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SUMMARY

To benefit from the growing world demand for natumabber, Hevea brasiliensiss
increasingly planted in drought prone areas, swi&linahe southern part of northeast
Thailand. Modelling can be a useful approach imiifgng key points of improvement
for rubber tree cultivation in such water-limiteteas. The first objective of this study
was to test the possibility of using the WaNuLCA®Sdal as an exploratory tool to
simulate water-use, growth and latex productioraipure stand on a daily basis. The
second was to evaluate the relative accuracy odiigitens with the current model
version. Finally, the third aim of this study wasitlentify particular parameterizations

which may be adapted to improve overall predictjoality.

Model outputs were compared to measurements retanda mature rubber tree
stand of RRIM 600 clones growing in the water-lmditarea of northeast Thailand. The
period of analysis concerned seven months of fullation, from May to November,
including a severe drought spell. Whole-tree tramsipn was estimated by xylem sap
flow measurement from eleven trees. The resultsvstimt the model was able to
simulate daily and seasonal change of soil waterter, tree transpiration, girth
increment and latex production within plausible gast However, under detailed
scrutiny, the predictions show large inaccurac@smared to the observations: soil water
content R2 = 0.461,RMSE, = 35%), tree transpiratiorR¢ = 0.104,RMSE = 94 %),
tree girth incrementR? = 0.916,RMSE = 208%) and latex productioR{ = 0.423,
RMSE. = 169%). As soil water content was overestimatadnd the driest periods, no

water stress was predicted and transpiration, dr@ntl latex production were logically
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overestimated during such periods. However, tremspiration was also largely
overestimated in conditions of non-limiting soil termavailability with high evaporative
demand. Hence, two key points of parameterizatiwh improvement are identified for
better simulation in our conditions: the soil watelance and particularly the ratio
between water infiltration and run-off; and the ukgion of transpiration under high
evaporative demand. In conclusion, WaNuLCAS mosleisable as an exploratory model
to simulate water use, growth and production fquee rubber tree stand. However, in
our conditions of much degraded soil and high exape demand, the modules of soil
water balance and tree transpiration require pdatic parameterizations and

improvement.

INTRODUCTION

As a consequence of increasing demand for natubder and competition with oil palm
in the traditional areas, the extensionH#vea brasiliensigultivation is accelerating in
drought-prone areas, such as in the southern padrtheast Thailand. Although growth
and latex production are two distinct physiologishEnomena in rubber trees (Rao et al.,
1998), they are both strongly related to evapoeatigmand and water availability. The
importance of the water relations for latex productis known (Pakianathan et al.,
1989), and some authors have studied the impagater constraints on tree water status,
girth increment and latex production (Rao et #9d; Chandrashekar et al., 1998). Water
stress generally results from an imbalance betvesarspiration, driven by evaporative
demand, and root-water-uptake allowed by soil wateilability. Drought stress occurs

whenever soil water availability drops below a agrt threshold, thus inducing
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restrictions to transpiration and growth. Frequentlut not invariably, soil dryness is
coupled with strong evaporation caused by air ddgné€Conversely, an atmospheric
drought may occur despite water being availablehensoil. A model that predicts tree
water use, tree growth and latex production modael loe a useful tool to analyze key
points of improvement in rubber tree cultivationwater-limited areas. Growth models
have become a tool for making rational land useésa®ts and for monitoring sustainable
agricultural systems if their capacity to prediobg response and identify management
options is well established (e.g. Verdoodt et aDP4). They can help to identify
environmental factors limiting growth and resoutse and to assess productivity and
profitability at various time scales (e.g. Shamuttaaand Robertson, 2002). For
perennial crops much less work on production mokdatsbeen carried out, probably due
to data limitation, relatively high research camtsl the difficulties of accumulated errors

in long term simulations (Zuidema et al., 2005).

The WaNulCAS model (Water Nutrients and Light Captin Agroforestry
Systems) was developed by the International CefureResearch on Agroforestry
(ICRAF, Indonesia) as a research tool with the majgjective to synthesize existing
knowledge and hypotheses on above- and below-groeswlirce-use by trees and crops
at the patch-scale (Van Noordwijk and Lusiana, 1999though it can undertake
economic evaluations, WaNuLCAS is primarily a biggibal model that also provides a
great range of outputs, including soil water, tparaion, growth of trees and crops for a
given environment. This model was chosen for thiglyg since it has already been
parameterised for pure rubber tree stands andcitided a specific module of latex

production. However, it has mainly been used faglterm (multi-annual) predictions of
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rubber tree growth in pure stand (Yahya, 2007)oagro-forestry systems (Pinto et al.,
2005). Moreover, to our knowledge, this model has Ibeen tested for rubber tree
growing in drought prone area. Hence, this studg tlaee aims: firstly, to test the
possibility of using the WaNuLCAS model as an exglory tool to analyze relationships
between water use, growth and latex productionrom@a-annual, daily basis and in a
pure stand. The second was to evaluate the relatigeracy of the simulations of soil
water content, tree transpiration, cambial growtd tex production. Finally, the third
objective was to identify key features in the vasgarameterizations which may be
adapted to improve overall prediction quality irowght prone areas. To address these
issues, simulations were compared to field measemésnn a mature rubber tree stand
growing in the water-limited area of northeast Tdnail. The period of analysis concerned
seven months of full foliation and latex tappingnr May to November. Four sub-
periods were distinguished, combining contrastedmtades of evaporative demand and

soil water availability.

MATERIALS AND METHODS

The WaNuLCAS model

Version 3.2 of the WaNuLCAS model is used in thigdg. WaNuLCAS was developed
as a collection of modules in which processes amptited at a daily time step. A short
description of the modules used for the simulat®given below. For more theoretical
background on the modules we refer to the origimaldel documentation of Van

Noordwijk and Lusiana (1999).
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The soil is divided into four layers in the verti@and four spatial zones in the
horizontal, and each layer is characterised bygfit soil properties (Figure 1). The soil
hydraulic module includes pedotransfer functionsoétén et al.1998) that are used to
derive the constants of the Van Genuchten (1980atean depending on soil texture,
bulk density and soil organic matter content. Thasestants determine the relationship
between soil water content, soil water potentigtraulic conductivity and potential tree
water uptake in each cell. To calculate water tirafiion, the model estimates a layer-
specific field capacity. Two definitions of fielcdapacity are used: (i) field capacity is the
soil water content at which downward drainage wdoddome less than a critical value of
conductivity Kcrit) and would effectively stop, or (ii) field capacits the soil water
content that is in hydrostatic equilibrium with ater table at a distance defined from the
bottom of layer 4. The highest of these two valuesny cell is used. A saturated
hydraulic conductivity Ksa) is generated from the pedotransfer functions. Wager
balance includes vertical and horizontal transptirtincorporates the water balance

inflows and outflows described in Table 1 at daihye steps.

Surface run-off occurs if (i) daily rainfall excesedaily maximum infiltration or if
(if) daily rainfall exceeds the soil potential wattorage. Allocation to surface runoff or
infiltration in the first soil layer depends on atio, calledSSlin this study, that is the
ratio between a referendésat (for degraded soil) and thKsat generated by the
pedotransfer function. Infiltration then followsethipping bucket principle for wetting

subsequent layers of soll, filling a cascade dflagers up to their field capacity.

Tree water uptake, i.e. transpiration, is drivenewgporative demand, with the

possibilities determined by tree root length densihd soil water availability in the

6
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various cells to which a plant has access. A “pidéertranspirational demand” is
estimated from LAl and EJI Hence, the transpiration depends on a water déman

reduction factor or stress factor:
r=1(0)r,

wherert is the tree water demarf) is the water demand reduction factor (where
6 is the soil water content) and is the potential transpirational demand. The r&daoc
factor depends on the “plant water potential” whishestimated from the “soil water

potential”.

Canopy light capture is determined by the LAI, tdamopy height and the Beer’s
law extinction coefficient specific to rubber tre@$e growth reserve pool varies with
the tree potential growth and the minimum stresgofaregarding light, water and
nitrogen. Part of the growth reserves are allocédedrowth. Allometric equations are
used to relate tree girth to tree biomass. Theycate predicted biomass to the different
tree components: below-ground and total, abovergtobiomass, which in turn is
partitioned into roots, leaves and twigs, as welbsaanches. As for tree growth, part of
the “tree growth reserves pool” is allocated toiRddatex production”. Tapped latex
depends on the “fraction of latex stock” that cartdpped every day (“tapping fraction”)
and on existing “Brown Bast”, a physiological disedhat induces a reduction of latex
production (Paardekooper, 1989). The version of WaDAS used only predicts latex

production using a d/2 tapping pattern (one daypping — one day of rest).
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Data measurements

Experiment site and forestry system: The experirsgatwas located in Baan Sila (N15°
16' 23.6" E103° 04' 51.3", altitude = 150 m) betwegatuk and Khu Muang in the
Buriram province of northeast Thailand. The fieldsaa monoculture stand of RRIM600
rubber clones planted in 1995 (i.e. 12 years oldd@7) at a 7mx2.5m tree spacing over
5.5ha, in a deep sandy soil. Average annual raimfahis area is 1176 mm (Khu Muang
station). The wet season lasts from May to Octbloeintermittent dry spells often occur
in June and July. Rubber trees have been tappe#® dune 2003. The stand was
modelled as a half alley system as shown in Figurehe 2-D unit represents a flat area
3.5m wide and 1.8m deep. The width was arbitrasgit into four zones of 1, 1, 1 and
0.5 m. Layer bottoms were set according to the mamations of soil properties in the
profile, at depths of 0.25, 0.5, 1 and 1.8m. Trgese grown in zone 1 at a density of 571

trees.ha (Table 2 (a)).

Water balance

Soil physical properties: the main soil propertiggartmann et al., 2006) of each
modelled layer are provided in Table 2 (b). Texduneere assumed homogeneous in the
four zones. The soil was degraded and poorly stredt Bulk density was high in layer
2: this compaction resulted from previous cassawmHivation. Saturated hydraulic
conductivities Ksaf) were measured with four replications. The magldtwf the

measured standard deviation suggested signifigatias variability of this parameter.

Soil water storage, infiltration and evaporationaMULCAS requires the daily

inputs of two climatic variables: rainfall and reface evapotranspiration. In Baan Sila,
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climatic data (air temperature, relative humidigipbal radiation, wind speed and
rainfall) were automatically recorded every 30 nt@suwith a Minimet station (Skye
Instruments Ltd, U.K.) in an open field locatedhe east of the rubber stand, 50m away
from any tree. Recorded climate data were then emgged as maximal/minimal
(temperature, humidity), average (wind speed) onuwated (radiation, rainfall) daily
values. Daily values of reference potential evapwpiration were calculated using the
Penman-Monteith equation. Figure 2 shows the in@lties of climatic data. 2007
rainfall was approximately 965mm (879mm from MayNovember), 18% less than the
long-term annual average. The wet season is ofiemspersed with a short dry and hot
period (scarce rainfall and high evaporative demamdlune and July, a feature which
occurred in 2007. Dry and cool conditions prevadgain from November. Climate data
inputs were set equal in the four spatial zoneshénrubber stand, volumetric soil water
content was measured once or twice each month avilleutron probe (Troxler 3300,
USA) calibrated for the experimental soil. Calilbvatwas carried out separately for the
upper (0-0.2m depth) and lower (0.2-1.8m depthg¢isyMeasurements were made every
0.2m from the ground down to a depth of 1.8m. Twekecess tubes of 2.0m in length
were set up in pairs: one tube in the planting beeveen two trees, and the other one in
the middle of the inter-row. Average measured niogsfrom the 12 tubes were used as
observational data. Initial soil water contents.(in May) are given in Table 2 (b). The
Kcrit value was calculated in order to get the fieldacdty of layer 1 equal to the soll
water content at a soil water potential of -100 blo.water table was observed below the
stand in Baan Sila. A value of 10m depth was seinpst for the distance from the

bottom of layer 4 to the supposed water table. Tthesvalue of field capacity computed
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from definition (ii) was insignificant. Th&SIparameter (influencing the ratio between
run-off and infiltration) was calibrated in order dbtain soil water stock values during

periods of high rainfall (August-September-Octolsgmilar to observed values.

Daily tree water use, i.e. transpiration, was ested by the daily total sap flow in
trunk xylem, ignoring changes in tree water storéigarangkool Na Ayutthaya et al.,
2010). The measurements of xylem Sap Flow Den§BD|) on 11 trees in Baan Sila
were made using the Transient Thermal DissipatiorD) system (Do and Rocheteau,
2002; Isarangkool Na Ayutthaya et al., 2010). Aleyof 10min heating and 20min
cooling was used to measure sap flow density e80rgin. The zero flux signal was
determined every night assuming that sap flow veggigible at the end of the night (see
details in Isarangkool Na Ayutthaya et al., 20H0bbes were inserted into the trunks at a
height of 1.8m above the soil. At this height, aggr sapwood area was estimated to be
2.04 dnf (SD = 0.47). Three probes were inserted into eastktto take circumferential
variability into account. An average radial profdésap flux density was also taken into
account (Isarangkool Na Ayutthaya et al., 2010). pkbbes were connected to a data
logger (CR10X, Campbell Scientific, Leicester, Y.Kdourly SFD was cumulated over a
24h period to calculate daily SFD and multiplied dapwood area. Average daily total
flow of the representative trees was divided bydbi surface theoretically available for
atree (17.5m?) in order to estimate the obsemaslwater uptake in mm. Isarangkool Na
Ayutthaya et al. (2011) provide a detailed analysisa data subset of these field

measurements of water use.

Tree growth and light capture: the potential gro@@t01kg.nf) was taken from

WaNuLCAS default values. As inputs, the model reggliinitial stem and canopy above-

10



ird-00653618, version 1 - 9 Jan 2012

214

216

218

220

222

224

226

228

230

232

234

ground biomasses (Table 2 (a)). Total above-grobminass was calculated using
allometric relation between girth and weight. Cang$ for RRIM600 rubber trees were

set according to Chantuma et al. (2004):

W = 0.008200G****

where W is the above ground tree weight in kg a@dthe tree girth in cm,
measured at 170cm above the ground. The simulatédigcrements were compared to
observations. The girths of 232 trees were measusied) a metre rule once or twice per
month in 2007 in Baan Sila. The maximum LAI (Taklga)) for the year 2007 was
measured by collecting fallen leaves in one squaeter open boxes from November
2007 till the complete defoliation at the end ohuary 2008. Root biomass and root
length density were assumed constant for the siionlgeriod. The average profile of
root length density was taken from measurementbéarsite (Table 2 (b), Pierret et al.,

unpublished report). Default model values were dsedther physiological parameters.

Latex production: Observed latex production wasresed from the amount of
rubber sheets produced each tapping day on theewtiot, knowing the number of
tapped trees and an average weight per rubber sh&200g. The “tapping fraction” was
calibrated to fit the range of expected latex potidun at the start of tapping period in
May, taking into account the fact that 30% of thees of the plot were suffering from
Brown Bast and that the tapping system in the madald only be d/2 instead of the
observed 2d/3. The used parameters in the latexulm@de given in Table 2 (c). Other

parameters have been set following WaNuLCAS defallies.

Evaluation of model predictions

11
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The simulation covers the period from May thet@ November the 30in 2007. The

simulation assumed no limitations due to nutrignigogen or phosphorus), weeds and
pests. Predicted data regarding soil water contetspiration, girth increment and latex
production were compared to field measurements. dhalysis used determination

coefficients R?) and relative root mean square erRMSE

Zin:l(Pi _Oi)z

n

100
RMSE,, = ?\/
where O and P represent observed and predicted values, respegtiartyO
represents the observed value average. The numlodisefvations is. RZandRMSE
for transpiration estimates were compared over the sew@iths of study and for the
four climatic sub-periods (Figure 2): one combining highp®rative demand and low
soil water constraint (May); two periods combining highpmrative demand and high
soil water constraint (June-July and November); and amebming low evaporative

demand and low soil water constraint (August-SeptemIoéok@r).

RESULTS

Water balance

Soil water content: Observations ranged from 5 to 25% (€id). Soil moisture
decreased in each layer during the short dry perioduné &and July. Model results
followed the same pattern but they were often overestimpgeticularly in layer 3R2 of
layers 1, 2, 3 and 4 were 0.218, 0.307, 0.277 af@B0Qrespectively, an@MSE, values

were 34.7, 39.8, 68.7 and 22.3%, respectively. Fotdtal profile,R2andRMSE,, values

12
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were 0.461 and 34.9%, respectively.

Tree transpiration: Measured values ranged from 0.33mm.d" (Figure 4).
Transpiration dramatically decreased during the intermittentgits in June and July. It
also progressively decreased in November at the heginof the long dry period.
Predicted and observed values were in the same chngey periods without soil water
constraint and with low or moderate evaporative demafg ¢E2mm.d", September-
October). In contrast, model-predicted values weneifsggntly overestimated in periods
of high evaporative demand (E% 2mm.d": start of May, June and July, November).
Moreover, the dramatic reduction of transpiration in Janeé July due to soil drought

was not simulated. Finalljg2andRMSE,, values equalled 0.104 and 94 %, respectively.

Tree growth

Observed tree girth increased at the beginning of the sagon (May-June) and then
stopped and decreased in July in accordance with dimelén transpiration (Figure 5).

Girth increased again from August to October. The totabement reached 1.3cm over
the seven-month period. The model significantly overestimgitéld increment. FinaR?

andRMSEg, values were 0.916 and 208 %, respectively.

Latex prediction

Observed values ranged from 1.3 and 19kydihand the pattern was not correlated to
variation in transpiration (Figure 6). As for growth, the delodid not predict any
reduction due to water stress and the latex productidargely overestimated. Total

predicted production (2888 kg:Hawas twice the measured production (1416Kgha

13
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over the simulated period. Finallyg? and RMSE, values were 0.423 and 169 %,

respectively.

DISCUSSION

WaNuLCAS model as an exploratory tool

The test of the possibility of using WaNuLCAS model as>gricgatory tool for a pure
rubber tree stands appeared to be successful. It sithwaty changes in transpiration,
girth increment and latex production within plausible rand8ilpi et al., 2006;
Pakianathan et al., 1989; Watson, 1989). In addition, nioglel runs were easily
implemented and several shortcuts were available to esctiematic inputs of rainfall,

ET,, etc.

Relative accuracy of simulations

With the current model version and parameters, resultweshdarge inaccuracies for
certain model predictions: soil water contem? & 0.461, RMSEy = 34.9%), tree
transpiration R2= 0.104,RMSE, = 94 %), tree girth incremenRf{= 0.916,RMSE =
208.4%) and latex productiofR{= 0.423,RMSE = 169.5%). However, as the water
shortage in June and July was not predicted by thaéemthe significant overestimations
in girth increment and latex production appear logical@minot be discussed in further
depth. Hence, the focus of this investigation is foréranghe soil water balance and tree
water use. Model estimations of tree transpiration wereecbim conditions without soil
and atmospheric droughts. Major inaccuracies restited (i) the non-prediction of soil

water shortage and (ii) the overestimation of tree trartgpirainder high evaporative

14
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demand and non-limiting conditions of soil water.

The soil water shortage was not predicted because thevatsl content was
overestimated in all layers except in the lowest one. INVL&EAS, as in all reservoir
models, infiltration water fills each layer of soil until theelél capacity is reached and
the excess moisture wets the subsequent soil layer. Eled g the process depends on
the infiltration rate. When the deepest layer reaches itsdegbacity, excess water is then
lost by deep drainage. A small error in predicting soil wetatent in upper layers may
thus be amplified in deeper layers. Bias in predicting satewcontent can come from
errors in predicting (i) the layers field capacity andttg infiltration rate of each layer,
particularly in the upper-most layer which determines thetiafibn/runoff ratio. Aware
of these points, measur&gatand a calibrated ratio between infiltration and runoff (SSI)
were used. The default valuesKdgat andSSlprovided by the pedotransfer functions of
WaNuLCAS were even higher than our estimated values ashgcaéd even greater
overestimates of soil water content. Other authors repoirtedequacies of the
pedotransfer functions and predicted infiltration by WBEAS for tropical soils
(Hodnett and Tomasella, 2002; Walker et al., 2007; Pastsak, 2010). To explain the
overestimate of soil water content, despite the use ofumedKsat and calibratedSI
values, several hypotheses are proposed. Firstly, uresbisat is still overestimated,
particularly in the upper layer. This is possible becainge variability between field
measurements oKsat was very large (Table 2 (b)). Moreover, significanitface
flooding and run-off were observed for each importemibfall event. Secondly, the
infiltration of water is not homogeneous between the weeand in the inter-row space.

Surface flooding and run-off was of greater importaincéhe inter-row spaces which are

15
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at a lower level than the tree rows. In addition, preteakwertical flow may occur in the

inter-row spaces, which may induce deep, localised dyaina

In addition, the model overestimated maximum transpiraticause it simulated
tree transpiration that follows the evaporative demand withay stomatal regulation
due to atmospheric conditions. The only water-regulatiociuded in the model
originates from soil water shortage, similar to the mgjaftmodels. However, observed
data showed that effective regulation of transpiratiomwed above EJequal to 2.0mm
(Fig. 4). This is, however, a very recent result fabber trees (Isarangkool Na
Ayyuthaya et al., 2011), which may differ according te thone (here RRIM 600). The
regulation of transpiration at high evaporative demandatewer the soil water
availability, has been quoted for several species andloamvents (David et al., 2004,
Bovard et al.,, 2005; Oguntunde et al., 2007; Bush et 24108). Moreover, the
overestimate of transpiration in the simulation should furthecrease the soil water
reserve, which emphasizes the current overestimatiooiloiater content by the model.
The current version of the WaNuLCAS model has, howesleeady predicted correct
values of rubber tree growth and production over loagogs in other regions (Pinto et
al., 2005; Yahya, 2007). We assume that these resultg tkelespond to environmental

conditions without high evaporative demand.

Key points of parameterization and improvement

Under the conditions of degraded soil and high evaperaimand investigated, the key
point of parameterization and improvement are the soil wetkance and the regulation

of tree transpiration under high evaporative demandlikaly that the ability to separate

16
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soil properties between horizontal zones in the modelfadilitate the improvement of
the simulated soil water balance. This is particularly the @asubber tree plantations,
where several years of different soil-, weed- and littanagement practices between
tree row and inter-row spaces may influence the topograptysoil properties related to
soil water infiltration and balance. Secondly, the regulatibtranspiration as a function
of evaporative demand requires the introduction of a equation or reduction factor.
The transpiration model in Granier et al. (2000) providesexample of a multiple
regulation of canopy conductance where atmosphenagtt is taken into account

whatever the soil water conditions.

CONCLUSIONS

In conclusion, the WaNuLCAS model appears to be auusxploratory tool for the
simulation of water use, growth and latex production inr@ gtand of rubber tree on a
daily basis. Results do, however, show that under ¢melitons of degraded soil and
high evaporative demand investigated, the modules df veater balance and tree
transpiration require particular parameterizations and impremenm order to more

accurately represent these processes.
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Table 1. In- and outflows elements of WaNuLCAS waiance

In

Out

Initial soil water content for each cell
Allocated rainfall to infiltration

Final lswater content for all zones and layers
Allocated raiafl to surface run-off
Drainage from bottom of soil profile

Soil evaporation

Evaporation of canopy intercepted water

Transpiration by tree

Table 2. Inputs set in WaNuLCAS for simulation igisation.

(a) Agroforestry system and tree dimensions

Tree density (tree.Ra 571 Initial canopy biomass (kg.trde 51.1
Initial stem biomass (kg.tré} 97.7 Canopy height (m) 12
Stem height (m) 3 Canopy max. width (m) 35
Max. Leaf Area Index 3.89
(b) Soil physical inputs and initial root distributian the four zones
Initial tree
Organic Bulk Initial soll roots
Clay Silt matter density  Ksat water content  distribution
(%) (%) (%) (g.cri)  (cm.dY (cn.100cm®)  (cm.cmd)
Layerl1 9.9 24.2 0.78 15 12 (SD=20.0) 20.76 5 2
Layer2 133 243 0.32 1.65 16.1 (SD=40.4) 17.63 2
Layer3 20.2 227 0.34 15 30.4 (SD=23.3) 14.90 51
Layer4 20.2 23.6 0.34 15 0.8 (Sb=1.0) 11.03 1
(c) Latex production
Influence by Brown Bast Yes Tapped girth fraction 30
Tappable height (cm) 150 Tapping slice (cm) 0.29
Min. stem girth for tapping (cm) 30 Tapping fraicttapping period 0.06
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Figure 1. General layout of soil layers and spatiales in the WaNuLCAS model. Modelled trees were

planted in Zone 1. Adapted from Van Noordwijk angsiana (1999).
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