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ABSTRACT

The model OPRODSIM is a mechanistic simula-
tion model of oil palm growth and yield, the output 
of which  depends crucially on the values assigned to 
various physiological and morphological characters. 
In this article, the effects of manipulating these val-
ues are explored and related to what is known con-
cerning the magnitude of their natural variation.  

The main physiological and morphological vari-
ables in crop growth simulation models include leaf 
photosynthetic characteristics such as the initial 
light-use (quantum) efficiency (α) and the photo-
synthetic rate at light saturation (AMAX), the 
canopy structural features affecting the capture of 
radiation, summarized in terms of the radiation ex-
tinction coefficient (k), the partitioning of assimi-
lates between the various organs, and morphological 
attributes, which either influence or are the outcome 
of, underlying physiological processes. In relation 
to its morphology, the specific leaf area (m2 kg-1 dry 
weight) of the fronds of oil palm is of interest as this 
may  affect the efficiency of light capture in rela-
tion to dry matter allocation. Other aspects of palm 
growth considered in the model are frond expansion 
rate, frond production rate (determined as the emer-
gence rate which influences not only the allocation 
of dry matter to fronds but also the production of  
inflorescences that are located in the frond axils), the 
rate of increase in height of the trunk (which has 
practical implications in terms of ease of harvest-
ing of bunches), the rate of root biomass turnover 
(possibly a source of wasteful assimilate use) and the 
bunch development time (time from anthesis to rip-
ening), which affects standing biomass and mainte-
nance respiration requirements. Assimilate storage 
and frond turnover are also briefly discussed.

The effects of varying each of these parameters 
is examined and a sensitivity analysis undertaken 
where appropriate, to determine the relative impor-
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tance of each. The results are compared with those of 
previous studies.

ABSTRAK

Model OPRODSIM ialah satu model simulasi me-
kanistik tumbesaran dan hasil sawit, di mana out-
putnya sangat bergantung pada nilai yang diberi ke-
pada pelbagai ciri-ciri fisiologi dan morfologi. Dalam 
artikel ini, kesan manipulasi nilai ini ditinjau dan 
dikaitkan dengan apa yang diketahui mengenai ke-
san perbezaan semula jadi.

Ciri-ciri utama fisiologi dan morfologi dalam 
simulasi tumbesaran pokok termasuk ciri-ciri daun 
fotosintesis seperti kecekapan jumlah  penggunaan 
cahaya awal (α) dan kadar ketepuan cahaya fotosin-
tesis (AMAX), sifat struktur kanopi yang mempen-
garuhi penangkapan sinaran cahaya, diringkaskan 
dalam bentuk pekali kepupusan sinaran cahaya (k), 
pembahagian bahan serapan  antara pelbagai organ, 
dan sifat morfologi sama ada mempengaruhi atau se-
bagai kesan proses fisiologi asas. Berkenaan dengan 
morfologi, luas daun spesifik (m2 kg-1 berat kering) 
pelepah sawit sangat menarik kerana boleh memberi 
kesan kepada kecekapan penangkapan cahaya  dalam 
hubungan pembahagian bahan kering. Aspek lain 
dalam tumbesaran sawit yang diberi pertimbangan 
dalam model ini ialah kadar pengembangan pelepah, 
kadar pengeluaran pelepah (ditentukan sebagai ka-
dar pengeluaran di mana bukan sahaja mempen-
garuhi pembahagian bahan kering kepada pelepah 
tetapi juga pengeluaran jambak bunga yang terle-
tak di celah pelepah), kadar pertambahan ketinggian 
batang  (di mana akan memberi kesan penuaian tan-
dan), kadar pengeluaran akar (kemungkinan sum-
ber pembaziran kegunaan bahan serapan) dan masa 
pembentukan tandan (masa dari bunga mengorak 
sehingga masak),  di mana memberi kesan biojisim 
tegak dan keperluan pernafasan).

Kesan pelbagai parameter ini diteliti dan anali-
sis sensitiviti dijalankan di mana sesuai untuk me-
nentukan kepentingan setiap satu parameter secara 
relatif. Keputusannya dibandingkan dengan kajian 
sebelum ini.
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INTRODUCTION

OPRODSIM (Henson, 2005) �s a mechan�st�c s�mula-
t�on model of o�l palm growth and y�eld, the output 
of wh�ch depends cruc�ally on the values ass�gned 
to var�ous phys�olog�cal and morpholog�cal charac-
ters. In the standard vers�on of the model, default 
parameters are used, that are cons�dered to const�-
tute the ‘average’, or most commonly encountered, 
values. However, there �s much var�at�on w�th�n o�l 
palm germplasm, �n add�t�on to that recorded for 
bunch tra�ts, wh�ch �s rather poorly character�zed, 
and for which the consequences for productivity 
are largely undefined.    

Breed�ng and select�on to �mprove the produc-
t�v�ty of o�l palm has trad�t�onally concentrated on 
yield and product quality, either of the bunches or 
the bunch const�tuents, such as the mesocarp and 
palm kernel o�ls. Although vegetat�ve character-
�st�cs have also been recorded �n many breed�ng 
trials, and selection for specific vegetative traits in 
o�l palm pursued (Breure and Corley, 1983; Breure, 
1985; Rajana�du and Zakr�, 1988), no substant�ve 
pract�cal advances us�ng such approaches, other 
than select�on for slow vert�cal trunk growth, ap-
pear to have been made w�th o�l palm. 

The y�eld of o�l palm has often been v�ewed as 
be�ng source-l�m�ted, i.e. determ�ned by the ava�l-
ability of assimilates to meet growth requirements, 
although �t �s recogn�zed that s�nk capac�ty �s also of 
�mportance (Breure, 2003; Corley and T�nker, 2003). 
The emphasis on source activity and the finding that 
the demands of vegetat�ve growth for ass�m�lates 
are relat�vely constant, encouraged the v�ew that 
select�on for leaf photosynthet�c rate (Pn)1 m�ght 
lead d�rectly to y�eld �mprovement (Corley et al., 
1971; Corley, 1976). Early work w�th nursery palms 
demonstrat�ng progeny d�fferences �n Pn (Corley 
et al., 1973) suggested further work to be justified 
and measurements were later made on d�fferent 
progenies in field trials (Gerritsma, 1988; Smith, 
1993a, b). Unfortunately, character�z�ng the photo-
synthet�c capac�ty of d�fferent mater�als has proved 
difficult due to the large environmental as well as 
developmental influences on the process (Dufrene, 
1989; Henson, 1991a,b; Dufrene and Saug�er, 1993; 
Lamade et al., 1996; Set�yo et al., 1996). 

The use of phys�olog�cal attr�butes as select�on 
cr�ter�a �n breed�ng programmes has, �n fact, seldom 

been found to be pract�cal. Select�on for morpholog-
�cal tra�ts may be eas�er s�nce many can be assessed 
v�sually or by tak�ng s�mple measurements, e.g., 
trunk he�ght. Indeed, w�th o�l palm, as ment�oned, 
the latter assumes �mportance and �s cons�dered 
as a worthwh�le select�on tra�t �n add�t�on to y�eld, 
s�nce �t effect�vely determ�nes the l�fespan of the 
crop, wh�ch �s pred�cated on ease of manual bunch 
harvest�ng.  Frond, or rather, rach�s length, has also 
been considered important as influencing planting 
dens�ty, and hence, has led to the select�on of o�l 
palms for ‘compactness’ (Breure and Corley, 1983). 

Apart from these specific examples, the choice 
of select�on cr�ter�a other than y�eld has generally 
appeared rather arb�trary. The use of models to as-
sess the l�kely �mportance of var�ous tra�ts m�ght, 
therefore, prove useful �n suggest�ng pr�or�t�es. Pre-
v�ous examples of th�s can be found �n the work of 
Squire (Squire, 1984; Squire and Corley, 1987), van 
Kraal�ngen (van Kraal�ngen, 1985; van Kraal�ngen 
et al., 1989) and Dufrene (Dufrene, 1989; Dufrene et 
al., 1990). They looked at the effect on y�eld (o�l or 
bunch product�on) of vary�ng the values of d�fferent 
tra�ts. The tra�ts exam�ned �ncluded photosynthet�c 
quantum yield (α), l�ght-saturated photosynthet�c 
rate (AMAX), the canopy light extinction coefficient 
(k), frond product�on rate (FPR), frond area, spec�f-
�c leaf area (SLA; m2 kg-1), root turnover (RT) and 
photosynthetic conversion efficiency (e; dry matter 
produced per un�t of rad�at�on �ntercepted). Of the 
traits examined by Squire (1984), e was the most 
beneficial for yield, followed by FPR and SLA. Both 
van Kraal�ngen (1985) and Dufrene (1989) found 
�ncreas�ng the leaf photosynthet�c parameters had 
the most effect, consistent with Squire’s finding re-
gard�ng e (wh�ch �s probably largely determ�ned by 
photosynthet�c rate). 

In a prev�ous art�cle �n th�s ser�es (Henson, 
2006b), a s�m�lar analys�s us�ng OPRODSIM was 
conducted for some of the morpholog�cal tra�ts, 
�nclud�ng SLA, FPR, RT and vegetat�ve dry matter 
part�t�on�ng. In th�s art�cle, the effects of man�pulat-
�ng the values of some other characters are explored 
and related to what �s known of the magn�tude of 
the�r natural var�at�on.  

RADIATION	INTERCEPTION	BY	
THE	CANOPY

Background

The model currently uses the s�mple approach, 
based on the Beer-Lambert law, to calculate the �n-
tercept�on of photosynthet�cally-act�ve rad�at�on 
(PAR) by the canopy.  Th�s assumes an exponent�al 
decline in radiation flux density with leaf area. The 

1 A full l�st of abbrev�at�ons used can be found �n Appendix 1.
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fract�onal �ntercept�on (f) of rad�at�on �s g�ven by:

 f  = 1-exp-(k(LAI-a))                (1)

so that:

 In (1-f) = -k (LAI-a)               (2)

where k is the extinction coefficient, LAI, the leaf 
area �ndex and a, a correct�on for the fa�lure of the 
l�ne to meet the or�g�n. The value of k can refer to e�-
ther PAR or total rad�at�on; only the former �s used 
here. 

Although numerous, more elaborate models of 
rad�at�on �ntercept�on have been developed (van 
Kraal�ngen, 1985; 1989; van Kraal�ngen et al., 1989; 
Gerr�tsma, 1992; Dauzat, 1995; Teh et al., 2005), the 
simple exponential model appears sufficient for 
most purposes wh�le the more elaborate ones tend 
to be rather demand�ng of comput�ng t�me. 

A value of k of 0.47 (PAR) �s used as the default 
�n OPRODSIM but other values may be subst�-
tuted. The default �s based on the extens�ve mea-
surements of Squire (1984) and similar values have 
been obta�ned by others (Corley, 1976; Breure, 1988; 
Dufrene, 1989; Henson, 1995; Lamade and Set�yo, 
1996). 

The need to cater for d�scont�nu�ty of the can-
opy cover resulted �n a further re-assessment of 
rad�at�on �ntercept�on by ‘�solated’ palms based on 
the model of Jackson and Palmer (1979), wh�ch d�-
v�des the total cropp�ng area �nto open and occu-
p�ed areas. An ‘effect�ve’ LAI (LAIeff) was calculated 
based on the area covered by the canopy of each 
palm expressed as a percent of the max�mum area 
ava�lable  (termed the percentage canopy cover or 
PCC). PCC was based on the palm rad�us wh�ch �s 
conveniently taken as equal to the rachis length of 
an average frond. (Th�s neglects the length of the 
pet�ole and the rad�us of the trunk but �s cons�dered 
a reasonable approx�mat�on as these om�ss�ons w�ll 
be compensated partly or wholly by the curvature 
of the rach�s.) PAR �ntercept�on �s then calculated 
us�ng the effect�ve LAI. Th�s approach was found 
to overcome anomal�es �n dry matter product�on 
per palm otherw�se found for low dens�ty plant�ngs 
(Henson, 2006d).      
 

The parameter k cannot be measured d�rectly. 
It can only be �nferred from measurements of ra-
d�at�on �ntercept�on/transm�ss�on and leaf area. 
Some work has suggested that k may change w�th 
age. Breure (1988) found lower k values at 13 and 
14 years after plant�ng (YAP) than at 9 to 11 YAP. 
However, greater �ntercept�on per un�t leaf area (i.e. 
h�gher k) m�ght be expected when the canopy �s d�s-

cont�nuous, as w�th young palms and palms planted 
at low dens�t�es. Awal (2005) found k to be h�ghest 
at two and three YAP then to fall gradually (the old-
est palms measured were 16 years). Th�s relat�on-
sh�p �s presumed to be a funct�on of the LAI rather 
than palm age per se and so the chang�ng k was plot-
ted aga�nst the LAI expected for palms over the age 
range measured. The relevant LAI was taken to be 
LAIeff  (although once PCC reaches 100%, LAI w�ll 
equal LAIeff). Extrapolat�on of the �n�t�al relat�on-
sh�p beyond s�x YAP led to very low k values �n old 
palms and thus after th�s age only a very gradual 
l�near decl�ne �n k was perm�tted, such that the k at 
30 YAP was 0.4. The k vs. LAI curve that resulted �s 
shown �n Figure 1 and �s used as the bas�s for the al-
ternat�ve opt�on �n OPRODSIM of select�ng an LAI-
dependent k value. It should not be used for stands 
where LAI exceeds seven, such as h�gh dens�ty o�l 
palm stands above a certa�n age. 

Model Performance

Figures 2a and 2b show the effects of vary�ng k on 
PAR �ntercept�on and FFB product�on, respect�vely. 
Figure 2c g�ves the �ncrease �n f  w�th k at var�ous 
values of LAI. From the latter, �t �s apparent that the 
largest ga�ns �n f  w�th LAI occur at low k values. If 
LAI �s h�gh, then the effect of k be�ng �ncorrectly es-
t�mated has less �mpact than �f LAI �s low. However, 
�t can be seen that k exerts a large influence on the 
est�mated y�eld, and hence, �t’s correct est�mat�on �s 
�mportant.

Figure 3 shows the effect of us�ng the LAI-de-
pendent, �nstead of the default (constant), value of 
k. The effect of the former was to �ncrease �ntercep-
t�on and y�eld �n the early years, w�th y�eld be�ng re-
duced somewhat from about 10 YAP. However, the 
average y�elds over 30 years d�ffered by less than 
2%.  
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Figure 1. Relationship between the extinction coefficient 
(k) and leaf area index (LAI) used for the LAI-depen-

dent k option in OPRODSIM.

Note: See text for further deta�ls.
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Figure 2. (a) Relationships between fractional interception (f) of photosynthetically-active radiation and leaf area index 
(LAI) at different values of the extinction coefficient (k), where the variation in LAI is a function of palm age. The lines, 
in ascending order, refer to k = 0.2, 0.25, 0.3, 0.4, 0.47 and 0.6. The default value, 0.47, is shown as the thick, black line.
(b) Plots of fresh fruit bunch yield (FFB) against year after planting (YAP) obtained with the values of k shown in the 

upper graph (in ascending order with the default shown as the thick, black line).
(c) Relationships between f and k for different values of LAI. The lines, in ascending order, refer to LAI = 1.06, 2.92, 

3.92, 5.06 and 6.02, corresponding to 1, 4, 7, 11 and 18 years after planting.

Note: S�mulat�ons were run for the coastal s�te us�ng the standard method of assess�ng vegetat�ve b�omass product�on, age-dependent 
partition coefficients and the medium frond size option.
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LEAF	PHOTOSYNTHETIC	CHARACTERS

Background

The ass�m�lat�on of CO2 by the canopy �s based 
on a s�ngle leaf photosynthes�s l�ght-response curve 
character�zed by two parameters, namely, the �n�-
tial light-use efficiency or quantum yield (α) and 
the max�mum l�ght-saturated photosynthes�s rate  
(AMAX). 

Quantum yield. The quantum yield is generally 
thought to d�ffer l�ttle between C3 spec�es although 
�t �s strongly affected by temperature. van Kraa-
l�ngen (1985) used a value for α of 55 mmoles CO2 

E-1, wh�ch �s also the default value �n OPRODSIM. 
Th�s �s appropr�ate for an average temperature of 
around 29˚C and is similar to the values of 50 and 
53, measured �n mature palms by Henson (1991a, c) 
and Dufrene et al. (1990) respect�vely. Because of the 
temperature response, there �s a case for l�nk�ng the 
value of α to the mean leaf temperature. 

The model prov�des three opt�ons govern�ng 
the cho�ce of  α, the first being to accept the default 
value. The others are to spec�fy a d�fferent, but con-
stant, value of α (w�th�n set l�m�ts) or to l�nk α to the 
leaf temperature (LT). LT was not d�rectly ava�lable 
for all s�tes �ncluded �n the model and so was based 
on measurements at the seasonally dry s�te of d�f-
ferences between air and LT (ΔT) during daylight 
hours (defined as times when solar radiation ex-
ceeded 5 W m-2). The ΔT was given by a regression 
against atmospheric vapour pressure deficit (VPD) 
where:

    ΔT (°C) = 1.524 * VPD (kPa) – 1.283                (3)

and LT (°C) = AT + ΔT.

If soil water deficit is simulated then a multiple 
l�near regress�on that �ncludes the fract�onal ava�l-
able soil water (FASW) is used to give ΔT where:

    ΔT (°C) = 0.01 + 1.20 * VPD (kPa) 
    – 0.99 FASW                                                            (4)

LT measurements were obta�ned us�ng non-
contact �nfrared thermal sensors (Henson et al., 
2005). 

F�nally, α �s obta�ned from LT by regress�on, 
based on data of  Ehler�nger and Pearcy (1983), 
where:

     α (mmol CO2 E-1) = 93.333 – 1.333 x LT              (5)

Light-saturated photosynthesis rate. AMAX values 
d�ffer greatly between spec�es and those determ�ned 
for o�l palm have been found to be extremely var�-
able (Henson and Chang, 2000). The var�ab�l�ty may 
ar�se from factors related to the plant, the env�ron-
ment or the measurement methods.  A ‘true’ AMAX 
for the amb�ent CO2 concentrat�on �s expressed only 
when other factors, as well as rad�at�on, are non-
l�m�t�ng. Those of major �mportance are a�r temper-
ature, vapour pressure deficit and soil water supply. 
AMAX can d�ffer w�th age of the palm and w�th the 
age and/or pos�t�on of the sampled frond, and �t 
may be affected by the presence of bunch s�nks and 
the env�ronmental cond�t�ons preva�l�ng just pr�or 
to measurement. 

Cred�ble values of AMAX for the upper, most 
active, fronds of field palms measured under favour-

Figure 3. (a) Plots of fractional interception (f) of pho-
tosynthetically-active radiation against leaf area index 

(LAI) using a constant (default) value of 0.47 for the ex-
tinction coefficient (k), or a value dependent on leaf area 

index (LAI). (b) Plots of fresh fruit bunch yield (FFB) 
against year after planting (YAP) obtained using either 
the constant default or the LAI-dependent value of  k.

Notes: S�mulat�ons were run for the coastal s�te us�ng the 
standard method of assess�ng vegetat�ve b�omass pro-
duction, age-dependent partition coefficients and the me-
d�um frond s�ze opt�on.
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able cond�t�ons w�th portable gas exchange systems 
range from around 21 to 24 μmol m-2 s-1  (Dufrene, 
1989;  Henson, 1991a; Dufrene and Saug�er, 1993). 
Nursery palms and palms in the first year or two in 
the field, tend to have lower rates (Corley et al., 1973; 
Gerr�tsma, 1988; Henson, 1991a,c). van Kraal�ngen 
(1985), in his model, used an AMAX equivalent to 
18.9 μmol m-2 s-1, somewhat �ntermed�ate between 
the rates measured for young and mature palms.

In OPRODSIM there �s the opt�on to spec�fy the 
AMAX value or accept the default (currently set at 
18 μmol m-2 s-1). 

Model Performance

Quantum yield. Figure 4 shows the changes �n gross 
ass�m�lat�on (GA) and FFB y�eld w�th palm age at 
the coastal s�te us�ng d�fferent values of α, but the 
same (default) value of AMAX. It �s ev�dent that α 
has substant�al effects on GA and even more dra-
mat�c effects on FFB y�eld. The use of temperature-
dependent α values (Figure 5) sl�ghtly decreased GA 
and y�eld, s�nce the mean α based on the est�mated 
leaf temperatures at the s�te (53.3 mmol E-1) was 
lower than the default value. The effect of us�ng 
LT-dependent values of α as opposed to the default 
value was greater for the other s�tes (Table 1) where 
leaf  and a�r temperatures were h�gher. 

The extent of �ncrease �n GA w�th α (Figure 6) 
was shown to be greatest at h�gh LAI (and  hence 
would generally be greater for older palms).    

Light-saturated photosynthesis rate. The effects 
of vary�ng AMAX values on GA and FFB y�eld are 
shown �n Figure 7. AMAX had l�ttle effect on vegeta-
t�ve b�omass product�on (VBP) or vegetat�ve ma�n-
tenance respiration (vMR), but it substantially influ-
enced bunch yield, as expected from the ‘overflow’ 
pr�nc�ple of the model. Increas�ng AMAX ra�sed the 
fract�on of GA go�ng to bunches and to total b�o-
mass product�on wh�le the fract�ons allocated to 
VBP and vMR decl�ned. Increas�ng AMAX from 
20 to 30 μmol m-2 s-1 �ncreased bunch y�eld by 61%. 
S�m�lar results were obta�ned for both methods of 
s�mulat�ng VBP.

ASSIMILATE	STORAGE

Background

GA �s calculated da�ly and the values depend 
heav�ly on total da�ly rad�at�on. Rad�at�on levels 
can vary apprec�ably between days result�ng �n 
similarly large fluctuations in GA. The palm must 
be able to buffer these fluctuations through storage 
mechan�sms so as to ensure relat�vely stable rates of 
growth desp�te the h�ghly var�able product�on of as-

similate. Such storage could be quite long-term and 
would account for ‘lag’ effects, such as cont�nued 
bunch product�on follow�ng severe prun�ng. In the 
model, daily fluctuations in GA can be dampened 
us�ng a runn�ng mean approach w�th the averag�ng 
per�od �n days be�ng user-selected.

All assimilate in excess of current requirements 
for vegetative and male inflorescence dry matter 
product�on, and for assoc�ated ma�ntenance and 
growth resp�rat�on, �s ava�lable for bunch produc-
t�on and the growth and ma�ntenance resp�rat�on as-
sociated with it. (If current assimilate is insufficient 
to meet the needs of VBP and male inflorescence 
product�on then these are reduced accord�ngly us-
�ng a ‘l�m�t�ng GA rout�ne’ whereby the ass�m�late 
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Figure 4. Effect of varying the quantum yield (α) on 
(a) the gross assimilation (GA) rate and (b) fresh fruit 

bunch (FFB) production over time.

Notes: The l�nes, �n ascend�ng order, refer to α = 30, 40, 50, 
55, 60 and 70 mmol CO2 E-1, respect�vely. The default val-
ue, 55, �s shown as the th�ckest l�ne. S�mulat�ons were run 
for the coastal s�te us�ng the standard method to assess 
vegetat�ve b�omass product�on, age-dependent part�t�on 
coefficients, the medium frond size option and a light-
saturated photosynthes�s rate of  18 μmols CO2 m-2 s-1.
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TABLE 1. MEAN LEAF TEMPERATURE (LT), QUANTUM YIELD (α) AND SIMULATION OF GROSS 
ASSIMILATION (GA) AND FRESH FRUIT BUNCH (FFB) YIELD OVER 30 YEARS AT THREE SITES, 

WITH OR WITHOUT SIMULATION OF SOIL WATER DEFICIT USING EITHER DEFAULT OR 
LT-DEPENDENT VALUES OF α*

Site Soil water 
deficit

LT
(°C)

α option α
(mmol E-1)

GA
 (t ha-1 yr-1)

FFB 
(t ha-1 yr-1)

Coastal no deficit 30.00 default 55.00 93.4 23.08

LT-dependent 53.33 92.0 21.79

Inland no deficit 31.50 default 55.00 96.3 22.63

LT-dependent 51.34 92.9 19.59

deficit 31.57 default 55.00 85.7 17.49

LT-dependent 51.24 82.7 15.02

Seasonally 
dry

no deficit 33.01 default 55.00 105.6 30.31

LT-dependent 49.32 99.7 25.13

deficit 33.08 default 55.00 85.8 20.73

LT-dependent 49.22 81.7 17.42

Notes: *S�mulat�ons were run us�ng the standard method of s�mulat�ng vegetat�ve b�omass product�on (Henson, 2006b) 
with age-dependent partition coefficients and medium frond size option. Soil water deficit can only be simulated for the 
�nland and dry s�tes (Henson, 2006c). Leaf temperatures are the means dur�ng hours when solar rad�at�on was > 5 Watts 
m-2.
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Figure 5. Comparison of the effect on (a) the gross assimilation (GA) rate and (b) fresh fruit bunch (FFB) production, of 
using a constant (55 mmol CO2 E-1) versus a temperature–dependent value of the quantum yield, α.

Notes: S�mulat�ons were run for the coastal s�te us�ng the standard method of assess�ng vegetat�ve b�omass product�on, 
age-dependent partition coefficients, the medium frond size option and a light-saturated photosynthesis rate of 18 μmols 
CO2 m-2 s-1.
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�s d�str�buted to these processes on a proport�onal 
bas�s.)

Assimilates in excess of the above requirements 
can be used fully or part�ally for bunch product�on 
depend�ng on the s�nk capac�ty. By default, s�nk 
l�m�tat�ons are �gnored and the excess const�tutes 
the bunch ass�m�late pool (BAP) and �s used ent�re-
ly for bunch product�on. An except�on �s �f ablat�on, 
i.e. removal of inflorescences, is selected, in which 
case part of the excess ass�m�late �s used for add�-
t�onal vegetat�ve growth and the rest �s stored and 
used for future bunch product�on (Henson, 2006d). 

Perhaps more real�st�cally, bunch product�on 
should be determ�ned not only by the level of ex-
cess or reserve ass�m�late but �n add�t�on, by the 
s�nk strength as represented by the number and 
potential growth rate of female inflorescences. If 
the sink is inadequate then the excess assimilate 
enters storage or, to prevent excess�ve storage, pho-
tosynthet�c rate �s reduced. If the store exceeds a 
prescr�bed level then extra vegetat�ve growth may 
be promoted, as happens �n ster�le palms. The pre-
l�m�nary development of these opt�ons �s descr�bed 
elsewhere (Henson, 2007).

Model Performance

GA smoothing. The effects of apply�ng var�ous aver-
aging periods on the day-to-day fluctuations in GA 

Figure 6. Responses of gross assimilation rate to chang-
ing levels of the quantum yield, α, at different leaf area 

indices (LAI), where LAI is a function of palm age.

Notes: The l�nes, �n ascend�ng order, refer to LAI = 1.06, 
2.92, 3.92, 5.06 and 6.02, correspond�ng to 1, 4, 7, 11 and 18 
years after plant�ng. S�mulat�ons were run for the coastal 
s�te us�ng the standard method for assess�ng vegetat�ve 
biomass production, age-dependent partition coefficients, 
the med�um frond s�ze opt�on and a l�ght-saturated pho-
tosynthes�s rate 18 μmol CO2 m-2 s-1.

Figure 7. (a) Effect of the light-saturated rate of photo-
synthesis (AMAX) on vegetative biomass production 

(VBP), total biomass production neglecting male inflo-
rescences (TBP), the sum of TBP and maintenance res-
piration (MR) and gross assimilation (GA). (b) Time-

course of fresh fruit bunch (FFB) yield at different levels 
of AMAX from 10 to 30 μmols CO2 m-2 s-1.

Notes: S�mulat�ons were run for the coastal s�te us�ng 
the standard method, age-dependent partition coeffi-
c�ents and med�um frond s�ze opt�on. In (a), data are 30-
year means, bunch b�omass product�on �s the d�fference 
between TBP and VBP (i.e. the bottom two l�nes on the 
graph), wh�le the d�fference between the top two l�nes 
(GA and TBP+MR) represents assimilates used for growth 
respiration and male inflorescence production. 

and �n the ass�m�lates ava�lable for bunch b�omass 
product�on were exam�ned us�ng the seasonally dry 
s�te both w�thout and w�th s�mulat�on of so�l wa-
ter deficit. The results (Figures 8 and 9) �nd�cate the 
�mportance of the buffer�ng (storage) of ass�m�lates, 
especially in the presence of seasonal water deficits, 
as under these cond�t�ons there �s greater var�at�on 
in the assimilation rate. In the absence of water defi-
cits a 10-day smoothing was sufficient to reduce the 
‘noise’ arising from radiation fluctuations but with 
water deficit even a 50-day smoothing period did 
not prevent BBP reach�ng zero on occas�ons.  
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Figure 8. Daily changes in gross assimilation (GA) rate over five years at the seasonally dry site in the 
absence (a, b, c) or presence (d, e, f) of soil water deficit (SWD), with GA either plotted as daily values 

or averaged over 10, 30 or 50 days.

ASSIMILATE	PARTITIONING	

Background

Interest �n part�t�on�ng ar�ses from the fact that 
d�vert�ng more ass�m�lates �nto bunches offers a 
means of �ncreas�ng y�eld even w�thout any �ncrease 
�n total b�omass product�on (TBP). In o�l palm, the 
rat�o between BBP and (above-ground) TBP, termed 
the bunch �ndex (BI), �s an �mportant descr�ptor of 
palm performance, and can vary w�dely w�th geno-
type and env�ronment. Another �mportant aspect of 
part�t�on�ng �s the allocat�on of ass�m�lates between 
roots and shoot, wh�ch affects the stand�ng root:
shoot b�omass rat�o (R:S). L�ttle �s known of what 
determ�nes th�s although for nursery palms, h�gh 
n�trogen supply results �n a low R:S (Mohd Han�ff 
et al., 2004) wh�le R:S was very h�gh �n palms grown 

on deep sands �n Ivory Coast (Dufrene, 1989). Th�s 
rat�o may affect palm performance, espec�ally un-
der cond�t�ons where water and/or nutr�ents are 
l�m�t�ng. 

Although relat�vely few deta�led stud�es have 
been undertaken, there �s ev�dence of cons�der-
able plast�c�ty �n ass�m�late part�t�on�ng even w�th 
respect to vegetat�ve growth (Table 2). Substant�al 
d�fferences may be noted �n the allocat�on of as-
s�m�lates to vegetat�ve components result�ng �n 
quite contrasting R:S ratios for oil palms in the 
Ivory Coast versus those �n Southeast As�a, as well 
as between d�fferent plant�ng mater�als �n the same 
env�ronment, as �n the Sumatran study of Lamade 
and Set�yo (1996). These data sets, w�th the part�-
t�on fract�ons for fronds rang�ng from 0.46 to 0.75, 
for trunk from 0.08 to 0.18 and for roots from 0.08 
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Figure 9. Daily changes in assimilates available for bunch biomass production (BBP) over five years at the seasonally 
dry site in the absence (a, b, c) or presence (d, e, f) of soil water deficit, with BBP either plotted as  daily values or 

averaged over 10, 30 or 50 days.

to nearly 0.45, are useful �n prov�d�ng gu�del�nes for 
model s�mulat�ons.

In OPRODSIM, there are two ma�n methods of 
s�mulat�ng VBP (Henson, 2006b). The cho�ce d�c-
tates the opt�ons ava�lable for part�t�on�ng the b�o-
mass. W�th the standard method, whereby total VBP 
�s determ�ned and then part�t�oned �nto root, trunk 
and frond product�on components, there �s a cho�ce 
between using either constant pre-set coefficients 
independent of palm age, pre-set coefficients which 
vary with palm age, or user-specified constant coef-
ficients, that are entered within the ideotype test op-
t�on menu. The latter overr�des any prev�ous cho�ce 
concerning constant versus age-dependent coeffi-

c�ents. These opt�ons apply �rrespect�ve of the frond 
s�ze selected. 

W�th the alternat�ve method, VBP part�t�on�ng 
is influenced only by the frond size selected, as total 
VBP �s otherw�se determ�ned by �ndependently-de-
r�ved growth curves for the trunk and roots. 

W�th both methods, the data produced allow 
calculation of BI and the R:S ratio. The finer aspects 
of  partitioning, such as within the fronds (leaflets, 
rach�s, pet�oles), trunk (metabol�cally act�ve and �n-
act�ve; �nert vs. storage component) and roots (pr�-
mary, secondary and tertiary/quaternary classes) 
cannot at present be var�ed, be�ng pre-set �n the 
model.  
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Model Performance

The var�at�on �n VBP part�t�on�ng, and the ef-
fects on FFB y�eld result�ng from cho�ce of frond 
s�ze, are shown �n Table 3 for the alternat�ve method. 
Mean y�elds were h�ghest w�th the med�um frond 
s�ze opt�on. (Frond s�ze does not affect VBP par-
t�t�on�ng us�ng the standard method, although �t 
does affect y�eld.)

The effect of mod�fy�ng the constant VBP par-
tition coefficients using the standard method was 
descr�bed prev�ously (Henson, 2006b). For the me-
d�um frond s�ze, a 10% �ncrease �n part�t�on�ng to 
fronds led to an almost 20% �ncrease �n BBP. Con-
versely, �ncreas�ng the fract�on of ass�m�lates go�ng 
to the trunk or roots decreased y�eld by about 2% 
and 5%, respect�vely.

The effects on R:S and BI of the VBP s�mulat�on 
method, of us�ng constant versus age-dependent 
partition coefficients, and of frond size, are shown 
�n Table 4. The d�fferent ‘set’ opt�ons w�th�n the stan-
dard method had only small effects on R:S and BI 

w�th the b�ggest var�at�on caused by frond s�ze us�ng 
the alternat�ve method. Not unexpectedly, smaller 
fronds favoured h�gher R:S wh�le max�mum BI and 
y�eld (Table 3) were obta�ned w�th med�um fronds.  

W�th the standard method, �t �s poss�ble to com-
pare a wider range of VBP partition coefficients 
us�ng the �deotype select�on menu. (As ment�oned 
above, values �nput �n th�s menu overr�de any ear-
l�er cho�ces made when select�ng between constant 
and age-dependent options). In a first series of 
tests, the frond coefficient was varied with all re-
maining assimilate being allocated equally between 
trunks and roots.  Increasing the frond coefficient 
led to progress�ve �ncreases �n FFB y�eld and BI 
(Figure 10a). These changes are largely expla�ned 
by the effects on vMR wh�ch showed the oppos�te 
trend (Figure 10b). Thus, w�th less ass�m�late used 
for ma�ntenance resp�rat�on more was ava�lable to 
support bunch product�on. The decreases �n vMR 
are accounted for by decreases �n total stand�ng b�o-
mass, wh�ch result from the �ncreas�ng ass�m�late 
allocat�on to fronds. Th�s �s because, unl�ke the pro-
duct�on of trunk and root b�omass wh�ch �s e�ther 

TABLE 2. EXAMPLES OF PARTITIONING OF ASSIMILATES DURING PRODUCTION OF OIL PALM 
VEGETATIVE COMPONENTS

Reference1 1 2 3 4 5 6

Location West 
Malaysia

Ivory 
Coast

West Malaysia Sumatra, 
Indonesia

West 
Malaysia3

Age of palms (yr) 1.5 to 27.5 13 9 10 8 to 9 3 to 16

Plant�ng mater�al D x P and 
D

L2T x 
D10D

D x P D x P La Me Local 
BJ

D x P

Mean VBP (t ha-1 yr-1) 19.332 25.704 17.56 20.78 35.28 26.26 14.46

Mean 
part�t�on 
coefficient

Fronds 0.752 0.463 0.665 0.608 0.725 0.758 0.685

Trunk 0.097 0.088 0.136 0.181 0.113 0.159 0.174

Roots 0.151 0.449 0.199 0.211 0.161 0.082 0.141

Root:shoot stand�ng 
b�omass rat�o

0.191 0.909 0.392 0.411 0.116 0.302 0.239

Notes:  1Data sources:
1. Corley et al. (1971).
2. Dufrene et al. (1990).
3. Henson (1995).
4. PORIM (1995); Henson and Cha� (1997).
5. Lamade and Set�yo (1996).
6. Henson and Mohd Tayeb (2003).

2All data are adjusted to 148 palms ha-1. 3For 160 palms ha-1 w�th an est�mate of stand�ng root b�omass. 4From Lamade and 
Set�yo (1996).
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wholly, or largely, cumulat�ve, stand�ng frond b�o-
mass �s subject to less change due to the h�gh pro-
port�on of turnover result�ng from prun�ng.

The low values of frond part�t�on�ng lead�ng to 
low y�eld as shown �n Figure 10 are, however, not 
common (Table 2), nor is the equal apportioning of 
ass�m�late between trunk and root. 

A further ser�es of tests was undertaken to 
s�mulate a w�der range of contrast�ng morpholo-
gies and explore their consequences for yield. Yield 
and other character�st�cs of the result�ng pheno-
types, ranked �n order of bunch b�omass produc-
t�on (BBP), are shown �n Figure 11. These �nclude 

TABLE 3. EFFECTS OF FROND SIZE ON PARTITIONING OF VEGETATIVE BIOMASS PRODUCTION 
(VBP) BETWEEN FRONDS, TRUNK AND ROOTS USING THE ALTERNATIVE METHOD*

Frond size option Fraction of total vegetative biomass production 
allocated to: 

FFB 
(t ha-1 yr-1)

Fronds Trunk Roots

Small 0.69 0.11 0.21 20.21

Med�um 0.74 0.09 0.17 24.52

Large 0.78 0.07 0.15 22.25

Note: *Data are means for the coastal s�te over a 30-year per�od.

TABLE 4. VARIATION IN MEAN ROOT:SHOOT (R:S) STANDING BIOMASS RATIO AND BUNCH 
INDEX (BI) WITH DIFFERENT VEGETATIVE BIOMASS PRODUCTION (VBP) SIMULATION 

METHODS, VBP PARTITIONING AND FROND SIZE OPTIONS*

VBP simulation 
method

Basis for partition 
coefficients

Frond size 
option 

R:S BI

Standard Constant Small 0.24 0.35

Med�um 0.23 0.37

Large 0.23 0.35

Age-dependent Small 0.21 0.36

Med�um 0.21 0.38

Large 0.20 0.36

Alternat�ve Frond s�ze- dependent Small 0.30 0.38

Med�um 0.26 0.40

Large 0.23 0.34

Note: *Data are means for the coastal s�te over a 30-year per�od.

examples w�th h�gh part�t�on�ng to roots (cases 1-3) 
with consequent high R:S ratios, high partitioning 
to the trunk (cases 1,4,6) result�ng �n excess�vely 
tall palms, and low part�t�on�ng to the root (case 6) 
g�v�ng a low R:S rat�o. The latter gave the h�ghest 
y�elds wh�le palms w�th h�gh root b�omass tended 
to be low y�eld�ng. However, the model has yet to 
take �nto account the effects of root b�omass dens�ty 
on water and nutr�ent uptake, and low root b�omass 
might not be beneficial for yield in dry or nutrient-
l�m�t�ng s�tuat�ons.   

A low rate of trunk growth that m�n�m�zes palm 
he�ght has long been an �mportant breed�ng objec-
tive, owing to the extra cost and difficulty of har-
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Figure 10. Effect of the frond partition coefficient on (a) fresh fruit bunch (FFB) yield and bunch index (BI), and on (b) 
vegetative maintenance respiration (vMR) and standing biomass root:shoot (R:S) ratio.

Notes: Data, obtained with the standard method, are 30-year mean values for the coastal site. The lines are fitted second-
order polynom�als.

Figure 11. Simulation of oil palm phenotypes by changing vegetative biomass production partitioning, showing 
differences in (a), standing biomass of fronds, trunk and roots, (b), total standing biomass (TSB) and root:shoot 

(R:S) standing biomass ratio and (c), vegetative maintenance respiration (vMR) and vegetative and bunch biomass 
production (VBP, BBP).

Notes: Data, obta�ned w�th the standard method, are 30-year means for the coastal s�te.

The phenotypes, arranged in ascending order of BBP and specified in terms of fractional partitioning into fronds, trunk 
and roots, are:

Phenotype   Partition fractions
        
  Fronds Trunk Roots
 
1. Low frond, med�um trunk, h�gh root  0.42 0.18 0.40
2. Low frond, low trunk, h�gh root   0.47 0.13 0.40
3. Med�um frond, low trunk, h�gh root  0.52 0.08 0.40
4. Med�um frond, h�gh trunk, med�um root  0.62 0.18 0.20  
5. H�gh frond, low trunk, med�um root  0.72  0.08 0.20
6. H�gh frond, h�gh trunk, low root  0.72 0.18 0.10
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vest�ng tall palms. There �s also the poss�b�l�ty that 
palms w�th short-stems have lower trunk b�omass 
which may benefit yield, since a lower biomass 
means less ass�m�lates used for resp�rat�on of trunk 
t�ssues. Phenotypes w�th lower trunk stand�ng b�o-
mass gave h�gher y�elds (Figure 12), although the 
amount of trunk b�omass was less cr�t�cal than that 
of roots. 

TURNOVER

Background

Wh�le all new trunk growth �s presumed to 
add to the stand�ng b�omass, other organs undergo 
turnover. Annual frond turnover �s very h�gh due 
to prun�ng, so that stand�ng frond b�omass �s less 
affected by VBP part�t�on�ng than that of other or-
gans and tends to become relat�vely constant after 
a certa�n age. Roots seem to fall between these two 
extremes �n that wh�le they undergo act�ve turnover 
there �s nevertheless a cont�nuous �ncrease �n root 
b�omass over the normal l�fe of a plant�ng (Corley et 
al., 1971; Reyes et al., 1997; Henson, 2006b). 

Increas�ng the rate of root turnover decreases 
the stand�ng root b�omass when us�ng the standard 
VBP opt�on (Henson, 2006b), as th�s method sets a 
l�m�t to total root b�omass product�on (i.e. b�omass 
�ncrement plus turnover), whereas w�th the alterna-
t�ve method �t �s the stand�ng root b�omass and not 
the total root production that is pre-defined in the 
model. A reduct�on �n stand�ng root b�omass due to 
an �ncrease �n turnover leads to lower ma�ntenance 
resp�rat�on, wh�ch favours y�eld, as more ass�m�late 

�s ava�lable for bunch product�on and there �s, as 
prev�ously ment�oned, no prov�s�on �n the model 
for s�mulat�ng water or nutr�ent uptake l�m�tat�on 
that might result from inadequate root density.  By 
contrast, w�th the alternat�ve method, an �ncrease �n 
turnover requires additional assimilate to be divert-
ed to root product�on,  wh�ch adds to the vegetat�ve 
assimilate requirement and so reduces y�eld. 

Model Performance

Frond turnover can be modified by changing 
the prun�ng �ntens�ty and th�s opt�on �s descr�bed �n 
a prev�ous paper (Henson, 2006d).

Root turnover �s changed �n the model by spec-
�fy�ng an age-dependent root turnover factor (Hen-
son, 2006b). A factor of 1.0 represents the standard 
default sett�ng, w�th lower or h�gher values respec-
t�vely reduc�ng or �ncreas�ng turnover. The h�gher 
y�eld result�ng from �ncreased root turnover us�ng 
the standard method �s �llustrated �n Figure 13a. 
Y�eld was thus negat�vely related to root SB (Fig-
ure 13b) and both relat�onsh�ps were affected by the 
root part�t�on fract�on. 

SPECIFIC	LEAF	AREA

Background

Increasing the SLA (defined here as the single-
s�ded lam�na area per un�t frond dry we�ght) has 
been found �n several modell�ng exerc�ses to sub-
stantially increase yield (Squire, 1984; van Kraa-
l�ngen et al.; 1989; Dufrene et al., 1990). Palms w�th 
the same frond b�omass can capture l�ght more ef-
fect�vely �f SLA �s h�gh, as total leaf area per palm 
w�ll also be �ncreased. Us�ng OPRODSIM, a 10% 
�ncrease �n SLA (w�th the default value set at 2.6 m2 
kg-1) �ncreased GA by c. 6% and BBP by c. 14% to 
20% (Henson, 2006b). However, �n that and other 
stud�es �t was assumed that photosynthet�c rate per 
un�t leaf area �s unaffected by the change �n lam�-
nae th�ckness and/or dens�ty that accompan�es a 
change �n SLA. Th�s may not necessar�ly be true as 
th�n leaves may absorb less PAR, be more prone to 
adverse effects of h�gher t�ssue temperatures, and 
conta�n less carboxylat�ng enzyme and photosyn-
thet�c apparatus per un�t surface area. A h�gh n�tro-
gen supply �ncreased SLA �n nursery palms but Pn 
per un�t area decreased (Mohd Han�ff et al., 2004), 
poss�bly as a result of �ncreased water stress as sug-
gested by a decrease �n stomatal conductance. A 
compar�son of populat�ons (Rajana�du and Zakr�, 
1988) d�d not support the �dea of h�gh SLA be�ng 
beneficial for yield. Seeking a high SLA might also 
conflict with the proposed benefits of producing 
‘compact’ palms for plant�ng at h�gh stand dens�ty 
(Breure and Corley, 1983).
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Figure 12. Relationship between fresh fruit bunch (FFB) 
yield and standing trunk biomass at low and high levels 

of root biomass (RB) production.

Notes: Data, obta�ned w�th the standard method, are 
30-year mean values for the coastal s�te. The mean stand-
�ng RB for the low and h�gh root b�omass groups was 
13.17 and 22.49 t ha-1, respect�vely. 
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Model Performance

Wh�le, as prev�ously shown (Henson, 2006b), 
�ncreas�ng SLA clearly �ncreased y�eld when AMAX 
was held constant, only a small decrease �n AMAX 
was required for these gains to be nullified (Table 5). 
It is therefore quite possible that the increased yield 
expected from an �ncrease �n SLA may not mater�-
al�ze unless AMAX can be ma�nta�ned. Stud�es are 
required to ascertain the relationship between SLA 
(or, alternat�vely, leaf th�ckness) and photosynthet�c 
rate. 

FROND	EXPANSION	RATE

Background

The rate of expans�on of �nd�v�dual fronds was 
exam�ned by Breure (1985) �n spac�ng and progeny 

tr�als �n Papua New Gu�nea. He cons�dered that 
over the long-term,  y�eld, part�cularly at h�gher 
dens�ty plant�ng, would be h�gher �n palms produc-
�ng success�ve fronds that showed a rap�d �ncrease 
�n area over t�me and were thus able to cover the 
ground and so �ntercept more l�ght more rap�dly. At 
the same time if the final frond area was restricted, 
th�s would lessen �nter-palm compet�t�on after full 
canopy cover and perhaps fac�l�tate use of h�gh 
plant�ng dens�t�es. He selected palms w�th slow and 
rap�d expans�on rates (SER and RER phenotypes, 
respect�vely) and found the latter d�d �ndeed g�ve 
r�se to h�gher FFB y�elds and also bunch �nd�ces, 
at least up to the l�m�t of h�s data of 11 years after 
plant�ng. 

To further test th�s �dea, model curves of leaf 
area versus palm age were constructed to repre-
sent examples of the four classes of leaf expans�on 
phenotypes identified by Breure (i.e. two expans�on 
rates and two final leaf sizes). The curves, shown in 
Figure 14, may be compared w�th those �n Figure 1 
of Breure (1985). 

Model Performance

Tests were run for the four frond expans�on 
phenotypes us�ng the coastal s�te cond�t�ons. The 
plant�ng dens�t�es were var�ed. (The frond area 
curve for the default, med�um frond s�ze opt�on 
�s shown �n Figure 14 for the purpose of compar�-
son.) Th�rty years growth was s�mulated, cons�der-
ably extend�ng the 11 years max�mum data sets of  
Breure (1985).  

The four phenotypes ach�eved full canopy 
cover at s�x (SER, small), four (SER, large) and three 
(RER, small and large) YAP, wh�le the default med�-
um frond size reached full cover at five YAP. Yields 
were assessed for the period of five to 11 YAP to al-
low compar�son w�th Breure’s data, and also for the 
ent�re 30-year l�fe of the plant�ng.  Breure d�d not 
present separate y�eld data for the small and large 
final area categories and so average data are need-
ed to make compar�sons. The results, and those of 
Breure (1985), together w�th data for BI and the leaf 
area rat�o (LAR; frond area per palm per un�t above-
ground stand�ng b�omass), are shown �n Table 6. 

Both data sets �nd�cate a y�eld ga�n due to rap�d 
leaf expans�on, and BI was also �ncreased. However, 
LAR was affected differently in the field and model-
l�ng exerc�ses.

Fuller sets of data are presented �n Table 7 wh�ch 
g�ves results from OPRODSIM for both early (2-12 
YAP) and full-term (2-30 YAP) mean y�elds for the 
four LER types and the med�um frond opt�on. It can 
be seen that the order of rank�ng d�ffers w�th the age 

Figure 13. Effects of variation in (a) root biomass turn-
over (RBT) and (b) standing root biomass (SRB) on 

FFB yield using two fractions (0.1 and 0.2) of 
partitioning of biomass to roots.

Notes: Data, obta�ned w�th the standard method, are 
30-year mean values for the coastal s�te. The var�at�on �n 
RBT and SRB was ach�eved by the use of d�fferent vegeta-
tive partition coefficients for fronds and roots (0.72 and 
0.10 vs. 0.62 and 0.2, with the trunk partition coefficient 
constant at 0.18) and root turnover factors rang�ng from 
0.4 to 1.4. 

Yield	vs.	root	biomass	turnover

Root	biomass	turnover	(t	ha-1	yr-1	)

FF
B	

(t	
ha

-1
	 y

r-1
)

a)

b) Yield	vs.	standing	root	biomass

Standing	root	biomass	(t	ha-1)

FF
B	

(t	
ha

-1
	 y

r-1
)



16

Oil Palm Bulletin 54 Modelling the Effects of Physiological and Morphological Characters on Oil Palm Growth and Productivity

TABLE 5. INCREASES IN FRESH FRUIT BUNCH (FFB) YIELD WITH INCREASES IN SPECIFIC LEAF 
AREA (SLA) AT A CONSTANT RATE OF LIGHT-SATURATED PHOTOSYNTHESIS (AMAX), AND 
LEVELS OF AMAX REQUIRED AT DIFFERENT SLA TO GIVE THE SAME (‘control’) FFB YIELD AS 

THE DEFAULT SLA*

SLA FFB yield at 
constant AMAX

AMAX required to give the ‘control’ FFB 
yield

m2 kg-1 % default 
value

t ha-1 yr-1 μmol m-2 s-1 % default value

2.47 95 21.24 18.91 105.1

2.60 100 23.08 18.00 100

2.73 105 24.82 17.25 95.8

2.86 110 26.46 16.57 92.1

2.99 115 28.02 15.94 88.6

Note: *Data are means over 30 years growth for the coastal s�te at 136 palms ha-1 obta�ned us�ng the standard method of 
s�mulat�ng vegetat�ve b�omass product�on. 

Figure 14. Changes in single frond area over time for four leaf expansion rate phenotypes compared with the medium 
frond size (default) option in OPRODSIM.

Notes: Large and small refer to the relat�ve max�mum areas atta�ned; SER and RER refer to slow and rap�d expans�on rates, 
respect�vely. The graphs show (a) the full curves extend�ng to 30 years after plant�ng (YAP) and (b) the same data up to 12 
YAP, to allow a more ready compar�son w�th data of Breure (1985). 
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range, suggest�ng that conclus�ons der�ved for early 
year results may not always be supported when a 
longer per�od �s cons�dered. However, both part�al 
and full y�eld data �nd�cated the super�or�ty of rap�d 
over slow, and large over small, frond s�ze opt�ons. 
Full y�eld curves are presented �n Figure 15.

Further runs were performed to test the effect 
of plant�ng dens�ty on the LER phenotype perfor-
mance. Here, the presumpt�on was that types w�th 
a small final frond size would be more suited to 
h�gh PD, as was earl�er (Henson, 2006d) borne out 
by the h�gher opt�mal dens�ty for cumulat�ve y�eld 
shown by the small, as opposed to the larger, frond 
s�ze opt�ons �n the model. The outcomes (Table 8), 
wh�le �nd�cat�ng that the small frond s�ze opt�ons 
were �ndeed the best su�ted at h�gher PDs,  never-
theless showed that even over 30 years, the h�ghest 
y�elds were atta�ned us�ng the low PD prov�ded the 
correct phenotype was used. The rap�d expans�on 
rate opt�on gave the best performance at all the PDs 
tested.

FROND	PRODUCTION	RATE

Background

There are two aspects of o�l palm growth re-
lated to frond product�on (str�ctly emergence) rate 
(FPR). One ar�ses from the fact that each frond ax�l 
bears an inflorescence, and hence, FPR sets the up-
per limit to inflorescence production and bunch 
number. Substant�al d�fferences �n FPR between 
plant�ng mater�als have been observed, an example 

TABLE 6. MEAN FRESH FRUIT BUNCH (FFB) YIELD, BUNCH INDEX (BI) AND LEAF AREA RATIO 
(LAR) FROM FIVE TO 11 YEARS AFTER PLANTING FOR SLOW AND RAPID FROND EXPANSION 

RATE PHENOTYPES (SER and RER, respectively) AS RECORDED IN A FIELD TRIAL AND 
SIMULATED WITH OPRODSIM*

Data source Frond growth 
phenotype

FFB BI LAR

(ta ha-1 yr-1) (g g-1) (m2 kg-1)

F�eld tr�al SER 12.41 0.411 2.05

RER 13.54 0.442 2.00

% change 9.9 7.5 -2.6

OPRODSIM SER 27.72 0.475 3.08

RER 33.14 0.490 3.57

% change 19.6 3.2 15.9

Notes: *All data are for 148 palms ha-1. F�eld data are for Exper�ment 3 of Breure (1985). The s�mulat�ons were run us�ng 
coastal s�te cl�mat�c cond�t�ons, the standard method to der�ve VBP, and age-dependent VBP part�t�on fract�ons. The % 
change �s calculated as (RER/SER x 100) - 100.

be�ng that between ‘Lame’ and ‘Local BJ’ palms �n 
Sumatra, w�th rates at 8-9 YAP of 23.9 and 29.5 per 
year, respect�vely (Lamade and Set�yo, 1996). Some 
clones l�kew�se vary substant�ally �n FPR (Corley 
and Donough, 1992; Corley et al., 1995).   

FPR was pos�t�vely l�nked to y�eld �n the mod-
el of Squire (1984). Earlier tests with OPRODSIM 
(Henson, 2006b), us�ng both the standard and alter-
nat�ve VBP s�mulat�on methods, showed the same. 
However, the ga�ns �n y�eld �n OPRODSIM due to a 
10% increase in FPR were quite modest (2% to 4%) 
compared w�th the effects of �ncreas�ng the frond 
partition coefficient (standard method; 20%), the 
SLA (14% to 20%) or the frond dry we�ght (rang�ng 
from 11% to 17%). 

As descr�bed prev�ously (Henson, 2006b), 
OPRODSIM prov�des two ways to vary FPR. The 
first entails a choice between a FPR that, following 
�ts peak �n the second YAP, progress�vely decl�nes, 
versus one that changes much more gradually after 
16 years or so (des�gnated ‘low’ and ‘h�gh’ FPR op-
t�ons, respect�vely). The latter �s the default. In add�-
t�on, FPR can be changed proport�onally throughout 
the palm’s life using an adjusting coefficient where 
1= equals no change, <1 reduces and >1 increases 
the overall FPR.

Model Performance

Some effects of vary�ng FPR us�ng the standard 
method w�th the low (L) or h�gh (H) opt�ons �n 
combination with three coefficients are shown in 
Figure 16.  The cho�ce of the low versus h�gh opt�on 
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had l�ttle effect on VBP and BBP, but more on total 
frond number per palm. The mean BBP over 30 years 
was only ra�sed by 3% us�ng the h�gh, as opposed 
to the low, opt�on. However, �n all cases, �ncreas�ng 
FPR had a pos�t�ve effect on y�eld.  The effects were 
s�m�lar when us�ng the alternat�ve method except 
that the d�fferences �n y�eld due to FPR were very 
small and y�eld was actually depressed after 20 
years us�ng the h�ghest FPR (Figure 17). 

Figure 15. Changes in (a) yield of fresh fruit bunches (FFB) and (b) bunch index (BI) over time for four leaf expansion 
rate phenotypes compared with the medium frond size (default) option in OPRODSIM.

Notes: Large and small refer to the relat�ve max�mum areas atta�ned; SER and RER refer to slow and rap�d expans�on rates, 
respect�vely. To conform w�th Breure’s data, BI was calculated �gnor�ng root b�omass product�on.  

TABLE 7. MEAN FRESH FRUIT BUNCH (FFB) YIELD, BUNCH INDEX (BI) AND LEAF AREA RATIO 
(LAR) FOR THE FOUR FROND EXPANSION RATE PHENOTYPES SIMULATED WITH OPRODSIM*

Period Frond growth phenotype FFB BI LAR

(t ha-1 yr-1) (g g-1) (m2 kg-1)

2 to 12 YAP Small SER 17.39 0.38 3.03

Small RER 27.27 0.45 3.11

Large SER 24.24 0.42 3.22

Large RER 28.72 0.45 3.38

Med�um 20.31 0.42 2.93

2 to 30 YAP Small SER 20.91 0.40 3.28

Small RER 23.68 0.42 3.30

Large SER 25.29 0.42 3.55

Large RER 26.11 0.43 3.57

Med�um 24.06 0.42 3.39

Notes: *All data are for 136 palms ha-1 run us�ng coastal s�te cond�t�ons, the standard method to der�ve VBP, and age-de-
pendent VBP part�t�on fract�ons. BI and LAR were calculated �gnor�ng root b�omass.

TRUNK	HEIGHT	GROWTH

Background

Growth �n trunk he�ght �s of pract�cal concern 
as �t affects the ease of harvest�ng and therefore, the 
useful l�fet�me of a stand. Cons�derable var�at�on 
occurs �n the rate of trunk he�ght growth l�nked to 
both genet�c and env�ronmental factors. Var�ous 
aspects of modell�ng trunk he�ght growth were 

Oil Palm Bulletin 54 Modelling the Effects of Physiological and Morphological Characters on Oil Palm Growth and Productivity

LER	phenotypes;	FFB	yield

Years	after	planting

a)
FF

B	
yi

el
d	

(t	
ha

-1
	y

r-1
)

b) LER	phenotypes;	bunch	index

Years	after	planting

Bu
nc

h	
in

de
x	

(-	
ro

ot
s)



19

TABLE 8. BEST PHENOTYPE AND ITS FRESH FRUIT BUNCH (FFB) YIELD FOR FOUR PLANTING 
DENSITIES (PD), AS SIMULATED WITH OPRODSIM*

Planting density 
(palms ha-1)

Best frond growth phenotype** FFB yield (t ha-1 yr-1)

2-12 YAP 2-30 YAP 2-12 YAP 2-30 YAP

125 L, RER L, RER 29.51 29.66

148 S, RER L, RER 29.53 28.29

175 S, RER S, RER 28.14 26.14

200 S, RER S, RER 25.62 23.44

Notes: *All data are for coastal s�te cond�t�ons, us�ng the standard method to der�ve VBP and age-dependent VBP part�t�on 
fractions. **Phenotypes indicated have a large (L), or small (S), final leaf area and rapid expansion rates (RER).  

Figure 16. (a) Variation in frond production rate (FPR) with age and its effects on (b) total frond number per palm, 
(c) vegetative biomass production (VBP) and (d) fresh fruit bunch (FFB) production.

Notes: The s�mulat�ons were run us�ng the standard method. L and H represent low and h�gh FPR opt�ons (see text for 
deta�ls).

analysed �n deta�l prev�ously (Henson, 2006a). 
Hence, the presentat�on here �s restr�cted to a 
summary of model output that �llustrates the use of 
the ava�lable opt�ons.
    
Model Performance

There are two approaches �n OPRODSIM for 
determining trunk height. The first is to model the 

he�ght �ndependently of b�omass us�ng log�st�c 
growth curves represent�ng very low, low, med�um 
and h�gh rates of extens�on. The second �s to base 
the current he�ght on trunk b�omass, w�th trunk 
d�ameter be�ng var�ed to accommodate d�fferent 
rates of he�ght �ncrease. The effects of these two 
alternat�ves are compared �n Table 9. Both result �n 
s�m�lar he�ghts at 30 YAP for stands at convent�onal 
plant�ng dens�ty. However, �t can be seen that the 
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potential variation in final height due to the growth 
rate options is quite large, equating to mean rates of 
he�ght �ncrease of from about 22 to 40 cm yr-1. 

He�ght �s also affected by plant�ng dens�ty (PD), 
as shown for the med�um trunk he�ght opt�on �n Fig-
ure 18. W�th the trunk b�omass-l�nked opt�on only 
the use of the alternat�ve method �s recommended 
as the standard method had not proved su�table for 
s�mulat�ng extremes of PD (Henson, 2006d). In any 
case, the s�mulat�on of PD effects on he�ght �s rather 
uncertain due to limited field data for old palms 
(Henson, 2006a) and the need to extrapolate to cov-
er the full l�fe of the plant�ng. 

Donough and Kwan (1991) est�mated that an 
�ncrease �n PD of 10 palms ha-1 would �ncrease the 
annual he�ght growth by 0.012 m, and that th�s 
would subsequently reduce the useful life of the 
plant�ng by four to s�x months. Assum�ng the ‘cut-
off’ po�nt for econom�c harvest�ng to be 12 m, �t can 
be seen from Table 9 that a 30-year cycle �s feas�ble 

Figure 17. Effects of varying the frond production rate on (a) vegetative biomass production (VBP) and (b) fresh fruit 
bunch (FFB) production, simulated using the alternative method.

Note: L and H represent low and h�gh FPR opt�ons (see text for deta�ls).

TABLE 9. EFFECTS OF OPTIONS GOVERNING SIMULATION OF GROWTH IN TRUNK HEIGHT*

Simulation option Trunk height at 30 years after planting (m) using four 
height growth  options

Very low Low Medium High

Independent of trunk b�omass 6.7 8.1 9.8 12.0

L�nked to trunk 
b�omass

Standard method 7.3 8.4 10.4 12.0

Alternat�ve method 7.2 8.3 10.3 11.9

Notes: * The s�mulat�ons used the coastal s�te at default plant�ng dens�ty. For the b�omass-l�nked opt�on us�ng the standard 
method, the part�t�on factors were age-dependent.

at a convent�onal PD even assum�ng the ‘h�gh’ rate 
of trunk growth. Th�s w�ll not be the case at h�gher 
plant�ng dens�t�es as already seen from Figure 18. 
Table 10 g�ves the ages (YAP) at wh�ch a he�ght of 12 
m �s atta�ned us�ng the var�ous trunk he�ght growth 
opt�ons. The max�mum PD allow�ng a 30-year cycle 
with palms at a final height of 12 m, was calculated 
to be 300, 243, 175 and 137 palms ha-1 for the very 
low, low, med�um and h�gh growth rate opt�ons 
respect�vely, us�ng the alternat�ve, b�omass-l�nked 
opt�on.
 

BUNCH	DEVELOPMENT	TIME

Background

Generally, bunches ripen about five to six 
months after anthes�s. However, as shown by the 
data of Chang (unpubl�shed results) and Lamade et 
al. (1998) there can be cons�derable var�at�on �n the 
t�me taken. Lamade et al. (1998) found the t�me from 
anthes�s to harvest to range from about 120 to 220 
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TABLE 10. EFFECT OF PLANTING DENSITY ON AGE OF PALMS (years after planting) 
WHEN TRUNK HEIGHT REACHES 12 M*

Planting density 
(palms ha-1)

YAP when trunk height = 12 m for four rates of height increase

Very low Low Medium High
125 >30 >30 >30 >30
150 >30 >30 >30 28.2
175 >30 >30 30 25.2
200 >30 >30 28.0 22.8
225 >30 >30 26.2 20.8
250 >30 29.3 24.6 19.7
275 >30 27.4 23.3 18.3
300 30 25.8 22.1 17.1

Note: *S�mulat�ons were run us�ng the coastal s�te, alternat�ve method and b�omass-l�nked trunk he�ght opt�on.

Figure 18. Effects of planting density on trunk height at 
30 years after planting.

Notes: Trunk he�ght was s�mulated e�ther us�ng b�omass-
�ndependent or b�omass-dependent opt�ons for the stan-
dard (Std) and alternat�ve (Alt) method of s�mulat�ng 
vegetat�ve b�omass product�on. Age-dependent part�t�on 
coefficients were used with the standard method. The 
data were generated us�ng the default (med�um) rate of 
trunk growth.

days �n La Mé mater�al grown �n Sumatra. Wh�le the 
cause(s) of such var�at�on �s(are) not clear, �t may be 
a seasonal effect, related to env�ronmental factors. 

Model Performance

In OPRODSIM, vary�ng the bunch develop-
ment t�me (BDT) affects the stand�ng bunch b�omass 
(SBB). A slow rate of development means that each 
bunch stays on the palm longer and contr�butes to a 
greater mean b�omass. Bunch ma�ntenance resp�ra-
t�on �ncreases w�th SBB so that slowly develop�ng 
bunches are deemed to expend more ass�m�late �n 
meeting maintenance requirements. Consequently, 
less of the ass�m�late ava�lable for bunch product�on 
goes �nto BBP. Figure 19 shows the changes �n ass�m-
�late use and b�omass for the range of BDT observed 
in the field. 

SENSITIVITY	TESTS

Sens�t�v�ty tests w�th OPRODSIM were prev�ously 
carr�ed out for a number of morpholog�cal/phys�o-
log�cal characters to assess the�r relat�ve �mportance 
�n determ�n�ng vegetat�ve and bunch product�on 
(Henson, 2006b). The characters �ncluded vegeta-
t�ve part�t�on�ng fract�ons, SLA, FPR and RT. Fur-
ther tests were undertaken of the effect on y�eld of 
the rema�n�ng characters, namely, k, α, AMAX and 
BDT. (Wh�le trunk he�ght may not �mpact on y�eld 
directly, variation in height influences the economic 
l�fe of the plant�ng and the �mpact of th�s can be as-
sessed �n a comparable manner.)

The results of the tests (Table 11) showed that the 
leaf photosynthet�c characters, α and AMAX, had 
the largest effects on bunch y�eld, as found also �n 
the analyses of Dufrene et al. (1989) and van Kraa-
l�ngen et al. (1989). The �ncrease �n BBP due to k 

Figure 19. Effects of bunch development time (BDT) on 
bunch biomass production (BBP), bunch maintenance 
respiration (BMR) and mean standing bunch biomass 

(SBB) at 30 years after planting.

Note: S�mulat�ons were run us�ng coastal s�te cond�t�ons.
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was s�m�lar to that found by Dufrene et al. (1989). 
Chang�ng these parameters had l�ttle effect on vMR 
or VBP, wh�le the two methods of s�mulat�ng veg-
etat�ve growth gave very s�m�lar results.

CONCLUSIONS

The ab�l�ty to s�mulate the effects of changes �n spe-
cific physiological and morphological characters 
can only be of use for pred�ct�ve purposes �f the 
models appropriately reflect the underlying growth 
processes. Often, the mechan�st�c relat�onsh�ps are 
not well defined and care is needed in interpreta-
t�on and appl�cat�on of the results. Add�t�onally, the 
rout�nes used �n the model, rather than the process-
es themselves, can often determ�ne outcomes and 
conclus�ons.

In th�s art�cle an attempt was made to evalu-
ate the effects of as many of the ma�n phys�olog�cal 
and morpholog�cal attr�butes as poss�ble us�ng the 
most probable values based on experimental find-
�ngs. The exerc�se overlaps somewhat w�th that de-
scr�bed �n a preced�ng paper concern�ng s�mulat�on 
of VBP (Henson, 2006b), to wh�ch reference should 
be made for further deta�ls.  

Table 12 summar�zes the relat�ve �mportance 
of the ma�n characters �n terms of the�r �mpact on 
y�eld, comb�n�ng the results from Table 2 of Henson 

TABLE 11. SENSITIVITY TESTS SHOWING THE IMPACT OF MORPHOLOGICAL AND 
PHYSIOLOGICAL FACTORS ON GROSS ASSIMILATION (GA), VEGETATIVE MAINTENANCE 
RESPIRATION (VMR), VEGETATIVE BIOMASS PRODUCTION (VBP) AND BUNCH BIOMASS 

PRODUCTION (BBP)*

Factor Default value % change resulting from a 10 % increase in each factor

GA vMR VBP BBP

Standard method

k 0.47 + 1.93 + 0.08 + 0.11 +   6.58

α 55 mmol E-1 + 4.71 + 0.33 + 0.11 + 16.08

AMAX 18 μmol m-2 s-1 + 4.67 + 0.13 + 0.05 + 16.17

BDT 150 days 0 0 0 -   0.65

Alternat�ve method

k 0.47 + 1.93 + 0.15 + 0.12 +  6.27

α 55 mmol E-1 + 4.71 + 0.38 + 0.06 + 15.60

AMAX 18 μmol m-2 s-1 + 4.67 + 0.20 + 0.06 + 15.67

BDT 150 days 0 0 0 -   0.68

Notes: * S�mulat�ons were run us�ng the coastal s�te, med�um frond s�ze opt�on and, for the standard method, age-depen-
dent partition coefficients. Data are means for 30 years.

(2006b) and Table 11 of th�s paper.  Photosynthet�c 
parameters and frond b�omass stand out as the 
most influential characters promoting yield, in line 
w�th the source-based concept of the model. These 
findings broadly agree with those obtained with the 
very s�m�lar models of van Kraal�ngen (1989) and 
Dufrene et al. (1990), wh�le Hardon et al. (1969) had 
earl�er noted the pos�t�ve correlat�on between leaf 
area and y�eld of d�fferent breed�ng mater�als. 

In contrast to these findings, in his analysis, 
Squire (1984) found yield to be negatively related 
to both s�ngle frond area and frond product�on rate, 
although h�s conclus�ons regard�ng the �mportance 
of e (radiation use efficiency, most likely determined 
by photosynthet�c rate), SLA and trunk growth, 
concur w�th the above.    

In c�rcumstances such as h�gh dens�ty plant-
�ng, a h�gh leaf area can �ndeed be assoc�ated w�th 
reduced BBP. There are also �nd�cat�ons that y�eld 
decl�ne can set �n after a certa�n age at standard PD 
w�th mater�als show�ng excess�ve vegetat�ve growth 
(ma�nly compr�s�ng fronds). Hence, compact palms, 
w�th a dwarf hab�t, short rach�s and h�gh BI (Breure 
and Corley, 1983), have often been proposed as an 
�deal (PORIM, 1984; Rajana�du and Zakr�, 1988). 
An �ncreased BI would obv�ously be favourable for 
y�eld prov�ded that total b�omass product�on was 
sustained sufficiently. Table 4 shows that the BI was 
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TABLE 12. SUMMARY OF THE RELATIVE IMPORTANCE OF MORPHOLOGICAL AND 
PHYSIOLOGICAL FACTORS FOR BUNCH YIELD

Relative impact on yield Factor Sub-factor

Pos�t�ve and h�gh 
(>15%)

Rad�at�on capture SLA (alternat�ve method)

Photosynthet�c 
parameters

α

AMAX

Frond b�omass Part�t�on�ng to fronds (standard method)

S�ngle frond dry we�ght (alternat�ve method)

Pos�t�ve - med�um 
(>5%, <15%)

Rad�at�on capture SLA (standard method)

k

Frond b�omass S�ngle frond dry we�ght (standard method)

Frond number per palm

Positive - low (<5%) Frond b�omass Frond product�on rate

Root b�omass Root turnover (standard method) 

Neutral or negat�ve Root b�omass Root turnover (alternat�ve method)

Part�t�on�ng to roots

Trunk b�omass Part�t�on�ng to trunk

Bunch growth BDT

greatest us�ng the med�um s�ze frond opt�on, sug-
gest�ng that a comprom�se between extreme forms 
should, perhaps, be sought. 
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Appendix 1

List of Abbreviations

α Quantum y�eld

a Constant in equation defining fractional interception

AMAX Max�mum (l�ght-saturated) photosynthet�c rate

BAP Assimilate pool available for female inflorescence and bunch 
growth

BBP Bunch b�omass product�on

BDT Bunch development t�me

BI Bunch �ndex

e Efficiency of radiation use for dry matter production

f Fract�onal �ntercept�on of PAR

FASW Fract�onal ava�lable so�l water

FFB Fresh fru�t bunch

FPR Frond product�on (emergence) rate

GA Gross ass�m�lat�on rate of the canopy

k Canopy radiation extinction coefficient

LAI Leaf area �ndex

LT Leaf temperature

PAR Photosynthet�cally-act�ve rad�at�on

PCC Percentage canopy cover

PD Plant�ng dens�ty

Pn Net leaf photosynthes�s

R:S Root:shoot rat�o

RT Root turnover

SBB Stand�ng bunch b�omass

SLA Specific leaf area

TBP Total b�omass product�on

VBP Vegetat�ve b�omass product�on

vMR Vegetat�ve ma�ntenance resp�rat�on

VPD Vapour pressure deficit

YAP Year after plant�ng
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