the poorest growth conditions with shallow soil inhibiting deeper root growth in both
years, which was exacerbated by drought, reflecting the need for adjustment of fertilizer applications to
water-limited potential production. High average AE values of N, P and K (60, 162 and 51 kg kg™') were
obtained in line with the ranges of recorded AEs in other studies in the region of 53-91, 84-110 and 112-
124 kg kg (NYT, 2014; Senkoro et al., 2018). These AE values are much greater than those found in
cereal crops (maize, rice and wheat) which range from 15 — 30, 15 — 40 and 8 — 20 kg kg™ for N, P and
K, under optimal management (Fixen et al., 2015; Ichami et al., 2019). The average uptakes of N, P and
K from the NfPfKf treatments in Edo and Cross River were 364, 44 and 242 kg ha™', while that of the
control (NOPOKO) treatments were 141, 15 and 73 kg ha!, reflecting nutrient uptakes N > K > P for
cassava (Howeler, 2014). Roots acted as storage of especially K, with K concentrations and Hlx
declining when K supply was limited.

The high nutrient recovery of cassava and limited N leaching may be attributed to the longer growing
period and more intensive and extensive root system when compared with cereals (Howeler, 2002;
2014). The recorded average total uptake of N, P and K was 13.5—-13.7,1.5-1.7and 7.0 - 9.7 kg N, P
and Kt' DM and 4.3 —4.8,0.52 — 0.53,2.4—3.1 kg N, P, K t1 FM root yield respectively were similar
to values found in the literature (Howeler and Cadavid, 1983; Howeler, 2002; Howeler, 2014; Howeler,
2017). The observed internal utilization efficiency (IE) corresponded with those reported for balanced
nutrition at high yields under good management (Norton, 2014; Fixen et al., 2015) and the estimated
minimum and maximum IEs of nutrients for cassava (Ezui et al., 2017a). The observed IEp in Benue was
41 % higher and IEx was 25 % higher in Edo than the calculated maximum IEp and IEk for cassava by
Ezui et al. (2017a), reflecting P deficiency in the field at Benue and K deficiency at Edo.

The high REx at Edo and Cross River in 2016 could be due to the long growing season of 14 months
with adequate soil water availability. Ezui et al. (2016) recorded maximum REx, REp, and REx values
of 0.95, 0.6 and 0.95, respectively for cassava under optimum management. The relatively lower P
recovery is typical (Janssen et al., 1990; Syers et al., 2008). Nevertheless, P recovery by cassava is much
better than cereal crops with typical first-year recovery values around 0.1- 0.25 in tropical systems
(Wolf and Van Keulen, 1989; Van der Eijk et al., 2006). Cassava roots form a symbiosis with native
vesicular-arbuscular mycorrhiza, strongly increasing P uptake (Howeler, 2017). The N and P harvest
index increased with increased rates. The smallest Hlx was observed in Edo (Table 2.7), reflecting K
limitations at the Edo sites in 2016 and 2017. The decline in K concentration in the storage roots may
have resulted from limited supply of K when compared to N and P. The low harvest index values indicate
that most of the nutrients taken up by the plant could be recycled back to the soil by re-incorporation of
the residues from the shoot, and especially the leaves (Howeler, 2014).

2.4.3. Cassava and food security in SSA

In SSA, expected population growth (UNDESA, 2017) demands a doubling of crop production by 2050
(Van Ittersum et al., 2016), with changing dietary preferences (Cassidy et al., 2013) and increasing
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demands from biofuel and industrial products. Cassava is more resilient to adverse conditions and
climate change than maize (Rosenthal and Ort, 2012; De Souza et al., 2017) or other cereals, and seems
a better option for various reasons. High-yielding cassava can play a key role towards meeting the rising
food demands, because of its high energy content and efficiency. For example, the energy contents of
cassava and maize are 16.5 and 14.9 MJ kg"' DM (Montagnac et al., 2009). The efficiency of energy
production per unit of N is 2.7 times greater for cassava (993 MJ kg N!) than for maize (372 MJ kg N°
1. For proteins legumes may provide the most efficient options (Zhang et al., 2019), yet the efficiency
of cassava is 2023 g protein kg”! N compared to e.g. 3348 g protein kg™ N for maize. Under limited N
availability, applying fertilizer to cassava results in more energy per kg N applied with lower
environmental risks, evidenced by higher recovery and nutrient use efficiency than for maize.
Furthermore, cassava is well adapted to rainfall variability and drought. However, there is an urgent
need to develop value chains that can support sustainable intensification.

2.5. Conclusion

This study was designed to explore the yield potential of cassava under rain-fed conditions in the three
major cassava growing agro-ecological zones across SSA. Strong responses to applied N, P and K
fertilizers depict the inherent ability of cassava for large yields, and the need for fertilizer application.
The recovery and the yield response to K increased with increasing rates of K applied when both N and
P were also applied in large amounts, indicating a positive feedback mechanism through improved
uptake and growth. Irrespective of the poor soil fertility, addition of secondary and micronutrients did
not increase storage root yield. Our results clearly show that agronomic and internal utilization
efficiency of nutrients by cassava are larger than for cereals such as maize. This indicates that
environmental risks are less, but at the same time risks of mining soil nutrient reserves are larger with
cassava. Also, cassava yield gaps may be larger than previously thought, providing options to increase
food production on existing farmland. Investment in fertilizer for cassava gives a 2.7 times larger dietary
energy return than similar fertilizer investment in maize. To realistically end hunger, achieve food
security and promote sustainable crop production systems in SSA, more research to further understand
cassava growth and production is required. We see a large potential to address future energy needs of
the growing population with cassava, with smaller environmental risks than cereal crops.
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2.6. Appendices
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Appendix 2.A. Three-quadrant diagram showing the relation between N rates and uptake in quadrant (d), uptake
and yield in quadrant (b) and fertilizer rate and yield in quadrant (a).
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Appendix 2.B. Three-quadrant diagram showing the relation between P rates and uptake in quadrant (d), uptake

and yield in quadrant (b) and fertilizer rate and yield in quadrant (a).
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Chapter 3

Abstract

Accurate assessments of yield potentials of cassava are needed to analyse yield gaps, define yield targets
and set benchmarks for actual yields in Nigeria. This study evaluated the crop model LINTUL-Cassava
under non-water and water limited conditions in Nigeria. On-farm experiments were conducted at six
locations across the three major cassava growing agro-ecologies of Western Africa (Tropical Rainforest
— Ogoja and Ikom, Cross River, Rainforest Transition Savanna — Ekpoma, Edo and Guinea Savanna —
Otukpo, Benue) during two subsequent seasons (2016 — 2018). Treatments included fertilizer rates
calculated to support non-water-limited yields of 90 t fresh storage root yield ha' y! (equivalent to 32 t
DM ha’', produced in a growing season of 12 months). Light interception (L) and leaf area index (LAI)
were measured each month. The weights of leaves, stems and storage roots were measured at 4 and 8
months after planting and at harvest, and radiation use efficiency (RUE) calculated. The Edo experiment
from 2016 was without drought stress and was used to parameterise LINTUL-Cassava and calibrate
assimilate partitioning as function of temperature sums. The average fraction of light intercepted during
the season was 80 %, with a light extinction coefficient of 0.67 and a RUE of 2.8 g DM MIJ ' intercepted
photosynthetically active radiation (IPAR). After calibration, the LINTUL-Cassava model described the
crop growth and observed patterns of LA/ well in the experiments in Cross River and Edo (2017).
Simulated and observed storage root yield at 4 MAP (vegetative period), 8 MAP (mid-season) and at
harvest were strongly correlated (R? of 0.92), with a RMSE of 4.93 t DM ha™'. We ascertained that RUE
of cassava was much higher than previously observed in Africa, with average non-water limited storage
root yield of 39 + 7 t DM ha™'. Consequently potential yields are greater and yield gaps larger than
expected or previously reported. We conclude that the LINTUL-Cassava model can provide an adequate
estimate of storage root yield across major cassava growing agroecological zones in Nigeria under
rainfed conditions.

Keywords: light interception, radiation use efficiency, dry matter partitioning, crop growth models.
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3.1. Introduction

Cassava (Manihot esculenta Crantz) is an important food crop and animal feed in tropical and
subtropical Africa, Asia, and Latin America. The area cropped with cassava has expanded considerably
over the past decades (Howeler et al., 2013), with over 26 million hectares of land cultivated in 2017,
of which approximately 78 % was in Africa (FAOSTAT, 2017). Cassava is a warm season crop with
unique and useful environmental physiological traits, including the ability to produce in poor soils and
yield even under conditions of extreme drought (Angelov et al., 1993; Alves, 2002; El-Sharkawy, 2009).
There is wider recognition of cassava as a crop of choice for climate change adaptation strategies,
particularly in sub-Saharan Africa (SSA) (FAO, 2018). Tropical root crops such as cassava or tuber
crops like yams may provide new options to feed the growing population with lower nutrient
requirements than cereals (Howeler, 2017). Nutrient use efficiency (NUE) of cassava is much higher
than that of cereals (Adiele et al. Chapter 1; Howeler, 2017)). Further, cassava may make better use of
suitable growing days, especially under seasonal drought conditions that characterise rain-fed
agriculture in SSA (Ezui et al., 2018). Observed yields from experiments in the region ranged between
11 and 35 t dry matter (DM) ha™' (Adiele et al. Chapter 1) and were larger than simulated potential yields
(Matthews and Hunt, 1994; Gabriel et al., 2014; Ezui et al., 2018). This suggests that some crop
parameters used currently in cassava growth simulation models require modification. Good estimates of
potential yields provide important benchmarks for realistic yield targets and understanding of yield gaps
with local relevance (Van Ittersum et al., 2013).

The validity of crop models relies on an accurate estimation of parameters that describe key crop growth
processes. The amount of light intercepted (LI) by a crop and radiation use efficiency (RUE) are key
parameters for estimating potential yield (Sinclair and Muchow, 1999; Kiniry et al., 2005; De Souza et
al., 2017). Therefore, LI and RUE have been used to investigate the interaction between crops and
management, and to explain yield differences in diverse production environments (Shah et al., 2004).
Seasonal L/ values of cassava from different studies in Colombia ranged from 52.3—64.1% (De Souza
et al., 2017). Similar values were also observed for cultivars in e.g. Thailand and Indonesia, where the
largest increases in yield per unit land area (~ 24 t fresh storage root ha, equivalent to 8.4 t DM ha™)
have been achieved in the recent years, between 2005 and 2017 (De Souza et al., 2017, FAOSTAT,
2019). Previous studies have reported huge variation in RUE with values ranging from 0.55 to 2.3 g DM
M intercepted photosynthetically active radiation (IPAR) (Veltkamp, 1985; Pellet and El-Sharkawy,
1997; Ezui etal., 2017b). A calibrated value of 2.9 g DM MJ! IPAR was used in the modified GUMCAS
model to simulate potential yield (Gabriel et al., 2014). By contrast, the seasonal average RUE recorded
in experiments in West Africa was 1.16 g DM MJ ' IPAR (Ezui et al., 2017b).

RUE is cultivar-specific, and the highest values can only be achieved under optimal agronomic practises.
For instance, with good management, RUE values for potatoes (a C; species as is cassava) range between
2.6 and 3.1 g DM MJ! IPAR (Sinclair and Muchow, 1999; Rezig et al., 2013; Zhou et al., 2016).
Furthermore, reported light extinction coefficient (k) values of cassava from literature are similar to
those of other crops (0.50 — 0.88), while maximum leaf area index (LAI) ranges from 3 to 11 m? m™
(Veltkamp, 1985; Pellet and El-Sharkawy, 1997; Ezui et al., 2017b). Assessment of these key parameters
(RUE and k) under SSA conditions is needed for proper simulation of crop growth and yield gap
assessments.

LINTUL-Cassava, a relatively simple and robust model, can simulate biomass growth and yield of
cassava for potential and water-limited conditions (Ezui et al., 2018). LINTUL-Cassava uses tabulated
values for dry matter partitioning and biomass growth rate as a function of the amount of light
intercepted multiplied with the (invariable) RUE parameter value. However, this model has not been
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tested in Nigeria where cassava is cultivated across a range of environmental and climatic conditions
which can be considered typical of the humid tropics. The objectives of our study were to: (1) understand
the temporal dynamics of light interception in cassava; (2) determine radiation use efficiency and photo-
assimilate partitioning of cassava under non-water limited conditions; (3) calibrate and evaluate the
LINTUL-Cassava model with field data obtained from experiments under non-water limited conditions;
and (4) test this model with observations from other field experiments in three agro-ecological zones.

3.2. Materials and methods

3.2.1. The study area

On-farm experiments were conducted from 2016 to 2018. Six experimental fields were selected in three
agro-ecological zones (AEZ): Rainforest, with two fields located in Cross River state; Transition
Rainforest — two fields in Edo state; and Guinea Savanna with two fields in the state of Benue, covering
the major cassava producing regions in Nigeria. Each year, three field trials were established, one in
each AEZ. The fields in Edo were located at 7.05°N, 6.13°E in 2016 and 6.80°N, 6.13°E in 2017. For
Cross River, field locations were at 7.27°N, 8.18°E in 2016 and 5.96°N, 8.77°E in 2017. In Benue, fields
were located at 6.76°N, 8.69°E in 2016 and 7.27°N, 8.19°E in 2017. The growing season begins with the
onset of rains in the south from April (Cross River), gradually moving north, with first rains in Edo by
mid-April and June in Benue. The dry season starts early November in the north (Benue), later the dry
season extends southwards through Edo and Cross River with intermittent rainfall and ends late March
at Cross River, early to mid-April at Edo and May at Benue. The Harmattan wind (cold, dry, dusty north-
easterly trade wind) blows during the dry season across all regions.

The experiment locations (Cross River and Edo) fall within the Niger delta, which contains deep deposits
of relatively young material, rich in clay, resulting in mostly Nitisols or Ferralsols, while Benue is
located within the rift basin, with Acrisols or Lixisols as dominant soil types. Weather data were
obtained from nearby weather stations, with mean annual rainfall of about 2300, 2200, and 1400 mm
for Cross River, Edo, and Benue respectively (Ukhurebor and Abiodun, 2018).

3.2.2. Experiment design, crop establishment and management

The selected treatments used in this study were part of a larger experiment, described earlier (Adiele et
al. Chapter 1). Each experiment contained three blocks, with fertilizer treatments randomized within
these blocks. Only three treatments with abundant NPK supply and comparable yields were included in
this study, targeting yields of 90 t fresh storage root yield ha" y! (equivalent to 32 t DM ha™', produced
in a growing season of 12 months), based on the calibrated QUEFTS model (Ezui et al., 2016). The N,
P, K, secondary and micronutrient rates for these selected treatments are provided in Table 3.1. The plot
size was 10 m by 8 m. Planting was done at the onset of rains each year, except at Benue in 2016, where
planting was delayed due to search for an adequate location. Dates of planting were May 24, June 16
and August 16 in 2016 and May 12, June 3 and June 15, in 2017 for Edo, Cross River and Benue
respectively. Stem cuttings of 25 cm long from cassava cv. TME 419 were planted at a distance of 1.0
m by 0.8 m, resulting in the recommended planting density of 12,500 plants per hectare. The selected
TME 419 cultivar has high storage root dry matter and starch contents, and is characterised by erect
stems with minimal branching, which facilitates intercropping as well as higher planting densities (Eke-
Okoro and Njoku, 2012; Ezui, 2017). Phosphorus (P) was applied by placement at planting, while
nitrogen (N) and potassium (K) were also placed near the roots in three splits at 1, 2.5, and 3.5 months
after planting (MAP). The secondary and micronutrients were applied at 2.5 MAP. The N, P and K
fertilizers used were urea, triple super phosphate (TSP) and muriate of potash (MOP). The experimental
plots were weeded regularly, especially before each fertilizer application and light interception
measurements.
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Table 3.1. Nutrient application rates per treatment, (f) represents full rate of the nutrient (N = 300, P =
100 and K = 300 kg ha'), K240 the K rate of 240 kg ha™'. Secondary and micronutrients (MN) S, Ca,
Mg, Zn, and B were applied at the rates of 16.6-10-10-5 and 2.5 kg ha™', respectively.

Treatment Nitrogen Phosphorus Potassium Secondary and Micro
nutrients
(kg ha™)
1. NfPfK240 300 100 240 None
2. NfP{Kf 300 100 300 None
3. NfPfKfMN 300 100 300 Included

3.2.3. Soil sampling, rooting depth and plant available water (PAW)

Composite soil samples were collected before land preparation from five points in a “W” pattern from
0 — 30 cm depth in each plot and bulked together. The samples were air-dried and sieved through a 2
mm mesh sieve. The hydrometer method was used to determine the particle size. In order to measure
cassava rooting depth, several soil pits were dug in the middle of the plots where the intermediate
harvests were carried out at 4 and 8 MAP in Edo and Benue, without tampering with the net plots for
final harvest. Cassava roots were easily identified and differentiated from other roots as they were
creamy-yellowish and when cut secrete a cloudy-whitish latex. The depth at which the deepest cassava
roots were found was recorded for two locations (Edo and Benue). The soil pits were filled up again
immediately after measurement. For PAW, soil samples were taken from different layers using soil core
rings and from different locations within the fields, in order to account for spatial heterogeneity and
heterogeneity in soil depths. The samples were taken at 0, 20, 40, 80, 120 and 160 cm depth. Actual
saturation (SAT), field capacity (FC), wilting point (WP) and air dry (AD) soil moisture content were
determined from these samples and measurements averaged to obtain one parameter for the whole
profile (van den Beuken, 2018). PAW was determined by subtracting soil water content at wilting point
from field capacity (PAW = FC-WP). Pedotransfer functions (PTF’s) were selected to determine WP
soil moisture content based on texture, bulk density and/or SAT percentage. Soil classification and
climate types were compared to the ones used to derive the PTF to check fitness and the PTF which
predicted the observed FC soil moisture content best was chosen as a predictor for WP soil moisture
content (van den Beuken, 2018). The AD soil moisture content was assumed to be 1/3 of the WP soil
moisture content (Penning de Vries, 1989). The rooting depth and soil moisture content measurements
were not done at Cross River due to insecurity in the field location area when this study was done.
However, the experiment fields in Cross River had similar soil type and properties with experiment
fields in Edo. Soil samples were processed and textural analysis done at the IITA laboratory, Ibadan,
Nigeria.

3.2.4. Yield assessment

Plant establishment was counted at 1 MAP and all missing cassava stands were replaced to ensure good
plant stands (>90%). Non-destructive morphological assessments, including canopy dimensions (width,
length and depth) were made on plants at 1, 2.5, 4, 6, and 8 MAP at Edo and up till 10 MAP at Benue.
Beyond these stages, canopy dimension assessments were impossible due to the height of the plant. In
each plot, light interception measurements were recorded at 1, 2.5, 4, 8, 10, 12 and 14 MAP. These
measurements were done around solar noon (from about 11:00 to 14:00 hrs) with an AccuPAR LP-80
Ceptometer (Decagon Devices Inc. Pullman, Washington, USA). This equipment allows simultaneous
measurement of photosynthetically active radiation (PAR) above and below the canopy. A tripod stand
was placed on a level platform and readings below the canopy were taken at six different locations in
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each plot, at soil level, with the 80 cm probe positioned diagonally between two ridges. Average values
of PAR above and below, zenith angle of the sun (0) and the beam fraction (fb) were measured directly
by AccuPAR per plot with a default leaf angle distribution (x) parameter value of 1. Canopy dimension
measurements were used to estimate the x parameter and this was used to derive the light extinction
coefficient (k) and LAI of cassava (Veltkamp, 1985; Pellet and El-Sharkawy, 1997; Ezui et al., 2017b).
The general value of £ was determined as a slope of simple linear regression of LA/ vs log transformed
fraction of light intercepted, following (Zhou et al., 2016; Ezui et al., 2017b; Tripathi et al., 2018).
Harvests were done three times at all locations in both growing seasons, except at 4 MAP in Cross River
2017. Eight plants were harvested from a net area of 6.4 m® per experimental plot at each harvest. First
and second intermediate harvests were done at approximately 4 and 8 MAP. Final harvest for the first
year planting took place on Aug 4, Aug 25 and Oct 6, 2017 in Edo, Cross River and Benue, respectively.
Final harvest for the second year was on May 4, May 21 and June 15, 2018, in Cross River, Edo and
Benue, respectively. At each harvest, fresh weight of leaves and petioles, lignified stems and storage
roots of each plant were recorded separately, Sub-samples were oven dried at 60°C and dry matter yield
was determined gravimetrically. Total biomass was calculated by summation of the all plant parts,
including the fallen leaves. Cassava fine roots were not measured in this study.

3.2.5. Parameter calculations for data analysis
The daily fraction of light intercepted (L) was calculated using the model in equation 1.
fLI=1-2 )

Iy
Where /; is the measured photosynthetic active radiation (PAR) below the canopy and /, is the incident
photosynthetic active radiation (PAR) above the canopy, both in MJ m? d™'. Daily total radiation (DTR)
was calculated from daily hours of sunshine measurements, from nearby weather stations, using the
Angstrom-Prescott model (Bamiro, 1983).

DTR=HO<a+b*(%)) (2)

Where Hyis the daily mean value of global radiation at the top of the atmosphere (MJ m? d™'), N; the
daily maximum sunshine duration (day length), #; the hours of bright sunshine and the ‘a’ and ‘b’ values
are known as Angstrom constants. The Angstrom constants were determined using the latitude of each
field location. The intercepted PAR by the crop (IPAR) was calculated as the product of the fraction of
light intercepted (fL1) and DTR and the fraction of photosynthetically active radiation (fPAR), estimated
at 0.5 MJ PAR MJ' DTR.

IPAR = fLI * DTR * fPAR 3)

The light extinction coefficient (k4r) was calculated from each AccuPAR measurement assuming an
ellipsoidal leaf angle distribution, following procedures of Campbell (1986) and Ezui et al. (2017b).
Canopy dimensions and AccuPAR measurements (light interception) were done concurrently.
Derivation of x, k4p and LA values followed standard procedures (Eq. 3.A.1 - 3). Average leaf weight
was determined from the total weight of leaves without petioles and the counted number of leaves at
each harvest. These average leaf weights were then multiplied with the number of leaf scars to determine
the weight of fallen leaves. Specific leaf area (SLA4) was calculated at each harvest as the ratio of
estimated LA/ and measured green leaf weight, excluding petioles. Leaf petioles of cassava account for
20 to 30 % of total leaf weight (El-Sharkawy, 2003).
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LAI (m? leaf m™2soil)
SLA = . - 4
Green leaf dry weight (g m=2)

Light interception was recorded at approximately 37, 78, 120, 242, 305, 363 and 415 days after planting
(DAP) for both years in Benue and 40, 78, 120, 244, 318, 361 and 435 DAP in Edo. Measured values
of LI were interpolated and cumulative IPAR (MJ PAR m™?) was estimated for each harvest, and plotted
against the total biomass to determine the RUE of cassava at non-water limited conditions, using only
observed data from the Edo experiment in 2016. The fields at Edo experienced no drought effects as
there was abundant and well distributed rainfall during the 2016 growing season (approx. 3000 mm),
with measured rooting depth of over 3.2 m, ensuring sufficient soil moisture supply during the short dry
season.

3.2.6. New parameters and LINTUL—-Cassava model

The LINTUL-Cassava model was calibrated and tested for the cassava cultivar TME 419, which is a
widely used variety in the region (Ezui et al., 2018). LINTUL-Cassava simulates cassava growth based
on the RUE approach of Monteith (1977), with plant development governed by temperature sums and a
descriptive definition of assimilate partitioning. The model uses a simple tipping bucket approach to
describe plant-available water, enabling simulation of growth under rainfed conditions. The parameter
set, as reported by Ezui et al. (2018) was calibrated with experimental data from the plots from Edo
(with fertilizer addition at full rate) in 2016 where water did not limit growth. First, measured values of
RUE and & were used to set parameters values for potential conditions. Second, the description of
assimilate partitioning (Fig. 3.A. a, b) was adjusted to match model calculations of LA with the observed
patterns, using forcing functions of the measured LI. Accurate simulation of LA/ dynamics throughout
the growing season of a crop, determines to a large extent the validity of any crop growth model (Gabriel
et al., 2014). To test/evaluate the performance of the model, independent data from the other five
experiments; Edo 2017, Benue and Cross River in 2016 and 2017 (Table 3.2) were used. These
experiments received similar crop management, but differed in crop growth and development and
experienced different degrees of water limitation.

Table 3.2. Locations used for calibration and evaluation of LINTUL-Cassava model

Agro-ecology State/Location Year Calibration/evaluation
1 Transition Rainforest Edo/Ekpoma 2016 Calibration
2 Transition Rainforest Edo/Ekpoma 2017  Evaluation
3 Tropical Rainforest Cross River/Ogoja 2016  Evaluation
4 Tropical Rainforest Cross River/Ikom 2017  Evaluation
5 Guinea Savanna Benue/Otukpo 2016  Evaluation
6 Guinea Savanna Benue/Otukpo 2017  Evaluation

3.2.7. Statistical analysis

Daily LAI and fLI were obtained through linear interpolation of measured values. In order to obtain LA/
estimates up to the end of the season, measured L/ was used to estimate LA/ from the known relation
between LI and LAI using k of 0.67, after Beer—Lambert law. Simple linear regression was used to
estimate RUE (g DM MJ ' IPAR) for the whole cropping season (Sinclair and Muchow, 1999). The
treatment effects on LA/, leaf angle distribution (x), and light extinction coefficient (k4p) were analysed
separately for each location and year, using a linear mixed model with the parameter as response variable
and fertilizer treatment as explanatory factor, while blocks were considered random effects. Effects were
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analysed with a type-IIl ANOVA using Satterthwaite’s approximation method. Differences between
treatment means were considered significant when probability < 0.05. For analysis, R version 3.5 with
the Ime4, ImerTest, and Predictmeans packages was used (R Core, 2019).

3.3. Results

3.3.1. Soil characteristics, soil water content and plant available water (PAW)

The soil type in Edo was characterised as a Nitisol with clear nitic properties, with a sandy loam topsoil
and good drainage. Benue was characterised as an Acrisol, also with a sandy loam topsoil. Observed
rooting depths of cassava were more than 3.2 m in Edo and about 1.6 m in Benue, where rooting was
restricted by a dense clay layer. The SAT, FC, WP and AD soil water content in Edo and Benue are as
shown in Table 3.3. PAW was on average 0.162 (m® water m™ soil) in Edo and 0.252 (m® water m™ soil)
in Benue. Soil water content for Cross River was assumed to be similar to that of Edo since both states
shared similar soil types. Rainfall amounts received from planting to harvest at the experimental sites in
2016 were 3157, 3067 and 1747 mm for Edo, Cross River and Benue. In 2017, Edo, Cross River and
Benue received lower amounts of 2357, 2141 and 1359 mm of rainfall. A more detailed experimental
site description can be found in Adiele et al. (Chapter 1).

3.3.2. Leaf area index (LAI), light extinction coefficient (k4p) and leaf angle distribution (x)

The LAI differed only with time and location, but did not differ among treatments. In 2017, average
maximum LA of 6.3 was attained at 122 DAP from NPK fertilized treatments in Edo. LA/ was already
3 at 65 DAP, and was maintained between 3.0 and 6.3 for a duration of 145 days before decreasing to
2.8 and subsequently 1.5 at 243 DAP. A similar trend was observed in 2016 (Table 3.4).

This decrease in LAl occurred during the drier part of the season with the typical Harmattan winds.
During the second phase of the growing season, which begins with the onset of rains (between 10 and
11 MAP), there was a strong leaf regrowth reaching almost initial LA/ peak values (Table 3.4). At Benue,
in 2017, the highest LAI of 3.6 was measured at 122 DAP at the peak of vegetative period in this location
and reduced to 0.9 during the dry season. The LAI increased again when the rains returned from 304
DAP (Table 3.4). In 2016, the LAI development was very slow due to drought and gradually increased
with the return of rainfall (Table 3.4).

Table 3.3. Soil characteristics, rooting depth, and typical soil moisture contents when soils are
saturated (SAT), at field capacity (FC), wilting point (WP) or air dry (AD).

i Location
Benue Cross River Edo
Sand (%) 60.2 65.0 83.0
Silt (%) 25.5 19.0 4.9
Clay (%) 14.3 16.0 12.0
Max. rooting depth (m) 1.6 - 32
Water contents (m’ water m” soil)at:
Saturation (SAT, pF 0.0) 0.487 0.460* 0.460
Field capacity (FC, pF of 2.0) 0.362 0.310% 0.310
Wilting point (WP, pF of 4.2) 0.110 0.148* 0.148
Air dry (AD, pF of 5.5) 0.037 0.049* 0.049

* Assumed values on the basis of similarity in soil types between Cross River and Edo

38



Evaluating cassava yield potential using the LINTUL-Cassava model

Table 3.4. Leaf area index (LAI) (m? leaf m soil) of cassava over time in Edo and Benue for 2016 and 2017 growing
periods. LAI differed only by locations and days after planting in each year.

Edo, Benue,
2016 2016
DAP JA0 78 120 244 318 361 435 0 30 76 122 304 ¢ 335 363 415 |
NfPfK240 03 23 52 1.0 5.4 5.4 5.1 0.2 08 04 15 1.8 1.9 2.0
NfP{Kf 04 37 66 14 5.1 5.5 5.5 0.2 1.0 05 20 2.1 22 2.4
NfPfKfMN 04 22 68 1.6 5.6 6.5 6.4 0.3 .1 06 21 2.2 2.3 2.6
Average 0.4° 2.6 62* 149 5.4° 5.8% 5.7 0.23¢ 1.0 0.5¢ 1.8° 2.0 2.0%® 238
2017 2017
DAP J30 _T6 122 243 319 364 L4 122 243 304 364 |
NfPfK240 03 23 52 1.0 4.5 5.5 2.1 26 06 1.1 2.0
NfPKf 03 37 67 14 5.1 5.6 1.7 23 06 1.1 2.2
NfPfKfMN 04 22 70 16 5.8 6.1 2.5 36 09 1.1 2.5
Average 03 2.7¢ 63 139 5.1 572 2.1° 2.8 0.7°  1.1° 2.2°

*Different letters indicate significant differences within each location. LSD (0.05)

As expected, values of k4p and x at Edo and Benue were similar, k4p values appear to increase with
increasing x values. The values of k4p ranged from 0.5 to 0.8 (Table 3.A) and were similar among the
treatments. The least values of k4p (0.5) were observed in Edo at 4 MAP, at the peak of vegetative period.
A significant linear relationship (R* = 0.99) between LAI and - In(1-fL]) was found, with overall light
extinction coefficient (k) estimated at 0.67 (Fig. 3.1). The x value of 1.0 obtained at the peak of
vegetative period of cassava in Edo did not differ from Benue at same period (Table 3.B). The higher
value 3.6 was obtained at early growth stage and later (after much leaf fall).
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Fig. 3.1. Observed k, derived from the slope of linear regression of L4/ and - In(1-fLI) of all treatments and
locations in both growing years, 2016 and 2017.

3.3.3. Fraction of light intercepted (fLI)

In Edo 2016, cassava in the NfPfKf treatment intercepted approximately 78 % of the incoming radiation
as early as 78 DAP and more than 90 % at 120 DAP. The fraction of light intercepted gradually reduced
to 70 % during the Harmattan period at 237 DAP and increased again with the return of rains to more
than 90 % at 307 DAP (Fig. 3.2). In Benue 2016, only 50 % of light was intercepted by cassava at 132
DAP in the NfP{Kf plot, intercepted light reduced to 26 % during the dry season and increased to 70 %
at 365 DAP. In 2017, a similar trend in light interception by treatments and locations was observed. The
only difference was that light interception at Benue in 2017 at the early stage of the plant growth was
larger than in 2016, due to earlier planting (Fig. 3.2). Average fLI was 80 % in Edo and much larger
than 46 % in Benue.
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Fig. 3.2. Measured fraction of light intercepted across treatments and locations with error bars indicating one standard
deviation in 2016 and 2017, showing similar trends at same periods during the growing season. Observations took place from
40 to 435 DAP in Edo 2016 and 30 to 365 DAP in Edo 2017. Observations at Benue in 2016 and 2017 took place from 37 to
415 DAP and 76 to 365 DAP, respectively. The growth duration for the experiments in 2016 growing season was longer than
in 2017.

3.3.4. Crop yield and radiation use efficiency (RUE)

Total biomass differed significantly between Edo and Benue (p < 0.001) during both growing seasons
(Table 3.5). Total biomass at final harvest in 2016 was 6849 and 4086 g m?, and was 4597 and 1596 g
m? in 2017 for Edo and Benue, respectively (Table 3.5). In 2016, storage root weights were 3931 and
2551 g m?and was 2233 and 1346 g m™ for Edo and Benue in 2017, respectively. Also, amounts of
leaves and stems at 4, 8 and 12 or 14 MAP were much larger at Edo than Benue (Table 3.5). In Edo
2016 and 2017, seasonal RUE was 2.8 g DM MJI™' IPAR (R’ = 0.98) (Fig. 3.3). In Benue, RUE for the
entire growing seasons of 2016 and 2017 were 2.1 (R’ = 0.95) and 1.3 g DM MJ ' IPAR (R’ = 0.96),
respectively.
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Fig. 3.3. Measured total biomass as a function of cumulative light intercepted in full treatments at
Benue and Edo in 2016 and 2017 growing seasons. The slope of this relationship represents radiation
use efficiency (RUE). We consider that RUE at Edo 2016 represents a growing environment where
water was not limiting.

The RUEs at different harvest periods varied greatly between the locations and years, with values
consistently smaller at the second intermediate harvest (§ MAP), during the dry season in each location.
The only exception was Edo 2016 second harvest (8§ MAP), where the RUE was as high as 2.6 g DM
MJ ' IPAR (Table 3.5). Calculated specific leaf area ranged between 0.013 to 0.02 at Edo, and 0.012 to
0.04 at Benue during the growing seasons (Table 3.5). Specific leaf area of cassava decreased during
the dry/Harmattan season and increased afterwards with the return of rainfall (Table 3.5).

3.3.5. LINTUL—-Cassava model

The LINTUL-Cassava model with adjusted dry matter partitioning was able to describe the dynamics
of leaf area index accurately throughout the growth period, especially leaf regrowth after leaf senescence
that occurred in older plants during dry/Harmattan season (late December — March) (Fig. 3.A. a). Also,
the amount of leaves, stems and storage roots DM (g m™) and partitioning of assimilates under potential
conditions (Fig. 3.A. b) were simulated reasonably well. The calibrated model was able to predict the
observed DM leaves, stems and storage root yields for Edo 2017 under rain-fed conditions (Fig. 3.4),
though with slight overestimation of storage root yield at harvest. The model simulated the water-limited
yield well at Cross River and Benue, especially the end season stems and storage roots (Fig. 3.4). There
was a slight overestimation of stems and storage root growth at mid-season under water limited
conditions. In both years and all locations excluding Edo 2016, a significant linear relationship (R* =
0.92) was found between simulated and observed storage root yield at 4 MAP (vegetative period), 8
MAP (mid-season) and harvest (Fig. 3.5). Also, partitioning of DM to different plant parts simulated by
the model was similar to that observed (Table 3.6).
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Table 3.5. Radiation use efficiency (RUE) at different harvest periods, total biomass, cumulative light
intercepted (/PAR) and Specific leaf area (SLA) during 2016 and 2017 growing seasons at Benue and
Edo

Months after Total biomass (gm?) I[PAR(MJm?d') RUE (gDM SLA (m?g™)
planting MJ'IPAR)
________________________________________ Edo2016
16944346 541 3.1 0.02
8 3666+129 1288 2.6 0.01
14 6849+1241 2542 2.5 0.02
________________________________________ Bdo,2017 .
1885+347 596 3.1 0.02
8 2828+364 1274 1.6 0.01
12 4597+186 2139 2.0 0.02
________________________________________ Benue, 2016 .
344+19 326 1.6 0.02
8 437.2+96 610 0.2 0.03
14 4085.8+1547 1600 3.2 0.03
________________________________________ Benue, 2017 .
786.1+84 600 1.3 0.03
8 1018.6+839 1154 0.4 0.02
12 1596.1+1100 1757 1.4 0.02
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Table 3.6. Dry matter partitioning to whole leaves (WLV), green leaves (WLVG), dead leaves (WLVD), stems (WST),
storage roots (WSQ), total Biomass (g m?). Observed and simulated at different development stages. H1, H2, and H3
represent harvest at approx. 4, 8, and 14 MAP

TSUM WLV WLVG WLVD WSO WST Total WLV  WLVG WLVD WSO WST Total
Biomass Biomass
________ Observed o Simlated .
Edo
HI 1599 318 279 39 805 573 1696 343 270 73 633 614 1590
H2 3336 419 179 240 1807 1200 3426 411 141 270 1794 1255 3460
H3 5697 722 305 417 3931 2195 6848 953 202 751 3651 2051 6655
Cross River
HI 1681 270 213 57 706 579 1555 283 210 73 859 791 1933
H2 3263 285 104 182 892 1072 2250 260 42 218 1669 1217 3146
H3 5804 571 239 332 2866 1782 5219 451 206 245 2807 1938 5196
Benue
HI 1480 68 36 32 326 64 458 385 385 0 255 464 1104
H2 2648 30 10 30 381 76 492 152 14 138 706 607 1465
H3 4823 295 130 165 2551 1089 3935 398 242 156 1950 1504 3852

3.4. Discussion

3.4.1. Cassava (almost) achieved potential growth and yield at Edo

A yield in Edo of 39 + 7 t DM ha! (>100 t ha™' fresh root) was achieved where large balanced doses of
nutrients had been supplied and water did not appear to limit production. Cassava has the ability to root
deeply (Lal and Maurya, 1982; El-Sharkawy et al., 1992), and cassava roots reached over 3.2 m depth
in Edo which was why drought did not appear to constrain crop growth even during the short dry season.
The soil moisture content at wilting point varied between 0.105 and 0.170 m® water m™ soil. Plant
available water varied between 0.135 to 0.179 m® water m soil and is larger than what was reported
from similar soil types in Kabete, Nairobi (0.03 to 0.15 m* water m™ soil) and Santa Catarina, Brazil
(0.08 to 0.12 m* water m™ soil) (Karuku et al., 2012; Costa et al., 2013). Knowledge of plant available
water helps to determine the agricultural potential of soils (Dekker, 2003). Though the soil in Edo was
infertile in terms of nutrients, it was highly suitable for cropping, as the porosity of the soils permits
deep rooting. Soil moisture content was lower at Benue than Edo. The limited rooting depths observed
in Benue were likely caused by subsoil constraints due to a high bulk density of the soil at 1.6 m depth
(van den Beuken, 2018).

3.4.2. Estimating light interception

The values of the measured light extinction coefficient (k4p) ranged from 0.5 to 0.8 with changing leaf
angles (Campbell, 1986), and were similar among the treatments and locations (Table 3. A and B). This
is expected as light extinction coefficient values of cassava are varietal specific (Pellet and El-Sharkawy,
1997). At Edo, the lowest k4p and x values of 0.5 and 1.0 were obtained at peak vegetative stage when
the LAl was 6.7 and this would have allowed deeper penetration of light. Though Veltkamp (1985)
suggested that cultivars with vertically orientated leaves should have a higher yielding ability than
cultivars with more horizontally oriented leaves, Cock et al. (1979) found that there was little, if any
advantage of a more vertical leaf orientation for clones that had LAl up to 4. Therefore, vertically
oriented leaves show a clear advantage only in crops with high LA/ values of 6 and more. In this study,
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the value of the seasonal light extinction coefficient (k) was 0.67 (Fig. 3.1). The SLA (leaf thickness)
influences canopy expansion through its effect on total leaf area per plant, thereby affecting light
interception and radiation use efficiency (Kumar et al., 2012). We observed fairly consistent reduction
of SLA at mid-stage of crop growth, which coincided with the dry/Harmattan period. In the relatively
dry period of the year when these typical Harmattan winds occur, plant growth is reduced and leaves
fall from plants including deciduous trees. The decreased SLA may have resulted from reduction in leaf
area expansion and reallocation of extra assimilates to already thick leaves, resulting in increased leaf
mass with reduced SLA values. Previous studies at Redland bay, Australia, recorded SLA values in
cassava between 0.022 and 0.028 m® g”' (Fukai et al., 1984), which are comparable to measured SLA
values in this study. The leaf angle distribution (x) is a very important crop specific parameter required
to estimate LA/ directly in the field using a ceptometer. The assumption that x equates one for ceptometer
reading (Devices, 2014), was also reasonable for cassava at least around full field cover. The use of
ceptometer for L4I measurements directly in the field saves labour, time and cost.

In this study, the cassava developed vigorously and provided early and rapid canopy cover, which
intercepted more light needed for optimum growth and development. Also, due to the presence of many
green leaves, effects of leaf shedding was reduced and optimum levels of LA/ and fLI were maintained
for a long period. On average, LA of 3 and 80 % fLI were maintained throughout the growing season at
Edo. This is the highest recorded season average light intercepted for cassava — well above the 52.3 —
64.1 % obtained from different high yielding cultivars in Colombia (De Souza et al., 2017). Light
interception fluctuated throughout the season across locations but did not fall below 60 % at the peak of
the dry season at Edo (Fig. 3.2). At Benue, LA/ and light intercepted were much less than in Edo and
differed between the two years due to time of planting, soil types and weather conditions. Our results
corroborate the findings of De Souza et al. (2017), that increasing the season-long intercepted light
towards the theoretical maximum (100 %) can give a large increase in cassava yield.

3.4.3. Radiation use efficiency

Radiation use efficiency values of cassava in SSA are sparsely documented. We observed a positive and
strong linear relationship between the cumulative amount of photosynthetically active radiation and total
biomass, which is consistent with other previous studies (Veltkamp, 1985; Pellet and El-Sharkawy,
1997; Sinclair and Muchow, 1999; Ezui et al., 2017b). The crop intercepted more radiation and produced
more biomass at Edo than other locations with seasonal RUE of 2.8 ¢ DM MJ™' IPAR. This is the largest
RUE value for cassava reported to date. It was obtained under near-optimal conditions for high yields,
with ample N, P and K and sufficient soil water supply throughout the growing season. The obtained
high RUE is comparable to RUE values of potatoes with good management (Sinclair and Muchow, 1999;
Rezig et al., 2013; Zhou et al., 2016). Values of RUE at 8 MAP, which coincided with the peak of dry
season throughout this study, and RUE values from Benue were similar to other reported values of 0.69
to 1.6 g DM MJ"' IPAR (Pellet and El-Sharkawy, 1997; Ezui et al., 2017b). In Benue 2016, planting
was done late in the season, thereby exposing the young plants to drought (from 2.5 MAP) resulting in
lower RUE compared with the other sites. Nevertheless, RUE in Benue increased strongly after the dry
period and the yield at harvest was 26 t DM ha™. This could be due to that newly expanded leaves of
previously stressed cassava exhibit higher photosynthetic capacity rates when drought stress is
alleviated, resulting in good yields (El-Sharkawy, 2007; Rosenthal and Ort, 2012). Final harvest in
Benue 2016 was done at 14 MAP in 2016, when the crops were fully recovered from drought effects.
Observed differences in RUE were due to differences in soil water availability and rooting conditions.
The highest RUE values (3.1 g DM MJ"' IPAR) occurred at peak vegetative stage in Edo.
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3.4.4. Simulating cassava growth and yields using LINTUL-Cassava

After parameterization and calibration of DM partitioning, the LINTUL-Cassava model was able to
describe the observed patterns of LA/ and growth of leaves, stems and storage roots (Fig. 3.A. a, b).
There was good agreement between measured and simulated dry matter production in Edo, under non-
water limited conditions (Fig. 3.B). LINTUL-Cassava slightly overestimated mid-season DM yield of
storage roots under water-limited conditions at Cross River and Benue (Fig. 3.4). During this stage the
crop growth rate in the field was significantly less than earlier in the season. Cassava reduced its canopy
during the dry/Harmattan season by shedding older leaves and this resulted in less light interception.
Cassava leaf stomata are sensitive and respond rapidly to changes in water status of the plant and
atmosphere (Alves, 2002) and close when the vapour pressure deficit of the air increases, even without
changes in the leaf water potential (El-Sharkawy, 2003). The stomatal closure decreases photosynthetic
CO; assimilation and subsequently growth. At Benue, the overestimation was exacerbated by shallow
soil with high bulk density inhibiting deeper root growth and increasing drought induced nutrient
deficiency. Though storage root yield reduced at mid-season under water limited conditions, the crop
recovered when rainfall resumed. Thereby, compensating for yield losses with final yields approaching
those at non-water limited conditions (Fig. 3.4). Nevertheless, storage root yield at the end of the
growing periods under both no water limitation (Edo 2017) and water limited conditions (Cross River
and Benue) was simulated reasonably well with yield differences of 9.3 t DM ha "' between observed
and simulated non-water limited yield in Edo, 1.6 and 4.3 t DM ha ™' for Cross River and 5.8 and 2.1 t
DM ha ! for Benue in 2016 and 2017, respectively.

The use of a seasonal average RUE to calculate cassava production, whereas in reality the RUE varies
considerably during the growing season, is the likely cause of over-estimation of yield during the dry
(or Harmattan) season. This bias could be avoided by simulating the production on the basis of actual
RUE obtained at each stage. However, LINTUL is a simple model that describes crop growth on the
basis of light interception and utilization, and incorporates only those processes that affect major
determinants of growth (Spitters and Schapendonk, 1990). Dynamics of RUE are not considered,
resulting in some mismatch which is compensated at harvest. Other, more detailed models exist that
simulate cassava growth and yield (Matthews and Hunt, 1994; Gabriel et al., 2014). These modelling
approaches differ from LINTUL-Cassava; leaf appearance rates are modelled explicitly and assimilates
that are not needed for shoot growth are translocated to both fibrous and storage roots. This is referred
as a “spill over” approach. Other more detailed models, e.g. SUCROS, describe growth from daily
photosynthesis and respiration. Spitters (1989) illustrates that the use of constant or seasonal average
RUE is a valid simplification when simulating crop growth throughout the season, but not valid when
the interest is to simulate daily growth rates. Further, the choice of model depends on the aims of the
study; either to predict expected effects in future scenarios or acquire insights on how crops grow
depending on the environmental conditions and treatments applied (Donatelli et al., 2002; van Ittersum
et al., 2003). Simple models such as LINTUL have the advantage of requiring only few parameters
(Spitters, 1989). Most importantly, the LA/ (which is one of the most essential variables in crop growth
models: (Dzotsi et al., 2013; Gabriel et al., 2014), was simulated well by LINTUL-Cassava. Thus
LINTUL-Cassava was able to describe cassava growth and yield in SSA, especially at maturity using a
simple and reproducible approach.

3.5. Conclusion

Cassava yields and the measured season average RUE values of 2.8 g DM MJ™' IPAR and 80 % light
intercepted were much larger than reported earlier for cassava. LINTUL-Cassava was able to simulate
DM yields reasonably well under both non-water limited and water limited conditions. These results
improve our understanding of cassava yield potential in SSA, indicating that cassava yields more than
35t DM ha are possible (equivalent to 97 t ha! of fresh storage root) which are much larger than earlier
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reported in Africa. Overall, the simple and robust LINTUL-Cassava model can effectively estimate the
storage root yield at the end of the growing season under rainfed conditions, using tabulated partitioning
values. The LINTUL-Cassava model may be used to improve crop management, yield gap assessments
and breeding research for standard planting times. It is essential to test the model for other locations
with other climatic conditions and crop planting times.
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3.7. Appendices

3.A Calculating light extinction coefficient and LAI from Accupar measurement and leaf angle
distribution

light extinction coefficient:

Vx2+tanf?

x +1.744(x+1.182)70.733

Kup = Eq. (A.1)

The zenith angle of the sun (0) was measured by AccuPAR directly, x = leaf angle distribution parameter
calculated from cassava canopy dimension measurement as:
Leaf angle distribution:

x = w2 Eq. (A2)

2xCT

Where CW1 and CW2 (cm) are the longest and the shortest horizontal width of the canopy; CT (cm) is
the vertical thickness of the canopy. The measurements on canopy dimensions and photosynthetically
active radiation were done same day. With the derivation of x and k,pvalues, LAI was determined using
Eq. (A3).

Leaf area index:

[(1- ﬁ)fb—l]ln(r)

LAl = A(1-0471D)

Eq. (A.3)

/b = beam fraction of the incident radiation, t = DAR below Canopy vayes of fb and t were directly
PAR above canopy h

measured using the AccuPAR. 4 is a term for primary and secondary canopy absorption that is

empirically related to the leaf absorptivity in the PAR band: A = 0.283 + 0.785a — 0.159a2. The value

used for leaf absorptivity was 0.85 (Ezui et al., 2017b).
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Table 3.A. Apparent light extinction coefficient ( kap ) of cassava over time in Edo and Benue for 2016 and
2017 growing periods. ANOVA between treatment and DAP across locations.

Edo 2016 Benue 2016
DAP 40 78 120 244 30 76 122 304 335
NfPfK240 0.8 0.4 0.5 0.8 0.8 0.8 0.7 0.8 0.7
NIPKf 0.8 0.5 0.5 0.8 0.8 0.7 0.7 0.8 0.7
NfPfKfMN 0.8 0.4 0.6 0.8 0.9 0.8 0.7 0.8 0.7
LSD (0.05) ns ns ns ns ns ns ns ns ns

2017 2017

30 76 122 243 74 122 243 304
NfPfK240 0.8 0.5 0.5 0.8 0.7 0.7 0.6 0.8
NfPKf 0.8 0.5 0.5 0.8 0.7 0.7 0.6 0.8
NfPfKfMN 0.8 0.5 0.5 0.8 0.7 0.7 0.6 0.8
LSD (0.05) ns ns ns ns ns ns ns ns

Table 3.B. Measured values of the “x” variable to describe the leaf angle distribution of cassava over time in Edo and

Benue for 2016 and 2017 growing periods.

Edo 2016 Benue 2016
DAP 40 78 120 244 30 76 122 304 335
NfPfK240 3.0 0.8 1.0 2.4 3.6 1.7 1.6 2.3 1.7
NfPfKf 2.5 0.8 1.0 2.6 29 1.6 1.5 2.4 1.6
NfPKfMN 2.9 0.7 1.0 2.4 34 1.8 1.4 2.3 1.6
LSD (0.05) ns ns ns ns ns ns ns ns ns

2017 2017

30 76 122 243 74 122 243 304
NfPfK240 2.3 0.9 1.0 2.8 1.6 1.0 1.2 2.8
NfPfKf 2.6 0.9 1.0 2.5 1.7 1.2 1.2 2.7
NfPKfMN 24 1.0 1.0 3.1 1.7 1.1 1.1 2.7
LSD (0.05) ns ns ns ns ns ns ns ns

49



Chapter 3

~ =
.
o @)
w -
3
2 <
o
4
o
y i
Bai
o~ -
*  Observed
Patential
o - Water imited
T T T T T T
100 200 300 400 500 600
time (days)
§— —— Storage roots e Potential yield
— Stems — Forced potential yield
Leaves
-| — Fibrous roots

(b)

Il 1

3000 4000 5000 €000

Simulated DM (gin’)

1000 2000
1

0
|

time (days)
Fig. 3.A. (a) simulated and observed leaf area index (LAI) and (b) simulated DM potential yield of different cassava parts (g

m?) at Edo in 2016 by LINTUL-Cassava (broken lines) and LINTUL-Cassava Forced LI (solid lines) models. Time after
planting to harvest is between 145 to 582 days. Model simulation time was set at 95 DOY (50 days before planting).

50



Evaluating cassava yield potential using the LINTUL-Cassava model

E - Edo 2016 Edo 2016 Edo 2016
~— Potential
g Water_limited ~— Potential
“= Potential 5 Water_limited
= Wiater_limited Trisonyed =
g + observes ek 84 = Observed
z
8.
2 B
— —~ £
= = o =
=] o F o =
- - =
= 8- = @
= =] 'E
n ]
L £
= ©
8 & g B
5 &
=L - @
. =
g -
=
g
= g -
g ]
a - = - =
T T T T T T T T T T T T
200 300 400 500 200 300 400 500 200 n 400 500

Fig. 3.B. Observed and simulated storage root, stems, and leaves DM (g m ) undér potential conditions in Edo 2016.
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Table 3.C. Dry matter partitioning in fibrous roots, stems, leaves and storage roots, based on measured data from

Edo, 2016 where water was not limiting, at early development stages and different measuring points.

Development Tsum
stage/harvest (°Cd)
Sprouting 0
Start of storage 188
roots bulking

4 MAP, Edo 1413
2016

8 MAP, Edo 3166
2016

14 MAP, Edo 5522
2016

Calibrated parameter

Parameters codes  Unit

RUE g DM
MJ!
IPAR

FASTRANSLSO

frt

0.11
0.11

0.01

0.01

0.01

Default
value
1.5

0.45

flv

0.74
0.73

0.23

0.13

0.13

New
value
2.8

0.65

fst

0.15
0.17

0.29

fso

0.00
0.00

0.47

0.47

0.57

Source

Estimated, (Fukai and Hammer, 1987)
Estimated (Fukai and Hammer, 1987)

Measured

Measured

Measured

FASTRANSLSO; Proportion of senesced leaf weight translocated to storage roots before shedding of the leaf
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Chapter 4

Abstract

The use of fertilizers to improve productivity of cassava will be required to meet the increasing demand
for cassava as food, feed or raw material for processing industries. We quantified the nutrient uptake of
cassava in response to fertilizer application and the proportions of N, P and K in plant parts to derive N,
P and K dilution curves and nutrition indices for cassava. On-farm experiments were conducted at six
locations in Nigeria across the major cassava growing agro-ecologies of West Africa (Tropical
Rainforest — Cross River, Forest Transition Savanna — Edo, and Guinea Savanna — Benue) during two
seasons (2016-2017 and 2017-2018). Nitrogen, P and K fertilizers were applied at varying rates to obtain
both nutrient-limiting and non-limiting conditions. Uptake and concentrations of nutrients were
measured in leaves, stems and storage roots at 4, 8 and 12 or 14 months after planting (MAP). Dilution
curves and nutrition indices for N, P and K were determined. On average, 67, 61 and 52 % of total N, P
and K was taken up at 4 months after planting (MAP), respectively. The maximum uptake rates for N
and P (0.21 and 0.03 g m™” d"') were observed in Edo, while the maximum K uptake rate (0.12 g m> d°
") occurred in Cross River at about 4 MAP. Average leaf N, P and K concentration (45.0, 3.0 and 10.4
g kg'!) at 4 MAP decreased by 0.15, 0.5 and 0.35 g kg at 8 MAP and increased almost to the initial
value at final harvest. The variation of cassava leaf N, P and K concentrations was small. Nutrient
dilution curves for N, P and K at different application rates were quantified for the first time in cassava,
with obtained nutrient dilution coefficients higher than most other reported crops. Under non-nutrient
limiting conditions, nutrient dilution curves of total N, P and K in the crop were determined using a
power function model, when total biomass was between 5 and 57 t DM ha!, while storage root yield
varied from 3 to 35 t DM ha!, from 4 MAP to final harvest. Understanding the nutrient uptake and
dilution pattern during the growth cycle can help to understand the temporal nutritional demands of
cassava and to identify management practices to prevent nutrient deficiency as well as excess. Further,
such information could be used to develop a dynamic model for cassava that simulates nutrient-limited
growth. Our study provides insights in the dynamics of nutrient uptake and uptake rates, N, P and K
dilution curves and nutrition indices for cassava under West African conditions.

Keywords: Relative biomass; nutrient uptakes; concentrations; cassava plant parts; dilution coefficients
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4.1. Introduction

Cassava (Manihot esculenta Crantz) is an important food crop in West Africa with a high yield potential
of over 90 tons ha™' of fresh storage roots (32 t DM ha') in a year and high nutrient use efficiency (Cock
et al., 1979; El-Sharkawy et al., 1990; Howeler, 2017). Cassava contributes greatly to food security and
as raw material for industrial processing. Cassava chips are effective energy substitutes for cereals in
pig and poultry diets, while cassava starch is a high quality resource for the paper and textile industries
(FAO, 2018). It is also used as feedstock for ethanol production (Adejuwon, 2006; Dai et al., 2006). The
increasing demand for cassava offers farmers the opportunity to intensify production, earn higher
incomes and boost their food supply (Howeler et al., 2013). Therefore, the use of inorganic fertilizers,
following 4R nutrient stewardship (right amount, right time, right place and right source), is inevitable
to sustainably improve productivity in the future (Oliveira et al., 2017). Cassava can grow under a wide
range of environmental conditions, but growth rates are strongly affected by biophysical conditions and
management (Howeler, 2012). Cassava is a perennial plant where vegetative and storage root growth
occurs simultaneously, from the onset of storage roots initiation, with dry matter partitioned between
the shoot and storage roots (Alves, 2002; El-Sharkawy, 2003). Typically, assimilates are partitioned
mostly to the shoot during canopy establishment and partitioning to storage organs strongly increases
from about 4 months after planting (MAP) onwards. In West Africa, a reduction in leaf growth rates
usually occurs during a dry season and leaf growth resumes when rainfall returns. During this stage, the
crop allocates most of the assimilates to the storage roots (Howeler and Cadavid, 1983). This poses a
challenge for crop management in terms of optimizing nutrient application and uptake to allow optimum
development of leaf area index (LAI) for adequate light interception and maximum growth, while
regulating shoot growth to avoid lodging.

Nitrogen (N), phosphorus (P) and potassium (K) uptake and partitioning in cassava have been
documented in Latin America (Howeler and Cadavid, 1983; Howeler, 2002; Howeler, 2012). Orioli et
al. (1967) reported that uptake of N, P and K was limited during the first two months of cassava growth,
peaked during the third and fourth months before slowing again. Until six MAP, N accumulated mainly
in the leaves, after which N in leaves declined due to leaf fall, but continued to increase in stems and
remained constant in roots (Howeler, 2012). Phosphorus and especially K accumulated mainly in the
roots, followed by stems and leaves (Howeler, 2012). The uptake and partitioning of nutrients in cassava
is further influenced by demand in response to climatic conditions, soil water availability, soil fertility
and plant age. Climate variability contributes to differences in plant growth rates and production
potential (Alva et al., 2002). Howeler (2012) reported that in both irrigated and non-irrigated plots, the
concentration of N, P and K in the whole plant decreased remarkably during dry months and increased
with the onset of rains. In cassava, there is usually a distinct decrease in nutrient uptake during the dry
season, with or without adequate soil water (Fukai and Hammer, 1987; Howeler, 2012). This may be
due to stomatal closing during day time and decreased transpiration in response to low relative humidity.

Several studies have shown that nutrient concentration of plants decreases during the growth cycle, even
when nutrient supply is sufficient. Howeler (2012) found that concentrations of N, P and K decreased
with increasing age of cassava in all plant parts. This has been attributed to dilution as the plant ages
(Justes et al., 1994; Lemaire, 2012), directly related to increase in the proportion of structural and storage
tissues (Greenwood et al., 1991). The minimum nutrient concentration required by the crop to reach its
maximum growth rate at a given amount of biomass accumulation, time and field situation is referred
to as critical value (c¢) of the mineral nutrient (N, P. and K.). The concept of critical nutrient
concentration and nutrition index have been widely used as a diagnostic tool for crop nutrient
sufficiency, and to simulate crop demand for nutrients (Justes et al., 1994; Lemaire, 2012; Gomez et al.,
2018). The N critical dilution curve based on total biomass has been established for various crops, e.g.,
wheat (Justes et al., 1994; Yue et al., 2012), corn (Plénet and Lemaire, 1999), rice (Sheehy et al., 1998;
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He et al., 2017), and potato (Marouani et al., 2014; Gomez et al., 2018). A few studies have established
critical nutrient dilution curves of other macronutrients for potato (Zamuner et al., 2016; Gomez et al.,
2018) and we are unaware of any published reports on critical concentrations of N, P and K in cassava.

Understanding the nutrient uptake and dilution pattern during the growth cycle can help to understand
the temporal nutritional demands of cassava and to identify management practices to prevent nutrient
deficiency as well as excess (Du Preez and Bennie, 1991). Such information can also be used to improve
simulation models to predict cassava growth and storage root yield production under nutrient-limited
conditions. Our objectives were to; (1) understand the nutrient uptake of cassava as affected by fertilizer
application; (2) quantify the proportions of N, P and K in plant-parts across the crop growth cycle and
(3) establish nutrient dilution curves and nutrition indices for cassava.

4.2. Materials and methods

4.2.1. Study area

On-farm experiments were conducted from 2016 to 2018. The six selected experimental fields were
located in three agro-ecological zones (Rainforest — Cross River, Transition Rainforest - Edo, and
Guinea Savanna - Benue), covering the major cassava producing regions in Nigeria. Each year, three
field trials were established, one in each zone. The fields in Edo were located at 7.05°N, 6.13°E in 2016
and 6.80°N, 6.13°E in 2017. For Cross River, field locations were at 7.27°N, 8.18°E in 2016 and 5.96°N,
8.77°E in 2017. In Benue, fields were located 6.76°N, 8.69°E in 2016 and 7.27°N, 8.19°E in 2017. The
growing season begins with the onset of rains in the south from April (Cross River), gradually moving
north, with first rains in Edo by early May and June in Benue. The dry season with intermittent or no
rainfall runs from November to early April — May. The experiment locations (Cross River and Edo) fall
within the Niger delta, which contains deep deposits of relatively young material, rich in clay, resulting
in mostly Nitisols or Ferralsols, while Benue is located within the rift basin, with Acrisols or Lixisols as
dominant soil types. Observed rooting depths of cassava were more than 3.2 m in Edo and about 1.6 m
in Benue where rooting was restricted by a dense clay layer causing soil water saturation at depth after
periods of heavy rainfall. Weather data were obtained from nearby weather stations at distances of
approximately 2.5, 60 and 0.5 km (as the crow flies), with mean annual rainfall of about 2300, 2200 and
1400 mm for Cross River, Edo and Benue respectively (NIMET, 2012; Ukhurebor and Abiodun, 2018).

4.2.2. Experiment design, crop establishment and management

The larger experiment, fully described in Adiele et al. (Chapter 1), included 12 treatments from which
4 treatments were selected for this study. Each experiment contained three blocks to account for any
gradient present in the field with fertilizer treatments randomized within these blocks. The N, P and K
rates applied in the selected treatments are provided in Table 4.1. The plot size was 10 m by 8 m. Planting
was done at the onset of rains each year, except at Benue in 2016, where planting was done
approximately three months later (mid-season). Dates of planting were May 24, June 16, and August 16,
in 2016 and May 12, June 3, and June 15, in 2017 for Edo, Cross River and Benue respectively. Stem
cuttings of 25 cm long from cassava cv. TME 419 were planted at a distance of 1.0 by 0.8 m, resulting
in the recommended planting density of 12,500 plants per hectare. The selected TME 419 cultivar has a
high storage root DM and starch contents, and is characterised by erect stems with minimal branching,
which facilitates intercropping as well as higher planting densities (Eke-Okoro and Njoku, 2012; Ezui,
2017). Phosphorus was applied by placement close to the cuttings at planting, while N and K were also
spot-applied near the plant base in three splits at 1, 2.5 and 3.5 MAP. The N, P and K fertilizers used
were urea, triple super phosphate (TSP) and muriate of potash (MOP). The experimental plots were well
managed and weeded regularly, especially before each fertilizer application.

56



Dynamics of nutrient uptake, dilution and nutrition indices for cassava

Table 4.1. Nutrient application rates per treatment, (f) represents full rate of the nutrient (N = 300,
P =100 and K =300 kg ha™).

Treatment Nitrogen (N) Phosphorus (P) Potassium (K)
(kg ha™)
1. Control 0 0 0
2. N150P40K 180 150 40 180
3. NfPfK 180 300 100 180
4, NfPfKf 300 100 300

4.2.3. Data collection

At the start of the experiment, just before land preparation, soil samples were collected from five points
in a “W” pattern from 0 — 30 cm depth in each plot, bulked together before a composite sample was
taken. The samples were air dried and sieved through a 2 mm mesh sieve. The pH was measured in
water using a 2.5:1 dilution. The hydrometer method was used to determine the particle size. Soil organic
carbon was obtained by the combustion method and N by Kjeldahl digestion. The Mehlich-3 extraction
was used for Ca, Mg and K, while available P was determined in Olsen extracts. All soil analyses were
done at the IITA laboratory, Ibadan, Nigeria.

4.2.4. Yield assessment and plant nutrient content measurements

At 4, 8 and final harvest (FH) at 12 or 14 MAP, a net plot of 6.4 m? (eight plants) was harvested in each
experimental plot. Plants were separated into leaves, stems and storage roots and weights of each
harvested plant part (leaf with petiole, stem, and storage root) were recorded for each plot. Sub-samples
of about 400 g fresh weight were collected in the field using a digital field scale, and oven dried at 60°C
until constant weight and weighed to allow dry matter (DM) yield to be calculated. Dried subsamples
from leaves with petioles, stems, and storage roots were analysed for total N, P and K concentration.
Total N in the tissue was analysed by Dumas combustion using a Carlo Erba EA1108 elemental analyser.
Total P and K concentrations were measured with inductively coupled plasma (ICP) (iCAP 7400,
Thermo Fisher Scientific, USA). Subsamples collected at 4 MAP in Benue in 2016, and in Cross River
in 2017 were not analysed.

4.2.5. Calculations and data analysis

The N, P and K uptake in each crop component were calculated by multiplying nutrient content by the
plant biomass dry matter (g m?) (Ciampitti and Vyn, 2013; Chuan et al., 2016). Nitrogen, P and K
uptake rates (g m™> d™) at 4 and 8 MAP and at FH were calculated as the difference between plant uptake
at 8 minus 4 MAP or final harvest minus 8 MAP divided by the number of days between the growth
intervals. Following the approach used by Bista et al. (2018). Temperature sum (7sum) was calculated
using equation 1, at a Thase of 15°C

d
T, — Ty
Tsum=z max(wx'dz—mm'd) = Thase 0) (eq.1)
1

Where Tma and Toin are the daily maximum and minimum temperatures (°C). Trase 1S the base
temperature below which the crop no longer develops.

4.2.6 Establishment of nutrient dilution curves

For this objective, only data points from Edo and Cross River were used, so as to capture the more ideal
cassava growing environment considering soil conditions. The nutrient dilution curve describing the
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relationship between nutrient concentration and total biomass across locations and years, was generated
by fitting a simple negative power function (eq. 2), following (Yue et al., 2012).

Covp iy = A p) (DM) PP (eq.2)

Where DM is total biomass (the sum of aboveground and storage roots biomass (t DM ha™'), excluding
fibrous roots) C (g kg™") is the total concentration of N, P or K in the plant biomass. Coefficient a (g kg
") represents the concentration of N, P or K when the DM is exactly 1 t ha™'. Thus, it is related to the
level of nutrient supply and the intrinsic ability of the crop to take up the nutrient during early growth
stages (Lemaire et al., 2007). Parameter b represents a “dilution coefficient”, which describes the
reduction in nutrient concentration associated with the increment in total biomass. It characterizes the
pattern of decrease of the nutrient concentration with increase in DM. If b is zero, the nutrient
concentration remains constant. If » = 1, there is an increase in biomass without any increase in N, P or
K concentration. The model in eq. 2 contains only two uncorrelated parameters, making it unbiased and
preferred to explain the dynamics of nutrient concentration in plants (Justes et al., 1994). Also, nutrient
dilution curves at maximum growth rates were determined using eq. 2, following the procedure adapted
from Gomez et al. (2018) for potato, Justes et al. (1994) and Lemaire (2012) for winter wheat and various
crops and grasses. This required identification of values by which the evaluated nutrients do not limit
crop growth (Greenwood et al., 1986; Justes et al., 1994; Marouani et al., 2014). Therefore, the highest
yielding treatments across locations and years were selected to determine the parameters a and b for
each nutrient for maximum growth rate.

Two envelope curves were defined for N, P and K, describing the minimum and maximum
concentrations (eq. 3 and 4) following the method of Justes et al. (1994) and Yue et al. (2012) for N.

Cavp )max = Aw,p k) max(DM) "PWPK) (eq.3)

C.px)min = A(N,P,K)min (DM)~Pwri (eq.4)

The Cuux curve represents the maximum nutrient accumulation capacity of the plant (luxury
consumption), corresponding to the maximum nutrient uptake rate (Justes et al., 1994; Lemaire, 2012).
The Cuin curve represents the minimum nutrient concentration and is assumed as the lower limit below
which metabolism ceases. Note that C,.» is probably an overestimate of the true minimum limit at which
cassava growth stops, because it could be less under other growth conditions (Justes et al., 1994). The
fitted values for a were adjusted manually to find best values for the @yqx and auin parameters for each
nutrient, such that they visually matched the dilution patterns of N, P and K, whereas the b parameter
was not adjusted. Following Greenwood et al. (1986) and Angus and Moncur (1985), the nutrition
indices (NI) were calculated as:

Cnp i) (DM) = Cin p 1) min(DM)
C(N,P,I(),max (DM) - C(N,P,K),min (DM)

Nl piy(DM) = (eq.5)

Where C.rx) (DM) represents the nutrient concentration for N, P or K for a given amount of dry matter.
The relative biomass production was calculated as a ratio of the total biomass weight (DM, t ha™)
obtained at each harvest period to the largest total biomass (Lemaire, 2012)
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4.2.7. Statistical analysis

Treatment effects on nutrient uptake rate were analysed separately for each location and growth stage,
using a linear mixed model with nutrient uptake rate as response variable and fertilizer treatment as
explanatory factor, while years were considered random effects. The interaction of plant-parts nutrient
uptake response with location and year or treatment were analysed with a mixed linear regression model.
A simple linear regression was used to assess the relationship between relative biomass and nutrition
indices. Effects were analysed with a type-IIl ANOVA using Satterthwaite’s approximation method.
Differences between treatment means were considered significant when probability < 0.05. R software
(R Core, 2019), version 3.5 with the Ime4, ImerTest and Predictmeans packages was used for statistical
analysis.

4.3. Results

4.3.1. Dynamics of whole plant nutrient uptake and uptake rate

The proportion of nutrients taken up at 4 MAP in relation to the total uptake at final harvest, varied with
locations and treatments. In Edo, there was no water deficiency and growth continued during the dry
period between 4 MAP and 8 MAP, while nutrient uptake during this period was minimal (Fig. 4.1a, d,
g andj). Growth ceased completely in Benue and was strongly reduced in Cross River during this period,
while some loss of N and P was observed, and to a lesser extent of K, due to leaf fall (Fig. 4.1). The
proportional uptakes for the fertilized treatments were larger than the unfertilized treatments. At all
locations, a larger proportion of N was taken up before the drought when compared to P and K (Fig. 4.1
b, e and c). On average, cassava in Edo at 4 MAP took up 59, 60, and 60 % of N, P and K in the
unfertilized treatment, compared to 70, 62 and 56% in the fertilized treatments. At Benue, cassava in the
unfertilized treatment took up 70, 66, and 53 % of N, P and K at 4 MAP, compared with, on average,
48, 41 and 35% uptake of N, P and K in the fertilized treatments. At Cross River, these values were 56,
55, and 50% of N, P and K at 4 MAP for the unfertilized treatment and 76, 73 and 65 % for the fertilized
treatments.

The fastest N uptake rate during the growing season was observed in Edo, at 4 MAP with the NfP{fKf
treatment (0.21 g m? d', compared with an average of 0.15 g m?” d' across treatments), (Table 4.2).
The cumulative N uptake from 4 MAP to FH was significantly influenced by treatment and location,
except at 8§ MAP when there was no significant effect of treatment due to the dry season (Tables 4.A1-3
of the appendices). Also, phosphorus uptake rate was at its peak at 4 MAP with maximum
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Fig. 4.1. Cassava cumulative plant nutrient uptake for N (panels a,b,c), P (panels d,e,f) and K (panels g,h,i) and total biomass
(panels j,k,1) as a function of cumulative temperature sum from planting through harvests at 4, 8 and final harvest. Symbols
indicate average values for harvests at 4, 8 and final harvests across the two years. The arrows indicate average percentages
(for all treatments) of N, P and K uptake and biomass production at 4 MAP compared with final harvest.

value of 0.03 g m™ d' and an average of 0.02 g m? d”' (Table. 4.2). Across locations and years, the
average quantities of P taken up in the unfertilized and fertilized treatments were 0.7 and 1.2 g m™ and
1.9 and 3.2 g m~2at 4 MAP and FH, respectively. Similar to N and P, the maximum K uptake rate (0.12
gm?d", and average of 0.1 g m? d™!) was observed at 4 MAP in Cross River. The quantities of K taken
up at 4 MAP and FH by unfertilized plants were 3.7 and 6.9 g m?, while the fertilized plants took up
10.7 and 20.1 g m™?at 4 MAP and FH stages, respectively. N, P and K uptake rates strongly decreased
during the dry season to 0.07, 0.004 and 0.03 g m™ d"' on average. There was a rise in N, P and K uptake
rate to 0.1, 0.02 and 0.09 g m? d' from 8 MAP to FH with the return of rainfall (Table 4.2). Nutrient
uptake rates were much slower at Benue from 0-4 and 4-8 MAP than for the other locations, while
uptakes rates were comparable from 8 MAP to FH. This suggests that nutrient uptake was reduced due
to soil water limitations in the first 8 MAP, resulting in much less total nutrient uptake.
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Table 4.2. Average cassava nutrient uptake rates from 0-4, 4-8 months after planting (MAP) and from 8§ MAP
to final harvest (FH) at Edo, Cross River, and Benue across the years

Treatment N P K
(gm?d") (gm?d") (gm?d")
Growth period 0-4 MAP 48 8 MAP- 0-4 MAP 4.8 8 MAP- 0-4 MAP 48 8 MAP-
MAP FH MAP FH MAP FH
Edo
NIPKf 0210 0.075 0.098 0.025 0.004 0.019 0.114 0.029 0.079
NfPK180 0.178 0.053 0.049 0.018 0.002 0.012 0.074 0.027 0.028
N150P40K 180 0.132 0.023 0.039 0.014 -0.002 0.005 0.064 0.020 0.023
Control 0.062 0.001 0.034 0.007 0.001 0.003 0.029 -0.007 0.022
ANOVA
Treatment #45(0,005)  *(0.017)  **(0.007) #%(0.001) ns #(0.003) #%(0.007) ns *#(0.015)
Cross River
NIPKf 0.181 0.034 0.086 0.019 0.004 0.014 0.124 0.025 0.093
NfPfK180 0.130 0.028 0.053 0.015 0.003 0.005 0.090 0.022 0.044
N150P40K 180 0.120 0.025 0.031 0.013 0.003 0.004 0.093 0.019 0.032
Control 0.042 0.014 0.030 0.005 0.001 0.002 0.093 0.008 0.025
ANOVA
Treatment - ns *0.016) - ns *(0.001) - ns *©0.012)
Benue
NP 0.070 0.019 0.069 0.008  0.003 0.017 0.049  0.020 0.092
NfPfK180 0.077 0.005 0.036 0.009  0.002 0.006 0.045  0.017 0.058
NI50P40K180 0.06 0.005 0.034 0.006  0.001 0.004 0.041 0014 0.047
Control 0.032 -0.003 0.025 0.004  0.001 0.003 0.027  0.005 0.026
ANOVA
Treatment - ns ns - ns *(0.004) - *(0.003) ns

* Significant at P < 0.05

** Significant at P < 0.01

*#% Significant at P < 0.001

+ Standard errors (SE) in parentheses and relates only to comparisons between significant terms
- : one year available data for the period, yet uptake rates differed by treatments at 4 MAP

ns: not significant

4.3.2. Distribution of nutrients over plant organs

Nutrient uptake of leaves, stems and storage roots at 4, 8 MAP and FH was evaluated. The amount of
nutrients in the various plant organs varied among treatments and locations. There was no interaction
between treatments and years (Tables 4.A1-3). The leaf N, P and K uptakes were largest at 4 MAP,
while stem N, P and K uptake were largest at 8§ MAP. The accumulation of storage root N, P and K
uptake increased with plant age and biomass (Fig. 4.2). Nutrient accumulation was greater in fertilized
plants than the unfertilized ones. Except increased N accumulation in stems, nutrients in all plant parts
decreased at the 8 MAP (mid growth stage) harvest which corresponded with the seasonal dry period
across the locations, and later increased again as the crop growth continued when rainfall resumed
(Tables 4.A1-3).
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4.3.3. Nitrogen, P and K in leaves, stems and roots

Both unfertilized and fertilized treatments showed similar trends with the largest proportion of N (55 %
of the total N uptake by the whole plant) in the leaves at 4 MAP (Fig. 4.2). At 8 MAP, N partitioning to
the leaves decreased but increased in the stems. Shoot N uptake at FH in fertilized treatments was
proportionally largest in the stem at 54 %, in contrast to the unfertilized treatment where the proportion
of stem N in the shoot was 38 % (Fig. 4.2). There was no significant difference between the fertilized
and the unfertilized treatments in the partitioning of N, P and K at the different growth stages (p < 0.05).
Proportional P content was largest in the storage roots (54%) at final harvest and was similar for
fertilized and unfertilized treatments. The storage roots also accumulated the largest proportion of K,
increasing from 4 MAP to FH for both unfertilized and fertilized treatments, in all locations and years
(Fig. 4.2 and Table 4.A3 ). The proportions of K in storage roots across locations and years were on
average 49, 60 and 60 % in the fertilized compared to 60, 70 and 69% for unfertilized treatments at 4, 8
MAP and FH, respectively.

Fertiized  Unfertiized Unfertized Ferliized  Unfertiized
1.00 1.00 1 1.00
0751 0751 0.75
5 5 5 . Leaves
1;;lZISUI’ E—O&O E.OSU Slems
. oV e
& g e M Storage roots
-4 o b4
0.254 0.251 025
0.00 0.001 0.00
4 8 FH 4 8 FH 4 8 FH 4 8 FH 8 FH 4 8 FH
Months after planting

Fig. 4.2. Proportions of total uptake of N, P and K in leaves, stems and storage roots at different growth stages,
from approximately 4 months after planting to full harvest (FH) across location and years.

4.3.4. Nutrient concentration in leaves, stems and storage roots

The pattern of seasonal change in the N, P and K concentrations was similar for locations and years, with
smaller concentrations in leaves at 8 MAP than at 4 MAP or FH. Nutrient concentrations differed only
between unfertilized and fertilized treatments with a smaller leaf N, P and K concentration in unfertilized
compared with the fertilized treatments (Fig. 4.3). The N, P and K concentration in the leaves of the
unfertilized treatment at 4 MAP (43, 2.8 and 8.2 g kg™') decreased to 39, 2.0 and 7.1 g kg! during the
dry season (8 MAP) and increased later to almost the initial value when drought stress was relieved. For
the fertilized treatment, N, P and K concentration of leaves (46, 3.1, 12.5 g kg'), decreased at 8 MAP
to 39.4, 2.0 and 8.18 g kg Nitrogen and P increased to the initial value at final harvest, while leaf K
concentration was slightly reduced to12.1 g kg™ from the initial values. There was a steady decrease in
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P, K concentration in stems and roots. Also, N concentration in roots decreased, but increased in stems
at 8 MAP before declining towards FH (Fig. 4.3). There were no signs of dilution in the leaves,
concentration increased with leaf biomass (Fig. 4.A1, panel B). The opposite pattern was found for
stems, with the greatest concentration of N at § MAP. The concentrations of P in leaves showed a strong
seasonal pattern, while P in stems and storage roots strongly declined during development. The
concentrations of K in leaves varied over the growth period, while K in stems and storage roots declined
more strongly for fertilized treatments than for unfertilized treatments (Fig. 4.3).

5001 « N ! P ; ) K
1 ® 1 % - .
475 '3 r 307 4 5y B3 A\ i
45.07 o« /’p b\ ) /"-’ 11 w’ Py O
251 \\ 2 251 N7 -
b L S vy \ » O
J \ V7% Wy, 4 Ny
400 X% 201 .\t,{, 9 V
D 3751 . .
=< 201 101
o) 2 L b
= e ot < Treatment
c 109 “» ¥ AR a{
-_8 " . ‘.} 1.57 R\ o [0} Control
s |7\ . 64 \ S~e 3 N150P40K180
= : \: 1.0 A X - NfPK180
S ~ . 4- . NfPTKF
c 64 . . .
8 9_ . 14' L] -
\ K, 9 ot
81 121 %% 81 eos
T %N 10 *-. v N
5- " 08 R 61 ¢
44 b - " .\'—c
4 8 FH 4 8 FH 4 8 FH

Months after planting

Fig. 4.3. Differences between treatments in average N, P and K concentrations (g kg™!) across locations and years
in leaves, stems and storage roots at different growth stages.

The N, P and K concentrations at 4 MAP in stems of the unfertilized treatments were 8.9,2.1 and 5.3 g
kg compared to 9.7, 2.1 and 9.1 g kg for the fertilized treatments. At about 8 MAP, stem N
concentration increased to 10.5 and 11.7 g kg in unfertilized and fertilized treatments, respectively,
while P decreased to 1.16 g kg™ in all treatments and K to 3.51 and 6.07 g kg™ in unfertilized and
fertilized treatments. At FH, there were decreases of 23, 59 and 48 % of stem N, P and K concentrations
when compared to 4 MAP. Also, the storage root N, P and K concentrations in unfertilized treatments
(7.6,1.0 and 7.4 gkg") and 10, 1.5 and 9.3 g kg™' in the fertilized treatment decreased in concentration
at FH (Fig. 4.3). The observed maximum and minimum concentrations of N, P and K are compared with
values from the literature in Table 4.3.
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Table 4.3. Observed vs. literature values of minimum and maximum concentration of nutrients in cassava from

4 MAP to maturity across treatments, locations and years

Measured Literature
values values
Nutrient Minimum Maximum Minimum Maximum Sources
gkg!
Leaves
N 39.0 55.0 33.0 60.0
P 1.8 4.4 2.4 3.8
K 6.0 21.0 11.0 22.0
Stems (Howeler and Cadavid, 1983;
Howeler, 2012; Santos et al.,
2014)
N 6.0 12 7.8 17.0
P 0.6 2.6 1.8 2.4
K 2.3 12.5 8.0 15.0
Storage
roots
N 32 16.0 2.7 11.0 Howeler and Cadavid, 1983
P 0.6 2.2 0.9 6.0 Nijhof, 1987
K 2.7 13.0 34 11.0

4.3.5. Nutrient dilution at different nutrient application rates
The whole plant concentrations of N, P and K varied between 5 and 33, 0.6 and 2.0 and 3.0 and 11.4 g
kg™, respectively. The nutrient dilution pattern for the different treatments (Control, N150P40K 180,
NfP{K 180 and NfPfKf) with varied rates of applied N (0, 150 and 300), P (0, 40 and 100) and K (0, 180
and 300) are shown in Table 4.4 and Fig. 4.4 a, b, c. The concentrations of N, P and K in the total
biomass declined as DM increased during the growth period. The fertilized treatments had a larger a
parameter value than the unfertilized (Table 4.4). The dilution coefficient parameter b for N and P was
higher in the fertilized than unfertilized treatment, but parameter » for K varied among the treatments

(Table 4.4).

Table 4.4. Critical dilution coefficients of N, P and K for different N, P and K levels, obtained from nutrient
limiting (Control) and non-nutrient limiting (NfP{fKf) conditions

N Dilution P Dilution K Dilution

curve curve curve
Treatment Cn= R? Cp=a(DM) R? Ck =a(DM)* R? Range DM

a(DM)* b

tha’!

Control 2OMYS 053 3.1DMS 045  19(DM)OS 057 5-57
N150P40K180  107(DM)®% 0.84  9DM)*™ 077 47(DMY*S 074 5-57
NfPFK180 90(DM)*S”  0.67  8DM)®® 072  40(DM)*¥ 080 5-57
NfPEKE S2(DM)9! 073 74DMY** 057  43DM)OH 071 5-57
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4.3.6. Nutrient dilution curve for maximum growth rate

The NfP{Kf treatment was considered to be non-limiting, and the associated dilution curve for this
treatment was used to determine the nutrient concentration of cassava required for maximum growth
(Fig. 4.4). The equations indicate that Nc = 82, Pc = 7.4 and Kc = 43 g kg'' DM, when total biomass
equals 1 t ha™' for cassava in tropical conditions of West Africa (Table 4.4). About 73, 57 and 71 % of
the variation for total biomass was explained by the N, P and K concentration from 4 MAP to FH. There
was a declining trend of nutrient concentration with increasing DM and crop age (Fig. 4.4). The a
parameter in the dilution equation was derived for N, when set at 55 and 106 gkg' ,Pat4.5and 9.5 g
kg and K at 25 and 45 g kg for the Cpin and Cinax curves.

404
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\ Ne = 82DM041 @

Total N concentration (g/kg)
]
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(V]
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D \\ # N150P40K180
39 )
5 S Pp= 74"DM0S * NPK180
© - RI=057 b o NPKF
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+ Edo, 2017
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Fig. 4.4a, b and c. N, P and K dilution curves for plant nutrient concentrations as function of total plant biomass
per treatment, location and year. Each observation represents an average of three replications for each treatment.
The black broken lines are the upper and lower ‘envelope curves’ — Cpqr and Cyin; and the green line represents
the N, P and K dilution curves for treatments that are not nutrient limited.
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4.3.7. Nutrition indices and relative biomass yield of N, P and K

With the established Cyuax and Cyin dilution curves (Fig. 4.4 a, b, ¢), the nitrogen nutrition index (NNI),
phosphorus nutrition index (PNI) and potassium nutrition index (KNI) were obtained. The largest
nutrition indices were obtained from the full treatment (NfPfKf) at 4 MAP and FH (Fig. 4.5). Except
the NfPfKf treatment, NI were generally small amongst treatments at 8 MAP (during the dry season).
Values of NNI in the unfertilized treatment ranged between 0.1 to 0.3 at the 4 MAP and 0.1 to 0.43 at
FH, with total biomass between 5.0 to 18.5 t DM ha™'. In the NfPfKf, NNI ranged between 0.9 to 1.0 at
4 MAP and 0.8 to 1.13 at FH, with total biomass between 14 and 57 t ha. PNI values from the
unfertilized treatment ranged from 0.1 to 0.33 at 4 MAP and 0.1 to 0.4 at FH, while in the NfPfKf
treatments, values ranged from 0.9 to 0.94 at 4 MAP and 0.8 to 1.13 at FH. Values of KNI from the
unfertilized treatment varied between 0.1 and 0.3 at 4 MAP and 0.2 and 0.33 at FH. The KNI values
from NfPfKf treatment varied between 0.95 and 1.02 at 4 MAP and 0.8 and 1.0 at FH. There was a
linear relationship between relative biomass yield and NI across the locations. In Edo, about 69, 46 and
62 % of the variation for the relative biomass for all treatments was explained by NNI, PNI and KNI
(Fig. 4.5). In Cross River, 73, 63 and 53 % of the variation was explained (Fig. 4.5), while in Benue,
only 33, 30 and 27 % of the variation was obtained (Fig. 4.5). The NNI and PNI values for Edo fell on
the 1:1 line, whereas KNI was shifted to the left. This indicates that K was lower than in Cross River at
equivalent biomass amounts. For Cross River NNI and PNI were lower than for Edo, suggesting that K
supply was most limiting in Edo, while in Cross River, K supply was sufficiently and N and P were less
abundantly available. At Benue, the NNI, PNI and KNI were on the left side of the 1:1 line, indicating
strong dilution of the three nutrients. The patterns strongly differed for 2016 and 2017, where 2017 was
relatively close to the 1:1 line. Especially in 2016, the final harvest in Benue had relatively low nutrient
uptake when compared to Edo and Cross River, resulting in small nutrient concentrations and low NNI,
PNI and KNI values. The largest uptake rates after the dry period for Benue however were similar to the
other sites (Table 4.2).The low NI value may result from a dry top-soil, with temporary unavailable
nutrients and low plant nutrient reserves while high uptake rates after the drought were sufficient to
sustain maximum growth rates leading to strong nutrient dilution. This indicates that under very dry
conditions, plant nutrient concentrations poorly reflect nutrient availability.
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Fig. 4.5. Relationships between the relative accumulated biomass and the N, P and K nutrition indices for cassava
at 4 and 8 months after planting and at final harvest with different N, P and K application rates in three locations
— Edo, Cross River and Benue. Relative biomass is defined here as the ratio of biomass in each plot and the mean
of the biomass in the three NfPfKf plots per location for each harvest. Different symbols indicate values recorded
in plots for the year with squares for 2016 and circles for 2017 and colors for treatments (red for control, purple
for N150P40K 180, cyan for NfPfK 180 and green for NfP{Kf). The small and intermediate symbol sizes were used
for the 4 and 8 MAP sampling while the largest symbol was used for final harvest. The black dashed line is the
1:1 line. There were overlap or missing points due to either; relative biomass for Cross River at 4 and 8 MAP in
2016 did not differ much for treatments or no available data for Benue 2016 and Cross River 2017 at 4 MAP.
Also, NfP{Pf treatment at final harvest in Benue 2016 had low NI (0.3) with high relative biomass of 1.3.

4.4. Discussion
Nutrient uptake in cassava was mostly concentrated in the first 4 months but continued after return of

the rains. In the dry period, small amounts of nutrients were taken up or even lost, depending on the
location. At 4 MAP, plants already took up on average 67, 61 and 52 % of N, P and K that was present
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in the whole plant (leaves, stems and storage roots) at final harvest. In Edo, at 8 MAP, the uptake of N,
P and K increased only by 4, 1.1 and 10 % in the fertilized treatments from 4 MAP. In the unfertilized
treatment, there was no difference in N and K uptake between 4 and 8 MAP, only P uptake increased
by 3.5 %. The peak nutrient uptake rate occurred in the first 4 MAP. At this stage, approximately two-
third of total whole plant N and P and half of K were taken up, while only one-third of whole season
total biomass was produced (Fig. 4.1). In Edo, nutrient uptakes strongly reduced in the drier part of the
season, while biomass growth continued. The soil type in Edo allowed for deep rooting, and plants likely
had access to deeper soil water while nutrients were not available for uptake in the top soil because this
soil layer was too dry. It is possible that excess nutrient uptake in the first part of the season is needed
to support growth during this period, with dilution as a result. This means that split fertilizer application,
such as top dressing with N, P and K after the dry season could benefit cassava and may strongly reduce
nutrient loss but may also reduce growth in the dry season for sites with deep soil water availability.
From this, it is unclear what the best fertilizer strategy would be: split applications after drought or a
large initial supply. Our results suggest that a substantial supply of nutrients is needed before the dry
season for sites where the crop can access soil water at depth.

The fastest uptake rates of N and P were obtained in Edo, while the largest K uptake rate was obtained
in Cross River with values of 2.1, 0.25 and 1.25 kg ha! d! for N, P and K respectively. The high nutrient
uptake rate observed in Edo is related to availability of these nutrients and deep rooting ability of cassava
(Mengel and Barber, 1974), as the soil type in Edo is porous and permits deep rooting, with large amount
of soil water available to plants even during dry periods (van den Beuken, 2018). Potassium was the
most limiting nutrient at Edo, while soils in Cross River had a higher K availability. The least nutrient
uptake rate was recorded for Benue. This could be attributed to limitations in soil water availability
resulting from shallow rooting due to a some periodic water stagnation at depth due to a clay-rich layer
resulting in lower soil moisture availability in the dry season (van den Beuken, 2018) and a large impact
of the seasonal dry conditions (Adiele et al. Chapter 3).

The relative nutrient uptake and allocation to plant parts varied over time but was similar for fertilized
and unfertilized plants although the fertilized plants absorbed nutrients in much greater quantities,
concurring with Howeler (2012). Results from our study show that varied fertilizer rates and locational
differences did not result in any changes or modifications of cassava physiology. At the first harvest at
4 MAP, N was mostly partitioned to the leaves. The partitioning to leaves for N significantly reduced at
8 MAP, while at the same time, N partitioning to the stems increased. The regrowth of new leaves with
onset of rains, resulted in a larger partitioning of N to leaves while partitioning to stems was smaller
(Fig. 4.2) resulting in a strong dilution of N in the stems. The storage root was the primary sink for P
and K, demonstrated by high storage root/shoot ratios, while the shoot was the primary sink for N (Fig.
4.2), increasing as DM increased.

Concentrations of nutrients in the cassava leaves varied with the growth stage, but within a narrow range
throughout the season, as previously observed by Howeler (2012). The leaf N concentrations we
observed were within the sufficiency range of 45 to 60 g kg™' suggested for cassava (Santos et al., 2014).
Contrary to the finding of Howeler (2012), stem N concentration increased at 8 MAP (dry season) (Fig.
4.3), while P and K concentration decreased in stems and roots (Fig. 4.3). This could be due to resorption
of N from senescing leaves and storage in the already N-rich stems. At this stage, stem mass increased,
thereby diluting the P and K concentration in the stem tissue. In addition, He and Dijkstra (2014)
observed that plant P concentration decreased more than N during dry periods. This was because
available soil N concentrations increased while those of P decreased. Potassium concentration varied
least in the storage roots; consistent with reports from Howeler (2002). Also, Mallarino and Higashi
(2009) observed in cereal crops that K concentrations vary less in grain than in vegetative tissues across
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a range of conditions. Understanding these trends in nutrient concentrations during cassava growth
stages are important to determine times of sampling and interpretation of plant analysis results to identify
nutrient deficiencies.

Our results suggest that nutrient dilution was stronger in cassava than in other crops (Greenwood et al.,
1990; Justes et al., 1994; Ciampitti et al., 2013). The nutrient dilution may have been affected by the
rapid storage root growth and translocation of assimilates to the roots, especially, under non-nutrient
limiting conditions and water availability, as was the case in potato (Gomez et al., 2018). The NfP{Kf
treatment allowed a significant increase in growth rate and the data points were considered as
corresponding to sufficiency level (Fig. 4.4 a, b and c). As expected, the whole plant nutrient
concentration for maximum growth (Nc = 82DM %9, Pc = 7.4DM ***and Kc = 43DM °3*) decreased
with increasing biomass resulting mainly from greater accumulation of assimilates in the storage roots
and stems. Crop aging and plant physiology contribute also to the decrease in nutrient concentration.
This is as a result of decrease in leaf area ratio (leaf area per unit of plant mass) as plants invest a greater
proportion of biomass in structural (development of stems and storage roots) relatively to metabolic (e.g.
leaf) tissues (Lemaire et al., 2008). The P and K requirements for optimal plant growth are 3 — 10 and
20 — 50 g kg' whole plant material (Hawkesford and White, 2012). Generally, the nutrient dilution
of cassava is somewhat similar to potato (Marouani et al., 2014; Gémez et al., 2018), with higher
dilution coefficients (b) than cereals (Ciampitti et al., 2013; He et al., 2017). Cassava and potato
accumulate mainly starch in roots or tubers, thus plant N, P and K concentrations would decline more
rapidly with increasing crop mass as storage organ filling occurs. Grain and legume crops accumulate
large amounts of proteins in the grains, with smaller assimilate conversion efficiency hence less decline
in plant N, P and K concentration as the plants develop (Lemaire, 2012). Also, differences in
environmental conditions could contribute to the larger a and b coefficients in cassava due to high
temperature and radiation in the tropics. As more radiation is captured, energy is made available for the
plants to produce more assimilates and increase biomass. He et al. (2017) reported differences in dilution
coefficients of rice (Oryza sativa L.) cultivated in southern and eastern China, which was attributed to
differences in temperature and solar radiation. As lower temperature and radiation resulted in slower
dilution. In our study, the amount of dry matter explained about 65% of variation in nutrient
concentrations for N, P and K. This indicates that other factors may have contributed to the nutrient
dilution e.g., crop age, sampling/harvest time spacing, nutrient availability and self-shading of leaves.

Nutrition indices indicate nutrient deficiency, sufficiency, luxury consumption or excesses (He et al.,
2017; Gémez et al., 2018). In our study, NI of the non-nutrient limiting treatments at 4 MAP and FH in
Edo and Cross River were assumed to be in the sufficiency or luxury consumption zones. The obtained
NNI ranged between 0.1 — 1.13 (4 MAP — FH), while most studies reported NNI between 0.25 — 1.5 for
potato and 0.45 — 1.53 for rice (Marouani et al., 2014; He et al., 2017; Gomez et al., 2018). Though these
authors obtained NNI by dividing the N concentration in the DM by the critical N concentration. The
only available work on PNI (Zamuner et al., 2016) recorded values > 1 when potato was supplied with
100 kg ha™' P, in the Pampas region of Argentina. Though there is yet no known reported values of KNI
either on cassava or other crops, the standard used to quantify the status of NNI and PNI were used to
evaluate that of KNI values obtained from this study. The lowest nutrition indices of N, P and K were
obtained from the unfertilized treatments and during the dry season (Fig. 4.5). The NI can be used to
assess the effect of nutrient on crop yield, as greater yields in this study were associated with high
nutrient amounts in the crop (Fig. 4.5). We observed positive linear relationships between relative
biomass yield and NI estimated at different growth stages which is consistent with findings of Marouani
et al. (2014) and He et al. (2017) for potato and rice, respectively. Relative biomass yield increased
with increasing NI, especially in Edo and Cross River. However, the relationship was weak in Benue in
2016 which may be due to the specific conditions for this year with late planting and limited nutrient
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availability in the first few months due to dry topsoil but large nutrient uptake and growth rates after the
dry period.

4.5. Conclusion

Our study provides essential insight in the dynamics of nutrient uptake and uptake rates of cassava under
West African conditions. Results indicated that one-third of the total biomass expected at 12-14MAP is
achieved at 4MAP under non-water limiting conditions. This can be used as a proxy for estimating final
harvest biomass at 4MAP. More than half of the total nutrient uptake was also required at that period,
providing insights into optimizing timing of nutrient applications and management for maximum yield
response. Also, our results enable an understanding of the dynamics of nutrient concentrations among
cassava plant parts during growth. This is important in terms of time of sampling and interpretation of
plant analysis results. Nutrient dilution curves for N, P and K at different application rates were
quantified for the first time in cassava. We observed stronger nutrient dilution coefficients than those
reported for most crops. Under conditions without water deficiency, the defined nutrition indices were
linearly related to relative crop growth rates. Nutrition index values remained more or less constant
throughout the growing season. These insights are key to further develop water- and nutrient limited
crop growth models that help to further optimize nutrition and to help us understand how water and
nutrient limitations interact with crop growth rates and fertilizer response under a range of environments.
Determining nutritional status of cassava at different growth stages from N, P and K dilution curves
allows identification of specific deficiencies and will in future enable adjustments in supply of these
elements to increase yields.
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4.7 Appendices

Table 4.A1. Uptake of N, P, and K in leaves, stem, and storage roots for cassava grown in three locations at 4
months after planting (MAP)

2016 2017
Cross River Edo Benue Edo
Treatment Leaf/Stem/Roots  Leaf/Stem /Roots  Leaf/Stem /Roots ~ Leaf/ Stem /Roots
N (gm?)
Control 3.29/1.0/1.49 3.47/1.18/4.33 2.64/0.59/1.13 5.3/1.24/1.59
N150P40K180 9.18/2.83/4.87 9.74/3.13/6.75 4.68/1.31/2.23 11.91/2.05/2.78
NfPfK180 9.63/3.35/4.78 13.48/3.44/7.49 6.08/1.70/2.89 16.52/3.52/3.34
NfP{Kf 13.50/4.57/6.59 11.72/5.0/12.04 4.68/1.51/3.5 18.41/3.71/6.36
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns 2/0.65/1.71 ns/ns/1.14 2.01/0.59/1.15 ns/ns/ns
P (gm?)
Control 0.24/0.19/0.18 0.17/0.23/0.39 0.16/0.1/0.25 0.38/0.4/0.4
N150P40K180  0.7/0.48/0.59 0.44/0.48/0.85 0.24/0.2/0.38 0.76/0.54/0.65
NfPfK180 0.9/0.62/0.5 0.6/0.66/0.94 0.32/0.34/0.52 1.05/0.91/0.76
N{P{Kf 1.06/0.84/0.72 0.52/1.07/1.78 0.27/0.26/0.61 1.22/0.95/1.34
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) Ns/ns/ns ns/0.12/1.71 ns/ns/1.14 0.13/0.12/1.15 ns/ns/ns
K (g m?)
Control 0.9/0.81/1.83 0.52/0.46/3.36 0.69/0.81/2.17 0.4/0.69/2.16
N150P40K180  3.75/3.69/5.23 1.86/2.78/4.83 1.03/1.42/3.15 2.58/1.72/4.26
N{PfK180 4.09/3.81/4.35 2.34/2.6/5.89 1.38/1.65/3.19 3.33/2.56/3.91
NP{KSf 5.68/4.9/6.32 2.23/5.25/10.1 1.16/1.29/4.24 3.42/3.17/7.34
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns ns/0.78/0.9 ns/ns/ns 0.57/2.4/1.0 0.40/ns/ns
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Chapter 4

Table 4.A2. Uptake of N, P, and K in leaves, stem, and storage roots for cassava grown in three locations at 8
months after planting (MAP).

2016 2017
Benue Cross River Edo Benue Cross River Edo
Treatment Leaf/Stem/Roots  Leaf/Stem Leaf/Stem Leaf/Stem Leaf/ Stem /Roots Leaf/Stem
/Roots /Roots /Roots /Roots

N (gm?)
Control 0.14/0.07/0.51 0.28/2.92/2.0 1.7/3.3/2.64 0.68/0.89/1.82 3.58/2.45/1.93 1.8/4.04/3.64
NI150P40K180  0.53/0.63/2.0 0.67/8.17/6.17 4.48/10.4/6.0 0.75/3.1/3.78 4.19/6.88/4.6 2.42/9.52/5.23
NfPfK180 0.45/0.52/1.57 0.67/8.32/5.27 9.06/15.1/10.5 1.12/4.47/5.0 6.83/8.97/7.37 2.05/12.7/6.44
NfPKf 0.48/0.56/2.13 4.55/8.93/7.22 8.92/16.6/13.1 1.96/3.8/6.6 5.86/9.03/6.54 2.05/12.5/6.79
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns ns/ns/1.0 ns/ns/ns 0.88/1.58/1.2 1.86/1.1/1.45

P (gm?)
Control 0.01/0.01/0.07 0.01/0.28/0.29 0.07/0.39/0.34 0.04/0.16/0.39 0.17/0.23/0.43 0.12/0.56/0.58
NI150P40K180  0.02/0.08/0.22 0.03/0.84/0.87 0.14/0.74/0.77 0.04/0.4/0.69 0.2/0.51/0.74 0.13/1.25/1.06
NfPfK180 0.02/0.06/0.19 0.03/0.93/0.85 0.41/0.95/1.13 0.06/0.52/0.75 0.33/0.73/1.19 0.12/1.67/1.15
NIPIKf 0.02/0.06/0.25 0.24/1.14/1.0 0.41/1.07/1.38 0.1/0.53/1.0 0.27/0.6/1.0 0.12/1.73/1.36
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns ns/ns/1.01 ns/ns/ns 0.04/0.16/1.2 ns/ns/ns

K (gm?)
Control 0.04/0.04/0.74 0.05/1.04/2.58 0.35/0.94/1.51 0.14/0.86/3.26 0.75/1.06/3.37 0.21/0.93/2.35
NI150P40K180  0.12/0.34/2.6 0.16/4.35/7.5 0.65/4.6/5.6 0.15/1.93/5.59 1.18/3.48/7.12 0.39/5.29/5.89
NfP{fK 180 0.12/0.3/1.98 0.16/4.51/6.47 1.33/6.0/7.6 0.25/3.06/4.72 1.65/4.81/8.84 0.34/6.36/5.67
NfPKf 0.13/0.35/2.75 1.07/4.84/7.58 1.73/7.13/10.4 0.4/2.28/6.92 1.45/5.41/9.02 0.38/7.27/6.74
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns ns/0.82/0.87 ns/ns/ns 0.19/0.9/1.14 ns/0.58/ns
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Table 4.A3. Uptake of N, P, and K in leaves, stem, and storage roots for cassava grown in three locations at

final harvest (FH)
2016 2017
Benue Cross River Edo Benue Cross River Edo
Treatment Leaf/Stem/Roots  Leaf/Stem Leaf/Stem Leaf/Stem Leaf/ Stem /Roots Leaf/Stem
/Roots /Roots /Roots /Roots

N (gm?)
Control 2.04/1.47/2.82 3.05/2.52/2.85  7.36/7.01/5.04  2.64/1.26/1.75  4.2/2.69/5.98 5.15/3.66/4.54
N150P40K180 4.93/2.84/5.62 4.86/7.37/8.24  7.91/11.6/11.0 ~ 2.92/1.92/4.27  5.89/4.48/6.38 3.4/7.88/6.09
NfPfK180 5.84/4.43/4.78 8.77/9.08/8.15 11.4/19.2/142  2.48/2.86/5.87  7.45/7.1/8.72 3.86/13.1/9.15
NfPfKf 6.59/6.85/8.77 12.1/14.2/12.2 15.1/17.6/19.0 ~ 3.74/4.02/9.99  7.13/8.36/12.9 6.93/10.9/13.7
ANOVA Treatment*Year  Treatment Year Location Treatment*Location
SE (0.05) ns/ns/ns 1.87/2.19/1.25 1.36/ns/ns 1.39/2.0/2.04 ns/ns/ns

P (gm?)
Control 0.13/0.14/0.49 0.23/0.26/0.42  0.51/0.76/0.72  0.18/0.17/0.41 0.20/0.31/0.95 0.37/0.42/0.77
N150P40K180 0.31/0.27/0.96 0.33/0.67/1.09  0.64/1.27/1.24  0.19/0.26/0.76  0.28/0.36/0.96 0.24/1.02/1.22
NfPfK180 0.31/0.41/1.17 0.57/1.03/1.15  0.92/2.26/1.6 0.18/0.44/0.95  0.4/0.83/1.49 0.31/2.08/1.84 <
NfPKf 0.41/0.67/1.72 0.99/1.86/1.71 1.23/2.33/2.93  0.29/0.56/1.87  0.38/0.83/2.07 0.6/1.65/2.48 o

5

ANOVA Treatment*Year  Treatment Year Location Treatment*Location O
SE (0.05) ns/ns/ns 0.16/0.26/1.23  0.12/ns/ns 0.11/0.27/2.04  ns/0.22/ns