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Introduction 

Since the end of 1993 a joint research programm within IOPRI and CIRAD have been 
undertaken on the study of the physiological components of oil palm yield elaboration in North 
Sumatra, more precisely in the Marihat Research Station. The general aim of this physiological 
work is already well-described in several previous internal reports (Lamade : Planned Operations 
94, 95 and 96; Progress Report 1 and 2). It has been focused on the test of a carbon balance 
model, derived by Dufrene (1989) in Ivory Coast conditions on the control family L2T x D10D, 
with measured physiological parameters in North Sumatra conditions as the maximal 
photosynthetic rate, the quantum yield efficiency, the extinction coefficient of the studied canopy 
and the standing biomass of each involved family, the LAI and so one (at least around 14 
parameters have been collected directly from field study). This test have been undertaken on both 
seeds and clonal material at different age : sexual material are dealing with two families 
presenting constrating yield and morphological caracteristics ("La Me" origin : DA 18D self x 
LM7T; " Local" origin : BJ 13 D self x BJ21 P) of 10 years old, clonal material are dealing with 3 
different clones of 6 years old, respectively MK 10 ( parent : BJl 69 D x RS4 P), MK.04 (DS29D 
x LM2T) and MK22 (RS4T x Tl221D). 

Simultaneously from this test, news experimental developments concerning the 
identification of some constraint factors to leaf gas exchange as the VPD (Vapour Pressure 
Deficit), the leaf nitrogen content, the air temperature, the soil water content (both excess as 
waterlogging and possible surface temporary "drought") have been emphasized during this third 
data campaign. These experimental points are exploded with essentially keeping in mind further 
development in modelling as to reach respectively the second (including a water balance model) 
and third level (including a nutrient model) in sense of De Wit (De Wit & Goudriaan, 1978) in the 
next years. From all these physiological investigations, two possible applied field are pointed out 
: the first one is plant breeding because differences between the respective pattern of the studied 
material (both sexual and clonal) are significantly obvious and the second one may be in cropping 
husbandry practices (density planting, pnmning and interaction between waterlogging and 
fertilizer apply for example). · 

This actual progress repo1t is done with the general goal to, of course, described what was 
done during the period from March to October 96 in the field, in Marihat, but also to give tools 
for the data processes and some guideline fo next publications. At the end, proposals will be done 
for purchase new equipment to raise respectable facilities required in further important 
physiological investigations in IOPRI- Marihat. 
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Chap. 1. Realisations 

Gas exchange 

1. Calibration 

In the "planned operation report", several calibrations are proposed : they concerned 
especially PAR sensors , one , a 11-Cor 190 from meteo park which needs to be re-calibrated 
nearly every year and those for both analysers LCA4 and LCA2. Also temperature thermistor and 
the output of the IRGA Cells for CO2 concentration and Relative Humidity were compared to 
the results · (sometimes a direct calibration is not possible) to single sensors as the 
thermohygrometer Vaisala (see ANNEXE 1 for more specifications). 

Results and comments : 

Both LCA2 and LCA4 have performed well for CO2, RH and temperature by given similar 
results. Sometimes the LCA4 system, for unknown reason, presents a quite low output as far as 
the CO2 concentration is concerned : in that case, zero and span · calibration are required 
(chemical have to be refresh before). Span cal~>ration can be obtained by pumping the air at 10 
m height and assuming that the concentration is equal to 350 ppm (total procedure for Span 
calibration is well exxplained in the notice) . 

About chemicals : all along this data campaign, the "drierite" was exhausted due to very poor 
recovering by drying again and other chemical , the Magnesium Perchlorate mixed with glass 
balls have been used. The silicagel cannot be used refered to its strong interaction with the carbon 
dioxide. 

Meleo 

What was done before in during 93-95: 

A first calibration have been done with a JYP 1000 (see ANNEXE 1 for more details on 
specification) in April 94 : 

From 278 points following regression was found : 

Y = 0.0071 X- 0.00197 (1) (R2 = 0.999, df= 278) where Y = amount of radiation meas~red 
by Il.r 190SA in m V and X = amount of radiation measured by the JYP sensor (;is a reference) in 
µmol.m-2 .s-l . From that calibration, a new value for the multiplier (MUL T) can be obtained with 
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Logger) . We get following regression : 

11-Cor = 0.2205 * S94 BL (r2=0.99, dl=l 53) 
Il-Cor =0.2439 * S92 BL (r2=0.99, di= 153) 

With the reference sensor of the begining (Fig. 1) 

Pont= 0.97 * S92 BI - 0.0025 
Pont= 1.08 * S 94 BL- 0.0229 

It's possible to determine a mean value for the new calibration of the II-Cor 

* S 94 BL 1 mV 11-Cor = 444.44 µmol.m-2 . s-1 
1 mV 11-Cor = 400.445 µmol.m-2 s-1 (401.80 and 399.09) 

The total mean value for 1994 is 15.9 MJ. m-2.day-1. Comparing this value with Forster 's work 
concerning the evaluation of the global radiation from the% percentage of insolation in Marihat, 
it can be observed that this one is relatively low.(from Forster's work the scale between 1983 and 
1989is 15 to 18) 

Table 1. Element t(·t.:.:,:;r ?:t;\ti;r!{:A1;n~{~1:,{~W 1~~t·B·ir~l ({D:~;: ::::t ":\f~~f:~~;- -f~::;~]r~~p\~;:tl{~(" r:};, )-, E : : "/;:·~?L):•.if{I~!?; 
I. · l'!;iYf iii "DELTA-T LOGGER of first ea 1bratlon ,.:... ..... . ... . . . . ... . .. ..... .. ..................... ............ ...f, ·.·"· ............. ............ 1, 

t:'.or the meteo i:'!::2.,Tt,. untiUE3d .. . .. . 
11 '' ,;ii'J"fli': 29,1)3 ()8·31 .. 36 . ' ' 
sensor 11-Cor ;•)i4;;;;'., 29,1)3 11 :37:46 ; 1 · · ··· · · ·· : 

190SA. File i·-i/!d;:,: TIMEi:f ... : ..... : . ... ·----.......... · :··- ··--··---·-·: 
CAL196.WQ1. 'Pi:,:,Gil;/; Channei' number ...... ·4 i . .. ... 6 .. . ... .... . 13 ... .. 29 j .. . ... ! 

lii·ii:1/:ii Sensor code . ·--·-·-· 4 ; ..... VL.T ... ( "' VL.T ..... ......... ... .. \/LT i I 

i;r::: /;: : G~~el_ .:: . :: ... ·•:·· .. •· --· ... :~ .. ·.• .. ::!}.:. :::.:..~;.y : .. · J: .. p;~E~ -- . .. . :. ·~· ... m~cpor i ...... ~ .... .. !~;~ .. ~ j 
!i>.10,.-:;: Minimum value · 4 ! 0,017 j 0,066 -0,001 , j 
!i;·<:.11:!( Mixfrnumvalue : ... :4: .. ··-·. 21,688 1".-...... 23,752 6,984 ! .... .. _ ...... .... , 
i· ·;:-12?: 29/0308:33:38 · . 4°i .. . 9,224 !"" 8,432 3,006 ' .. 935,49 ) 
I ~ \, " , . ' - ' .,,._ , _ __ , •• •• •••1• ••• ·••• •· •·•·" ' ' f• •••' •••-•• ••·• ,.. ... . .. : .,. ..... - ~ 

i' ·,,13 ,:, 29/03 oo.: .. 34:38 .: . ..... 4 : ...... ... .. .. 9,400 1 ... .. ..... 10.224.: ...... 3,055 .t. ..... 950.74: 
:: .... 14-:;:· 29/0308:35:38 • 4 ' 9,512 ; 10,328 3,0B5 i 960,08 1 
i·\ 15·:'·29,1)308:36:38 ·4: . .. 9,544 ;· ··· ·· 10,360 . - 3,097 1 . .... 963 ,81 ! 
J;·.:: 1s :. 29i1J3 08:37:38 ·· 4 9,648 ; 10,4ao · 3,127 i ·- 973,15 1 
i; ·,· 1rt 29,v3 oo:38:38 .. 4 ' · · 9/44 r·-----,o.sg2 · ··· ··· · 3,1sn ··-··gs3):f 
,...........:.:......;..J . .. . .. .L . . . . . . . . .. . . . . 

/':,10·/ . 29/03 08:39:38 4 . 9.792 l 10,640 . 3,169 986,22 j 
!:'::r,19::'.: ·29/03 Off40:38 ..... . 4 : 9,904T·-· .. _10,744. ... 3,208 .. .. 998,36-·! 
?720 ::: 29,1)3 08:41 :38 . . 4[ . ..10 ,016 ! .. .. . 10,864 .. 3,241 1008 ,63 : 
:';,, 21?:1 1 29/03 08:.42°:38 - 4 i 10,104 ]""" ·---1•,968 · 3,271 : ···1017,96 .. ' 
: · 22 c 29/0308:43:38 4 10.200 : ··- 11.072 · 3,3os '. 102054 ) 
,;r 23•:::• 29/0308: .. 44:38 ............ .... 4 i· ···• .... .. id;2.12 l ... .... Tf,144 3,327 ;--- ·1035)~f 
!}·.2,t:i.' 29/03 08:45:38 4 ; . 10,320 j .... .. 11 ,192 . 3,344 i 1040,68 : 
!;-. ··25·v 29/03 •a:46:38 ......... ..... 4 ·-- .... ·· .. 10,304 r · ..... .. 11.264 3.3s1 ;·-·104s 9t= 
11::: 26 ? 29i1J308:47:38 . .. ·4 .... 10,44• :.. 1'1,304 .... 3,376 ~ 1050:64 : 1.J..:.:....:C~ . ....... ..... .. . .. . 
!l'f '27.:\ 29/03 08:48:38 4 ! 10,536 [ 11,408 3,407 l 1060,29 l 
I · ·· ·· • · ···· · · ·- · ···-•· · · • •· · · --· ··· · ·· · · · · ··· ·1·· ·• ·· ·--·-···· • - .. ... ...... · ····--- . - . ,-
i~JJ)_i: 29/0308:49:38 . . 4[ ... 1D,632 L. . . . 11,504 . 3,433 1 1068,38 1 
:::: ''29 T, 29AJ3 08:50:38 4 , 10.712 i 11.soo 3.463 •. 1077 71 : 
I ,. • ••• • • , . • • • ·I . ' . 
·,:': 30) · ?~/0308:51:38 · 4 10,840 ! 11,736 3,504 1 109047 1 
'(: 31:11:i: 29XJ3 08:52:38 ...... ____ __ .r --·-.. Tf.ooo r -·-.. ... 11 ·.912 3,5s0 ;-- .. 1107'.20 .. 1 
::.· 32''::.· 29/03 08:53:38 ..... 64 .. ···· 11,152 i 12,080 ... 3,608 1 1122 84 '. 
,~1 :f "·: 29/0308:54:38 . .. 4 . 11.240 :· 12,176 3 ,635 113124 ' 



the following calculation : 

2.708 mY x I volt x = 4.483 x 10-6 Amp 

1000 µmol.m-2 s-1 103 mV 604 ohm 1000 µmol.m-2.s-1 

calconstant = 4.483 µAmp 

1000 µmol.m-2 s-1 

we have Multiplier= (-1 )/calconstant *(K) 

with "K" as a conversion factor with typical K values for Il-Cor quantum sensor = 1 

· We have MULT = ( -1 )/( 4.483 µA /1000 µmol.m-2 s- 1 

What is interesting to know is the correspondance between the output signal of the sensor and 
the value in µmol.m-2 s-1. 
In the notice of 11-Cor, for the IL-190SA Quantum sensor they give 8µA = 1000 µmol.m-2.s-1. 
To obtain from that sensor an output signal in mV we need a specific adaptor with a resistance 
of604 ohms. 

We get: 

1 m V = 206.95 1111101.m-2 s-1 

After first calibration in April 94, the signal is more "weak" : 

We have 1 mV = 369.30 µmol.m-2.s-1 

There are two way to join this result : 
1. 1/(4.483 µA/1000 µmol) = 223.06 

1 ~,A= 223.06 11mol and with nn ndnptor equal to 60'1 ohm we gel last results. 
2. Another way is to use the calibration with the "Pontailler sensor ". The specific value of the 
"Pontaillier" sensor is 

lmV = 95 µmol.m-2 s-1 

We get from equation (1) 1000 11rnol = 2.70 mV 

1 mV = 1000/ 2.70 = 370.37 µmol.m-2.s-1 

In December 94, It have been done n new cnlihrnlinn with 2 other "Ponlnillcr" :,;cnsor. the SWI 
DL and the S92 UL. All sensors were connected to a Dclla-T Devices data logger (AT Delta-T 
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HME 32 {+') VAISALA Humidity Checker 
SSD/lnstructions for Use 11 th September 1 991 HME32-O0226-1.3 

HME 32 HUMIDITY CHECKER 

Humidity checker HME 32 is used to 
check the accuracy of the calibration of 
Vaisala humidity measurement instru
ments. The operation of the calibration 
checker is based on the humidity equilib
rium of the air surrounding a saturated 
salt solution. The value of the relative 
humidity in the air depends on the salt 
solution used. The humidity checker 
consists of a body which has two plugs 
for different probe diameters and a cap
sule which contains the salt solution. 

CHECKING PERIOD AND 
TEMPERATURE 

When a new humidity capsule is mount
ed on the body, the checker must not be 
used for one hour; during thi's time the 
body reaches the same humidity with the 

· capsule. After this the checker is ready to 
be used. The minimum checking time is 
10 minutes. 

CARTRIDGES FOR DIFFERENT 
HUMIDITY RANGES SHOULD 
NOT BE USED IN THE SAME 
BODY AS THE HUMIDITY 
STABILIZATIOf'I PERIOD MAY 
BE UNREASONABLY LONG. 
SHAKING THE HUMIDITY 
CHECKER SPEEDS UP THE 
HUMIDITY STABILIZATION. 

The best results are achieved by per
forming the i:hecking in a temperature of 
+ 10 ... +30 °C (LiCI above + 18 °C). 

STORAGE 

The humidity capsules are delivered in 
foil bags in which they can be stored for 
approximately two years. When opening 
a NaCl or K2SO4 bag you may find some 
dampness in it, but this is quite natural 
and does n~t rne~m the capsules arc 
leaking. Simply wipe the capsules clean. 
If the foil bag has been opened but the 
aluminium foil has not been removed, the 
capsule will be good for six months. With 
the aluminium foil removed and mounted 
on the body closed with plugs, the cap
sule is usable for two months. Removed 
from the body with no aluminium foil on 
it, the capsule remains usable from a few 
days to a few weeks depending on 
ambient conditions. The storage 
temperature should be O ••• +60 uc, and 
for LiCI capsules + 18 ... +60 °C. 

USAGE 

The humidity checker HME 32 can be 
used to check probes of 12 mm and 18.5 
mm diameter. When a probe of 12 mm 
diameter is checked, plug 1 is removed 
and when a probe of 18.5 mm diameter 
is checked, both plugs 1 and 2 are taken 
out. During the checking the sensor 
protection must be removed. 

Do not hold the humidity checker in your 
hand when checking a sensor, as this 
will raise the temperature of the checker 
and distort the reading. 

Note. LiCI is harmful 1if swallowed. If it 
comes into contact with your 
skin, rinse with water. 



plug 
1 

CALIBRATION 

plug 
2 

. If the probe after the humidity stabiliza
tion period does not give a correct read-

, ·, ing within ±5 %RH, we recommend that 
it is recalibrated with HMK 11 calibrator 
or it is sent to Vaisala representative for 
calibration. 

TEMPERATURE EQUILIBRIUM 

The HME 32 and the probe to be 
checked must be at the same temper
ature before checking. 

A temperature difference between the 
probe and HME 32 checker causes an 
error which has an effect on the inter
pretation of measuring results. For exam
ple, a temperature difference of 1 °c at 
the humidity of 97 %RH causes an error 
of 6 %. The corresponding error is small
er when the reference vo.!ue of relcl.tive 
humidity is smaller. 

TECHNICAL DATA 

Checking accuracy 
+20 °C 
Operating tempera
ture 
Diameter 
Length 

±5%RH 

+10 ... +30 °C 

33 mm 
76 mm 

Compatible with all Vaisala humidity 
probes with (I) 12 or (]) 18.5 mm diame
ter. 

HME32-O0226-1.3 

cartridge 

A cold probe can even reach a dewpoint 
in the checker; water may condense on 
the sensor and distort the reading. Within 
the checker the sensor dries very slowly. 

GUARANTEE 

Vaisala issues a guarantee for the mate
rial and workmanship of this product for 
one ( 1) year from the date of delivery. 
Exceptional operating conditions, dam
age due to careless handling or misappli
cation will void the guarantee. See the 
Warranty and the Standard Conditions of 
Sale of Vaisala Oy. 

Available humidities 
11 %RH lithium chloride UCI 
33 %RH magnesium chloride MgCl2 

54 %RH magnesium nitrate Mg(NO3) 2 

75 %RH sodium chloride ·NaCl 
97 %RH potassium sulphate K2SO~ 



In 1996 a new calibration have been done with the newly calibrated PAR sensor of the parameter 
11-Cor. Two files can permit to raize a good calibration: CAL196.DAT and CAL296. DAT. A 
same work and calculation as it is described behind has to be done again for 1996. 

2. The new LCA4 software. 

On the basis of Dufrene work, some mistakes have been identified especially on the energy 
balance equation. Correct formulation can be found in the "Planned Operation". From LCA4 
system all data must be entered again throught these calculations before processes. After it can 
be valuable to compare the both output of the internal LCA4 system and the new one actually 
proposed. 

3. Few comments about the checker of the thermohygrometer Vaisala. 

Two chemical humidity checkers have been used to re-calibrate the probe of the 
Thermohygrometer Vaisala at two different levels of relative humidity: 

- 75 % : with a Na Cl cartridge 
- 3 3 % : with Mg Cl2 cartridge 

These cartridges and the kit of calibration may be obtained in Vaisala (Helsinki, Finland). For the 
use of this simple and cheap method, only one constraint has to be taken into account : to wait 
carefully around 10 minutes to make the reading. 

Experin,ents 

1. Variation of the maxi.ma] photosynthetic rate with the 
leaf rank, the leaflet position and the leaf nitrogen 
content 

Investigations have been started in the clonal trial BJ 26 on following trees and leaf rank (see 
Table 2). At the same time leaf nitrogen analysis have been done on a basis of 10 leaflets around 
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the point B per leaf rank per studied leaves. 

Last year on other plot BJ 27 S, on five trees per clones, the resultsfor N (% of dry matter) was 
(MKIO : 15/7, 15/29, 14/27, 13/28, 16/27 
MK.04: 7/22, 5/22, 5/23, 7/21, 8/21 
MK.22: 10/22, 10/25, 12/25, 9/22, 12/24) 

leaf rank MK22 MKl0 MK04 
1 2.82 · 2.65 2.866 
9 3.13 3.03 3.003 
17 2.83 2.77 2.847 
25 2.67 2.65 2.668 
33 2.5 2.47 2. 16 
41 2.3 2.2 2.008 
49 1.95 2 .03 2.05 

T bl 3 R a e f 't l f I . d' d esu ts o m rogcn ea ana1ys1s on stu 1c trees 

Clone tree leaf rank N(¾) 

MK.04 11/4 3 2.77 
MK04 11/4 9 2.60 
MK04 11/4 17 2.71 
MK.04 11/4 30 2.18 
MK.04 11/4 38 2.08 
MK.04 12/4 9 3.47 
MK04 12/4 17 2.73 
MK04 12/4 25 2.20 
MK.04 12/4 33 2.07 
MK.04 12/4 41 1 59 
MKl0 6/5 9 3.13 
MKl0 6/5 17 2.73 
MKIO 6/5 25 2.21 
MKIO 6/5 33 2.03 

- --- ---·-
MK22 14/10 3 3.09 
MK22 14/10 9 3.09 
MK22 14/10 17 2.79 
MK.22 14/10 27 2.39 
MK22 14/10 33 - _i :11 
MK22 14/7 9 3.02 
MK22 14/7 17 2.78 
MK22 14/7 25 2.15 
MK22 14/7 33 2.19 
MK22 14/7 41 1.95 
MK22 14/7 49 1.67 
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Initially it has been proposed to use the method of the additionnal filter to get more quickly a 
total PAR response curve to the light. But due to a quite impo1tant inertia in the response of the 
LCA4, just direct photosynthetic measurements have been realized. This experiment required at 
least to work on a minimum of 5 trees per clone from a range of leaf rank coming from 1 to 49 . 
Until now only these following trees have investigated : 
MKIO: 6.5, 5/3, 5/2 
MK22: 14/40, 14/7, 14/10, 14/20 
MK04 : 11/4, 12/4 

Few more repetitions are needed : can be done during the next campaign ! 

A test of lamina variability and on measurements repetition effect on a same lamina have been 
done on palm n° 14/40 (clone MK22), on leaf rank n° 3 . A quik ANOVA have shown that the 
response of porometer is quite stable from one repetition to another, on a non cut leaflet of 
course. There is also a signficant gradient along the lamina with an increase of observed stomatal 
resistance towards extremities : this is a new result compared with what has been observed by 
Dufrene (I 989) but with another equipment from Delta T Device (Mark 11 and Mark lll) that he 
didn' t pointed out difference along the leaflet.This result may have influence on the way to 
measure stomata! conductance by only "clipping" the central-upper part of the leaflet where the 
resistance seems to be minimal. 

ANOV A on limb position for 

the diffusive resistance (s.cm-1 ): 

Total variance 
Variance "Pos" 
Residual 

Df 

24 
4 

20 

MS 

1.29 
4.17 
0.71 

F test 

5.84 

Proba 

0.0029 

-----------------------------------------------------------------------------------------------
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The figure I gives a good illustration of the effect of the position on the lamina for the diffusive 
resistance and the transpiration rate. 

8 • ..- 7 2 numbers nre the position on 
I 

' 
the lamina E 

0 
II) 6 
(I) 
0 2 
C 5 .3 ro ... 
1/) -, ·u; 
Q) 4 3 ,_ 
Q) • • 45 4 > 
"in 3 ,. 5 ::, 
::= - •4 0 

2 
0,5 1 1,5 2 2,5 3 3,5 4 

.cm-2.s-1 

All observations have been done with the respect to minimize the difference between bo.th 
temperatures between the cuvette and the leaf. Due to hight radiation and occasionnal wind, this 
difference can rize sometimes more than 1 ° C. These points have to be neglected in the data 
process. 

The main constraint of this experiment is to get old leaves in good sanitary conditions : that was 
not the case several times because severe problems (essentially fungus) appears from already the 
rank number 25 . 

Concerning the main orientation of the data process, the main work will consist, first by 
comparing results from LCA4 and the ll-Cor porometer and after to identify the main factor of 
variation ( environmental factors as the VPD, the PAR and the air/leaf temperature and the leaf 
rank effect) on stomata! conductance. After collecting again more measurements it will be possible 
to see, if eventually, the stomata! conductance, per se, may become an indicator of the level of 
plant nutrition in Nord Sumatra where there is no water constraint. 

In all calculations the stomata! conductance has to be in mmol.m-2.s-1. 

Example of the data file obtained from the measurements with the ll-Cor 1600 on the clone MK04 
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\ l'~i::<:'terh.::~ggtng EJii:p-ertrne-n <t. . Top : \:-'1.ilth the· same ~ev•f_;,,. ~ o ·f. 
v .ra t er s~~pp!y : eft.ect o·f feMHi:z:er i~pphcabon on ·h;,1,0 

y e .. ~t"'s old e:cm:ner~;ial seedl.ar19s (.felt : NO; ri ,ght : N 1 ) , 
Down : gas exchangt:~ measurements wfth the PLCN.t~ 
chambei"' (ADC) and the u-r.;or steady s:tate po!!"on-1eter 
1 600 on the same. leaflet. 





2. Effect of the waterlogging on leaf gas exchange, on 
growth and on biomass allocation, interaction with 
fertilizer application 

Following the planned operation, seedlings have been submitted for around 4 months to 
temporary waterlogging. Different water supply were apply following treatment "L", "M" and 
''If': 

L : control, standard water supply 
M : partially flooded 
H : completely flooded. 

The control of the water table was control every day by checking the water level in an external 
plastic tube. 

In each water treatment, 3 levels ofNPK fertilizer were apply : 

NO : no fertilizer - ---
NI : 35 g of 12/12/17/~K per tree and twice a months during 2 months 
N2: 3 x 35 of 12/12/17/2 + TE NPK per tree and twice a months during 2 months 

In addition , before starting experiment I liter of a solution of a 2% of Di thane M45 have been 
put in each pot to avoid pest infestation. 

Following measurements have been realized : 

Leaf gas exchange : 

* Photosynthesis: with the LCA4. At the end of the total treatment, on the leaf n° 4 and on 10 
leaflets with 2 repetitions. 
- A total of20 x 45 measurements. 
* Stomata! conductance: with the steady state poromcter 1600 of Il-Cor, with the same design 
than for photosynthesis. 
- A total of 20 x 45 measurements. 

Leaf Area: 

- with the Tailliez cl al . ( 1992) method : for each tree, 3 leaves were sampled (see list below) and 
measured, and after dried. 

HN 11 : 2; 9; 11 HN25 : 1; 9; 11 
11N12: 2; 9; 12 HN0I: 3; 9; 10 
HN 13 : 2; 9; 11 HN02 : 2; 9; 12 
HN14: 2; 9; 11 HN03 : 2; 9; 12 
HN15: 2; 9; 12 HN04 : 2; 9; 11 

MN05: 2; 9; 12 
MN 11 : 2; 9; 11 
MNl2 : 2;9;12 
MN13 : 2; 9; 12 
MN14: 2; 9; 12 

13 

LN0l : 2; 10; 14 
LN02 : 3; 9; 12 
LN03 : 2; 9; 12 
LN04 : 2; 8; 13 
LN05 · 2· 8· 13 . ' , . 



HN21: 2; 9; 11 
HN22: 2; 8; 12 
HN23: 2; 6; 8 
HN24: 2; 9; 12 
LN15: 2; 9; 12 

MN0l : 2; 9; 12 MN15 : 2; 9; 12 LNll: 2; 8; 13 
MN02 : 2; 9; 11 MN21 : 2; 9; 12 LN12 : 2; 9; 12 

MN03 : 2; 9; 12 MN22 : 2; 9; 11 LN13 : 2; 9; 12 
MN04: 2; 9; 11 MN23 : 2;9; 12 LN14 : 1; 9; 14 
LN21 : 2; 9; 12 LN22: 2; 8; 12 LN25 : 2; 9; 12 

• Leaf nitrogen content ·u,:;;;::c:: ·:,;iii::;rA~l}}r ::~t~'.;. a :: :: ::: 1 J: .. : ·. c: --, ·":J<:::,:,· o::· ::·: :; 1 :.-- ,~ · '·:: E'.' ::;;~;: I 
;"'· 1 < Waterlogging -N(¾) ·-·· ·-··--. 

Leaf nitrogen analysis have been :2 :\ . .. .......... _. b~f~re after .. gain . .. ....... .. .. . 
done for each trees before starting r,( 3!~(; Jj.~ L --· -----· 2,02 . 2,56 0,54·-···-- -·-·---· 
experiment to control the nutrient },:'.,;''. 4 :',.'.:; ... HNO?... . .. . ...... 1 ,77 1 .4 ·. .. -0 ,37 ....... .. ....... . 

::,::. 5 :,~I· HN03 2,01 2 ,37 0 ,36 ! 
status of each !ree (they were ~::::- 6;:;::: HN04-·-· · ·· 1,96 2.76 0,8 · ·· · -··· -· ! 

already 2 years m nursery when r; ,: 7 ;:r HN05 · , · 2,03 1,12 -0,91 d,084 : 
there were used for this experiment) rn: a ::f }lNff-·-- -··1 78 ·: --· -· 1 95 .. ·· ---··o 1i ·-····- -- ···---·1 
on leaf number 4 with 20 leaflets C Cs:. ·HN12 · .. .... · ..... · 2,1 · · · · 2:12 · · · ·· • :02 ····· ·· ······· ··· 1 
per sample. :.t ·1ot ·H!',t13·:::~:.-:::·.~:·.·::·::::.1,92 ..... ...... . 2, 15 O ,23.· :: ·.· ... :~ .. :::.-::~ :::, 

f\1 f: '.:1 HN14 1 ,91 1 ,82 -0 ,09 
;::-,12:•' HN15 2,14 2,48 0,34 0,134 I 
;_;: ,:.13 :;i HN21 . . ... 2,2 . 2,31 0 ,11 __ ._ ... _ .. .. _ .... ; 
fa:114 :~1, .HN22 -·--~--···--····2 ,22 : - -.. - ···2 i ·-·-·•·· ·o,4ff 
j:;;:,,s;c HN23 ....... ,. ....... · 1,03 • 2.13 · o,3 . ...... ,. · 1 
:·:\16 )·:' .. HN24 · ······- ·- ... 1,74 2,53 o,79 · -- ·· ----·---·•-······ 

~ 1\ ; HN25 · .. ......... · 1,99 2,ss o,66 ... ... •As~ 
1 

i/·19 '\' LN01 . 2 23 . 1 51 -0 72 
i :.\1s .·1:, ·u-.ioi .. .. · ···· ·· <6s <s1 .. ~0:17 ....... ..... .. .... .. : 
t> 20 °) T N03-···-······· .. ····-2,23 1.44 ~0,79 ·---··-·-··-·-··· · 
Y\' 21 \'. LN04 .. ......... .... .. .. 2 27 1 78 -0 49·· ................ 1 
,.;....;.._ ___ •• • , I I I 

;: 22 ! LN05 2 ,22 1 ,37 -0 ,85 -0 ,604 i 
,;i:'. 23 > LN11 ···· ···· .... 21 2 33 .. 0 23 . .. . .. ... , 
' t I t .. . , . ' ... , ~ ! 
( ·24 '< LN12 2 2,61 0,61 
(.::.25 .- : LN13 . __ 2,07 . 2,27 0,2 . 
x• :26 :: :, lNil-· i' ss ·c-·-·•·-· 2 09 o 5f .. -·--·----·-···· 1 

f-:27- i LN15 . 1 :91 2:52 . 0:61 . . 0,4~] 1 

,. ; 28 . LN21 2,35 .... 3,08 0,73 
2 29 LN22 . 2,23 3,21 0,98 
) 30 ,·:· LN23 2,26 .. 2,91 0,65 
' :'31:;; LN24 ... 2,4 ... . 3,01 0,61 

~~--~ .:.: LN25 2, 17 3 ,03 .. . 0 ,86 . 0 ,766 
:.' :33 :, MN01 1,88 1,18 -0,7 
: :. 34 :· MN02 2 05 1 45 -0 6 
r,357. MN03 2 :26 . 1 :44 -0 ,82 
ii',i36 'Hi: MN04 2 ,08 . 1 ,54 -0 ,54 .... - . . - .... .. .. 
:;' ': 37 ·. MN05 . .. . .. ... 1,7 1,25 .. ~0,45 . .~.622 
n,:• 30 ·.' MN11 .. 2 15 2 07 -0 08 . 
_..,. • . ,.,...... I I I 

:i'.': 39 :ii' MN12 1,92 2,08 0,16 
:: 40 "/ MN13 . . 2,17 2,39 ... 0,22 . ... ······ .. · -
G41:f MN14 .... .... 2,07 . . 2,25 . 0,18 ······ .... .. .. . 

:t> 42 1r' MN15 1,83 2,38 . . .. .. 0,55 . 9.2Q~ 
LA~.) MN21 1,95 2,53 0,58 . 
B~' MN22 2,13 2,79 0,66 
,i": ,45 ::::, MN23 2 ,19 2,84 0,65 
,i.' 4s ,·' M~~ ···· ... 2,05 2,64 . . 0,59 
:t· 0 47:\: M .. ... .. 2,29 2,53 0,24 0,544 



Waterlogging 
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Fig. 2. Effect of the watrlogging on fertilizer efficiency 

"Biomass 

- Above ground biomass : all leaflets of all leaves , petioles and rachis for all the trees have been 
collected and dry (leaflets : 12 hours, 85 °C; petioles and rachis : 48 °C, 85 °C). Each collet have 
b .. ~en isolated from petioles bases and roots and dry during more than 3 days. Every part have been 
weighed precisely. 

- Below ground biomass : roots have been completed collected by washing the total pot pack 
upper a sieve, and dry during more than two days at 85 °C and separated into only two categories 
(the primary roots in one category and the the II, lll and IV in another one) due to time 
constrainst and lack of human ressources. 

- Petioles diameter and rachis lenght were measured for all trees and all leaves. 

* Individual Foliage Density using the PCA 2000 LAI (Li-Cor) 

The evaluation of the LAI of individual tree bring to conceptual problem and the general 
methodology which was apply for 6 years old planting palms (Lamade & Setiyo, 1996) cannot 
be used in the same way for discontinued canopy (given by a group of young planting palms for 
example). For this reason nnd following the ndvices of the Li-Cor notebook other methodology 
was tested : 

Only one data logger was used with one A reading and 8 B readings for each tree, with 
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a view cap of 45 °. All measurements were done with the sensor, for the B readings, oriented from 
the trunk towards outside. For each tree, the distance vector has been measured (half of the 
diameter). The LAI, when the distance vector is fixed is becoming the foliage density; At the same 
time the individual plant canopy volume was also determinate for each tree by using coordinates 
(6 to 10 for each palm) and the procedure "Canopy Model" of the software C2000. 

The best accurency ("calibration") has to be found between an indirect method using the 
PCA 2000 in a simple way and what can be obtained from the evaluation of the total leaf area of 
each canopy. 

Example of file : 

Without option on distance vector : 

File Date Time BIBIT 
5 13 Aug . 8:23: 16 HN04 

LAI 
0.92 

SEL 
0.28 

DIFN MT A SEM SMP 
0.000 0 11 8 

ANGLES: 
CNTCT: 
STDDEV: 
DISTS: 
GAPS: 

7.000 
7.991 
7.991 
1.008 
0.0 

23.00 
7.340 
7.340 
1.087 
0.0 

38.00 
4.044 
4.044 
1.270 
0.0 

53.00 
3.123 
3.123 
1.662 
0.0 

68.00 
2.671 
2.671 
2.670 
0.0 

-----------------------------------------------------------------------------------
A 1 08:23:37 2.823 5.502 6.019 6.481 7.849 
B 2 08:24:04 0.873 1.646 2.198 1.365 1.044 
B 3 08:24: 12 0.883 1.288 4.059 6.947 5.423 
B 4 08:24:23 2.381 7.762 17.06 20.81 11.10 
B 5 08:24:36 2.350 3.831 13.30 24.81 15.85 
B 6 08:24:46 1.574 2.751 6.124 13.38 9.584 
B 7 08:24:55 0.887 2.495 4.392 5.600 1.881 
B 8 08:25 :03 0.487 1 .458 1.319 1.210 1.037 
n 9 08:25: 12 0.439 0.648 0.904 1.064 2.161 

With option on the distance vector : 

FILE DATE TIME BIBIT BIBIT LAI SEL DIFN 
6 13 AUG 08:27:07 HN04 HN04 1.41 0.44 0.428 

MTA SEM 
51 2 

SMP 
8 

----- -------------------------------------------------------------------------------------------------
ANGLES 7.000 23.00 38.00 53.00 68.00 
CNTCT 0.852 0.799 0.666 0.700 0.682 
STDDEV 0.551 0.598 0.705 0.846 0.623 
DISTS 1.192 1.192 1.192 1.192 1.192 
GAPS 0.363 0.387 0.453 0.435 0.444 
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A 1 08:27:25 2.694 5.377 6.533 6.935 7.929 
B 2 08:27:49 2.904 7.013 14.45 24.31 10.10 
B3 08:28:03 1.779 3.955 5.472 13.78 14.10 

B4 08:28: 11 0.869 2.143 7.018 7.668 2.059 
B5 08:28:21 0.639 1.349 1.549 1.306 1.069 
B6 08: 28:28 0.560 0.767 1.043 1.519 4.209 
B7 08:28 :38 0.370 0.719 0.756 0.395 1.543 
B8 08:28:49 0.742 2.665 3.126 3.759 3.305 
B9 08:29:03 2.019 3.832 8.183 12.59 8.259 

-------------------------------------------------------------------------

From that base what can be done ? 

- with the file 5 use the Canopy Model (Individual), enter 6 coordinate (assuming that the palm 
is like a cylinder), compute with the Standard Option which remove the bad B readings 
automatically and get new distant vector again with a new value of the foliage density to compare 
with direct measurements. There is no need_to remove ring ... (personal point of vue); 

- Comparison with the option on distant vector on file 6. 

3. Identification of stomata] limitation and non-limitation 
of the photosynthesis in relation with factors as soil 
moisture, VPD, night temperature and assimilat~. 

Only two days of fully observations have been done with a complet set of physiological 
observations as : 

- leaf photosynthesis with the LCA4 (ADC, GB) 
- Leaf stomata! conductance with the steady state porometer Il-Cor 1600 (Il-Cor, USA) 
- Leaf respiration - close system- with the LCA2 (ADC, GB) 
- Soil respiration - close system - with the LCA2 (ADC, GB) 
- Rachis respiration - close system - with the LCA2 (ADC, GI3) 
- Soil Water potential with the STM2150 Multiway Mercury Tensiometer (SDEC, Fr) 
- Variation of the specific leaf area by sampling small limb discs 

Other parameter as the night temperature (in fact we are only interested by the minima) can be 
collected from Marihat Meteo Station. 

The main constraint during that year was to get a fully sunny day or nearby : that was quite 
impossible during last months . It is the reason why this experiment has to be undertaken during 
more drier_ period which can be really sometimes impredictable in North Sumatra. 
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In a practical way what was important to notice ? 

That the system of the STM2150 Multiway Mercury Tensiometer is easy to install quite quickly 
(around two hours to get equilibrium of the mercury in the plastic tubes) and is quite sensitive to 
get variation along the day. 

Technical aspect 

----------------------------------------------------------------------------------
Multiway Tensiometer system with Mercury STM 2150 (SDEC 
France) 1 

------------------------------------------------------------------------------------------------

Introduction 

This system is functionning on the same hasc as the mercury manometer and presents avantages 
to be very precise in the measurement. It is used to measure the soil water potential. The principle 
is to measure a depression in a air close system from a transfert of the water thorough a porous 
ceramic. This one is connected to a PVC tube, both ' full of water and in relation throught a 
capillary tube to a mercury tank. Several cases may be bring out : 

1. The soil is saturated : there is no water nux between the porous_ ceramic and the soil and as a 
consequence no depression in the whole system, the mercury is not going up the capillary tube. 

2. The soil is under water stress : the soil, in that case, is "pumping" the water from the ceramic 
and a depression occurs in the system and the mercury will go up in the capillary tube. 

More the mercury will go high, more the soil will be under water shortage. 

A great precision in the measurement can be obtained from the direct reading in millibar on the 
rod. 

A. Procedure for field installation 

a. Preparation of the tensiometric stick 

For all experiment, it is preferable to use water released from gas : this one can be obtained from 
boiling the water during 10 minutes. 

1SDEC France 19, rue Edouard Vaillant 37 000 Tours (France) tel: 14792 22 00, 
Fax 1 47 92 86 16. 
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- A. The porous ceramic has to be put in the water during around 8 hours. Be carrefull 
that the water level is always over the ceramic. 

- B. Take out the porous ceramic from the water, fill completly the PVC tube with water 
and wait during 30' that a part of the water is coming out. 

-C. Fill again completly the PVC tube with water and put the stick in the water again. 
Then pull the piston, which is before introduced in the top of the stick, to inverse the water flow 
thorought the ceramic. The water will "boiled" inside the PVC tube. 

-D. The tensiometric stick at that time is in stand-by and may stay several months like that 
in the water before being put in the field. 

IMPORTANT: 

The porous ceramic presents extremely small pores (3 µ.m <pores< 6 µ.m). These one may 
be cloged up very quickly by the contact with a fat thing (especially fingers): it that case 
the perform~nce of the ceramic will be d"!matically decreased. It is strongly reccommended 
to don't old the tensiometer by the porous ceramic side. 

b. Drilling for the field installation of the sticks 

The holes for the sticks have to done with the maximum of precision to avoid run-off between the 
ground and the stick. The maximum diameter size for the auger will not exceed 21 . 5 mm. 

c. The size of the capillary tubes and the installation of the te'1siometer in the soil 

These will not exceed 10 m to avoid gas accumulation in the system. The capillary tube as to go 
until the bottom of the porous ceramic. It is reccommended to introduce with the PVC sticks in 
the hole some mud to steady contact between the soil and the sticks. 

Before starting, all sticks have to be completly filled with water and the pressure syringe will be 
used to push the water and the air out of the system. The level of mercury will be ajusted by 
moving the bottle of mercury along the rod to get /l (lenght between the level of mercury in the 
bottle and the zero of the rod equal to : 

YI 12.6 cm , where Y is the distance between the level of mercury in the bottle and the soil 
surface (see figure). 

After, very precise reading will be done directly looking the scale of the rod in mbar (negative) 

Some theoretical points : 

{ is the high of the mercury in the manometer ( expressed in cm) and Y, the distance between the level of the mercury 
of the bottle and the surface of the soil. At the level of the interface mercury/water in the manometer, the pressure PA 
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is tJ1c same in the water and in the mercury. Pressure will be spread hydrostalicaly in all the colonnc: 

(I) PE= PA+ pwg (' + Y + Z) where pw is the volumie mnss of'the wnler. 

Between A and B : (2) PB= PA+ pi lg g ( where pi -lg is the mercury volnmic mass. 

We get also: PA= PO (atm) and from (1) and (2) it is possible to get 

PE= (PO - pllg g ') + pwg (< + Y +'/.)with Pw the p1·cs ... un: of' lhe wnlcr in the soil 111 the level of lhe porous eernmic. 

Oy convenliou, U1is value will be enra.etcri1.ed by h defined ns follow : 

h = (Pw- PO) / ( pwg) 

If we i.11pposc thnl tJ1e wntcr pressure between the inlerior nnd the exlcrior of lhc porous ccrnmic is in equilibrimn. then 
p = PE and we gel : 

h .pwg + PO = PO - g ' (pHg - pw) + pwg (Y + Z) with : 

pHg = 13.6 g/em3, pw = 1 g /cm3 

h = 12.6 ( + Y + Z or 11 = h - Z 

and H = 12.6 ( + Y 

For example if the tensiometer is depth Z = 50 cm, the scale indicates a charge H = - 450 m bar, 
the effective pressure at t~'e level of the tensiometer will be h = - 400 mbar. 

4. Estimation of the photosynthesis and the canopy 
conductance in relation with the seasonnal evolution of 
the soil water balance in North Sumatra. 

In relation with an important work undertaken for the elaboration of a water balance model 
(thesis), leaf gas exchange measurements have been done on the clone MK60 in way to nsses 
canopy photosynthesis and the all canopy conductance and this all during a season. Following 
what was done in Ivory Coast by Dufrene leaf level 7/9/10 , 16/17/18 and 24/25/26 were 
investigated with the LCA4 and 11-Cor 1600 steady state porometer. 
For the stomata! conductance only 10 leaflets have been cutted from in situ leaves at each studied 
level (it has been noticed that after cutting, the leaflet staying in the shade, there is no significant 
effect of the cutting during al least 5 minutes) and five points along the limb have been measured 
in way to get the mean value of all the limb. 
Photosynthesis measurements have been done at the top ofan aluminium tower (3 m height) more 
specially (due to the difficulty to work on it) on leaf 17, considering five leaflets per leaf and five 
points per leaflets. Measurements have been done once monthly. All results will be related with 
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other parameter as the soil water potential (mbars), the soil volumic humidity(%), the leaf water 
content, the rainfall and the potential evapotranspiration (mm.day-I). 

From these observations, a model of stomata! conductance may be elaborated. Already some good 
interelation between the stomata! conductance and the leaf photosynthesis have been pointed (fig. 
2) . 

50 ,-
I 

VI 
Clone MK22. N 40 • I 

E CHI 

0 GP 
E 30 
:::i. 

VI 

-~ 20 
..c -C 

~ 10 
0 -0 
..c 
~ 0,m...----------------~ -Q) 

z 
-10 -t------+----+---+-1--+----+---+--~ 

0 10 20 30 40 50 60 
stomata! conductance mm.s-1 

70 

Fig. 2. Relation between Net 
Photosynthesis and stomata! 
conductance at saturated light. 

This may be represent a first step to derive a link between a carbon balance model and a water 
balance one at the plant scale. 

PHENOLOGV 

The observations routines already started in march 94 on both families ''La Me" and "Local BI" 
have been maintained all along this year (see below one file sample). 
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To process data 3 years observations (a minimum) arc required . From CIRAD-CP 
reccomendations (Tailliez, passation de service, CIRAD-CP, 1992) for the set of observations 
done in Lame during 6 years , following parameters may be calculated : 

~ -- ' ... . _'_A_"' '.,, . L .' 'A ' "'' l ' " .. c .• .. ·r . D .... :-:l ::•".'.E'.'' ... .t . . r.·· .. l .. ·_G_' ' .l ' _, .H.' "' l. :· ... , .... . _ .. r .... J .. ··.r·· ··.••.K•;n•·: J 

.: . 4~ ... 
. so No. Palm: 155/5 

;!J1 ... NI EAF DEMISS DRANl<1 DCUT LPET LRAC SEX Of-LOW DHARVE WINf-LO 
52 45 26/04/94 13/06/94 01/05/96 139 630 M 23/01/95 II II 

w:~:·: 
46 05/05/94 30/06/94 25/10/95 130 625 M 13/02/95 II II 
47 05/05/94 21/07/94 M 27/02/95 II II 
48 24/05/94 11/08/94 14/08/96 120 670 M 14/03/95 II II 

: :.56 49 13/06/94 25/08/94 22/05/96 120 680 M 31/03/95 II II 
: · 67 ,: . 50 20/06/94 01/09/94 01/05/96 138 610 F 21/()11/95 Rot 
; __ 58 __ 51 30/06/94 12/09/94 12/06/96 135 650 F 05/05/95 25/10/95 25000 
:•_69 .... 52 21/07/94 26/09/94 10/07/96 150 670 M 23/05/95 II II 
: . ·ro 53 15/08/94 06/10/94 M 30/05/95 II II 

61 54 25/08/94 25/10/94 M 20/06/95 II II 
. 62 55 II 22/11/94 07/08/96 120 628 M 04/07/95 II II 

.. JL 56 // 29/11/9'1 14/08/96 - 120 630 M 21/07/95 ff II 
: 64 57 II 08/12/94 22/05/96 125 675 M 18/08/95 II II 
:. 65 · 58 // 26/12/94 05/06/96 135 679 M 25/08/95 II II 

:.' .... ~ .. · 59 29/10/94 09/01/95 12/06/96 130 635 M 08/09/95 II II 
;; 67 . 60 07111/94 26/01/95 10/07/96 155 680 M 22/09/95 ff ff 
·:, 68 . 61 22/11/94 02/02/95 M 03/10/95 II II 
, . 69 62 29/11/94 23/02/95 F 14/11/95 22/05/96 20000 
;/10 63 08/12/94 17/03/95 07/08/96 145 630 F 30/11/95 05/06/96 22000 
; · 71 64 26/12/94 28/03/95 14/08/96 145 650 F 15/12/95 12/06/96 35000 
;';n 65 09/01/95 18/04/95 10/07/96 157 700 F 05/01/96 10/07/96 28000 -··-· ·· ·· ··· •'• 73 66 26/01/95 23/05/95 M 05/01/96 II II 
;._74 ___ 67 02/02/95 05/06/95 M 23/01/96 II II 
:,, 75:· 68 23/02/95 16/06/95 F 12/02/96 07/08/96 27000 . . 

76 69 17/03/95 04/07/95 F 08/03/96 14/08/96 38000 .. 
71 70 28/03/95 01/08/% I\ II II II r .... . .. . . 

71 18/04/95 18/08/95 78 M 19/03/96 II II 
,.J~ ... 72 23/05/95 08/09/95 M 01/04/96 II II 

BO 73 05/06/95 26/09/95 M 18/04/96 II II 
· 01 74 16/06/95 03/10/95 F 29/04/96 _ . .... ... 
.82 75 04/07/95 20/10/95 F 31/05/96 
&J 76 08/09/95 03/11/95 M 04/06/96 II II 
84 77 1?./09/95 17/11/95 F 

iiJ 2(,/0Ul!.l!> 2C./11/U!> 
------- --------···- --· ·--•··----· ·· - - ··· --ii'---

00 M 2!)!0//!.IG II . . 
06 79 03/10/95 0'1/12/95 M II II . -

20/10/95 19/12i95" 87 80 M 23/08/96 ff ff .. 
. 80 81 03/11/95 09/01/96 

89 82 17/11/95 19/01/96 
90 83 26/11/95 30/01/96 .. 

, .. 9.1_, ll4 04/12/9!> 08/02/% 
,2 0,. ,) Hl/1 ?/fl5 15/0?.l()G ... 

.. 93 
.. . ___ 813 

· ·ogIofaici. ·,·1io3igti 

: ... ~ ... 87 19/01/96 11/0'1/96 
95 88 30/01/96 25/04/96 ..... ... 
96 

* At the level of each leaf: 

- variation of the period between the spear leaf and rank n° 1 
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- variation of the period between Rank 1 and the anthesis of the corresponding inflorescence 
- variation of the period between the rank I and the harvesting 
- variation of the period between the rank 1 and the cutting of the leaf 

* At the rank level : 

- number of spear leaf when leaf n° N is rank 1 
- rank of the leaf n° N during anthesis of the corresponding inflorescence 
- rank of the leaf N when harvesting 
- rank of the leaf N when cutting 

Remarks: 

The main constrainst of these observations routines is finally to enter new observations in the 
computer file which normally is an easy job. Routines to entering data in the computer file have 
to be done every week , on Friday for example. 

CARBON BALANCE MODEL and 

SIMPALM software 

A first test of the Dufrene model has been derived on two adult families with the meteorological 
conditions of the Mari hat Research Station with an important set of parameters. Results can be 
seen with what was presented for PIPOC 96 (see below) 

Test of the Dufrene's production model on two contrasting families of oil 
palm in North Sumatra". 

Lamade, E.• and I.E. Setiyo 

* CIRAD-CP, Agronomy Department, Montpellier, BP 34 032 Monlpellier Cedex 1, France. 
**IOPRl,jalan Brigjen Katamso 51, PO box I 103, Merlan, Indonesia. 

Abstract 
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A simulation model of production have been established by l:>ufrcnc ( 1990) 011 U1c control family L2T x DIOD i11 Ivory 
Coast conditions. The results of the simulation in the african ecological environment shows a high compatibility with 
the observations in the field when th<; oil palm arc in potential conditions without water or nutrient constraint. It was 
highlighted that a lack of radiation may 'be at the origin· of the relative low yield observed in Africa. To test U1e validity 
of this model in indonesian conditions, a large set of parameters (nt least 14 with both physiological parameters such 
as the maximal photosynthesis, the qunntum yield, or biometrieal one such as the leaf area, the number of leaves per 
crown, the specific leaf weight, the trunk height, the root biomass and ·so one ) have been studied on two contrasting 
families (one belonging genetically to U1c Lame origin, the 0U1cr to a local material). At the same time, a precise 
rocmdin~ of dnily rndialion was 11ndc1111ke11 lo ~cl an npproprinlc "111clcc1 inpul lilc" for lhc model. A lirsl co111p11rniso11 
belWl.lL'II bolh Hil1111lio11 "I .nmc" nnd "Mnrihnt'\ lnkinp, into m;eo1111f 011ly the dilli.:rcnec ol' n11li11ti1111 (nromul 2 MJ.ni'1.dny'1 

more for indoncsian conditions) shows 11 "lhcorcticnl" increase of 11111111111 pholosynlhclic 11ssimil11lcs of 4%, n gcnernl 
decrease of respirntion cost of 2% due lo lower daily lempcrnlures in Mnrihill, 1111 increase of 18 % of the annual 
production of the diy matter at the plantation level ·and an important increase of FFB (fresh bunches) of around 80 % 
(from 18 tFFB.ha·• to 30 tFFB.ha·• ). The. lest of the model on the. two families with an "indonesian met co file" based 
on theirs respective biomctricnl nnd physiological pnllcms shows differences in their respective yield. giving nn 
advantage of near 5 I ofFFB for the "Lnmc" group (theoretical production : 40.1 tFFB.h11· 1

) compared to the local 
material, "Locnl llJ" (35.8 u:FU.h11·1 

). This is due essentially lo a higher maintenance respiration cost for "Loco I BJ". 
The observed yield was around 24 t FFB for the Lame group nnd 17 tFFB for the local material. This difference 
between estimations and the observations in the field may be due to a· lack of photosynthetic assimilates consequence 
of pest damage to foliage and/or negative effect on root system due lo frequent temporary flooding. 

Introduction 

A priliminary carbon balance model has been 
estnhli.-.hod by Dufrene (1989; et al.,1990) on oil palm, 
cspocinlly on the control family or Cllv\D " L2T x 
DIOD ". Belonging to the "de Wit" nederlnnd school 
(de Wit et al., 1978, l 982), it is a dctcnninist one, 
iterative and runs with an input meteorological file 
composed by daily recording of radiation and 
temperature. This model is based on physiological 
pnrmnclcrs os the mnximmn photosynthetic rate, lhc 
apparent quantum yield or optical properties of !coves 
as the ex1inction coefficient, K, and biometrical trends 
as annual growth rate of organs and standing biomass. 
All parameters have been measured, in situ, in La Mc 
(Ivory Const) and the finnl rcsulls of the simulation Iii 
well with the potential cxpcelcd yield in this 
ngroecologi~,nl :,,one. The model is fonclionning 
without nutrient and water conslrainst : it is belonging 
to the first level of production in sense of de Wit at al. 
( 1982). The dnily gain of c11rho11, through! the 
photosynthci;is is used to cover the rcspirntion nnd the 
vcgelntivc grnwth needs. At the end of the year, lhc 
remaining carbon, theoretically loc11ted in n "reserve 
pool" is allocated to the bunches (Fig. I) . To extend 
tl1c scope of tl1is model iu different ecological region, 
ci.1xx:inlly in North SumnlrR (ln<loncsin), nn important 
physiolo1,1,icnl study has been undertaken on lwo ndull 
fnmiliei; during two years at lhc M11rih11t Research 
Station, contcning both biomctrical and physiological 
features of the studied material. A precise daily 
radiation recording has been rcnlizcd during nil 1994 
and used lo clnbornlc nu npproprinte input mcteo lile. 
Forcnch liuuily, n set or24 trees wns selected 1111d their 
total phcnological development (rhythm of lcnr 
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emission, sexualisation, anthcsis, bunch harvesting) 
have been following weekly. The inlcrccptcd light by 
the respective canopy or both fnmilies has been 
mensnred during scvcrnl days. Finally. the new 
package or parameters was tested witl1 a C++ 
computing interacting version "SIMPALM" (Bonnot, 
1995) of the Dufrene 's model. The results of both 
simulation in Lame (Ivory Coast) and in Mnrihnt 
(lmloncsin) will he compnred in n wny lo, first, lest lhc 
hypothesis or a radiation conslrninl in Africa and 
second, to identify possible environmental constrninst 
factors in North Sumatra. 

Mntcrltil nnd method~ 

"' Physicnl cnvirn11111c11I 
'Ilic study was conducted in Mnrihat Research Station 
(Balai Pcnclitian Marihat, 2°55' E, altitude 369 m, 
North Sumatra. lndoncsin) in a genetic trial situated at 
Andnrnsi (PTP Vll, Alilclin~ Ill) near the Stalion. 
Mcleornlogicnl d:,ily recording in Mnrihnl from 1972 
11llow to ch11rnclcri1.c locnl conditions. The lotnl ann1111l 
sunshine duration is 2087 hours (average 1984-1995), 
the mean onnual rainfall is 2890 111111 (overage 1972-
1994) and the nnnunl mean tcmpcrnlurc is 24. 7 °C 
(mean 11111xi11111: 29.8 °C; menn minima: 200C). Over 
the same period ( I 972-19911), lhc mcnn rclnlivc 
hwnidity rcconling three time a day, at 7h, 13h and 18h 
is respectively 92.9%, 68.3 % and 84%. The global 
radintion has blX..11 estimated (over a period from 1972-
1994) from hourly visible rndinlion recordintt (with n 
11111111111111 sensor l .i-Cor, type I .i-190 SA) is cqunl to 
16.24 MJ.111·1.day- 1 (l.nmadc et 11I. 19%). In 1994, 111 



Marihat. the global daily radiation varied from 12.1 
MJ.nf2.day- 1 in october lo 18.6 MJ.ni2 .dayt in July 
,\ith an annual mean equal to 15.1 MJ.in·2.day-1 .On 
figure 2, it has been plotted tl1e daily variation of S 
(global radiation) and the mean daily temperature 
during one year ( 1994) : tl1csc values will be used for 
Ilic input rnetco file for the model. On the same figure 
we have plotted also. in way to compare with Ivory 
Coast. tl1c daily recording with the global radiation and 
lhc temperature used as an inpul file in the model lo 
make 1111111i11g ii in African conditions. The global 
radialion estimated in North Smna\ra put this 
agroccological zone iu middle comparing with what 
was ohscrvet.l in Ivory Coast (Dufrene cl al. 1990) witl1 
an annual mean of 14 .2 MJ.nf2.day"1 and in Malaysia 
( 19.6 MJ.nf2.day·' ). 

+ Malcrial 

An importanl phcnological and biometrical study was 
done on two contrasting families ("Lame" : block 
MA007S, cross n° 4, DAl8D self x LM7T self; 
"Lame": block MA008S, cross n° 8 ,BJl3D selfx 
BJ2 IP, "Local DJ") witl1 24 trees per family 
( composed by two plots of 12 trees for each). The 
planting density is around 128-130 trees/ha and tlte 
year of planting is 1986. On Table I it is possible to 
sec theirs vegetative and reproductive characteristics 
during 94/95. 

+ Methods 
On Dufrene et al. ( 1990) a list of 24 variables is given 
lo test the model. This list evolves both physiological 
parameters and environmental one. This list of 
variables is given on Annex I and we have 
highlighlcd those thal were clkclivcly measured in 
Marihal on both sludicd families. 

I . Canopy assimilation nml light inlerccplion 
- Photosynlhesis 
Daily photosynU1esis was measured during sunshine 
hours from 8.30 h to 18h with an analyser IRGA 
portable from ADC (LCA2) and a leaf chamber 
(PI .CN) folhming tl1c metl1odology a I ready used by the 
aulors on other malerial (1.amadc and Sctiyo, 199611) 
with the difference tl1al all cquipmcnl and observers 
m.-rc put at tl1c top of a 6 m hcig.h aluminium tower due 
to tl1e height oftl1e lrccs (tnmk height : more than 4 m). 
All measurements were conducted on the leaf n° 17 
supposed lo be rcprcscnlative of the nil canopy and 
more specially on leaflets around the B point. 
The photm,;11tl1csis response lo tl1c light can be ajusted 
following Dufrene and Saugicr ( 1993) according to an 
equilateral hyperbola : 

A= (a. To Ainf) / (a lo+ Ainf) 
where a is lhc apparent quanlum yield (mol.mol·1), lo 
tl1c PAR received by the leaf (µmol.nf 2.s'1) and Ainf 
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tltc photosynthesis for infinite radiation (µmol.nf 2.s·1
). 

2- Light interception 
To get values for the respcclive exlinction coefficient 
of botlt families, we have used the simple model of 
Monsi and Sacki (1953): 

dR = K I dF 
where a small canopy part with a LAI equal lo dF is 
absorbing an amont of radiation dR, proportionnal to 
the incident radiation I . " K" is tl1e extinction 
coefficient moslly rclalcd to the optical and the 
direction of the lcJlvcs. A quantum sensor (SLAM) was 
put al the top of one tree to measure the incident PAR 
(400-700 nm) at tl1e top of the canopy, and 6 otlters 
quantum sensors were placed each one in a triangle, 
part of the lozenge made by a central tree and its 6 
neighbours. Each triangle is sub-divided in 9 small 
triangles. During one hour, each sensor is moving 
tlrrought the 9 triangles. All sensors arc connected to a 
data logger (Delta T devices , Delta-I devices LTD, 
128 Low Road, Burwell, Cambridge CBS OEJ, 
England), recording output sensors ' signal every 
minute. Measurements were done from JO h to 15 h 
(local time). 

3- LAI 
The leaf area index of each material have been 
estimated with two different metl1ods. The first one is 
tl1c "direct method" where tlte leaf area is measured on 
representative samples following Taillicz et al. ( 1992) 
and tlte second, tl1e "indirect method" where the Plant 
Canopy Analyser (LAl-2000 ofLi-Cor) is used. Botl1 
methods arc described in Lama<.ic and Scliyo ( 1996b) 
: they give similar rcsulls. 
·11,c canopy nssimilalion is calculated from (I) and (2) 

A= (Ainf / k) LN((a K lo+ Ainf) /(AK lo e-kLAI + 
Ainf)) in µmol.nf 2 .s· 1

• 

4- Biomass and gron1h 
Leaves 
For 16 trees per family, leaves (rank 17 and 33) have 
been collected and several measurements have been 
done to get valuable estimation of their total dry 
weight. Each leaf is divided in IO equal segments from 
C to A.These segmcnlc; are measured (volwne), dried 
and weighed to determine the rachis density. Petioles 
were dried and weighed so. One leaflet per segment · 
was collected, measured dried and weighed lo 
dclenninc the specific leaf weight. 
Roots 
The roots sampling has been done among 7 trees per 
family witlt lwo replicates and 6 lines between trees 
have been cxploted with 3 holes per line. In each hole 
the soil sampling have been done witl1 a ducht auger 
every 15 cm until 1.05 m. Samples were first washed 
up a sic\'e of 1 mm and roots collecled after a first soft 



drying oftl1c residues. Rools were drying (85°C during 
24 h) and separated into 3 categories (primary, 
secondary and tertiary , quaternary roots toghethcr). 
Trunks 
On the same trees already concerned by leaves 
sampling, tnmks diameter hnvc hccn mcnsured (nt 1.30 
111 height) nl lwo op1x1silc sides nlkr n:moving lhc base 
of' lhe petioles. The trunk height wns measured from 
thi: bnsc lo the lcnf n° 3J. 
5- Phenology 
Precise observations (twice a week) have started in 
1994 on 24 trees per family concerning the above 
ground orgnnogcncsis nud development (in particular 
the leaf emission rytmth, Ilic date of the rank one, the 
inflorescence nnthcsis, the hnrvcsl of the hunch) lo get 
inlonnation nbout sexualisntion and growth. 

Rc~ult!i 

The extinction coctlicicnt and the LAI (Table 2) 
Thi: respective menu rndinlion coclfa:icnls ov0r lwo 
days (including more than 200 recordings) for the 
"Lame" family has been calculated equal to 0.46 (+or-
0.065, 11 = 362 * 6) and 0.39 (+or- 0.049, n = 100 * 6) 
for the "Local J3J" family for a respective LAI of 4.4 
and 7.31 (injwu: 1994). These values arc much higher 
that those already found by Squire ( 1984) in Malaysia 
(0.31) or by Gcrritsma ( 1988) in Papua New Guinea 
(0.33). They tend t~ be more similar with Dufrene et 
al. (1990) in Ivory Coast (0.4). In our experiment, the 
mean pl.'rCClllage oftrnnsmittcd light under the "Lame" 
cnnopy was 14.1 (+or- 0.0(,9) nnd only (1 (+or- O.OD) 
under the "Local BJ" canopy. It is possible lo notice 
already a big difference between both studied canopies 
concerning the light transmition and extinction. 
The photosynlhcsis (Table 2) 
Taking inlo accounl lhc big dispcrlion of' the points in 
tl1c photo~-ynthesis response to the light, Aini' for both 
families has been dctennined by estimating the 
asymptote of tl1e curve "photosynthesis-stomata! 
conductnnu:" al sa_lurnle<l lighl in reference al Lnmndc 
et al. ( 19%) (Fig. 3). Aini' for the "I .ame" family has 
been estimated equal to 30.9 (confidence inlcrvnl 111 5 
'¾,: 25.7; 36.) and 2(1.4 (22.1; 30.7) for lhe "Mnrihat". 
Tue respective apparent quantum yield was estimated 
by tlic calculation of the slope of tlic equation 1/NP = 
I/PAR A+ l3 for the points under low radialion (130 
11mol.m·2.s·1

). They were found equal to 0.054 
mol.mol'1 for "I .amc" and 0.058 mol.mol-1 for "l .ocnl 
BJ", highlcr U111n for 1.2T x !)JOI) (0.053) in Ivory 
Coast (Dufcnc cl nl., 1993). 
·111c standing biomass 

The vegetative dry matter contcnl (nbovc and 
hclowground pa11s) of both studied families is given 
011 Tublc 3 ut lhe smnc lime wilh whnt wus obtained by 
Dufrene (1989) in Ivory Coast. 
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'Ilic above ground biomass of the two families arc very 
dilfon:ul with 46.7 lwn ha· 1 for "Lumc" and 83.7 ldm ha· 1 

for "Local UJ".1bis fl.-sult pointed out the genetic effect 
on the aerial parts. The above ground biomass of 
"Local BJ" is higher tlian Gray ( 1969) observed in 
Malnysia. for that cnsc it is possible to notice that the 
petiole biomnss makes then big part ortl1c difference 
(21.6 '¾, or lhc Iola! biomass for "Local BJ" against 
12.3 % only in Ivory Coast).Similar results mny he 
found in 1 Icnson ( 1993) who measured a Iota! frond 
bases biomass of 11.7 tdm ha· 1 in Malaysia. The leaf 
emission rate measured during 1994 on botl1 families 
highlighted again significant difference bclwccn 
"Lame" and "Local BJ" with respective values of 23. 9 
leaves per year (+or- 2.97) and 29.5 leaves per year 
(+or- 1 J>9) . The "Local BJ" present n higher rate tlian 
what was already observed in Malaysia (23 leaves/year 
for Gray , 1969). The area and the biomass of the 
lcnvcs arc higher compared lo the obsc1vntion in Ivory 
Const (L2T X DIOD: 4.95 tdm ho· 1

) with 6.251,i"' ha· 1 

for "Lame" mid 10.69 tdm ha· 1 for "Local BJ". 
'Ilic spccilic lcnfbiomnss measured for "Lame" (136.9 
g m·2, +or-29.7) and for "Local BJ" (140.5 g m·2, + ot-
22.2) arc much higher than for L2T x D 1 OD in Ivory 
Coast (only 106 g m·2

) 

llic importmil tmnk biomass of"Local BJ" with 39.30 
l.i.n ha·1 is Ilic rcsuH ofhotl1 a higher vertical growth rate 
(0.54 m ycnr-1) and n bigger trnnk diameter (70.3 cm 
+or- 7.44) compared to "Lame" which presented even 
a lower vertical growth rate (0.34 m year- I) that L2T 
x DI OD iu Ivory Const <().48 m year- I). 
·n1c study oftbc roots biomass certainly contributed to 
11 hcllcr undcrslanding or lhe cnrbon nllocnlion in 
Indoucsian conditions. Very poor roots biomass hove 
been measured for both families ("LmmS" : 14.12 lc1.., 
l11r 1 

; "Local BJ" : 9.7 tc1m ha 1
) compared with L2T x 

D IOI) in Ivory Coast (31.5 t,1,
11 

ha· 1
). If, in Ivory Coast, 

mols nre 1111 impm1nnt sink (43% of the 10111! biomass), 
Ilic same is not observed in Indonesia with only 23.2 % 
for "Lame" and only 10.4 '¼, for "Local BJ".Thcsc 
results may be put in relation with those of Henson 
( 1993) in Malaysia who evaluated the roots system as 
20 % of lhc total biomass. 
The simulation 
A lirst lest has been done by changing only the meleo 
input file, keeping all the parameters values of Ivory 
Cost. It can be seen (Table 4) that an increase of 2 
MJ.nf2.day-1 may conduct to nu increase of bunch yield 
equal to 80% and an incrcnsc of tl1c total dry matter 
production of 18 %. It can be also observe that, due lo 
a lower daily mean lcmpernturc in Norll1 Sumntrn 
(24°C), in Marihat, compared to Ivory Coast (27°C), 
lhc mninlcnancc rcspirnlion rnlc of 1111 vcgclativc 
organs is lower of 16 % in North Sumatra. 
A second lesl has been done on bolh studied families 
by enlcring mcnsurc<l values of inpul p11rn111clcrs in the 
conditions of North Sumatra in the Dufrene's model. 



All the values of parameters a~c given in Table 2 with 
a comparison with lhc Dufrene 'one (Dufrene et al., 
1990). For the simulation , lhe maintenance and lhe 
growth respiration coefficients for each organs are 
remaining the same than in Ivory Coast, also roots 
tum-over and the allocation rules to the reproductive 
and the vegetative ports. The results can be seen on 
Table 4.Thc expecting potential yield is different for 
both studied families. For "Lame", the theoretical 
simulated FFD will be 40. l tFFil .ha·• when only 35.8 
tFFB.ha·• for the "Local Bf'. The reason of the 
difference may be found essentially in the maintenance 
respiration cost oflhc important above ground standing 
biomass of "Local BJ" (consumptioµ of 52. l lctt20.ha· 
1 .year·• for only 36. 9 1ctt20·.ba .y~ar for "Lame") 
which is not compensated by the higher photosynthetic 
assimilate production ( 13 l lc.120.ha·• .year·• against only 
113 .3 lctt2o·ha·1.ycar·1 for "Lame"). A difference 
between the expecting simulation yield and what was 
observed during 1994 in field may be pointed out. The 
observed yield for "Lame" in 1994 is 24 tFFB.ba·~ 
whereas "Local Br' produced only 17 tFFB.ba·• . This 
difference between the expecting and the observed 
yield may be due to important pest damage already 
pointed on these families or temporary flooding 
frequently coming on this trial, especially on "Local 
BJ''. The temporary flooding in that place may be an 
explanation of the quite low roots biomass observation 
: waterlogging induces soil hypoxia and leads to a big 
decrease in the root biomass (Dreyer, 1994 ). 

Conclusion 

The test of the Dufrene ' s model in North Sumatra 
conditions on two contrasting families pointed out lhe 
importance, as far as the test on L2T x D 10D in Ivory 
Cost is taken into account, of the carbon allocation at 
the plant level and the cost of the maintenance 
respiration of lhe aerial part. The measured radiation 
in North Swnatra (16.2 MJ.m·2.day"1

), compared with 
those, lower observed in Ivory Cost (14.2 MJ.m·2.day· 
1
) is, of course, as it was highlighted by Dufrene et al. 

( 1990) a main factor to increase yield dramatically 
(+79 % for L2T x DIOD under Marihat radiation).If 
we compare witl1 tlic simulation model, L2T x DI OD, 
"Lame" (LM7T slf x DA l 28D sli) and "Local BJ" 
(BJI 3D slf x B122 IP) under "north Sumatra 
conditions" and nt the same planting density, we sec 
tliat "Lame" give a better yield (40.1 tFFU.ha·1) tliat 
both other essentially duo to a lower maintenance 
respiration cost of tlie vegetative part (36.9 lailO·ha· 
1.ycar·• for Lame against 40 for L2T x D 10D and 52. l 
for "Local BJ'', In fact tlie main difference between 
L2T x D10D and "Lame" is with the roots standing 
biomass (31.48 tdm.ha-1 for L2T x DI OD and only 
14.12 for "Lame"). The yield of L2T x D10D 
simulated in North Sumatra, with 130 palm.ha- I and 
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with the same roots system of "Lame" will be equal to 
53.3 tFF1lha·1

• For"Local BT', tlie very important sink 
oftlie aerial part maintenance give explanation a lower 
theoretical yield (35.8 tFFB.ha-1

) under North Sumatra 
conditions. 
Still remain to found hypotheses about the difference 
obSCJVcd between the simulation results and what was 
observed in the field . For "Local BJ", it may be 
obvious that the unusual and unpredictable disparity 
between the aerial part and tlie roots systl.·m (root 
/shoot equal to 0.23) may be responsable for some 
physiological disfunctionning : The rate of male 
inflorescence apparition in tlic crown of iliis faniily is 
quite high and may indicated stress conditions. There 
is also may be a lack of assimilate, in spite of a big LAI 
value (7 .31 ), due to the important shade upon lhe 
leaves in the lower part of the canopy (may be more 
than 30 leaves : from leaf rank 17 to 49). For that case 
an appropriate prunning could give visible yield 
improvment. Root system could be indirectly 
increasing by the improvment of the water run-off and 
drainage in the plot and by a severe control in apply 
nitrogen fertilizer ( an access may conduct to increase 
aerial part towards the below part). For the .. Lame" 
family, we think that cause may be found in the quite 
poor sanitary conditions : some years a lot of pest 
damage can be observed on trees. The "Lame" family 
doesn't present an important canopy (less leaves may 
be counted in the canopies than reccommended one) 
and in that case a restriction of LAI by pest could be an 
important constrainst facto:· 
Nevertheless, tliis test on Dufrene 's model in North 
Sumatra conditions contribute clearly to identify in tliis 
simple yield simulation an adequate tool to predict 
potential yield of different kind of genetic material, 
taking into account physiological and biometrieal 
pattern of trees, and to highlight possible constrainst 
factors (cropping practices) on the observed yield. The 
actual C++version, "SIMPALM", is simple to use for 
non-specialist and may be apply in many conditions in 
Indonesia. 
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Ta hie I. Vegetative aml reproductive caracteristics of the studied material. The data arc coming from phenological 
ohscrvalions during I 994/95 . The year of planting is 1986, density : 130 palm.ha- I with 24 studied trees per family. 
The "Local Bf' is the cross "BJ 131) self x BJ2 J P" and "Lame" is "LM7T self x DA 18D self' . Standard errors arc in 
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Mean reproductive composition 
of the crows 

Block Cross Abrev. Yield Mean nb Female Male Abortion 

MA00XS 
MA007S 

X 
4 

kg.lrce·1.)'r" 1 

l.oe111BJ t:H.8 l•D .31 
Lame 187 .7149.51 

I.Al 
Local BJ 7 .31 
Lame 4.4 

or bunch per tree per tree per tree 

per tree Mean nb 

5.-1 I 1.81 
9.9 l].3) 

9.3 IJ .41 24 l5.71 
17. J 1(,.91 9.917.71 

Tnmk height (m) 
4.2810.491 
2.76 [0.44) 

5.5 13.5) 
5 14 .41 

Table 2. Standing hiomass (Leaves. Trunk. Roots) of the two studied families "Lame" (LM7T slfx DA128D slf) and 
"Local Bf' (BJ 13D slfx BJ22 IP).Comparisons with L2T x DI0D in Ivory Cost (Dufrene, 1989). 

organs 

t,1"'.ha·1 

%dm lotnl 

td
0
,.ha·1 

%dm total 

lc1m.ha·1 

%dm total 

ldm·ha·• 
%dm lotnl 

LEAVES 

1.ca0els Petioles Rachis 
1.2T LM BJ L2T LM BJ L2T LM 

4.95 (, .25 10.69 8.97 10.93 20.14 6.05 s.:n 
6.8 I 0.3 11 .4 12.3 17.9 21.6 8.3 13.6 

TIUINK TOTAi. Al30VE (iROllNI> 

1.2T 
21.75 
29.(, 

LM 
21.23 
34 .9 

BJ 
39.30 
42. I 

1.2T 
41.72 
57 

ROOTS 

II 

LM BJ 
46.72 83.73 
76 .8 89.6 

lll+IV 

BJ 
t:H>O 
14.6 

---------.. -------.. --------- -------------------------- -- .... --------------------------
1.2T LM BJ 1.2T 
8.33 5.71 4.11 11.36 
11.4 9.4 4.4 15.5 

TOTAL BELOW GROUND 

1.2T 
31 .48 
43 

LM 
14 .12 
23 .2 

BJ 
9.69 

l0.4 

LM BJ L2T LM 
3.88 3.73 11 .79 4.53 

6.4 4 16.1 7.44 

TOTAL BIOMASS 

L2T 
73 .2 

100 

LM 
60.84 

100 

BJ 
93.42 
100 

BJ 
1.84 

2 

with L2T as "L2T x DI OD"; LM as "LM7T self x DA 128D self'; BJ : TIJ 13D sclr x IJJ22 J P. 
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Table 2. List and valm:s of the measured parameters used to test the simulation model of Dufrene ( 1989) in lncloncsian 
conditions, for both studied families "Lame" ancl "Local BJ". Comparison with L2T x DI OD (Ivory Coast) : llw vnluc8 
of the parameters arc from Dufrene et nl. ( 1990) . 

l'nrnmctcrs 

Ainf (µmoI.m· 2.s·1
) (I) 

a (mol.mol"') (2) 
K extinction coefficient 
1,N (leaf number) 
LS (mean leaf area) ln1 

SLB (specific lcafbiom.) g.nf1 

LT (leaf tum over) nb I.yr·' 
TRR (trunk raclius) m 
'DU-I (trunk height) m 
TRDS (trunk density) kgDM.nf3 

PROO'rS tclm.ha· 1 (3) 
SROOTS tdni.ha·• (4) 
ABSROOTS tdm.ha"' (5) 
Density palm.ha·' 

L2T xDI0D 

30.7 
0 .053 
0.401 
35 
9 
106 
22 
0.2 
4.44 
184 
8.3 

11.4 
11.7 
143 

(I) : Photosynthesis when the racliation is inlinitc 
(2) : apparent quantum yield efficiency 
(3) : primary roots biomass 
( 4) : secondary roots biomass 
(5) : absortivc root biomass 
L) : standarcl error 

.. 1.11111e" 

30.9 [25.7;36.2] 
0 .055 
0.46 [0.065] 
32 [5.6) 
10.6 [l.79] 
136.9 [29.7] 
23.9 [2.97] 
0 .32 [0.4] 
2.76 [0.44J 
Not measured 

5.7 
3":9 

4.5 
130 

"Locnl BJ" 

26.4 [22.1; 30.7] 
0.058 
0.39 [0.049] 
49 15.23) 
11.48 [0.99] 
140.5 [22.2J 

29.3 [l.69] 
o.35 f0 .7 l 
4.28 [0.49J 

Not measurccl 
4.1 
3.7 

1.8 
130 

Table 4. Results of the simulation on L2T x D10D (al two different planting densities: 143 and 130 palms.ha·'), 
"Lame" ancl "Local BJ" under two meteorological conclitions : Lame (Ivory Coast) and Marihat (Incloncsia). 

N011h Snmntrn conditions Ivory Const conclitions 
L2T XDI0D "Lame" "Local BJ" L2T x DI0D "Lame" "Local BJ" 

density 143 130 130 130 143 130 130 130 
-----------------------------------------------------------------------------------------------------------------
photosynthesis 110.(> 10(>.3 113.:1 DI.I 105.9 101.9 l08 125.5 
(t,.m.,.hn·' .y..-'> 
Total respiration 71.2 67.9 (18.8 8:1.5 72.5 (,9 (,9 .3 85 
(tcmo·ha·' .yr"') 
Mnintcunucc 43.9 40 36.9 52 . l 52.6 47.8 43.5 62.3 
respiration (1<:1120.ha·• .yr-1

) 

Growll1 rcspirnlion 10.6 9.6 10.7 12.11 10.6 9.() 10.5 12.5 
(lc112o·ha·' .yr-•) 
lnl1orcsccncc 16.6 18.3 21.3 19 9.2 11.5 15.3 10.2 
Respiration ( tc1120.hn" 1 .yr·1

) 

Dry mnttcr production 39.4 38.5 44 .5 47.7 33.4 32.9 39.2 40.5 
(t,1 .... ha· 1 .yr·') 
Vcgctntivc growth 25.7 23.4 2(,.9 32 25.7 23.4 26.5 32.1 
(tdm·ha"' .yr"') 
DW inOorcsccnccs tot 13.7 15.1 17.9 15.7 7 .6 9.5 12.7 8.5 
(tdm·ha· 1 .yr-1

) 
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OW Bunches 
(tdm·ha·1 .yr-1) 

12.5 13 .8 16 14.3 7 8.7 11.6 7.7 

------------------------------------------------------------------------------------------------·--------------
31 .3 34.5 40. I 35.8 17.4 21.6 28.9 19.3 

Annexe I 

List of variable used in the model of Dufrene ( 1989) and variables effectively measured in Marihat (*). 

A : Assimilation rate 
Ainf : Assimilation rate for an infinite PAR (*) 
K : Canopy extinction coefficient (*) 
LAI : Leaf Area Index (*) 
a : Apparent quantum yield (*) 
T°C : Temperature (*) 
Rg : Global radiation (*) 
PAR : Photosynthetically Active Radiation (*) 
GR : Growth respiration 
MR · : Maintenance respiration 
LG : Leaf growth (*) 
TG : Trunk growth (*) 
RG : Root growth(*) 
LLB : Leaflet biomass (*) 
PETB : Petiole biomass (*) 
RCHB : Racbis biomass (*) 
Bunches : Bunches Biomass (*) 
LD : Leaf death 
RD : Root death 
MFD : male flower death 
HAR V : bunch harvest 

What is interesting to do is to test the model on clones (MK 10, MK22, M04) performances. For 
this reason, that year, some parameters acquisition have been completed as the extinction 
coefficient and the roots biomass on clonal material, following methodologies already described 
in lastest progress report. 

RESPIRATION 

- SOIL -

With the general aim to get an estimation of the carbon allocation to the roots from soil 
respiration measurements, a set of measurements have been completed for clonal material during 
the night. From these measurements and the previous one it is possible to get roots respiration, 
annual tum over and root biomass. The method of calculation following the principle of Raich and 
Nadelhoffer (1989) is well explained is the paper ''Estimation of carbon allocation to the roots 
from soil respiration measurements of oil palm" by Lamade et al. (1996) (Annexe). 
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PENAWARAN 
Quotation 

Kepada Yth. 
15 ()l,t.olwl' 1996 Tonggol : 

Dato 

Ms. Emnuurncllc Lamadc (ClRAD) 
Pusnt P~nclitiun Mudhat. 
Jakarta 

Nomor 
O\lr Ref 

1589 / AGS/MBT /JKT /X/96 

Mumenuhl ponnlntann, dongM lru kumJ ta.w1Ukan 
For response to your inquiry, we quote the following 

1. 

2. 

3. 

4. 

5. 

6 . 

7. 

a. 

9. 

Proyek 
Project 

Namft Al11t 
Equipment 

Harga Penawaran 
Price of Quotation 

Jumln.h Hom 

Total items 

Penyerahan 
Delivery Time 

Prangko/Loko 
Pl;ice of DeliV,'HY 

Pembayaran 
Payment 

M,un borlaku 
Validity 

' : ' 

Jamlnan Purna Ju.al 
Af te1· Sales Service 

PUSAT PENELITIAN MARIHAT 

Pcrnlatan Lnbornt.orium CIME:L 

Terlampir 

'I' c r I u 111 p i ,. 

12 - 16 111i11ggu :,elelah dit,~rimany~ 
pesanan dan uang muka 

Jakarta 

Uang muka. pesanan·30%, pelunasan 
70% pada saat penyerahan barang 

Sampai dengnn tunggal :30 Nopcmlx:-r 1 CJ'J6 

6 bulan sejak barang diterirna 

., - ' , . 
. , .. ' 

Rellomendasi dan dukllnr.,;,n toknis, ntns bornnn 
yang ka.mi tawarknn, akan kami susulkan bila 
diperh,.kan . 

rlocomnndntion ilrld tochnicnl s11ppo1t of the <j• , 

Demildonloh ponowornn ini, lq:uni tuniwu lrnbnr 
lebih lnnjut , t\laG kArja 1111ml'.I ini di1;:1mp11ik1rn 

terim,"i kasih. 

r /Olf,~!I/AC.:,/810/1'1,M .70 

quoted will be sent later, iC required. 

Waiting your further news, we thank you for 
coop,:1ati1J11 . 

PT. MBT UTAMA 

JI. Mui;I No. 40D Jukm1u llll!>O INDONl::SIA • l'hono (01.1)·:JU,fn5·;.:J(i2:12Z•:lli4!l!l-i•311(J!,OUG. 
f(IX, G2·21-364!)5U. Tolox, -l!i062 MDT JICT IA, M,·111 P.() ll(Jl( 41iOG Joko,w 10001 



Chap . 2 Purchase of equipement 

(icncrnl justification 

Physiological investigations on oil palm have been since the end of 1993 developped in Marihat 
Research Station and now, several improvements must be acheived to keep on progress. The first 
very important equipment to purchase is a complete meteorological station~ For modelling several 
parameters as the global radiation, the VPD, the temperature are absolultly needed. It is the 
reason why Marihat must be equiped with adequate automatic meteo Station and also a 
Physiology Laboratory. 

METEO 

ENERCO STATION 407 AK 

from CIMEL ELECTRONlQUE, 5 Cite de Phalsbourg, 75 011 PARIS, tel (1) 43 48 79 33 . 

Representant in Jakarta : MBT, PT Mektan Babakan Tujuh Utama, Jalan Musi n° 40 D Jakarta 
10150 Indonesia (see behind) . Phone (62 021) 3805086 - 3847257 - 3812774 - 3812322 
fax (62-021) 38 13356 - 3504962 - 3440343 . 

Central Unit ENERCO with 

- Mini Shelter for temperture .... ..... . ...... .... ........ ... ........ ...... .. 72 277 569 Rp 
and Humidity Sensor 
- Shelter with solar panel and Masts 

- CIRAD soflware 

Sensors : 
-Air Temperature 
- Ground Temperature 
- Rainfall with Support 
- Relative Humidity 
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I 140 048 Rp 
2 368 548 Rp 
5 056 506 Rp 
3 595 820 Rp 



PT. MAKRO SENTRAL PERDANA ENTERPRISE 

27 May 1996 

JI. Salak Masir 1 0 F-G. Jakarta 114 70, Indonesia 
Telp. 5606033 (6 lines) Fax: 5606396 

Ref. Nn. J01/tv1SPl~/SPI I/RN/% 

Or. E11unanuelle Lamade 
MA RIHA T RESEARCH STATTON 
P.O. Box 37 
Pc111a1a11g Sia11l:1r 
Sumatera Utara 
Fax. 622 21 197 

Dear Sir, 

Your letter has been received by us from our Singapore ofiice. ln accordance with your inquiry for 
Minolta 's product i.e. Chlorophyll meter SPAD-502, so herewith we submit quotation as follows : 

NO. DESCRIPTION lJNlT PRICE . ·-- -· -·--· 

I. CHLOROPHYLL METER ., Rp 4.000.000,-
·r .. ~~ · SPAD-502 

l - 1:rand : MINOLTA 

••• R<' .-:!_rk~ 
- The above price is FOB Jakarta and exclu..iing PP'.✓ l 0%. 
- T crrns of payment : 20% Down Payment at pl,i--in\! nrder 

anJ balnnce 80% payable 1111 11:11l' 111' dcliv<.:ry .. 
- Delivery lime : 11 wcd .. s upon n:ccipl ul' l.l.1\\11 l'.1Ynit· 

- Validity : 4 weeks from the date or this q11n1a1inn . 
- One year guarantee for the spare part. 

If you need furl her infonnation, pkasl! do not hcsi1;111; Ill c1,nt:1L'.l ll".i. Thnnk ynu for your at\l:ntion and we 
lm1k forwurJ lo yuur reply. 

Yours faithfullv, 
PT MAK.RO SENTR.AL Pl~ANA ENT. 

l::,k:, i'vl1111ngcr 



- Leafwetness 
- Pyranometer 
- Anemometer 
- Vane 

Accessories : 

- Interface Card for Reading Static Block 
- Memory on PC 
- UV Eraser 
- Static Block Memory suppl. 

1 152 333 Rp 
9 336 600 Rp 

5 169 528 Rp 
6 771 492 Rp 

5 093 361 Rp 

2 192 873 Rp 
739 557 Rp 

CHLOROPHYLL METER SPAD-502 

1. Power switch: 
2. Measuring head: 
3. Center line: 
4. Sliding depth slop: 

5. LCD panel: 
6. AVERAGE: 
7. ALL DATA CLEAR: 
8. DATA RECALL: 
9. 1 DATA DELETE: 

10. Ballery chamber cover 
11 . Strap eyelet 
12. Sample slot : 
13. Finger rest: 

'"sa:-------2 

:nc------13 

r.;-;:--~---.:::l:::'~'-r-----6 
,--+,:,--..;;:--,,:,,-----9 

~~"'--,,-:!..-:F,-9:-----7 

'-rir-~,F=.,:~..,;----8 

11 10 

from MINOLTA with a representant in Jakarta : 

PT MARRO SENTRAL PERDANA ENTERPRISE, jalan Salak Masir 10 F-G, Jakarta 11470, 
Indonesia. Tel 5606033 Fax: 5606396. 

Chlorophyll meter 
type SPAD-502 
Brand : Minolta 

4 000 000 Rp 
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PHYSIOLOGY LABORATORY 

- I\ room with /\irCON because all equipment must he maintained in stable conditions. 

* Oven 

PROLADO, I rue Pclce 75 0 I I Paris, BP 369 - 75526 Paris Ccdcx 11. Tel (I) 48 07 38 00 
Fax : 43 55 28 50. 

- convection laboratory oven capacity I I 5 I or 
- convection laboratory oven capacity 170 I or 
- convection laboratory oven capacity 2~0 I 

around 2000 US$ each. 

* Balance 

BIOBLOK SCIENTIFIC, BP 111-67403 Illkirch Cedex, ZA Sud 3, rue Girlenhirsch, 67 400 
lllkirch Graffenstaden, tel 88 67 14 14, Fax: 88 67 11 68 

- balance SSSOG 0,01G 85500S 
- balance 1100G 0,lg El2000S 
- balance 16800 6,86 Kg 0, 1 g 
- balance Indus 1100 g O. 1 g 112000S 
- balance Poly 24200 g 0, I g 124000P 

- I balance SARTORIUS 

for difficult environments. 

Price have to be ask again ... 

* Dutch auger (for roots biomass) 

N/\ROEUX HUMISOL, 4 avenue Quebec, Z .A. <le Courtabocui: 91 940 Les Uljs . 

- 2 augers Edelman (EIJKELK/\MP) type 01.02.02 
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diameter 5 cm 
diamater I O cm 

How to contact us 
Full i11fornw1im1 mr all Dl'ha-T 11rn,/11cu may hl' oh1ai11l'd "'' r<'qll<'JI from : 

Delta-T Devices Ltd 
128 Low Road, Burwell, Cambridge CBS OEJ, England 

+ extra lenght of I 00 cm + raccord Telephone: (0638) 742922 (international +44 638 742922 
(0638) 743155 (international +44 638 743155 
817670 ASABSE G - 2 augers for roots study in heavy and light soil 

ref 05-0 I. 

Price have to be ask again 

Facsimile: 
Telex: 

Primed on low environmental impact paper 

* Specimen holder LE 550-015 for blade type leaves up to 25 mm wide. 

Soil moisture systems 
Delta-T now covers this important 
area of environmental measure
ment, offering sensors for both 
volumetric soil water content and 
soil water potential. 

Water potential 

SWTS Tensiometer 

Water content 

The SWT series of pressure trans
ducer tensiometers measures the 
availability of water in the soil. 
expressed as a pressure. Three 
models cover laboratory or glass
house use, to applications needing 
long-tenn insertion in rough 
ground. They arc suitable for 
investigating plant-water relations. 
drought tolerance, water transport 
mechanisms. etc .• in soil science, 
plant physiology and hydrology . 

The SMCl Time 
Domain Rcflccto
meter measures 
volumetric soil water 
<.:ontent as a pcr<.:en
tage . Used with 
measurements of 
rainfall. seepage. 
run-off, irrigation. 
evaporation and 
transpiration rates. 
water content is an 
important parameter 
in modelling 
hydraulic flows 
within ecosystems, 
and for applications 
in civil engineering. SMC 1 Time Domain Retlectometer for 

measuring volumetric soil water content 

SWT and SMC sensors arc compatible with our DL2 
Logger system. Details can be found in our new 
catalogue Oma Loggers. Sensors & Systems, and we also 
have separate data sheets available fully describing 
these new product lines. AT 
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CONCLUSION 

The last three years have seen, in Marihat-IOPRI Research Station the development of an 
important physiological programm dealing with the investigations of physiological parameters 
related to the yield for oil palm. It is already possible to test the carbon balance model derived by 
Dufrene (1989) on the control family L2T-x Dl0D in Ivory Coast, in North Sumatra conditions 
. The photosynthetic potential (31 µmol.m-2 .s-1) of clonal material have been also fully assessed 
and environmental constrainst factors as the VPD and the temperature pointed out as major 
constrainst in North Sumatra. Important linkage between the stomatal conductance and the 
photosynthesis when the radiation is over 1000 µmol.m-2.s-1 have been highlighted and may be 
a base for furher modelling. Differential sensitivity of the planting material to the VPD leads to 
further investigations for plant breeding. 

For the futur, many subjects could be undertaken as the interaction between planting materia'. 
(genetic point of view) and density, the research of new s_election criteria as the chlorophyll 
content for example, for the moment strongly related to growth and total dry matter production 
and also the development of new models integrating architecture, taken into account the water 
balance and nutrient status of studied palms. More specific points, for Sumatra for example, may 
be developped as the regional effect on yield (phyiological study from the North to the South of 
Sumatra). Last point is regarding the forescasting of sexual cycles still not solved in spite of many 
works and thinking : may be the best subject ! ! ! 
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Abstract 

CO2 flux from the soil was measured in situ under oil palms in southern Benin. The experimental design took into 
account the spatial variability of the root density, the organic matter in the soil-palm agrosystem and the effect of 
factors such as the soil temperature and moisture. 

Measurements of CO2 release in situ, and a comparison with the results obtained in the laboratory from the same 
soil free of roots, provided an estimation of the roots contribution to the total CO2 flux. The instantaneous values 
for total release in situ were between 3.2 and 10.0 µmol CO2 m-2 s-1• For frond pile zones rich in organic matter, 
and around oil palm trunks, root respiration accounted for 30% of the efflux when the soil was at field capacity and 
80% when the soil was dry with a pF close to 4.2. This proportion remained constant in interrow zones at around 
75%, irrespective of soil moisture. 

Subsequently carbon allocation to the roots was determined. Total CO2 release over a year was 57 Mg of CO2 
ha- 1 yr- 1 (around 1610 g of C per m2 per year), and carbon allocation to the roots was approximately 53 Mg of 
CO2 ha- 1 yr- 1 of which approximately 13 Mg CO2 ha- 1 yr- 1 (25%) was devoted to turn-over and 40 Mg CO2 
ha- 1 yr- 1 (75%) to respiration. 

Introduction 

Total CO2 release from soil, commonly referred as 
soil respiration (Singh and Gupta, 1977) is an excel
lent indicator of both root system activities and soil 
microorganisms activities especially those involved in 
the organic matter mineralization. Consequently, soil 
CO2 is often used as an index of biological activity 
in soil. Recently, the soil respiration is taking into 
account in calculations of carbon budgets. Despite 
methodological difficulties to distinguish autotrophic 
respiration (CO2 flux from the roots) from heterotroph
ic respiration (same flux from decomposition of lit
ter and organic matter in soil), soil respiration gives 
precise information about the dynamics of the root 
system. Concerning the below ground compartment, 
many studies have already pointed out the difficulties 
to get precise measurements on root biomass, highly 

• FAX No:+ 3367616590 

labor intensive, respiration and annual turnover. For oil 
palm, first estimations were made through a simulation 
model of production (Dufrene et al., 1990). However, 
the extent of the root sink, estimated by Dufrene et al. 
( 1990) at 40% of total carbon, needs to be checked. 
This value is much higher than what is usually report
ed in the literature for forest ecosystems with values 
more often closed to 20%. For example, Santonio et al. 
(1977) showed that the proportion of the root biomass 
to total biomass for forest ecosystem varied between 
15% and 25%. Vogt et al. (1987) highlighted the rela
tion between this proportion and the closure of the 
canopy : before closure, the leaf biomass dominates 
(the proportion of the root biomass to total biomass 
varies from 13% to 27%) whereas after closure this 
ratio may increase to 40% to 65%. 

Faced with all the methodological difficulties 
involved in the direct field study of in situ oil palm 
root compartment, we proceeded indirectly by mea-
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suring the bulk CO2 flux passing through the soil sur
face, and then developed a procedure in laboratory in 
order to distinguish between these two sources of CO2. 
We then deduced the amount of carbon allotted to the 
roots from the measured CO2 flux, by applying the 
relations developed by Raich and Nadelhoffer ( 1989). 
These relations are mainly based on the assumption 
of an equilibrium of the carbon content in soil over 
a year as well as of both carbon fluxes entering and 
leaving the soil system. Concerning the interaction 
of the CO2 release with some environmental factors, 
many authors have pointed out the strong dependence 
of the heterotrophic respiration with both tempera
ture and moisture in relation with the amount of orga
nic matter in soil. In this present study, general aims 
are first to contribute to the general knowledge of the 
soil CO2 release in tropical conditions in relation with 
climatic factors as temperature and moisture and to 
describe the influence of cropping husbandry practices 
on the spatial heterogeneity of the soil respiration in 
an agrosystem like an oil palm plantation. Secondly, 
by comparison with measurements on free-root soil, a 
simple method is given to estimate the root respiration 
from the total release. The last point of this work is to 
apply the knowledge accumulated on the carbon bal
ance of an oil palm plantation and our contribution on 
below ground compartment to estimate the total annual 
carbon allocation to the roots. For the two last points, 
assumptions and clear limitations in the methods will 
be underlined. 

Material and methods 

Study site and material 

The study was carried out in a 20 year-old plot at the 
SONICOG commercial plantation at Ouidah in south
ern Benin (6.23° N, 2.08° E).Figure 1 gives the main 
climatic characteristics of the Ouidah station. Annual 
rainfall is 950 mm distributed into two rainy seasons: 
March to July and September to November. There is a 
long dry season from December to March. The annu
al water deficit, based on the IGM 12 method from 
CIRAD (CIRAD, 1992), can reach 1000 mm and is 
800 mm on average. The water deficit is low from 
May to July and high for the other 9 months. The mean 
temperature is 27 °C, with no major variations, and 
mean annual sunshine is 1747 hours. 

The soil is a ferralsol, according to the FAQ's classi
fication (FAQ-UNESCO, 1989), called locally 'terres 
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Figure J. Mean climatic conditions at Ouidah (Republic of Benin) 
according to CIRAD ( 1992) and Chaillard et al. ( 1983). The monthly 
water deficit was estimated using the !GM 12 method from CIRAD 
(W.D = R + AW - ETP with ETP (potential evapotranspiration) equal 
to 150 mm per month when there is Jess than I O days with rainfall, 
otherwise ETP is equal to 120 mm, R as rainfall and AW as available 
water for plant in soil). 

de barre'. It has been studied in detail by Djegui et 
al. (1992). It is a ferrallitic soil, poor in clay, slightly 
leached, with a pH between 5.4 and 5. 8 (from Oto 35 
cm depth). Bulk density is 1.5, total porosity is 41 to 
42% (from Oto 35 cm depth). The sum of exchangeable 
bases is low (1.9 cmol (+) kg- 1). The organic matter 
content varies from 2.13% for the soil of the frond pile 
where fallen leaves are gathered to 1.71 % for the bare 
soil. 

Field measurements were carried out in January 
and February 1993, in the middle of the dry season. 

The oil palm plantation comprises Elaeis guineen
sis dura x Elaeis guineensis pisifera crosses of Deli 
x La Me or Deli x Yangambi origin. The palm trees 
are planted in a staggered design, at a density of 143 
palms ha-•, each tree being located at the tip of a 9 m 
equilateral triangle (Fig. 2). 

Measuring techniques 

We used a method of direct in situ measurement of 
CO2 release from the soil using an infrared analyzer 
and a closed chamber. 

CO2 release from the soil was measured in situ, with 
a semi-closed system (During the measurement, the air 
pumped by the analyzer is not re-introduced in the cir
cuit) comprising a removable metal cylinder (40 cm in 
diameter and 50 cm long), fitting hermetically onto a 
support pushed 15 cm into the soil and connected to an 
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Figure 2. Location of the S measurements zones : T (Trunk), I m 
from the trunk in the fertilizer circle on frond pile side; CIR ( Circle 
Inter Row), at the edge of the circle on interrow side; IR (lnterRow) 
on the diagonal line between 2 palms in the interrow); FP (Frond 
Pile) in the middle of the frond pile and CFP (Circle Frond Pile) at 
the edge of the circle on frond pile side. The palms are planted in a 
staggered design, 9 m apart at a density of 143 palms ha- 1• 

ADC LCA2 type portable analyzer (Analytical Devel
opment Company, Hoddesdon, Herts, UK), Four fans 
(Micronel, 80 mm, 12 V) ensured effective air homog
enization inside the cylinder and a thermistor (Sagime
ca, 10K3 Al), connected to a multimeter (Fluke 70 II), 
series, measured the air temperature in the chamber. 
Two standard thermometers pushed into the ground 
measured the soil temperature inside the chamber. The 
volume of the chamber was approximately 60 L. As 
the sample taken for measurement was around 200 mL 
it can be assumed that this did not lead to a sufficient 
drop in pressure to 'pump' CO2 from the soil to intro
duce a bias into the result (Kucera and Kirkham, 1971 ). 
The cylinder was connected to the analyzer via a 3 mm 
diameter butyl rubber tube with the appropriate speci
fications (Bloom et al., 1980). Prior to analysis, the air 
sample was dried using a magnesium perchlorate drier, 
in order to protect the analyzer and limit water vapour 
interference with the CO2 during measurement (Long 
and Hallgren, 1982). The first sample was taken when 
the cylinder was fitted hermetically on its support and 
served as a reference. Two samples were then taken 
five minutes apart. 

The equations used to calculate respiration were 
those conventionally used for closed circuit measure
ments (Long and Hallgren, 1982). 

Along with these in situ measurements, soil was 
sampled down to a depth of 15 cm. Once the roots had 
been removed from the soil (dry extraction), a first set 
of samples were directly incubated in a thermostati-
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Table 1. Carbon content and root densities in each measurement zone : 
Inter Row, Trunk, Circle Frond Pile, Frond Pile and Circle lnterRow. 
The C content for three different zones are from Djegui et al. ( 1992). 
In the same column, the numbers followed by the same letter are not 
significantly different at 5% (Newman and Keuls test) 

Measurement point C content from Root density 

0 to IS cm (0 to 15 cm) 

(%) (g DM cm- 3) 

Trunk (T) 0.008 (ab) 

I x m from trunk to frond pile (CFP) 0.55 (b) 0.012 (a) 

I x m from trunk to interrow (CIR) 0.006 (b) 

lnterrow (IR) 0.46 (c) 0.005 (b) 

Frond pile (FP) 0.82 (a) 0.01 I (a) 

cally controlled bath at 25 °C (Anderson and Ingram, 
1993), while a second set was incubated with mois
ture content raised to field capacity. CO2 release was 
measured on two air samples taken one hour apart. Res
piration of the root compartment was then estimated 
by the difference between the measurements taken in 
situ and those taken in the laboratory on root-free soil. 
This deduction is arrived at by estimating the weight 
of soil 'contained' under the cylinder and effectively 
participating in CO2 release, by applying a bulk den
sity of 1.51 and assuming that a soil depth of 1 S cm 
represents the maximum depth of organic matter accu
mulation (Djegui et al., 1992). Nonetheless, it has to 
be clearly noticed that this method of estimating roots 
respiration is an estimation. It has inherent difficulties 
that are not easily overcome but is the only practical 
approach in intact ecosystem studies. The problem is 
the disturbance of soil samples in laboratory when the 
roots are removed for the 'root-free' soil respiration 
measurements. 

Sampling procedure 

Four variable factors likely to be involved in CO2 flux 
from the soil were taken into account: soil organic 
matter content, root density, humidity, and time of 
measurement. The depth, though playing a role in the 
variation of CO2 release (Dyer and Brook, 1991 ), was 
not considered to be a determining variable. In our 
opinion, the depth effect is a consequence of both root 
density and of the depth profile of organic matter. 

As for organic matter and root density, the elemen
tary network concept defined by Djegui et al. (1992) 
was used. This involves five measurement positions 
(Fig. 2). (i) at the foot of the trunk: T (Trunk); (ii) at 
the edge of the 'fertilizer' circle (The fertilizer circle 
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corresponds to the circular zone of I m wide around 
the trunk and in which inorganic fertilizers are applied) 
towards the frond pile: CFP (Circle Frond Pile); (iii) 
between the edge of the circle and the interrow: CIR 
(Circle Inter Row); (iv) in the middle of the free inter
row, mid-way between two palms: IR (lnterRow); (v) 
in the middle of the frond pile: FP (Frond Pile). With 
these five points, it is possible to cover the full range of 
root density and organic matter variability at a constant 
depth. This set of five measurements was replicated 
five times in the study plot. Table 1 shows the root 
density measurements measured at each point, as well 
as the soil carbon content (Djegui et al., 1992). 

The effect of moisture was studied by taking mea
surements in situ and in the laboratory on dry soil and 
on soil at field capacity. At the time of year when the 
study was conducted, the soil was dry with a moisture 
content close to that of the permanent wilting point (pF 
4.2). The field capacity was obtained by soil rehydra
tion in the laboratory and in situ down to a depth at least 
15 cm by watering, following methods determined in 
preliminary trials. These two levels of soil moisture 
content - dry and moist - corresponded well to those 
found, in the upper horizon, for 9 and 3 months of the 
year, respectively (this arbitrary choice gives, in our 
opinion, a good balance of all the moisture conditions 
during a year). 

As there is a peak in the diurnal rate of leaf gas 
exchanges in the middle of the day (Smith, 1989), 
measurements were spread throughout the day to check 
whether the same pattern applied to the root system. 

Principle for estimating the quantity of carbon 
allocated to the roots 

We used the calculation principle described by Raich 
and Nadelhoffer (1989). Considering the results of 
Ollagnier et al. (1978) pointing out the equilibrium 
of the organic stock of the soil in an oil palm plan
tation over 14 years old, the total amount of carbon 
returned to the soil by plant residue should be equal 
to the amount of carbon in the soil mineralized by he
terotrophic respiration (Rh). Let Pa and Pb represent 
the carbon supplied to the soil in the form of above
ground parts (Pa) and below-ground parts (Pb) respec
tively, then: 

Rh= Pa+ Pb (1) 

Moreover, if Rs represents the total CO2 release 
from the soil and Rr root respiration, then: 

Rs =Rh+ Rr (2) 

Combining (l) and (2) gives: 

Rs - Pa = Pb + Rr (3) 

where Pb + Rr represents the overall carbon allocation 
to the root system, under the hypothesis that there 
is very little growth in a mature root system that has 
reached maximum expansion. At the most, root growth 
may only amount to renewal of dead roots (Pb). 

In order to use this method of estimation, we have 
to make the following three assumptions. First, the 
carbon inputs into the soil come only from leaf litter 
and root litter: supplies of carbon leached by rainfall 
are therefore considered negligible. Second, carbon 
removal from the soil is only due to mineralization of 
litter, root residues, and organic matter; losses due to 
erosion and leaching are considered negligible. Third, 
the interactions between microbial activity and car
bon supply, e.g. by the litter, on decomposition of 
soil organic matter (priming effect) are not taken into 
account. 

Results 

Spatial variation in - in situ - C02 release 

Under dry conditions, the variation in CO2, flux from 
one point to another was relatively law, from 3.2 µmol 
m-2 s- 1 in the interrow to 5.1 µmol m-2 s- 1 at the 
foot of the trunk (Table 2). This variation increased 
substantially when the soil was rehydrated: from 4.1 
µmol m-2 s- 1 in the interrow, to 10.0 µmol m-2 s- 1 

in the middle of the frond pile. Soil rehydration had 
the greatest effect in the frond pile, where CO2 flow 
was multiplied by more than 2. The extent of these 
variations was about the same as that observed for the 
total carbon content of the soil (Table 1 ). 

Respiration of root-free soil in the laboratory 

The measurements of root-free soil respiration in the 
laboratory (Table 2) revealed relatively stable and low 
values for dry soil, reflecting low microbial activity. 
After rehydration, the values observed in the frond pile 
were 6 times greater than under dry conditions. Those 
near the trunk (T, CFP, CIR) were 2. 7 to 3 times greater 
than under dry conditions. The moisture content had 
little effect in the interrow (IR) with a multiplication 
factor of 1.1 compared to the dry conditions. Once 
again, these results were consistent with the carbon 
contents measured in the soil as shown in Table 1. 
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Table 2. Measurement of CO2 release from soil in situ and from root-free soil in the laboratory, either dry or 
rehydrated. Estimation of root respiration in each measurement zone 

Trunk Circle Circle Inter- Frond 

Frond Pile InterRow -Row Pile 
(mean in µmol m-2 s- I) 

CO2 release from A 5.06 4.40 3.22 3.16 4.28 

the soil in situ, 0.69* 0.72 0.25 0.26 0.31 

dry conditions a** ab C C b 

CO2 release from B 6.34 8.55 4.87 4.11 9.97 

the soil in situ 0.35 0.51 0.31 0.29 0.60 

after rehydration C b d e a 

CO2 release from C 1.29 0.95 0.78 0.79 0.86 

root:f'ree soil 

dry conditions 

CO2 release from D (I)" 3.81 2.72 2.08 0.90 5.71 

root-free soil 

after rehydration (2) 4.26 3.04 2132 1.02 7.02 

Multiplication coefficient E 2.95 2.86 2.67 1.14 6.64 

(dry to moist) for CO2 

release from root-free soil 

(E= DIC) 

Root respiration F 3.77 3.45 2.44 2.37 3.42 

estimated when dry 

(F= A-C) 

Root respiration G (2) 2.08 5.51 2.55 3.09 2.95 

estimated when rehydration 

(G =B-D) 

Mean root H (2) 2.93 4.48 2.61 2.58 3.18 

respiration 

(H = (F+G)l2) 

Contribution of root 0.75 0.78 0.76 0.75 0.80 

respiration to CO2 release 

from the soil when dry 

([=FIA) 

Contribution of root J (2) 0.33 0.64 0.52 0.75 0.30 
respiration to Co2 release 

from the soil when rehydration 
(J=GIB) 

* Confident interval at 95%. 
* * Student test for mean comparisons (5% risk), in the same row, the value allocated the same letter are not 
significantly different. 
a (I) results of measurements at 25 °C; (2) data on moist soil corrected at 27 °C. 
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Table 3. CO2 release from soil in situ for the main three zones : InterRow, Frond Pile and 
Circle. 'Circle' is defined as : (T +CJR+cFP)/3. Determination of CO2 quantities allocated 
to the root compartment. Calculation per ha and per year of amounts of CO2 released by 
the soil and roots 

CO2 release from soil in situ 

Under dry conditions 

Under moist conditions (27 °C) 

Estimated root respiration 

Under dry conditions 

Under moist conditions (27 °C) 

Annual CO2 release* 

Total CO2 release from soil (27 ° C) 

CO2 release from roots (27 °C) 

Roots respiration/soil respiration 

Mean release from plot•• 

Total CO2 release from soil (Rs) 

CO2 release from roots (Rr) 

Roots respiration/soil respiration 

Weight of leaf litter returned to soil annually 

(143 palms x 22 leaves x 9 m2 x 110 g m- 2) 

Pa••• 

Overall carbon allocation to roots 

Pb+ Rr (= Rs-Pa) ... 

Weight of root litter returned to soil annually 

Pb*** 

Pb/(Pb + Rr)*** 

InterRow Frond Pile Circle 

3.16 

4.11 

2.37 

3.09 

4.28 

9.97 

3.42 

2.95 

4.23 

6.59 

3.22 

3.38 

4714.30 

3567.59 

0.76 

7912.67 

4750.05 

0.60 

6688.14 

4581.12 

0.68 

(MgC02 yr- 1 ha- 1) 

57.11 

39.65 

0.69 

(MgCH2Oyr- 1 ha- 1) 

3.11 

(Mg CO2 yr- 1 ha-I) 

4.56 

(MgCO2 yr- 1 ha- 1) 

52.55 

(Mg CO2 yr- 1 ha-I) 

12.91 

0.25 

• Dry conditions for 9 months and humid for 3 months. 
• • 65% from IR, 25% from FP, !0% from C. 
• • • From Raich and Nadelhoffer's formula. 

Diurnal variation in - in situ - soil respiration 

Soil respiration was measured at 5 points (T, IR, GIR, 
CFP and FP), 8 times a the day for 25 days, under 
dry conditions and after rehydration. Figure 3 shows 
the mean diurnal variations in C02 release from dry to 
moist soil and with changes in soil temperature along 
the day. 

Dry soil respiration was relatively constant 
throughout the day around a mean value of 4 µmol 

m-2 s- 1. The significant increase in respiratory flux 
for moist soil between 7:30 am and 11:45 am corre
sponded to an increase in soil temperature. A slight 
depression. at 12:30 pm was associated with a slowing 
of the temperature increase. From 1 :45 pm onwards, 
C02 release dropped in line with the temperature. 
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Figure 4. Effect of the temperature on the respiration of the moist 
soil (II: T (Trunk); j, : IR (lnterRow); e: FP (Frond Pile) and the 
dry soil (D : T, ~: IR, O: FP). Non-linear fitting (SAS Inst. Inc., 
1990) for 3 locations IR, T, FP with the equation : R= A x exp(B x 
T0 C). Estimation of the parameters A and B with confident interval 
at 95%. FP: A=0.631 [-0.144; 1.407] B= 0.104 [0.059; 0.149] and 
r2 = 0.79 (p <1%); IR: A= 0.620 [0.119; 1.121) B = 0.070 [0.041; 
0.098) and r2= 0.76 (p <!%); T: A= 1.33 (0.114; 2.54] B = 0.05 
[0.022; 0.09) and r2 = 0.62 (p <I%). Points plotted on the graphs are 
the mean per class of degree Celsius. 

Effect of the temperature on the respiration of the 
moist soil 

As shown by the above results, soil respiration is 
strongly related to the soil temperature. For our 
data, the best fit was obtained with a simple empir
ical expression, the exponential curve (R = A x 
exp(BxT 0 C)) often used to describe many biolog
ical processes (Thornley and Johnson, 1990). Plots 
and fits to our data are given in Figure 4. For clarity, 
the results of the 3 most representative of measuring 
positions ((T), (IR), (FP)) have been plotted together 
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with the mean points per temperature. It was obvious 
that temperature had an effect only on the 'moist' soil 
because the same phenomena could not be observed 
on dry soil (Fig. 4). Furthermore, this temperature 
effect was mainly related to the measuring position 
and therefore to the microbial activity. The effect of 
soil temperature was considerable on the soil of the 
frond pile and relatively small on soils from both the 
circle and interrow positions. Hence, it may be essen
tial to make allowances for the fact that there is an 
effect of temperature on soil respiration only when 
the level of moisture is sufficient to permit a substan
tial activity by the microbial population. From these 
results, corrections taking into account the tempera
ture were made to the values of CO2 released from 
humidified soil measured in the laboratory at 25 °C. 
All the results were adjusted to 27 °C which represents 
both the annual mean value of the air temperature in 
Benin and also the mean temperature during our in situ 
measurements. On Table 2, relative corrections have 
been made for each measuring position for the mea
surements in laboratory, equivalent to their respective 
in situ pattern. Subsequently, all estimates have been 
presented for a temperature of 27 °C. 

Root respiration 

Root respiration was deduced from the difference in 
CO2 release from the soil in situ and from root-free soil 
in the laboratory at a temperature of 27 °C (Table 2). 
Although not significant, slightly higher values were 
recorded with humid soil (average estimated respira
tion after humidification at all locations was equal to 
3.24 µmol m-2 s- 1 at 27°C compared to 3.09 µmol 
m-2 s- 1 under dry conditions). However, the moist 
soil:dry soil ratio was much lower (1.05) than that 
observed ratio for total soil respiration (3.78). Conse
quently changes in moisture content seem to affect root 
activity much less than microbial activity in the soil. 

If the mean root respiration value estimated at each 
point is considered, for both dry and moist soil at 27 °C, 
the mean is seen to be linked to the measured root den
sity (Fig. 5). Therefore, it seems possible to estimate 
root respiratory flux from their biomass. 

Consequently, the contribution of roots to total 
CO2 release from the soil seems to be highly vari
able depending on moisture conditions and on location 
(Table 2). For zones with a low organic matter content 
(IR), root respiration was dominant, irrespective of soil 
moisture content. It is very clear that for the interrow, 
the moisture content has no effect on the contribution 
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Figure 5. Relationship observed between estimated root respiration 
and root density measured at each sampling point IR, CFP, FP, CIR 
and T. Non linear fitting (SAS Inst. Inc., 1990) with equation : R = 
A x exp(B x dens), estimations of the parameters with confident 
interval at 95%, A= 1.712 [0.903; 2.520) ; B = 70.892 [22.865; 
118.918] and r2 = 0.74 (n.s.). 

of root respiration to the gross flux. In (IR), root respi
ration represents around 75% of the total release. 

Annual carbon allocation to the roots 

Using Raich and Nadelhoffer's principle (1989) and in 
accordance with the points mentioned before, we esti
mated total carbon allocation to the root compartment, 
In order to obtain a year-long estimate, we combined 
the various estimates so as to integrate the variations 
in soil moisture content throughout the year. Given the 
mean values of the water deficit observed at Ouidah 
(Fig. I), we considered as an order of magnitude that 
the top 15 cm of soil were close to field capacity for 3 
months of the year (primarily in May, June and July) 
and near to the permanent wilt point (pF = 4.2) for 9 
months. As for the temperature effect, it was decided 
that it may possibly play a slight role only during the 
months of May and June. 

We considered that leaf litter was nil in the 'circle' 
and interrow, since it was concentrated in the frond 
pile, which represents around 30% (This percentage 
is slightly higher than the 25% usually quoted in this 
area (Djegui et al., 1992)) of the plot area. As we 
had no direct measurements of either the litter biomass 
returned to the soil each year, or of the speed with 
which it decomposes and is incorporated back into the 
soil,, three main points had to be taken into considera
tion in estimating Pa: 

(i) the mass of litter returned to the soil each year is 
proportional to the leaf mass. According to Ziller 

et al. (1955), the ratio of the number of leaves in 
oil palm plantations at Pobe (under similar ecolog
ical conditions to those at Ouidah) to that at La Me 
(Ivory Coast) is 0.8. In addition, the water deficit 
at Ouidah is likely to substantially reduce leaf 
size; de Berchoux (personal communication) not
ed that a moderate water deficit (270 mm) reduced 
leaf length by 6%. We therefore assumed a 30% 
reduction in leaf litter mass for the conditions in 
Benin compared to those at La Me which is already 
observed at the yield level. At the latter site, leaf 
litter was estimated to be between 9 (Hirsch, 1980) 
and 11 Mg DM ha- 1 (Dufrene, 1989). We therefore 
assumed a leaflitter value of? Mg DM ha- 1 which 
seems adequate for Benin conditions ( estimation of 
a litter of9.4 t ha- 1 by Sokpon and Lejoly (1991 
in the forest near the plantation of Pobe) taking 
into account the percentage of leaves exported by 
the people for firewood. Concentrated in the frond 
pile, which represents 30% of the area, this mass 
amounts to 2300 g DM m-2 in the frond pile. 

(ii) the leaf litter returned to the soil is made up 
of leaflets, rachis and petioles. The absence of 
incorporation into the soil and the dry conditions 
at Ouidah considerably reduce the rate of litter 
decomposition: the petioles and rachis remain on 
the soil for a very long time, so the frond pile ends 
up very voluminous (3 m wide, 1 to 1.5 m high). 
We therefore assumed that only leaflets decom
posed within a year; according to Dufrene (1989), 
these account for about 25% of total leaf mass. 

We thus estimated Pa as: 

- 0 in the interrow (IR) and in the circle (C) 

- 575 g DM m-2 yr- 1 in the frond pile, i.e. 843 g of 
CO2 m-2 yr- 1 

The measured results integrated over time are 
shown in Table 3 for each zone considered. Under these 
conditions, on a year basis, root respiration would seem 
to account for 60% (FP) to 76% (IR) of total CO2 flux 
from the soil. CO2 allocation to the roots varied from 
3568 to 4 750 g (CO2) m-2, 24 to 31 % of which are for 
root renewal (Pb). 

We calculated the plot mean by allocating a weigh
ing factor to each zone equivalent to its relative area 
((IR) : 60%; (FP) : 30%; (C) : 10%) (Table 3). Root 
respiration thus amounted to 70% of CO2 release from 
the soil (39.65 Mg ha- 1 yr- 1 ). Total carbon allocation 
to the roots was 52.55 Mg CO2 ha- 1 yr- 1, 25% for 
renewal and 75% for respiration. 



Discussion 

The carbon allocated to the root system is used for 
growth and respiration (Buwalda, 1993). Due to the 
size of this root sink, a direct estimation is needed 
in order to validate carbon functioning models for the 
ecosystem, rather than an evaluation, frequently made 
by taking the simple difference in calculating the car
bon balance, usually leading to substantial errors. 

Direct measurement of root growth poses nume
rous methodological problems due to difficult access. 
In situ measurement of root respiration also poses many 
problems since it is so difficult to separate from the he
terotrophic CO2 flux resulting from the organic mat
ter decomposition and microbial activity. This metho
dological difficulty has been illustrated and more or 
less solved by numerous authors, ranging from a simple 
protocol comparing soils in situ and soils from which 
roots have been removed (Coleman, 1973; Kucera and 
Kirkham, 1971; Singh and Gupta, 1977) to the use of 
radio-isotopes such as 14C (Cheng et al., 1993; Warem
bourg and Paul, 1973) or gas chromatography (Silvola 
et al., 1992). Some have worked on direct estimation 
of the amount of organic matter likely to be involved 
in CO2 flux from the soil (Maggs and Hewett, 1990; 
Raich and Nadelhaffer, 1989). Our simple method is 
based on comparative protocols, but provides a large 
number of measurements by using a portable infrared 
analyzer. This technique is increasingly being used 
(Howard and Howard, 1993; Kanemasu et al., 1974; 
Kiozumi, 1991; Pajari, I 995), and gives better results 
(Nakadai et al., 1993) than CO2 capture with soda lime 
(Anderson and Ingram, 1993; Gunadi, 1994) or sodi
um hydroxide (Henson, I 992; De Jong et al., 1974; 
Rout and Gupta, 1989). Still, this technique brings 
little bias compared to theoretical calculations based 
on classical formula such as the Fick's law (Nay et 
al., 1994). The fact that a large number of measure
ments can easily be done, allows a quantification of 
variations in CO2 release depending on environmental 
factors and an integration of the spatial variability of 
the cultivated ecosystem. 

Our in situ results on soil confirmed the effects 
of environmental factors such as soil moisture con
tent (Hanson et al., I 993; Howard and Howard, I 993; 
Rout and Gupta, 1989) and temperature (Kucera and 
Kirkham, 1971; Llyod and Tailor, 1994 ). Furthermore, 
our results showed that there is a strong interrelation 
between these two factors. A strong effect of the tem
perature on soil respiration is observed, only when 
the moisture content of soil is adequate for microbial 
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activity. These data revealed some variability due to 
the spatial distribution of organic matter and of the 
roots in the soil. Much of the work in this field has 
been geared more toward the comparative study of the 
CO2 flux in different types of ecosystems, either cul
tivated or not (Ceulemans et al., 1987; Fernandez et 
al., 1993; Raich and Schlesinger, 1992; Schlesinger, 
1977; Singh and Gupta, 1977). Little work has been 
done on the analysis of spatial heterogeneity within the 
same system: Hanson et al. (1993) attempted to ana
lyze the effect of topography whereas Dyer and Brook 
(1991) showed variation with the depth, consequence 
of the soil carbon content distribution. Our results, on 
the other hand, clearly revealed the major role played 
by the type of cropping practices, like leaf pruning 
and planting pattern, on the spatial distribution of soil 
respiration. 

An attempt to establish a balance over a period 
of one year revealed that total CO2 release from the 
soil amounted to about 57 Mg of CO2 ha- 1 yr- 1, i.e. 
approximately 1610 g of carbon per m2 per year. This 
value tallies with those observed for CO2 release in 
tropical forests, ranging from 400 to 2100 g of C m - 2 

yr- 1 (Schlesinger, 1977). However, comparison with 
a more recent review (Raich and Schlesinger, 1992) 
shows that our values are much higher even than those 
encountered in humid tropical forests. On the other 
hand, recent results from Le Roux and Mordelet ( 1995) 
on a savanna soil in the Ivory Coast were comparable 
to ours (for instantaneous values, results ranging from 
4.0 µmol m-2 s- 1 to 9.6 µmol m-2 s- 1 from Octo
ber to April). Hanson et al. ( 1993) found much lower 
values (around 850 g of C m-2 yr- 1) for temperate 
forests, where the annual average temperature is much 
lower. Obvious temporal variations have been demon
strated by some studies (Dyer and Brook, 1991; Guna
di, 1994). In our opinion, these variations are mainly 
caused by moisture and temperature variations. 

In the present study, total carbon allocation to the 
roots amounted to about 53 Mg of CO2 ha- 1 yr- 1 

(1445 g of C m-2 yr- 1 ), including about I 3 Mg CO2 
ha- 1 yr- 1 for renewal (25%) and 42 Mg CO2 ha- 1 

yr- 1 (75%) for respiration. In comparison, using the 
total carbon budget established for an oil palm plan
tation in the Ivory Coast by Dufrene et al. (1990), we 
arrive at 62 Mg of CO2 ha- 1 yr- 1, allocated to the 
roots, with around 15% for renewal and 85% for res
piration. The orders of magnitude therefore seem to 
be highly comparable, and the differences observed 
between the two estimates could result from differ
ences in either the methods used or the different eco-
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logical conditions at the 2 sites. Under the conditions 
of Dufrene, overall assimilation corresponded to 154 
Mg of CO2 ha- 1 yr- 1, which is much higher than in 
southern Benin. The bunch production calculated by 
Dufrene et al. ( 1990) was 23 Mg ha- 1 yr- 1, where
as barely more than 4 Mg ha - 1 yr- 1 can be expected 
under the conditions at Ouidah (Chaillard et al., 1983). 
Therefore, it seems that carbon allocation to the differ
ent plant organs differ at the 2 sites: bunch yields seem 
to be much more affected by the poor ecological con
ditions found at Ouidah (4 Mg ha- 1 yr- 1 as opposed 
to 23 Mg ha- 1 yr- 1) than by the amounts of carbon 
allocated to the roots (53 Mg ha- 1 yr- 1 as opposed 
to 62 Mg ha- 1 yr- 1). This is another illustration of 
the functional balance concept developed in 1969 by 
Brower and de Wit (quoted by Klepper, 1991): a larger 
reduction in quantities of carbon allocated to the aerial 
parts than to underground parts is observed in response 
to nutritional stress and particularly water stress. 

The values (33 Mg CO2 ha- 1 yr- 1) for total CO2 
release from the soil obtained by Henson (1992) for 
oil palm, in Malaysia, were lower than our estima
tions. These measurements were taken under water 
supply conditions that were not restrictive most of the 
time, hence the contribution made by organic matter 
in the soil was probably high. Without information on 
organic matter content and mineralisation rate at the 
Malaysian study sites, it is difficult to make a direct 
comparison with our measurements of overall CO2 
release. However, it is worth noting that the potential 
assimilation measurements made by Henson (I 992) 
under saturated radiation conditions, were around 35% 
lower than those estimated by Dufrene ( 1990) or by 
ourselves (CIRAD, 1995). 

In conclusion, the importance of the root sink and 
the root respiration are clearly shown in this study. A 
correct estimation of its dynamics is essential for any 
attempt at establishing a carbon balance an the scale 
of a whole plant or an oil palm plantation. To do so, it 
will be necessary to validate the methodology, and to 
make sure that the measurements taken in the labora
tory on samples of root-free soil are representative of 
how the soil performs in situ. Furthermore, our esti
mations are based on the hypothesis of a stable organic 
matter content in the soil, which enables us to calculate 
the carbon allocated to the roots by simple subtraction. 
This assumption is probably acceptable on a plot scale, 
but it should be checked for different zones character
ized by different ways of returning organic matter to 
the soil. 
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