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CHAPTER SIX 

6.0. Understanding water-limited yield of cassava in Southern Togo  

Abstract 

The present study aimed to improve our understanding of water-limited yields of cassava under rain-

fed systems in Southern Togo using a modelling approach based on light interception and use 

efficiency. Data collected in four different fields in two locations, Sevekpota and Djakakope, during 

two consecutive growing seasons from 2012 to 2014 helped to achieve this goal. Data from Sevekpota 

in Year 2, which received a larger amount of rainfall than Year 1 were used for model 

parameterisation and calibration. The model was evaluated with data from Year 1 in Sevekpota and 

Years 1 and 2 in Djakakope. The model calibration and testing results indicated an overall good 

agreement between simulated and observed leaf area index, storage roots and total biomass dry matter. 

The decline of LAI towards the end of the cropping season and the regrowth at the onset of the new 

rainy season matched well with the simulated dormancy and recovery from the dormancy phase. The 

model also captured the decline in yield of storage roots due to leaf regrowth at the recovery from 

dormancy as observed in Sevekpota. Best harvest periods to minimise storage roots losses can be 

identified on that basis. The assessment of the effect of drought as the difference between simulated 

potential yields, assuming water content at field capacity, and water-limited yields indicated that 

drought can cause 9-60% loss of yield. The largest yield loss was recorded in Sevekpota in Year 1, and 

was mainly due to water stress occurring from 79 to 125 days after planting. The best planting period 

simulated was around mid-February, which is earlier than the usual planting time in Southern Togo. 

Further experimental studies are required to confirm this finding and assess how this can practically fit 

into existing cropping systems. These findings enhance our understanding of water-limited yield of 

cassava and unveil possibilities of improving it in the region.  

Keywords: Dormancy, drought, rain-fed, planting date, leaf area index, LINTUL. 

This article will be published in a modified version as: 

Ezui, K.S., Leffelaar, P.A., Franke, A.C., Mando, A., Giller, K.E. Drought assessment and mitigation 

in cassava: Planting date management. 
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6.1. Introduction 

Drought stress can cause serious yield reductions in cassava production despite its 

drought tolerance. Yield losses ranging from 32-60% have been reported under 

prolonged drought as compared with irrigated cassava crops (Alves 2002; Connor et 

al. 1981). Cassava is particularly sensitive to drought stress occurring between 1 and 5 

months after planting. Prolonged water stress towards the end of the first 12-month 

cycle of the crop’s growth period can result in entering the dormancy phase (Alves 

2002). Dormancy is characterised by decreased leaf production, increased leaf 

shedding (to an extent that almost all leaves fall) and termination of shoot vegetative 

growth (Alves 2002). Dormancy is generally broken by rainfall, but little is known 

about which soil moisture suction suffices to trigger the recovery from dormancy. It 

has been reported that the recovery from drought is characterised by a rapid production 

of new leaves, which temporarily occurs at the expense of carbohydrate reserves in the 

stem and storage roots (El-Sharkawy and Cock 1987). To our knowledge, the extent to 

which this process affects stems and storage roots yields is not well understood. A 

better understanding of this process could guide decisions on harvest time for 

increased cassava yield. These knowledge gaps unveil the need for understanding 

drought stress impacts on yields in sub-Saharan Africa where most cassava is produced 

under rain-fed conditions.  

Process-oriented models are used for assessing water-limited yields. The most 

recommended process-oriented model for cassava growth is the GUMCAS (meaning 

“simulate” in Tagalog, the national language of the Philippines) model by Matthews 

and Hunt (1994). The GUMCAS model, also referred to as CROPSIM-Cassava in the 

framework of the Decision Support System for Agrotechnology Transfer (DSSAT) 

(Jones et al. 2003; Singh et al. 1998), was designed to simulate potential, water-limited 

and nitrogen-limited growth of cassava as affected by environmental variables 

(temperature, solar radiation, drought stress, photoperiod, vapour pressure deficit) and 

crop-genetic characteristics. In this model, the potential biomass growth is determined 

as a function of the leaf area index and the maximum canopy photosynthesis rate of a 

given cultivar, and the leaf and stem growth are modelled independently to the total 

assimilate supply. The accurate assessment of these variables is required to ensure a 

good estimate of storage roots dry matter yield. The growth of leaf, stem and fibrous 

roots are modelled in great detail and involve many variables. Leaf growth is modelled 

as a function of leaf appearance and expansion rates, the latter depending on the 

number of active growing apices, individual leaf area of newly produced leaves and on 

the specific leaf area. The modelling of leaf appearance rate involves cultivar-specific 

parameters like the leaf appearance rate at emergence and the developmental time from 

emergence to the stage at which leaf production effectively ceases. Stem growth is 



111 

 

__________________________________________________________________________________________________________________________ 
In: Ezui, K.S. 2017. Understanding the productivity of cassava in West Africa. PhD Thesis, Wageningen 
University, NL. pp. 108-148. 
 

described in relation to the leaf growth rate and the stem/shoot fraction. Root growth is 

quantified in relation to leaf and stem growth rates and to the crop developmental age 

since emergence. The unavailability of data to assess these model input parameters 

could decrease the accuracy of simulation results for cassava in West Africa. Another 

characteristic of GUMCAS is the ability to assess the effects of recovery from drought, 

which are modelled via a compensatory increase of individual leaf size (Connor and 

Cock 1981). However, the contribution of storage roots as source of assimilates for 

this compensatory leaf size increase has not been indicated. Storage roots dry matter 

reduction and leaf dry matter increase at the recovery from drought has been observed 

in previous studies (Howeler and Cadavid 1983). 

The Light INTerception and UtiLisation (LINTUL) model (Spitters 1990) provides an 

alternative modelling approach. The first version of the model (LINTUL 1), developed 

for simulating potential growth, aimed to assess potato growth from daily intercepted 

photosynthetically active radiation (PAR) and light use efficiency under optimal 

growth conditions. It was thereafter extended to simulate crop growth under water-

limited conditions (LINTUL 2) (Spitters and Schapendonk 1990). The model has been 

adapted for crops such as maize (Farré et al. 2000), winter oilseed rape (Habekotté 

1997), rice (Shibu et al. 2010) and banana (Nyombi 2010; Taulya 2015). In the model, 

biomass growth rate is assumed linearly correlated with the amount of light intercepted 

with a constant light or radiation use efficiency, following Monteith (1977). Unlike in 

GUMCAS, the partitioning of the dry matter among different plant organs is modelled 

in LINTUL using partitioning factors defined as a function of the physiological age of 

the crop. It has been reported that fibrous root, stem and leaf growth have priority on 

storage root growth in the juvenile vegetative stage of the crop, and that translocation 

of dry matter to storage roots increases in the reproductive stage (Alves 2002). The 

LINTUL model had not yet been adapted for cassava. 

This study aims at adapting LINTUL for cassava in order to assess water-limited 

yields as affected by drought stress and planting date in rain-fed systems in West 

Africa. In separate field experiments in Southern Togo data were collected for model 

parameterisation and testing, followed by the application of the model to assess the 

contribution of planting date on mitigating the impact of drought on the performance 

of the crop. 
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6.2. Materials and methods 

6.2.1. Description of LINTUL-Cassava 

6.2.1.1. Cassava development simulation 

The original LINTUL2 model to simulate water-limited production was modified to 

incorporate the development and growth of cassava under water-limited conditions. 

The model assumes three development phases as in CROPSIM-Cassava: i) planting to 

emergence, ii) emergence to first branching, iii) first branching to maturity or harvest. 

The functioning of the model is summarized in the relational diagram in Fig. 6.1, 

which depicts relationships between key parameters as described in the sections below. 

Temperature is the key environmental factor driving these phases. The duration of 

each phase is measured using the temperature sum (TSUM). The TSUM is determined 

as a function of the daily effective temperature (DTEFF) and of the planting date 

(DOYPL) (Eq. 6.1). The DTEFF is calculated as the difference between the daily 

average temperature (DAVTMP) and the base temperature (TBASE) (Eq. 6.2).  

TSUM = DTEFF x f (TIME, DOYPL)      (Eq. 6.1) 

DTEFF = MAX ( 0., DAVTMP–TBASE )      (Eq. 6.2) 

DTEFF: [
o
C] is the daily effective temperature.  

DAVTMP: [
o
C] is the actual average daily temperature approximated by 

(TMAX+TMIN)/2.  

TBASE [
o
C] is the base temperature below which the crop no longer develops; 

DOYPL is the planting date (day of the year on which planting occurred). 

a. Emergence 

The model assumes that the emergence (EMERG) occurs when soil water content 

(WC) is above wilting point (WCWP) and that TSUM accumulation from the time of 

planting has reached OPTEMERGTSUM. The OPTEMERGTSUM defines the 

optimal amount of TSUM accumulated from planting to emergence. The emergence 

occurs within two weeks after planting (Alves 2002). We used a default 

OPTEMERGTSUM value of 180
o
C under an optimum temperature of 27

o
C (optimum 

cassava growth is achieved between 25 and 29
o
C) and a TBASE of 15

o
C (Alves 2002). 

The list of model parameters and their default values are presented in Table 6.1. As 

soon as EMERG is activated (EMERG = 1), it remains ON for the rest of the growth 

process. 
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Fig. 6.1. Relational diagram of LINTUL-Cassava for water-limited production. In black the original LINTUL2 with the crop growth part (right 
part in black) and the water balance part (left part in black). In blue the representation of the modification we made including the cutting growth 
(middle of the upper part in blue), the dormancy part (lower left corner in blue), and the redistribution part (lower middle and right part in blue). 
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Table 6.1. Model parameters and default values. 

 Parameters codes Signification Unit Default value Source 

 Crop parameters         

1. SLA_MAX Maximum specific leaf area m
2
 g

─1
 0.03 Measured 

2. WCUTTINGUNIT Average weight per cutting g 14 van Heemst (1988) 

3. TBASE Base temperature 
o
C 15 Alves (2002) 

4. RGRL Relative growth rate of leaf area (
o
C d)

─1
 0.003 Estimated 

5. LAIEXPOEND Maximum leaf area index for exponential growth phase m
2
 m

─2
 0.75 Estimated 

6. TSUMSOBULKINIT Temperature sum accumulation to the start of storage roots bulking 
o
C d 529 El-Sharkawy (2003) 

7. TSUMSBR Temperature sum accumulation to first branching 
o
C d 776 Gutierrez et al. (1988) 

8. LAICR Critical leaf area index m
2
 m

─2
 5 Keating et al. (1982) 

9. LAI_MIN Minimum leaf area index m
2
 m

─2
 0.09 Measured 

10. RDRSHM Relative death rate of leaves due to shade d
─1

 0.09 Estimated 

11. RDRB Base relative death rate of leaves d
─1

 0.09 Estimated 

12. FRACTLLFENHSH Fraction of leaf life at which enhanced shedding can be induced  0.85 Estimated 

13. FASTRANSLSO Proportion of senesced leaf weight translocated to storage roots before the 

shedding of the leaf 

 0.5 Estimated 

14. OPTEMERGTSUM Optimal temperature sum for emergence 
o
C d 170 Alves (2002) 

15. DELREDIST Delay for redistribution of dry matter 
o
C d 12 Estimated 

16. TSUMLA_MIN Temperature sum accumulation for minimum leaf area 
o
C d 180 Alves (2002) 

17. WSOREDISTFRACMAX Maximum proportion of dry matter redistribution from storage roots for the 

formation of new leaves 

 0.05 Estimated 

18. WLVGNEWN Minimum amount of new leaves weight produced in the redistribution phase g DM m
─2

 10 Estimated 

19. SO2LV Conversion rate of storage organs dry matter to leaf dry matter g leaves DM g
−1

 

storage roots DM 

0.8 Estimated 
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20. RRREDISTSO Relative rate of redistribution of dry matter from storage roots to leaves d
─1

 0.01 Estimated 

21. RECOV Proportion of critical soil water content above which the crop recovers from 

drought 

 0.7 Estimated 

22. TSUMLLIFE Temperature sum accumulation to leaf life 
o
C d 1500 Alves (2002) 

23. TSUMREDISTMAX Maximum temperature sum accumulation to indicate the duration of dry matter 

redistribution 

o
C d 144 Estimated 

24. WCUTTINGMINPRO Minimum proportion of the stem cutting weight that remains unchanged  0.15 Estimated 

25. RDRWCUTTING Relative decrease rate of cutting weight d
─1

 0.017 Alves (2002) 

26. LUE_OPT Light use efficiency at optimum growing conditions g MJ PAR
─1

 1.5 Measured 

27. K_ext Light extinction coefficient  0.7 Measured 

28. RRDMAX Maximum rate of increase in rooting depth m d
─1

 0.022 Matthew and Hunt, 1994 

      

 Soil parameters for the Ferruginous soil at Sevekpota in Year 2 

29. WCI Initial water content (at start of the simulation run) m
3
 m

─3
 0.41 Estimated as identic to 

WCFC at planting 

30. WCAD Water content at air dry m
3
 m

─3
 0.01 Estimated 

31. WCWP Water content at wilting point m
3
 m

─3
 0.12 Estimated 

32. WCFC Water content at field capacity m
3
 m

─3
 0.41 Aina and Periaswamy 

(1985) 

33. WCWET Water content at wet m
3
 m

─3
 0.46 Estimated 

34. WCST Water content at saturation m
3
 m

─3
 0.52 Estimated 

35. TWCSD Proportion of WCWP at which water content at severe drought (WCSD) is 

assumed to be reached (unitless, default value set at 5% above WCWP) 

 1.05 Estimated 

36. TRANCO Transpiration constant mm d
─1

 8 Estimated 

37. DRATE Drainage rate mm d
─1

 50 Estimated 
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b. Simulation of first branching 

Two types of branches characterise a cassava plant: the main branches emerging from 

the planted stem cutting and the lateral branches arising from the main branches where 

an apex evolves into an inflorescence. The appearance of the first lateral branch marks 

the start of the reproductive stage (Matthews and Hunt 1994). This phase is 

temperature and photoperiod dependent, and cultivar specific. However, the current 

model does not include photoperiod effects not only due to a lack of data, but also to 

the fact it is reported that photoperiod may not limit storage roots production in the 

tropics because of the small variation in day length very 10 and 12 hours (Alves 2002). 

The period from emergence to first branching, denoted as TSUMSBR in LINTUL-

Cassava, has been reported in the literature to occur between 15 and 65 developmental 

days (Veltkamp (1985); Keating et al. (1982) and Gutierrez et al. (1988)) depending on 

whether the cultivar grown was branching early or late. This period corresponded to a 

TSUM range of 180 to 780
o
Cd for an optimum temperature of 27

o
C and TBASE of 

15
o
C (Hillocks et al. 2002). Since the cultivar used in this study was late branching 

type (TME 419 or “Gbazekoute” as local name in Togo), 780
o
Cd was considered as 

default value for TSUMSBR in our simulations. 

c. Simulation of maturity and harvest  

As a perennial shrub, the cassava plant is an indeterminate crop. It can grow for more 

than a 12-months cycle and can be harvested from 8 to 24 months after planting 

(MAP). The current version of the model simulates only the first 12-month cycle since 

most farmers in Southern Togo and in most land constrained areas commonly harvest 

cassava before 12 MAP because the land needs to be prepared for other crops in the 

subsequent growing season. Thus, the simulation stops when a TSUM of 4320
o
Cd, 

corresponding to 360 days under optimal temperature of 27
o
C and TBASE of 15

o
C, is 

reached, or when a predefined end of simulation time or harvest time is attained. 

6.2.1.2. Cassava growth processes simulation 

The model describes nine main processes: the growth of i) stem cuttings, ii) leaf area 

index, iii) biomass, iv) leaf, stem, fibrous root and storage roots, v) senescence, vi) dry 

matter partitioning, vii) dormancy; viii) biomass production upon the recovery from 

dormancy and ix) the growth of rooting depth. Temperature is the key environmental 

factor affecting the growth processes. Cassava growth is inhibited below 15
o
C and 

beyond 40
o
C (Alves 2002). Considering the optimal temperature range of cassava 

growth between 25 and 29
o
C, four cardinal temperatures were used: TBASE, optimum 

temperatures 1 and 2 (TOPT1 and TOPT2) and high temperature (THIGH). 
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d. Stem cutting growth 

The planted stem cutting is the initial source of dry matter for shoot and root growth at 

emergence (Alves 2002). Hence, we initialised the weight per square meter of the stem 

cuttings (WCUTTING), stems (WST), leaves (WLV), storage roots (WSO) and of 

fibrous roots (WRT) at emergence using the following equations: 

WST = WCUTTINGIP x FST_CUTT      (Eq. 6.3) 

WRT = WCUTTINGIP x FRT_CUTT      (Eq. 6.4) 

WLVG = WCUTTINGIP x FLV_CUTT      (Eq. 6.5) 

WSO = WCUTTINGIP x FSO_CUTT      (Eq. 6.6) 

WCUTTING, WST, WRT, WLVG and WSO are expressed in [g m
─2

]. WLVG is the 

weight of green leaves per square meter of soil. WCUTTINGIP [g m
─2

] is the stem 

cutting weight at planting. FST_CUTT, FRT_CUTT, FLV_CUTT and FSO_CUTT are 

the respective proportions of WCUTTINGIP allocated to the production of stem, 

adventitious roots, leaves and storage root at emergence and have units as e.g. g stem 

g
─1

 cutting for the stems. FSO_CUTT is null at emergence since there is no storage 

roots production at emergence.  

From emergence, WCUTTING declines exponentially to a minimum cutting weight 

(WCUTTINGMIN) (Alves 2002). The relative rate of decline of WCUTTING 

(RDRWCUTTING) derived following Alves (2002) is about 0.017 day
−1

. 

WCUTTING = INTGRL(WCUTTINGIP, RWCUTTING)   (Eq. 6.7) 

RWCUTTING = −RDRWCUTTING x WCUTTING if WCUTTING > WCUTTINGMIN

           (Eq. 6.8) 

RWCUTTING = 0 if WCUTTING ≤ WCUTTINGMIN 

WCUTTINGMIN = WCUTTINGMINPRO x WCUTTINGIP   (Eq. 6.9) 

WCUTTINGMINPRO is the fraction of WCUTTINGIP at which the exponential 

decline of the stem cutting is expected to stop. 

e. Leaf area index growth 

According to Alves (2002), in the first 30 days after planting (DAP), period 

corresponding approximately to 15 days after emergence (DAE), the growth of shoot 

and roots mainly depends on the reserves of the stem cutting. However, the exact 

timing of the start of photosynthetic activity of the leaves is not well known. We 

assume that the photosynthetic activity of the leaves starts from emergence, and that 

leaf area growth (GLAI) is exponential during 15 DAE (Eq. 6.10). This 15-days period 
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corresponds to a TSUM of 180
o
Cd under an optimal temperature of 27

o
C and TBASE 

of 15
o
C. We referred to this period as TSUMLA_MIN, which stands for TSUM 

accumulation for minimum leaf area.  

GLAI = dLAI/dt = (RGRL x DTEFF) x LAI + |RWCUTTING| x FLV x SLA  

(Eq. 6.10) 

GLAI is expressed in [m
2
 leaf m

−2
 ground area d

−1
]; RGRL [°Cd

−1
] is the relative 

growth rate of leaf area; LAI [m
2
 leaf m

−2
 ground area] is the leaf area index; FLV [g 

leaf g
−1

 DM produced (or present in the stem cutting)] is the fraction of the biomass 

DM allocated to the leaves. As a first approximation, we assume that the fraction of 

the stem cutting weight used for leaf production during TSUMLA_MIN is similar to 

the fraction of the total biomass allocated to leaves. SLA [m
2
 leaf g

−1
 leaf] is the 

specific leaf area. 

At later development stage, leaf expansion is restricted by assimilate supply. 

GLAI = dLAI / dt = dWLV / dt x SLA      (Eq. 6.11) 

WLV [g leaf m
−2

] is the total leaf weight per ground area. 

Leaf area is affected by leaf death, DLAI. Thus, the net rate of leaf area growth is 

defined as follows: 

𝐿𝐴𝐼 =  ∫ (𝐺𝐿𝐴𝐼 − 𝐷𝐿𝐴𝐼) 𝑑𝑡
𝑡

0
        (Eq. 6.12) 

f. Total biomass growth 

The potential biomass growth (GTOTAL) is modelled as a function of light use 

efficiency (LUE) and light interception (PARINT) (Eqs. 6.13 & 6.14). Under water-

limited conditions, GTOTAL is limited by drought stress expressed by the 

transpiration reduction factor (TRANRF), which is the ratio of the actual transpiration 

over the potential transpiration.  

GTOTAL = LUE x PARINT x TRANRF      (Eq. 6.13) 

PARINT = 0.5 x DTR x (1. − EXP(−K_ext x LAI))    (Eq. 6.14) 

LUE = LUE_OPT x f (TBASE, TOPT1, TOPT2, THIGH, DAVTMP) (Eq. 6.15) 

GTOTAL [g m
−2

 ground d
−1

]; PARINT [MJ PAR m
−2

 ground d
−1

] is defined as the 

amount of light intercepted by the canopy per day and per m
2
, assuming an exponential 

light profile in the plant canopy from its top towards the soil; LUE [g MJ PAR
─1

] is 

expressed as a function of LUE_OPT (LUE under optimal condition) that is a 

parameter, which value is null below TBASE and beyond THIGH, maximum between 

TOPT1 and TOPT2, and linearly increasing between TBASE and TOPT1, and 
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decreasing between TOPT2 and THIGH; we approximated LUE_OPT as 75
th

 

percentile of the ratio between the total biomass and the accumulated PAR measured 

on fertilized plots on the model calibration site (Sevekpota in Year 2); K_ext is the 

light extinction coefficient; DTR [MJ m
─2

 d
─1

] is the daily total radiation; 0.5: is the 

conversion factor from MJ DTR to MJ PAR. 

g. Leaf, stem, fibrous root and storage root growth 

Biomass production is calculated on the basis that the total biomass is comprised of 

dry matter (DM) produced from photosynthesis as well as dry matter provided by the 

stem cutting. Hence, the rate of weight increase (g DM m
−2

 day
−1

) of the stem 

(RWST), the green leaves (RWLVG), the fibrous roots (RWRT) and the storage 

organs (RWSO) are calculated as follows: 

RWST   = (GTOTAL + |RWCUTTING|) x FST     (Eq. 6.16) 

RWLVG  = (GTOTAL + |RWCUTTING|) x FLV – DLV + RREDISTLVG x  

  PUSHREDIST       (Eq. 6.17) 

 

RWRT   = (GTOTAL + |RWCUTTING|) x FRT     (Eq. 6.18) 

RWSO   = (GTOTAL + |RWCUTTING|) x FSO + RWSOFASTRANSLSO –  

  RREDISTSO        (Eq. 6.19) 

FST, FLV, FRT and FSO are the proportions of the produced dry matter allocated to 

the stems, the leaves, the fibrous roots and the storage organs, respectively. As a first 

approximation, we assume that these proportions are identical for both the DM from 

the stem cutting and from photosynthesis. DLV is the rate of leaf death. RREDISTLVG 

[g leaves DM m
−2

 day
−1

] is the growth rate of new leaves with DM provided by storage 

roots during the dry matter redistribution process (see Section 6.2.1.2k) at the recovery 

from dormancy (see Section 6.2.1.2j). This production of new leaves occurs only when 

the redistribution process is active after a dormancy event. PUSHREDIST, described 

under Section 6.2.1.2j, is a switch on the redistribution process. RREDISTSO [g 

storage roots DM m
−2

 day
−1

] is the rate of redistribution of storage roots dry matter to 

leaves (see Section 6.2.1.2k). RWSOFASTRANSLSO [g storage roots DM m
−2

 day
−1

] is 

the rate of storage roots DM production with DM supplied by the leaves before 

abscission (see Section 6.2.1.2h). The integration of RWST, RWLVG, RWRT and 

RWSO over time leads to the amount of dry matter accumulated (g DM m
−2

) for stem 

(WST), green leaves (WLVG), fibrous roots (WRT) and storage organs (WSO). The 

total biomass (WGTOTAL, Eq.22) is the sum of the weights of all plant organs. The 
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WLV is the total amount of leaves produced, including the green leaves (not yet 

dropped from the plant, WLVG) and the dead leaves (WLVD, Eq. 6.21). 

𝑊𝛾 =  ∫ 𝑅𝛾 𝑑𝑡
𝑡

0
               (Eq. 6.20) 

𝛾 stands for plant organs (green leaf, stem, fibrous roots and storage roots); W𝛾 stands 

for the weight of each plant organ, R𝛾 is the growth rate of each plant organ.  

𝑊𝐿𝑉𝐷 =  ∫ 𝐷𝐿𝑉 𝑑𝑡
𝑡

0
         (Eq. 6.21) 

WGTOTAL = WLV + WST + WCUTTING + WSO + WRT   (Eq. 6.22) 

h. Senescence 

Leaf area death (DLAI) and leaf weight death (DLV) are modelled as a function of the 

relative death rate (RDR) as follows: 

DLAI  = LAI x RDR x (1. − FASTRANSLSO) x (1. − DORMANCY) (Eq. 6.23) 

DLV   = WLVG x RDR x (1. − FASTRANSLSO) x (1. − DORMANCY) (Eq. 6.24) 

FASTRANSLSO [-] is the fraction of leaf dry matter allocated to storage roots before 

the shedding of the leaf. We did not measure this in our experiment, but this approach 

was also used in the simulation of potato growth in SUBSTOR-Potato following 

Johnson et al. (1986). As a first approximation, we assume no LAI death (DLAI = 0.) 

nor leaf weight death (DLV = 0.) to occur during the dormancy phase. Similarly, the 

model assumes that biomass growth is completely inhibited (GTOTAL = 0.) with no 

leaf area growth (GLAI = 0.). RDR [d
─1

] can be caused by leaf age (RDRDV), shade 

(RDRSH) or soil water content at severe drought (RDRSD) (Eq. 6.25). The RDRDV is 

defined as a function of temperature and of the cultivar specific leaf age parameter 

TSUMLLIFE, which is the developmental time from leaf appearance to leaf 

senescence (Eq. 6.26). The RDRSH is triggered by LAI reaching LAICR, the critical 

LAI value beyond which leaf shedding is stimulated (Eq. 6.27). The model assumes 

that severe drought accelerates leaf shedding and that this acceleration of leaf shedding 

occurs only after a certain leaf age has been reached (Eqs. 6.28 and 6.29). 

RDR = MAX (RDRDV, RDRSH, RDRSD)     (Eq. 6.25) 

RDRDV = f (TSUMLLIFE, TSUM, DAVTMP)     (Eq. 6.26) 

RDRSH = f (RDRSHM, LAICR, LAI)      (Eq. 6.27) 

RDRSD = RDRB x ENHSHED       (Eq. 6.28) 

ENHSHED = f (WC, TSUM, TSUMLLIFE)     (Eq. 6.29) 

In line with Johnson et al. (1986), we assume that leaf shedding due to RDRSH, 

RDRSD as well as to RDRDV, is preceded by the allocation of part of the leaf dry 
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matter to storage roots. The rate at which leaf dry matter is reallocated to storage roots 

before abscission is denoted as RWSOFASTRANSLSO (Eq. 6.30). This phenomenon 

is assumed not active under dormancy.  

RWSOFASTRANSLSO = WLVG x RDR x FASTRANSLSO x (1.0−DORMANCY)

           (Eq. 6.30) 

i. Dry matter partitioning 

Dry matter proportions of cassava plant organs relative to the total biomass at specific 

periods of the crop growth and development (Table 6.2) are used to simulate daily dry 

matter partitioning. These proportions were either found in literature or empirically 

determined during our field experiments. Before the start of storage roots bulking, dry 

matter is mainly allocated to the shoot (stems and leaves) and fibrous roots. It has been 

reported that starch deposition starts 25-40 days after planting for many cultivars 

(Cock 1984), but that root bulking is noticeable only between 60-120 days after 

planting (El-Sharkawy 2003). A default storage bulking initiation 

(TSUMSOBULKINIT) value of 540
o
Cd corresponding to 45 days after emergence (60 

days after planting) is considered in the simulations. Thereafter, dry matter allocation 

to storage roots reaches a maximum around 1980
o
Cd after emergence or 2160

o
Cd after 

planting, which corresponds to 6 MAP (Alves 2002). After 6 MAP, priority is given to 

dry matter allocation to storage roots at the expense of stems and leaves until the end 

of the 12-month cycle. Based on these data points in time (Table 6.2), DM partition is 

linearly interpolated on a daily basis between consecutive points. 

Table 6.2. Dry matter partitioning in fibrous roots, stems, leaves and storage roots at different 
development stages and some specific measuring points. 

Development stage/harvest TSUM 

(
o
Cd) 

FRT FLV FST FSO Source 

Emergence 0 0.110 0.710 0.180 0.000 Estimated (Fukai and 

Hammer 1987; Gutierrez et 

al. 1988) 

Start of storage roots bulking 540 0.100 0.515 0.385 0.000 Interpolation between 0 and 

720
 o
Cd 

Partitioning at 60 

developmental 

days after emergence 

720 0.094 0.393 0.393 0.120 Estimated (Alves 2002; 

Gutierrez et al. 1988) 

Harvest 1 in Sevekpota Year 2 1488 0.010 0.210 0.260 0.520 Measured 

Maximum translocation to 

storage roots 

1980 0.010 0.180 0.190 0.620 Estimated (Alves 2002) 

Harvest 2 in Sevekpota Year 2 2676 0.010 0.130 0.290 0.570 Measured 

Harvest 3 in Sevekpota Year 2 3684 0.010 0.210 0.290 0.490 Measured 
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Dry matter partitioning is modified under water stress conditions (Eq. 6.31-6.35). 

Under water stress conditions, TRANRF is set to be inferior to 1, and dry matter 

allocation to fibrous roots is enhanced. This mechanism has been reported to enable 

the cassava crop to invest in root development under water stress conditions in order to 

explore more soil volume to access water (El-Sharkawy 2003). The modification of 

FRT affects the proportion of dry matter allocated to the shoot (stems and leaves) and 

the storage roots. Otherwise, no modification of dry matter allocation to roots is 

considered. 

FRTWET = f (TSUM)        (Eq. 6.31) 

FRTMOD = MAX( 1., 1./(TRANRF + 0.5))     (Eq. 6.32) 

FRT    = FRTWET x FRTMOD       (Eq. 6.33) 

FSHMOD = (1.− FRT) / (1. − FRT/FRTMOD)     (Eq. 6.34) 

FLV, FST, FSO    = f (TSUM) x FSHMOD     (Eq. 6.35) 

FRTWET is FRT at optimal water supply, FRTMOD the relative modification of 

FRTWET by drought, and FSHMOD the relative modification of allocation to shoot 

by drought. 

j. Dormancy and recovery from dormancy 

The model assumes that dormancy is triggered by soil water content (WC), leaf area 

and temperature. It assumes that dormancy begins when LAI attains a minimum 

critical value (LAI_MIN) under water shortage (drought). Water shortage is defined by 

a WC below the critical water content (WCCR, Fig. 6.2). The WCCR varies between 

the wilting point (WCWP) and the field capacity (WCFC): 2.0 < pF < 4.2. The WCCR 

was the lowest soil water content at which the crop does not suffer from water 

shortage. The WCCR depends on a crop’s drought tolerance (TRANCO) and on the 

actual potential transpiration (PTRAN) (Eq. 6.36).  
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Fig. 6.2. Transpiration reduction factor (TRANRF, blue line) and shedding enhancement 
factor (ENHSHED, red line) with soil water content at air dry (WCAD), wilting point 
(WCWP), severe drought (WCSD), critical water content (WCCR), field capacity (WCFC), 
wet water content (WCWET) and at saturation (WCST). WCCR is WC below which TRANRF 
reduction occurs. WCWET is WC above which there is reduction in transpiration due to 
shortage of oxygen. 

Between WCCR and WCWP, WC can reach severe drought water content (WCSD, 

Fig. 6.2) from which leaf shedding is taking place exponentially towards reaching 

LAI_MIN, marking the start of the dormancy phase.  

WCCR = WCWP + MAX(WCSD − WCWP, PTRAN/(PTRAN+TRANCO) x (WCFC 

− WCWP))          (Eq. 6.36) 

The WCCR varies daily based on PTRAN values in response to the crop’s growth (leaf 

area growth) and its influence on the soil water dynamics. It can be seen from Eq. 6.36 

that WCCR (see also Fig. 6.2) can be close to WCFC (pF 2) for drought sensitive 

crops (small TRANCO) and close to WCWP (pF 4.2) for drought tolerant crops (large 

TRANCO). Below WCCR (WCWP≤WC<WCCR), the crop suffers from drought and 

the biomass growth rate is linearly reduced by a transpiration reduction factor 

(TRANRF). 

The occurrence of dormancy, the recovery from dormancy and afterwards the 

redistribution of storage roots DM to produce new leaves are governed by 

environmental and physiological conditions. Such conditions set ON or set OFF the 

corresponding developmental reaction of the plant. To this purpose, we use a so-called 

push function that takes a value 1 (set ON) or 0 (set OFF). Three push functions 

comprising PUSHDORMREC, PUSHREDIST and PUSHREDISTEND are used. Their 

functioning and enabling conditions at different development stages are described in 

Table 6.3. 
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DORMANCY = f (WC, LAI, PUSHDORMREC, PUSHREDIST, TSUM, TSUMSBR)

           (Eq. 6.37) 

DORMANCY: is not active (DORMANCY = 0) as long as LAI > LAI_MIN or 

WC>WCSD. It is activated (DORMANCY = 1) when WC≤WCSD and leaf area ≤ 

LAI_MIN. The model assumes that dormancy occurs only in the reproductive phase 

(after first branching, TSUMSBR). The dormancy then remains active as long as 

PUSHDORMREC is active. PUSHDORMREC is the push function defined to indicate 

when WC is increased towards WCCR, and is deactivated when another push denoted 

as PUSHREDIST is switched ON. PUSHREDIST indicates the recovery from 

dormancy and the redistribution of dry matter from storage roots to leaves. This push 

is activated after a delay period in order to avoid oscillations of DORMANCY status 

when WC is fluctuating around WCCR. 

 After a long period of drought and dormancy, we assume that the plant requires some 

adaptation period (corresponding to the above mentioned delay) before growth 

resumes. 

PUSHREDIST is deactivated (PUSHREDIST=0) when PUSHREDISTEND is 

activated (PUSHREDISTEND=1). PUSHREDISTEND is the trigger of the end of 

redistribution of DM from storage roots to new leaves. The PUSHREDISTEND is 

determined either by reaching the maximum proportion of redistribution of storage 

roots DM (WSOREDISTFRACMAX), or when a minimum amount of new 

photosynthetic assimilates or dry matter is produced (WLVGNEWN) or when a 

maximum TSUM for DM redistribution is achieved (TSUMREDISTMAX). 

PUSHREDISTEND is not activated (PUSHREDISTEND=0) as long as 

WSOREDISTFRACMAX, WLVGNEWN or TSUMREDISTMAX are not yet 

reached. The main hypotheses for simulation drought and dormancy are summarised in 

Fig. 6.3. 
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Table 6.3. Summarising the PUSH functions at different development and growth phases of cassava. 

Development phases, conditions and assumptions EMERG DORMANCY PUSHDORMREC PUSHREDIST PUSHREDISTEND 

1. Planting to emergence 

TSUM<OPTEMERGTSUM or WC<WCWP OFF OFF OFF OFF OFF 

TSUM≥OPTEMERGTSUM and WC>WCWP ON OFF OFF OFF OFF 

2. Emergence to the start of storage roots bulking: juvenile vegetative growth phase 

- Plant growth DM is provided by stem cutting and photosynthesis 

- DM contribution of stem cutting to plant growth stops when a 

minimum cutting weight (WCUTTINGMIN) is reached 

- DM allocation to shoot (leaves and stems) and fine roots only 

- No DM allocation to storage roots 

ON OFF OFF OFF OFF 

3. Start of storage roots bulking to first branching 

- The vegetative stage is still ON 

- DM allocation to storage organs starts 

- DM allocation to the other organs continues 

ON OFF OFF OFF OFF 

4. First branching: start of the reproductive phase      

- The reproductive stage starts, while the vegetative stage is still 

ON 

- DM allocation to storage organs continues 

- DM allocations to the other organs continue but with decreasing 

proportions in favour of storage roots 

- Dormancy and the related push functions can be activated during 

this reproductive phase depending on the fact that the required 

conditions as described below are met (ON) or not (OFF)  

ON ON/OFF ON/OFF ON/OFF ON/OFF 
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Development phases, conditions and assumptions EMERG DORMANCY PUSHDORMREC PUSHREDIST PUSHREDISTEND 

5. Dormancy phase 

WC≤WCSD indicates a severe drought. This triggers enhanced 

leaf shedding by the crop to reduce transpiration during the 

drought period. This is simulated using “ENHSHED” function. 

ON OFF OFF OFF OFF 

WC>WCSD and LAI< or >LAI_MIN ON OFF OFF OFF OFF 

WC≤WCSD and LAI>LAI_MIN ON OFF OFF OFF OFF 

WC≤WCSD and LAI≤LAI_MIN ON ON OFF OFF OFF 

WC≥ RECOV*WCCR & WC>WCSD 

& PUSHDORMRECTSUM<DELREDIST 

ON ON ON OFF OFF 

6. Recovery from dormancy & DM redistribution: the activation of PUSHREDIST ends the dormancy phase, the activation of PUSHREDISTEND ends the redistribution 

WC≥ RECOV*WCCR & WC>WCWP 

& PUSHDORMRECTSUM>DELREDIST  

(& WSOREDISTFRACMAX or WLVGNEWN or 

TSUMREDISTMAX are not yet reached) 

ON OFF OFF ON OFF 

DM redistribution follows the activation of PUSHREDIST.      

DM redistribution continues until the following condition is met: 

WSOREDISTFRACMAX or WLVGNEWN or 

TSUMREDISTMAX are reached 

ON OFF OFF OFF ON 

PUSHREDISTEND is deactivated with the condition that 

PUSHREDISTSUM = 0 

ON OFF OFF OFF OFF 

Note: switch EMERG cannot switch back to OFF, once emergence has taken place. 
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Fig. 6.3. Summary of drought stress simulation assumptions applied in the model. 

k. Biomass production upon the recovery from dormancy 

Upon the recovery from dormancy, RREDISTSO and RREDISTLVG become active to 

influence leaf growth and storage roots rates (Eqs. 6.17 and 6.19). They are 

approximated as follows: 

RREDISTSO = RRREDISTSO x WSO x PUSHREDIST    (Eq. 6.38) 

RREDISTLVG = SO2LV x RREDISTSO      (Eq. 6.39) 

RRREDISTSO: [day
−1

] is the relative rate of redistribution of DM from storage roots 

to leaves; WSO: [g storage roots DM m
−2

]. RREDISTLVG [g leaves DM m
−2

 day
−1

] is 

the growth rate of new leaves with DM provided by storage roots. SO2LV [g leaves 

DM g
−1

 storage roots DM] is the parameter for converting storage root dry matter to 
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leaf dry matter; RREDISTSO [g storage roots DM m
−2

 day
−1

] is the rate of 

redistribution of storage roots dry matter to leaves. 

l. Rooting depth growth 

The rooting depth determines the volume of water available in the soil. The rate of 

growth of the rooting depth was thus modelled as a function of WC and of the 

maximum rate of increase in rooting depth (RRDMAX) and the maximum rooting 

depth (ROOTDM). The latter is soil type specific. 

𝑅𝑂𝑂𝑇𝐷 =  ∫ 𝑅𝑅𝑂𝑂𝑇𝐷 𝑑𝑡
𝑡

0
        (Eq. 6.40) 

ROOTD: [m]; at time t=0, ROOTD = ROOTDI. ROOTDI [m] is the initial rooting 

depth at emergence; RROOTD: [m day
−1

] is the rate of increase in rooting depth. 

RROOTD = f (WC, WCWP, RRDMAX, ROOTDM)    (Eq. 6.41) 

The WC is modelled as a function of ROOTD, as well as of the cumulative amount of 

available water in the root zone (WA) (Eq. 6.42).  

WC = 0.001 x WA / ROOTD       (Eq. 6.42) 

WC [m
3
 m

−3
]; WA [mm] results from the difference between water addition to and 

water loss from the soil profile.  

The equation for RROOTD assumes that rooting depth increases at a maximum rate 

when WC ≥ WCWP until a maximum rooting depth (ROOTDM). Otherwise (WC < 

WCWP), there is no increase in rooting depth. 

6.2.2. Model parameterisation 

A dataset collected during a field experiment in Sevekpota (6.437
o
N, 0.959

o
E, 121 m 

above sea level – masl) in southern Togo was used for model parameterisation. The 

location has a bimodal rainfall regime with two growing seasons annually: from mid-

March to July and from September to mid-November. The experiment was carried out 

on a ferruginous soil with a hard pan at about 40-80 cm depth. Healthy stem cuttings 

of the disease resistant and drought tolerant cultivar Gbazekoute (TME 419) grown 

across West Africa were planted on April 23, 2013. The experiment was laid out 

following a randomised complete block design with three replicates of 15 NPK 

combinations with applications of 0, 50 and 100 kg N and K ha
─1

, and 0, 20 and 40 kg 

P ha
─1

. In order to ensure no nutrient limitations and since the optimal fertilizer 

requirements were not known on the study sites, only data from treatments with N and 

K applications of 50 kg ha
−1

 and above, and with P applications of 20 kg ha
−1

 and 

above, were used for model crop parameter determinations between 75
th

 to 95
th

 

percentiles of the dataset. Crop parameters derived as a function of time (different 
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measurement periods) included: specific leaf area (SLA), light extinction coefficient 

(K_ext) and radiation or light use efficiency (LUE). Cassava was harvested at 4, 8 and 

11 months after planting (MAP). At each harvest, storage roots, leaves and stem 

weights were measured, as well as SLA. To measure SLA, small circular pieces of 

leaves with known area size were cut in a set of leaf limbs (collected at different 

positions on the stem), counted, dried and weighted. The value of SLA (cm
2
 leaf g

─1
 

leaf) was calculated by dividing the total area size of all leaf pieces by their dry 

weight. The light extinction coefficient was determined following Campbell (1986), 

based on an ellipsoidal leaf angle distribution parameter, derived from canopy 

dimensions (average value of canopy width on the horizontal plane divided by canopy 

thickness on the vertical plane) measured in this experiment, and on the zenith angle of 

the sun estimated by AccuPAR equipment (Decagon Devices 2004). Leaf area index 

values were obtained on a monthly basis from 3 to 11 MAP. These were used to assess 

the cumulative amount of light intercepted by the crop at each sequential harvest (at 4, 

8 and 11 MAP). The LUE was obtained as the slope of the regression line between the 

cumulative light interception and the total biomass produced at each sequential harvest 

(Pellet and El-Sharkawy 1997; Sinclair and Muchow 1999). Moreover, soil hydraulic 

parameters were derived using pedo-transfer functions for field capacity (WCFC) and 

wilting point (WCWP). Rainfall data were measured in situ with a rain gauge; solar 

radiation data was supplied by NASA Power (http://power.larc.nasa.gov/cgi-

bin/cgiwrap/solar/agro.cgi?email=agroclim@larc.nasa.gov) on the site, while 

minimum and maximum temperatures, air humidity, and wind speed data were 

provided by the nearest weather station at Lomé (6.167
o
N, 1.250

o
E, 19.6 masl). The 

same field experiment used for parameterisation was used for model calibration after 

the sensitivity analysis. 

6.2.3. Model sensitivity analysis 

The sensitivity analysis was conducted to identify input parameters for which the 

model is highly sensitive and to subsequently do an appropriate model calibration. All 

parameters in Table 6.1 were assessed in the sensitivity analysis. Default values of 

these parameters were either measured or estimated from literature. They were used to 

first run the simulation and assess the outputs of state variables including LAI, yields 

of total biomass produced and storage roots, as well as the cumulative soil water 

evaporated (EVAP) and the cumulative water transpired (TRAN). Then the simulation 

was re-run with a given default parameter value incremented by 1%, followed by 

another run with the default parameter value reduced by 1%. The sensitivity of the 

model to these parameters was assessed by measuring the elasticity of the state 

variable based on the following formula: 

http://power.larc.nasa.gov/cgi-bin/cgiwrap/solar/agro.cgi?email=agroclim@larc.nasa.gov
http://power.larc.nasa.gov/cgi-bin/cgiwrap/solar/agro.cgi?email=agroclim@larc.nasa.gov
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𝐸𝑠,𝑝,𝑡 =
(𝑆𝑡,𝑝𝑚𝑎𝑥−𝑆𝑡,𝑝𝑚𝑖𝑛

) 𝑆𝑡,𝑝𝑑𝑒𝑓𝑎𝑢𝑙𝑡
⁄

(𝑝𝑚𝑎𝑥−𝑝𝑚𝑖𝑛) 𝑝𝑑𝑒𝑓𝑎𝑢𝑙𝑡⁄
        (Eq. 6.43) 

Es,p,t is the elasticity of state variable S to parameter p at time t. pmax, pmin and pdefault are 

respectively the maximum, minimum and default values of p. St,pmax is the state 

variable at time t with pmax. St,pmin is the state variable at time t with pmin. St,pdefault is the 

state variable at time t with pdefault. 

The model was considered insensitive to a given parameter if −10% < Es,p,t < +10%; 

otherwise, it was deemed to be sensitive. The following scale, in which Es,p,t is 

expressed as a percentage, was used to assess the sensitivity of the model to a change 

by ±1% of each parameter value:  

Fig. 6.4. Scale of the degree of sensitivity of the model to ±1% change of a given parameter. 

6.2.4. Model testing 

Field experiment data collected in Djakakope (6.464
o
N, 1.597

o
E, 86 masl) between 

2012 and 2014 (Year 1 from 2012 to 2013, Year 2 from 2013 to 2014), and in 

Sevekpota in Year 1 were used for model testing. These experiments followed the 

same design and data collection schemes as the experiment in Sevekpota in Year 2, 

and were located on different fields in Years 1 and 2 at each site. Similarly to the 

model parameterisation experiments, rainfall was measured in situ using rain gauges, 

and solar radiation data were supplied by NASA Power.  

Minimum and maximum temperatures, air humidity, and wind speed data were 

provided by Lomé weather station for Sevekpota and by Tabligbo weather station 

(6.583
o
N, 1.500

o
E, 40 masl) for Djakakope. The model simulations were run using site 

specific parameters presented in Table 6.4. 

Table 6.4. Site-specific parameters used during the model testing. 

Parameter Sevekpota Year 1 Djakakope Years 1 & 2 

Value Source Value Source 

ROOTDM (m) 0.35 Estimated 2.00 Estimated 

WCWP (m
3
 m

─3
) 0.12 Estimated (Idem as Year 1) 0.08 Estimated 

WCFC (m
3
 m

─3
) 0.41 Idem as Year 1 (Aina and 

Periaswamy 1985) 

0.23 (Minasny and 

Hartemink 2011) 
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Simulation results and field observations were compared to assess the robustness of the 

model using the Normalised Root Mean Squared Error (NRMSE) (Loague and Green 

1991), the slope of the regression line between measured and simulated values, and the 

coefficient of determination R
2
. 

6.2.5. Model application 

The tested model was used to assess the potential and water-limited yields of cassava, 

and the difference between these two yields was considered as the yield gap caused by 

drought. Subsequently the best planting window was assessed for the study sites using 

daily measured rainfall and satellite data (solar radiation, minimum and maximum 

temperature, wind speed and vapour pressure) over the period of 2001 through 2011. 

Storage roots yields were simulated by planting every 30 days from January 16 to July 

15 of each year. The harvest in the simulations occurred 330 days after planting (11 

MAP). The planting dates giving the largest storage roots DM are chosen as proxy of 

the best planting periods. 

6.3. Results 

6.3.1. Model parameters sensitivity 

The model was sensitive (Es,p,t <-10% and Es,p,t > 10%) to 20 out of the 37 parameters 

studied (Table 6.1). This model sensitivity was variable across the crop life cycle with 

respect to at least one of the state variables considered in the sensitivity analysis, 

namely LAI, dry matter yields of storage roots (WSO), total biomass produced 

(WGTOTAL), the cumulative amount of soil water evaporation (EVAP) and plant 

water transpiration (TRAN) (Fig. 6.5). The model remained sensitive throughout the 

crop life cycle to some crop parameters, viz. SLA_MAX, WCUTTINGUNIT, TBASE, 

TSUMLA_MIN, LUE_OPT and K_ext. To some crop parameters, the model was 

mainly sensitive in the first half of the crop life cycle: OPTEMERGTSUM, 

RDRWCUTTING, TSUMSOBULKINIT and RGRL. To some other crop parameters, 

the model was primary sensitive in the second half of the crop life: RDRB, SO2LV, 

RRREDISTSO, FASTRANSLSO, TSUMLLIFE, ROOTDM and RRDMAX. The 

most sensitive state variable to changes in parameters values was LAI. The latter 

provided Es,p,t values that classified these parameters from rather sensitive to extremely 

sensitive (See Fig. 6.4 for the scale). Among the extremely sensitive parameters, we 

can feature TSUM accumulation related parameters such as TBASE, 

OPTEMERGTSUM and TSUMSOBULKINIT, which affect the duration of the 

development stages, hence of the whole crop life cycle. Changes in 

TSUMSOBULKINIT affected mainly storage roots production (WSO) during part of 

the crop life cycle.  
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Fig. 6.5. Sensitivity of LAI, WSO, WGTOTAL, EVAP and TRAN to ±1% change of the parameters across the first growth cycle of the crop in 
Year 2 in Sevekpota. Only parameters inducing sensitive responses (sensitivity <-10% and >10%) of at least one of the variables (LAI, WSO, 
WGTOTAL, EVAP and TRAN) are presented here. See Fig. 6.4 for the scale of the degree of sensitivity of each variable. Note the differences in 
the scales of the y-axes of the different figures. 
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Soil parameters inducing most model sensitivity comprised WCWP, WCFC and 

TWCSD (Fig. 6.5), with WCFC inducing sensitive responses of the model across the 

crop life cycle, while WCWP and TWCSD were found to generate sensitive model 

response mainly towards the second half of the crop life cycle. The model was not 

sensitive to any of the remaining parameters. 

6.3.2. Model calibration 

The model performance of simulating cassava growth was improved with the 

parameters presented in Table 6.5 (Figs. 6.6 and 6.7) compared to the model with 

default values of these parameters. These parameters were found sensitive according to 

the sensitivity analysis, except LAICR. Although LAICR was not sensitive, we found 

the LAICR value of 5 m
2
 m

─2
 reported by Keating et al. (1982) too high compared to 

the LAI values we observed, which were in general below 4 m
2
 m

─2
. For this reason, 

we revised the LAICR value to 3.5 m
2
 m

─2
 as presented in Table 6.5. There was a 

good match between simulated and observed yields with regression line slopes near 1 

and R
2
 values also close to 1, and NRMSE of 5.8% for the observed storage roots 

yields, and also 5.8% for the total biomass produced (Fig. 6.6). However, LAI values 

were slightly underestimated by the model (Fig. 6.7). The measurement of LAI in the 

field did not cover the first three months of the crop growth (Fig. 6.7a). Comparing 

observed LAI values with simulated values on the dates measurements were taken 

gave an NRMSE of 17% (Fig. 6.7b). 

Table 6.5. Calibrated parameters. 

Parameters codes Unit Default value New value 

LAICR m
2
 m

─2
 5 3.5 

TSUMLLIFE 
o
C d 1500 1200 

FASTRANSLSO  0.50 0.45 

K_ext 

 

0.70 0.67 

RRDMAX m d
─1

 0.022 0.012 
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Fig. 6.6. Simulated and observed storage roots and total biomass yields in Year 2 in 
Sevekpota. 

 

  

Fig. 6.7. Simulated and observed LAI along the crop growth cycle (a) and on the measuring 
date of the observed LAI (b). 

6.3.3. Model functioning 

6.3.3.1. Leaf area index growth, water stress and dormancy simulation 

The LAI curves presented in Fig. 6.8 were simulated in a good rainfall year (Year 2, 

Fig. 6.8a) and in a low rainfall year (Year 1, Fig. 6.8b) in Sevekpota. The LAI curve 

for Year 2 showed a slow leaf area growth the first 30 days after planting (DAP) 

followed by a fast growth to reach a maximum value of 3.5 m
2
 m

─2
 at 112 DAP (Fig. 
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6.8a). A lower maximum LAI value of 2.5 m
2
 m

─2
 was achieved at 119 DAP in Year 

1, where LAI growth slowed down around 79 DAP (Fig. 6.8b). From this peak value, 

LAI declined progressively and reached very low values towards the end of the crop 

growth, before rising again a few days before harvest. This last phase of LAI decline 

and rising before harvest was also observed in the measured LAI (Fig. 6.7a). The low 

LAI growth occurred under water stress conditions when the transpiration reduction 

factor (TRANRF) was less than 1, and even zero towards the end of the crop growth 

period (Fig. 6.8). Water stress was caused by soil water content falling below the 

critical water content (WCCR) (Fig. 6.8). The TRANRF became zero when water 

content reached the severe drought condition (WCSD), which was defined in the 

model as 5% above the wilting point (WCWP). It can be noticed that the period during 

which TRANRF = 0, the model showed that the dormancy was active (DORMANCY 

= 1) only when LAI was very low (Fig. 6.8). During this dormancy period, soil water 

content was below WCSD, and the simulated LAI was 0.086 m
2
 m

─2
 in Year 2 and 

0.087 m
2
 m

─2
 in Year 1. These LAI values were just below the value of parameter 

LAI_MIN of 0.09 m
2
 m

─2
 set as minimum LAI to trigger the dormancy phase. The 

recovery from dormancy was triggered by the improvement of soil water content (Fig. 

6.8) caused by rain. 

6.3.3.2. Dry matter fractions in plant organs 

Dry matter fractions as presented in Fig. 6.9 show how dry matter allocation was 

initialised few days after planting, marking the start of the partitioning to different 

organs. The partitioning started at emergence. From that moment onwards, the stem 

cutting proportion declined exponentially towards a minimum value. The proportion of 

dry matter allocation was larger in the leaves, stems and fibrous roots in the early 

stages of the crop growth. Dry matter proportions of these organs declined as storage 

roots dry matter accumulation increased. Storage roots dry matter accumulation started 

about 57 DAP in Year 2, and its proportion represented 54.0% of the total biomass dry 

matter produced at harvest against 22.3% for the stems, 21.4% for the leaves, 2.1% for 

the fibrous roots and 0.2% for the stem cuttings. In Year 1 in Sevekpota, storage roots 

DM accumulation began 62 DAP in Year 1 in Sevekpota, and constituted 49.6% of the 

total biomass DM produced against 22.4%, 24.6%, 3.1% and 0.3% for the stems, the 

leaves, the fibrous roots and the stem cuttings, respectively.   
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Fig. 6.8. Simulated dormancy, WC, WCCR, WCSD, TRANRF relatively to simulated LAI 
during cassava growth in Sevekpota in Year 2 (a) and in Year 1 (b). 
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6.3.3.3. Stem cutting, fibrous roots, stems, leaves and storage roots growth 

The model initialised the stem cutting dry matter from a value of 22 g m
─2

 (0.22 Mg 

ha
─1

) at planting to 19 g m
─2

 (0.19 Mg ha
─1

) at emergence. Subsequently, this latter 

value declined exponentially to a minimum value of 3.2 g m
─2

 (0.032 Mg ha
─1

) at 118 

DAP in Year 2, and 3.3 g m
─2

 (0.033 Mg ha
─1

) at 159 DAP in Year 1, which remained 

stable till the harvest (Figs. 6.10a1 and 6.10b1). The reduced dry matter of stem cutting 

at planting was mainly used to initialise fibrous roots, stem and leaf dry matter. The 

storage roots dry matter was logically nil at emergence. The increase in fibrous roots 

dry matter was fast the first 3 MAP, then slow from 3 to 7-8 MAP before levelling off 

to reach its final value towards the end of the crop life cycle (Figs. 6.10a1 and 6.10b1).  

 

 

 

Fig. 6.9. Simulated dry matter proportions of cassava plant organs relatively to the total 
biomass produced during the plant growth in Year 2 (a) and Year 1 (b) in Sevekpota. 
FRACWCUTTING, FRACWRT, FRACTWLV, FRACWST and FRACWSO are the dry matter 
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fractions of stem cuttings, fibrous roots, leaves, stems, storage roots relatively to the total 
biomass. FRACWTOT is the sum of all the fractions. 

  

  

Fig. 6.10. Simulated cassava dry matter growth of stem cutting (WCUTTING) and fibrous 
roots (WRT) (a1, b1) and of total biomass produced (WGTOTAL), leaf (WLV), storage roots 
(WSO) and stems (WST) (a2, b2) during Year 2 (a) and Year 1 (b) in Sevekpota. 

It is noteworthy that the simulated DM yield of fibrous roots seems small, but we did 

not found any reported values for comparison purposes. Stem and leaf growth rates 

had priority on storage roots growth during the first 2 MAP, occasioning higher stem 

and leaf DM than the storage roots DM during the first 3-4 MAP. Storage roots DM 

was larger at later stages of the crop’s life (Figs. 6.10a2 and 6.10b2). Storage roots 

growth started at 57 DAP in Year 2, and at 62 DAP in Year 1, then increased to reach 

it maximum value around 279 DAP in Year 2, and 249 DAP in Year 1 in Sevekpota, 

which coincided respectively with the day dormancy was initialised. There was no dry 

matter growth during the dormancy phase. Storage roots dry matter decreased before 
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harvest, while leaf dry matter increased slightly (Figs. 6.10a2 and 6.10b2). The 

reduction in storage roots dry matter and the rise in leaf dry matter corresponded to the 

period between deactivation of the dormancy phase (DORMANCY = 0), and harvest.  

Fig. 6.11. Model performance in simulating storage roots and biomass produced yields in 
fields different from the model development field. The model testing fields were comprised of 
Sevekpota Year 1 and Djakakope Years 1 and 2, and the observed yield data were measured 
in the sequential harvests. 

The total biomass grew from its initial cutting weight at planting, and levelled off from 

279 DAP until the final harvest in Year 2 (Fig. 6.10a2). The total biomass followed the 

same trend in Year 1, but levelled off earlier around 249 DAP and slightly dropped for 

a short period around the dormancy deactivation phase before reaching its final value 

at harvest (Fig. 6.10b2). 

6.3.4. Model testing 

The evaluation of the calibrated model indicated a good agreement between simulated 

and observed total biomass (Fig. 6.11). The NRMSE obtained between simulated and 

observed yields was about 7% of the average observed total biomass; R
2
 value and the 

slope of the regression line were close to 1. The simulation of the storage roots dry 

matter was achieved with a difference of 13% (NRMSE) of the observed value, with 

an R
2
 value of 0.92 and slope of the regression line close to 1. The Pearson correlation 

coefficients between observed and simulated yields were 0.986 for total biomass and 
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0.972 for storage roots, with a P value <0.001 in either case (data not shown). 

However, it is noteworthy that the simulated yields were overestimated compared to 

observed yields in Year 1 in Sevekpota (data not shown), and that the reduction of 

ROOTDM from 0.7 m to 0.35 m (Table 6.4) helped to achieve yields closer to the 

observations. Although ROOTDM is crop and cultivar specific, its small value in 

Sevekpota soils can be attributed to the hard pan being likely closer to the soil surface 

(thus closer to the lower end of the 0.4-0.8m range indicated in Section 6.2.2) in the 

Year 1 site, and implies a lower water availability in the experimental field in Year 1 

in Sevekpota compared to Year 2. 

6.3.5. Effect of drought on cassava yields 

The difference between potential and water-limited yields is an indicator of the impact 

of drought or water stress (Table 6.6, Fig. 6.12). The simulations suggest that drought 

stress caused 9 to 55% total biomass yield reduction and 9 to 60% storage roots yield 

decline (Table 6.6). The largest yield losses were obtained in Year 1 in Sevekpota (Fig. 

6.12a1). In Sevekpota, the cumulative rain curve (Fig. 6.12a) shows drought stress 

effects occurred earlier in the development of the plant in Year 1 (Fig. 6.12a1, Fig. 

6.8b) than in Year 2 (Fig. 6.12a2, Fig. 6.8a). Water stress (TRANRF <1) occurred for 

46 days between 79 and 125 days after planting in Year 1 in Sevekpota (data not 

shown). Simulated potential yields ranged from 11.6 to 14.1 Mg storage roots DM 

ha
─1

 and 20.7 to 25.5 Mg total biomass DM ha
─1

 across sites during the two cropping 

years according to the model. 

Table 6.6. Simulated potential and water-limited yield gaps as proxy for drought effects on 
cassava biomass and storage root yields. 

Site Year Biomass produced (Mg ha
─1

) Drought effect Storage roots (Mg ha
─1

) Drought effect 

  

Water-limited Potential 

 

Water-limited Potential 

 Sevekpota 1 11.4 25.5 55% 5.6 14.1 60% 

 

2 18.2 22.5 19% 9.8 12.5 21% 

Djakakope 1 19.2 23.3 18% 10.4 12.9 20% 

  2 18.9 20.7 9% 10.6 11.6 9% 
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Fig. 6.12. Potential and water-limited yields as simulated by the model in Years 1 and 2 for 
Sevekpota (a1 and a2) and Djakakope (b1 and b2) and the respective measured cumulative 
rain per location and year. 

6.3.6. Cassava water-limited yields as affected by planting dates 

The largest storage roots yields were achieved with planting early in the year: around 

mid-February in Djakakope, and mid-January to mid-February in Sevekpota (Fig. 

6.13). Those were followed by mid-March planting. Beyond these periods, storage 

roots yield declined and reached their smallest value with mid-July planting.  
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Fig. 6.13. Effect of planting dates on simulated water-limited yields of storage roots and total 
rainfall amount measured per cropping season. Error bars are standard deviations per planting 
date over 10 cropping seasons. 

Larger amounts of rainfall were also accumulated from planting to harvest with 

January to March planting, compared with the other planting dates. There were 

positive correlations between the simulated water limited storage roots yields and the 

measured total rainfall amounts in both sites (with Pearson correlation coefficient of 

0.723 in Djakakope and 0.478 in Sevekpota, P < 0.001). Drought related yield losses 

decreased with the early planting than the latter planting (Fig. 6.14). There were 
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negative correlations between water-limited yields and drought related yield losses on 

both sites (Pearson correlation coefficient of -0.989 in Djakakope and -0.973 in 

Sevekpota, P < 0.001). Unlike the water-limited yields, the simulated potential yields 

indicated that later planting, viz. June and July were the best for cassava production 

under irrigated system. 

 

 

Fig. 6.14. Simulated potential yield, water-limited yield and drought related yield losses as 
affected by planting dates. Error bars are standard deviations per planting date over 10 
cropping seasons.  
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6.4. Discussion 

The process-oriented LINTUL-Cassava model successfully simulated cassava growth 

and assessed the effects of drought on yields. The model simulated well the trend in 

leaf area growth beyond 3 MAP (Fig. 6.7), but slightly under-estimated the values of 

LAI. Future studies should measure LAI earlier than 3 MAP to better appreciate model 

performance during the whole period of crop growth. The model simulated well the 

decline in LAI and the regrowth of LAI after dormancy. This phenomenon of leaf 

regrowth after dormancy has also been observed in other studies (Keating et al. 1982). 

This leaf regrowth was associated with increased leaf dry matter production and 

decreased storage roots dry matter (Figs. 6.9a2 and 6.9b2). Howeler and Cadavid 

(1983) reported similar responses of leaf and storage roots dry matter to soil water 

availability for M Mex 59 and M Col 22 cultivars in Columbia. Although LINTUL-

Cassava assumed that this reduction in storage roots does not exceed 5% of the yield at 

the recovery from dormancy, this reduction is quite important for farmers given that 

storage roots are the main commercial product.  To prevent a reduction in storage roots 

yields due to leaf regrowth, cassava harvest time should be appropriately chosen. 

However, this comes with the challenge of harvesting during the dry season, when the 

soil is hard and can break the storage roots. Unfortunately, these soil physical 

considerations at harvest are not considered in the model. In our study, leaf regrowth 

was preceded by drought periods of 30 days in Year 2 and of 42 days in Year 1 in 

Sevekpota, which stopped with new rains that improved soil water content. In the 

model, the recovery from dormancy occurred only when water content was improved 

to at least 70% of the critical water content (WCCR) and above wilting point. Model 

outcomes were not sensitive to changes in the RECOV parameter referring to this 

proportion (70%) of WCCR. The soil parameters mostly affecting yield were WCFC 

and WCWP. They have been reported as important soil parameters in determining 

yields also in highland banana production in East Africa (Taulya 2015). These 

parameters should be accurately assessed to guarantee sound simulation results. The 

model was also sensitive to TWCSD, a parameter set to indicate soil water content has 

reached the severe drought condition, which triggers dormancy at a low LAI 

(<LAI_MIN). TWCSD defined as the proportion of WCWP at which WCSD is 

reached, justifies the need to ensure sound assessment of WCWP and other soil 

hydraulic parameters in order to achieve realistic model outputs. Other key parameters 

that induced model output sensitivity during most part of the crop life cycle were 

SLA_MAX, LUE_OPT, K_ext, TBASE, WCUTTINGUNIT and TSUMLA_MIN. 

The first three were measured in our field experiments. The other parameters were 

estimated from literature (Table 6.1), but it is important to assess these in future 
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studies, given their relevance for simulations of LAI and biomass growth. Other key 

parameters induced model output sensitivity during the first half of the cropping 

season (TSUMSOBULKINIT, OPTEMERGTSUM, RDRWCUTTING and RGRL), 

whereas others were more effective towards the second half of the cropping system 

(RDRB, FASTRANSLSO, TSUMLLIFE, SO2LV, RRREDISTSO, ROOTDM and 

RRDMAX). Knowing which parameter most strongly affects which growth or 

development phase is of a paramount importance, and can guide future calibration of 

the model. Among the model sensitivity parameters, TSUMSOBULKINIT, related to 

the physiological time from emergence to the start of storage roots bulking, was 

assumed to be cultivar-specific. Changing the value of this parameter in the sensitivity 

analysis affected mainly the storage roots, with negative Es,p,t values. This indicates 

that reducing the default value of this parameter, which implies earlier bulking 

initiation, may generate larger yields. Breeding or promoting cultivars with early 

bulking of storage roots are highly recommended, since late bulking has been found as 

a key reason of abandoning cassava cultivars in sub-Saharan Africa (Hillocks 2002). 

The TSUMLLIFE defined as the developmental time from leaf appearance to leaf 

senescence, is also a sensitive cultivar-specific parameter. A TSUMLLIFE value of 

1200
o
Cd, equivalent to 100 days leaf life (assuming optimal temperature of 27

o
C and a  

TBASE of 15
o
C), has been obtained after calibration. This falls in the reported range 

of 60 to 120 days by Cock (1984). The right TSUMLLIFE of a given cultivar should 

be used in LINTUL-Cassava, since this parameter had a strong effect on LAI and 

storage roots yields. The OPTEMERGTSUM defining the TSUM accumulation from 

planting to emergence is cultivar specific and its value should be appropriately defined 

because of its strong effects on the model responses. In the current version of the 

model, OPTEMERGTSUM is mainly affected by the daily average temperature and 

soil water content. Future versions of the model should also consider the effects of 

planting method on the emergence of the plant, since planting vertically proved to 

provide greater storage roots yields than planting horizontally (Leihner 2002). Vertical 

planting leads to deeper rooting allowing better access to water and nutrients. In our 

experiments, we planted at 45
o
 inclination of the stem cutting, which is intermediate 

between vertical and horizontal planting. Another important cultivar-specific 

parameter is TSUMSBR, which refers to the period of the first branching of the 

cultivar. However, TSUMSBR did not appear as a sensitive parameter in this version 

of the model. Since the current study focused only on a late branching cultivar, further 

studies involving a range of cultivars including early branching types are 

recommended in order to extrapolate the results to a wider range of agro-ecological 

zones.  
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The simulations for Sevekpota in Year 1 indicated drought can cause yield reductions 

up to 55% and 60% of the total biomass and storage roots. Comparable yield losses 

due to drought have been reported in other studies (Alves 2002; Connor et al. 1981). 

The low rainfall recorded in that year in Sevekpota (574 mm compared to 731 mm in 

Year 2) and the occurrence of a long period of drought (46 days water stress caused 

between 79 and 125 days after planting) during the vegetative phase of the crop as 

shown in Figs. 6.12a1 and 6.8b are likely the cause of the low yield obtained. The 

occurrence of long periods of drought between 1-5 MAP can cause significant yield 

losses (Alves 2002; Connor et al. 1981). The assessment of planting dates using 

historical data of the respective sites indicated that the best planting window of cassava 

is between mid-January and mid-March, as this resulted in lower yield losses due to 

drought. The January and February plantings are quite unexpected since these periods 

are generally considered dry. Moreover, the most recommended cropping period in 

Southern Togo is at the onset of the rainy season, which is around mid-March and mid-

April. However, the simulation results are supported by the fact that the largest 

amounts of cumulative rainfall were also achieved with mid-January and mid-February 

plantings. This means there has been rain in January and February across the 

simulation period of 2001 to 2011. One can expect low sprouting of the cutting during 

this period if water supply is not sufficient, but the model assumes the emergence 

occurs only when water content is above wilting point; otherwise, the emergence is 

delayed. Some farmers do prepare their land early and plant with the first rains. 

However, this is often a risky planting period for crops like maize because rain is not 

reliable during this period in which cassava can still thrive. Hence, planting in January 

and February may not be applicable for maize-cassava intercropping systems since the 

recommended period for planting maize is around April in Southern Togo according to 

Dzotsi et al. (2003) who did not test earlier planting dates that seemed not relevant for 

maize. In such systems, cassava is generally planted either at the same time or 1-2 

weeks after maize. Another practical issue is that rains generally cease around mid-

November in Southern Togo, and soils are hard from December to February. This 

makes land preparation difficult in January and February. These aspects related to soil 

physics dynamics should be considered in further model improvement. Simulated 

potential yields were highest with planting in June-July (Fig. 6.14). Thus, higher yields 

could be achieved in Southern Togo under irrigation conditions. However, irrigating 

cassava is not a common practice because of its cost implications. This could be 

considered in areas where water for irrigation is easily available, for instance nearby 

rivers. Setting up an experiment in which cassava will be planted every two weeks 

from January to December for at least two years and harvested at 11MAP under rain-

fed and irrigated conditions will help have better understanding of the best planting 



148 

 

__________________________________________________________________________________________________________________________ 
In: Ezui, K.S. 2017. Understanding the productivity of cassava in West Africa. PhD Thesis, Wageningen 
University, NL. pp. 108-148. 
 

period of cassava to verify the simulation results. Nethertheless, these results have 

already improved our understanding of water-limited yield of cassava, and suggest that 

there is room for increasing cassava yields in West Africa. 

6.5. Concluding remarks 

The calibrated LINTUL-Cassava model successfully assessed water-limited yields and 

improved our understanding of cassava growth and development, and of the effects of 

drought stress on cassava yields in the study sites. We found that drought stress can 

considerably undermine yields in rain-fed cassava production systems in Southern 

Togo, and that yields could be improved through early planting of cassava. Further 

improvement of the model may help build a decision support system to capture 

adequate planting windows and harvest period to minimise storage roots losses and 

achieve higher yields of cassava in West Africa. 

Acknowledgements 

The financial support for the first author of this study was provided by the 

International Fund for Agricultural Development (IFAD) and the United States 

Agency for International Development (USAID), to whom he is grateful. We also 

thank K. Koukoudé, K. Gbedevi and E. Kpodo for supporting data collection. 

 

 


