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Introduction

The oil-palm Eleais guineensidacq.) is cultivated in all wet tropical and suptecal
areas of the worldFairhurst and Caliman, 2001)During the last 30 years, this crop
increased drastically in South-Eastern Asia, esflgcin Indonesia and Malaysia, two
countries that actually ensure 85% of the palmpoaduction in the world. This expansion
can be explained by the 70’s industrialisation,gpessively replacing the small-holders’
familial plantations. The two principal products tife oil-palm tree are: the palm oll,
extracted from the pulp of the fruit, and the palnail, extracted from the almond. They have
a high economic impact in developing countfi#gscquemard, 1995)

Today, the constant yield and cultivated areaeiases raise reflexions in ecologic
organisations and civil societies about its envimental impact. In fact, in addition to the
provoked deforestation, those palm-groves are resple of huge chemical pollutions. These
ones are essentially due to poor estate manageaptying more fertilizers than necessary,
or faint disease identification that leads to uselpesticides treatments. Sickness diagnostic
are often ineffective because of their destructiharacter, and thus rare application, and
because of difficult detection of several symptomnsthis context, the development of an
effective and non-destructive diagnostic tool wadoddof large be benefit.

The “TETIS” research unit at CIRAD is dedicatedhe development of new methods
based on Geomatics (combination of remote sensmiggeographical information system
analysis) for the detection and the identificatadfnagro environmental stresses. A research
project was developed by the Doctors Lelong andn@ead, in partnership with the big
industrial oil-palm Indonesian company PT-Smarte Dibjective of this project is to evaluate
the relevance of remote sensing for the estimatfqralm-tree physiologic statement.

The present study is included in this framewoikgiag in particular to discriminate
the sanitary status of palm-trees according ta fleaf and canopy optical properties. In fact,
the relationship between the modification of thegatation reflectance spectrum and its
physiological status has been observed for y@stam et al. 2000)But today, it remains to
prove that this information allows creating a ttwt is non destructive, fast, cheap, and easy
to set up, in the particular case of oil-palm tree.

The aim of this study was thus to test the relegaof statistical methods to detect the
variations in spectral signature of oil-palm treesrelated to Ganoderma disease, a fungus
responsible of high loss of yield and trees in pghoves. The objective is too discriminate
infected palm trees and to establish a rankingendiegree of infection.

Some previous studiesgnore, 2006 et Brégand, 200y revealed that it is feasible, but the
number of individuals was too small to lead toistaally reliable models; thus, it is still to
confirm and validate.

More especially, the present study focuses onptssibility of infected palm-tree
discrimination in accordance to four sickness degreHealthy, Low, Medium and High
infection. It will test this potential at severalates: the leaflet, the canopy, and by remote
sensing.



Part A — Context of the study

| - Framework

[.1 - Welcoming structure

The CIRAD' (The French Agricultural Research Centre for Internailon
Developmenyt is a French public institute created in 1984 .nftission is to improve the rural
development of tropical and subtropical countrigsabtions of research, experimentations
and diffusion of scientific and technical infornaati

The mixt research unit TETiSterritory, environment, remote sensing and spatia
information), directed by P. Kosuth, is leading em€hes on analysis and spatial
representation methods for agro-environmental andtdrial systems. It is moslty based in
the “Maison de la TeleDetection” (Remote Sensingt@ein Languedoc Roussillon), where |
was hosted for this internship.

This internship was lead under the responsibitityMs Camille Lelong, CIRAD
remote sensing researcher for the development rdgraphic products aiming a rational
management of tropical perennial crops.

[.2 - Scientific issues

Since years, the CIRAD have been involved in tbgeasment of the contribution of
remote sensing to tropical industrial plantationnagement. In this context, Dr. Camille
Lelong and Dr. Jean-Pierre Caliman have develojpeck 2006 a research project called
“Evaluation of the remote-sensing relevance fora@kmation of physiological, nutritional,
and health condition in oil palm plantations”, canted with the support and collaboration of
PT-Smart in Sumatra.

Preliminary studies (in 2006 and 2007, includingatMeu Lanore and Simon
Brégand’s internships at CIRAD) attended to seel eslationship between the optical
properties of palm leaves and the tree health tondiEncouraging results appeared, but
with very few samples that have to be completec iiain goal of the present study is to
verify this relationship on a larger database, @ngropose a simple and non-destructive tool
able to evaluate the degree of palm-tree infecbhgnthe ganoderma pathogen by field
reflectance spectroscopy. Afterwards, if theseltesue conclusive, the possibility to transfer
this in-field methodology to remote sensing willdrsalyzed.

It would be of major issue because it is a nonrdeste method, providing individual as well
as global information that would provide the posiybof:
- Classifying palm-trees in accordance with theikisass status, in 4 different classes
(healthy, low, medium, and high contamination degje
- Detecting sick palm-trees in the whole plantation,
- Analyzing ganoderma epidemiology (focus-birth arskdse-spread).

1 CIRAD : Centre de Coopération Internationale enlReche Agronomique pour le Développement
2TETIS : Territoire, Environnement, Télédétectianrdormation Spatiale



The study will be held in two steps:

1. constitution of a large database of oil-palm tresslets, leaves and canopy spectra, for
many trees in different health status. This actjaisiwas made in an industrial palm
grove (about 7,250 ha) belonging to the PT-Smarigany during 3 months. It is located
in Padang Halaban, in the island of Sumatra inneda.

2. data analysis and statistical processing, with dlve of discriminating the different
degrees of ganoderma infection of palm-trees by 8pectral response. This part of the
study will take place in the “Maison de la Teled#tEn” in Montpellier (France) from
next november to january.

Figure 1: Map of the South-East Asia

[.3 - PT Smart and Padang Halaban Estate

This project is supported by the PT-Smart, Compahysinar Mas Agribusiness
Resource and Technolagyhe second Indonesian firm comparing with turmoVéis group
has three sectors of activity: paper (Asia Pulp @&, most profitable sector), industrial
cultivations (oil-palm trees) and property. PT Simarthe agricultural part of the group,
essentially based on palm-tree exploitation. Thierprise has got 320 000 ha of oil-palm
trees, 30 factories for palm oil extraction andmefy. Actually, PT Smart products more than
2 million tons of palm oil a year, that is to sageenth of the Indonesian production.

The company applies a very precise program fanggiove management in order to
optimise the vegetal production, and increasesladguthe cultivated surfaces. PT-Smart
elaborates quality products, in big quantities aitth the lowest cost to provide products with
competitive price. It also implicates in a largsaarch and development program, on one
hand at the plantation scale to maximise the yetd, on the other hand at the refinery scale
to front the increasing ask of palm-derived product
This is in this research program that the collabona with CIRAD takes place.
(Id.jobstret.com)




Il - The cultivated palm-tree

[I.1 - A tropical culture, which became industrial

The cultivated oil-palm tree, Elais Guineensiad$ its origins in the wet subtropical
areas of the Guinean Gulf. We can find ancestaales of its culture, and existence of trade
with Europe since the XVIII century.

From this moment, the oil palm cultivation spraadall wet tropical areas of the
world. The first specimens introduced in Southeasfesia dated from 1848, on Java Island.
The Nederland government first developed demomstrdields in Indonesia since 1860. The
first industrial palm groves appeared in 1911 im&tra. The cultivation rose quickly, around
32 000ha of oil palm were present in Indonesia985] 92 300ha before the Second World
War The agro-climatic properties of South-EastesmAprovide an exceptional development
(T.Fairhurst et R. Hardter. 2003, J.C.Jacquemard939 The actual distribution of the
world’s oil palm cultivation is presented in the ggndix 1.

The oil-palm tree cultivation undergo very impottarpansion in those countries, and
since the 79, the Indonesian oil-palm dedicated surfaces warkipfied by 30, to reach 3.1
millions hectares.

~1<100
©7100-200
= 200-300
m > 300

(,000ha)

a 500 km g : - 7

Figure 2: Distribution of the oil-palm tree in Sol-Eastern Asia
Adapted from T.Fairhurst and R. Hardter (eds). 2003

Today, Indonesia and Malaysia are the world’s ésfgoil palm producers, with
respectively 41.3% and 44.8% of the all world’s darction in 2004/2005 (14 and 15.2
million tons). Today, those two countries share endhan 86% of the world’s total
production, and this number is rising with the ease of cultivated surfaces and vyields: in
fact, the Indonesian’s production increased of G#¥veen 2002 and 2005, and it will soon
become the first producer in the world.

The palm-tree is also the cultivation having kixghest oil yield per hectare, so that
palm oil is today the second oil source in the @arl terms of consumption, and would
overtake soy bean to become the first consummakéy @012 (JSDA Foreign Agricultural
Service, United States Department of Agriculfure
The palm oil is used for cooking and is in the cosipon of many processed products (cakes,
ice creams, etc...). It can be found in around 1 pcodn 10 in our supermarkets.



In addition, the palm oil (from the pulp) and thamist oil (from the pit) find various uses
out of food. They are raw materials in productidrs@aps and detergents, lubricants, or paint
and varnish. They are also used for cosmetics ampceuticals.

R Almond : palmist oil

© ml extraction

Pulp : palm oil extraction

Figure 3: oil palm’s fruit

[I.2 - Morphology, Biology and cultivation

The oil-palm tree Elaeis guineensjsis a monocotyledon, comprising around 2500
species, for the most situated in tropical andrepltal zones of Africa, America and Asia.

The palm-tree has numerous roots, distributedim2ters around the stem and until 6
meter depth. The stem can reach 25 to 30 metehs &igl have a 50cm to 1meter diameter.
At its top we find a single vegetative apex, highhptected by the numerous leaves: the oil-
palm tree has a foliar crown composed of 30 toedvés, measuring 5 to 8 meters and of 5 to
8Kg weight. The leaves are disposed in a charatiespiral, surrounding the youngest ones
which are not opened yet. The open leaves are maahlheom the youngest to the oldest one:
the most recent opened leaf is the number 1 (anganed ones can be number -1 or -2). A
leaf has a functional phase of 2 years and a paegroduce 20 to 25 leaves a year.

C Point B Point A Point

~ Rachis’ /§
sectior

GRECT- RN 5 g 3 : Figure 5: Palm leaf

e (The B point is set where the rachis’ section cleahg
Figure 4: Oil palm-tree (Elaeis
guineensis) of 13 years old
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In field, the palm-trees are arranged a particwiay: they all are at the top of 9 meters
side equilateral triangles. It allows a densitylantation of 143 palm-tree/ha.

Figure 6: Palm grove configuration

The first harvesting occurs around 4 years old. ptogluctive phase is of 20 to 30
years durationJacquemard et al., 1995and is continuous during the year. When the palm
trees are more than 20 meters height, it becomesthaharvest, so they are pulled out and
new oil-palm trees are planted up.

1l — Ganoderma

[ll.1 - Presentation of Ganoderma

The ganoderma is a fungus responsible of a higkthdate in industrial palm groves,
and of a high production loss. The soils and toegs spread this fungus, but now, we do not
really know how. We just know that there is no taemsmission, and the roots are the first
touched organs. The fungus acts as a disease betaeteases a substance that spoil the
stem wood’s structures, and lead to vascular tssdestruction. The sap can no longer reach
the leaves and bring water and nutriments to the, tvhich results in correlated stresses. At
the end, the ganoderma causes a death of the adfglm-tree, but some can still be
productive for a long time even if infected.

There is no known way to treat the infection: tinéydhing that can be done is cutting
the tree and prevent the spread of the diseasesphaying the roots of the cut tree at open air
(so the mycelium dies).

[1l.2 - The ganoderma symptoms

We can separate the most important symptoms ahadgrma infection in two kinds:
stem and canopy symptoms.

On the canopy, we can see a fading of the leaveghwprogressively turn yellow.
Then we can see necrosis of the leaves in advasteges of infection. The yellowing and
necrosis start from the extremity of the older Esaand reach the canopy. Therefore, the new
leaves do not open out correctly or does not spa¢adl, but only for middle to hard disease
degrees. On elderly infected palm-trees, the leaxe$alling down around the stem.

11



Figure 7: Yellowing and beginning of necrosis onéh
leaflets of a ganoderma infected palm-tree

Figure 8: Unopened new leaf (leaf 4) on the toptbe
canopy of an infected palm tree

Figure 9: Infected 15 years old palm tree which hhis oldest
leaves falling around the stem

Because of the nature of the disease and the waotsSt many ganoderma symptoms
are similar to water-stress or nutritive stresgasfdct, ganoderma causes those stresses).
However, stem symptoms allow differentiating a gpakm from a stressed one.

The ganoderma acts on the stem due to its secsetod the development of
mycelium in the wood. The heart of the tree is pesgively rotten: it is not hard anymore but
crumbly. We can also detect the presence of mywmeliu the tissues, which progressively
transforms in fruiting bodies (they disappear, #reh mushrooms appear at the surface of the
stem). The fruiting bodies are only present in adea stages of sickness. Therefore, in early
stages of infection, and sometimes in all stageafettion for young trees, nothing is visible
on the stem, and a way to detect ganoderma igtthditrunk and see the consistency of the
wood and maybe the presence of mycelium. Diggiegotbitom of the stem is a good way to
detect ganoderma: the symptoms are more chardicterisecause of the root origin of
infection (we can also hear the consistence ofsteen by digging it: it rings hollow when
tissues are hardly rotten).

12
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Figure 10: Wood affection by Ganoderma

Figure 11 (left): Ganoderma’s mycelium (white) inna
infected palm tree

Figure 12 (down): Fruiting bodies at the bottom af
ganoderma infected palm-tree

The ganoderma symptoms diagnosis is very harcadyg stages of the disease. There
can be trees (especially the young ones) whichsiake but there is no visible symptom on
stem: it can seem only stressed. Therefore, anraecanalysis of the stem is necessary to
differentiate stressed and ganoderma infected pades.

On another hand, there is sometimes no symptorhe@gcanopy, but we can see mushrooms
on the stem (medium to advanced infection): theodarma disease has touched some roots
and wood, but there are enough untouched rootyastllar tissues to continue functionning
normally and draining water and nutriments to #eeves. The fungus degree can even be very
high without canopy symptoms.

[11.3 - Palm-trees’ classification
A goal of the study is to discriminate the palmes according to their sickness degree.
For that, we had to make classes of sicknessngadittie different symptoms according to the
infection progress. We classified the palm-treesfaar classes, drawing on the stem’s

13



symptoms to avoid confusions with only-stressedngaées. The classification was made as
following:
- Healthy: no particular Ganoderma’s symptom, but ghén-tree can be stressed by
water or nutriments lack.
- Low infection: presence of mycelium and/or crumisiyod.
- Medium infection: fruiting bodies apparition. Thoscurs when at least 20% of tissues
are affected by ganoderma.
- Hard infection: the palm-tree presents intensivislg previous symptoms, and is
almost dead.

A first positioning of numerous palm-trees presegtihose different sickness degrees has
been done by Mr. Wahyu (SMARTRI phytopathologisgfdse the beginning of the
acquisition campaign. Those different classes vestablished by himself and seem to be
relevant facing the expectations of the study.

The first day, he guided us through a visit of gam grove, teaching us how to recognize
ganoderma symptoms and how to classify the treds an expert eye. Then, with all those
spotted individuals, we could start the measurement

14



Part B - Methodology

| - The reflectance spectroscopy
[.1 - Theory and principle®onn et Rochon, 1992; Simmonett et Ulaby, 1983)

Atmosphere, ground surface, vegetation and oce#gract with the sunlight's
electromagnetic radiation in three different preess reflection, transmission, and
absorption. These interactions have typical chargtics in the different wavelengths for a
given surface, thus providing information aboustbine.

Thereflectanceis a physical variable that represents a givefasarability to reflect
the incident light; it is defined as the ratio bétreflected energy (or radiance) on the incident
energy. The reflectance spectrum is the graph ef rflectance as a function of the
wavelength; it gives information about the physiaatl chemical properties of the analyzed
surface.

We can differentiate two main domains in the statlyegetatior(cf. Figure3):

- the visible(400nm — 740nm):
Plant leaves have a low reflectance, mainly becaiseadiation absorption by different
photosynthetic pigments (chlorophyll, xanthophytlarotenoids ...). Reflectance maximum is
located in the green wavelengtfbb0nm), where pigment absorption is minimum; teahie
reason why most plants are green.

- the near infrare@740nm — 1100nm)
Pigments are mostly transparent at these wavelgngtid absorbed radiation is thus very
low. In this domain, the main light-plant interaxtiis the diffuse reflection inside the leaf
structure or inside the plant canopy, leading tinarease of the resulting scattered energy off
the surface, and thus to the plant reflectance. réflectance is thus very high and almost
constant, revealing information of leaf and canppysical properties, such as the complexity
of the leaf mesophyll structure or the canopy Lklaf area index). Around 950nm, some
absorption bands are related to water contentcandeveal water stress.

1. uv Visible NIR (Near InfraRed)

09 —+

08 +

0.7 +

06 +

05 +

Réflectance

04 +

03—+

02+

01 +

0 T T T T T
3036 4034 5026 6011 699 7962 8928 09888 10841

Wavelength (nm)

Figure 13 Palm-leaf Reflectance spectrum in the visible atitk near infrared domains.
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.2 - In-field spectroscopic acquisitions:

In the fields, we use a portable spectroradiometidiSPEC-SC from PP-Systems
(model 2001). It allows acquisitions at two maialss:

- The leaflet, measuring directly on the letaflith a clip, over a fixed integration area
of 3mnf.

- The canopy, using different fibre opticsiwét field of view up to 26°.
This spectrometer covers a wide spectral range) 864nm (visible) to 1132nm (NIR) with
256 spectral bands (one each 3nm). Although, pathe first and last bands might be
discarded due to high noise in the signal acqarsiti
The same acquisition protocol and analysis metluagolvill be applied to all the studied
palm-trees.

[.3 - How to use the UNISPEC spectrometer:

Data acquired with this spectrometer can be rexbeither by a laptop, a computer or
by the dedicated HP-Palmpilot that can be fixedtentop of the instrument. It works with
fibre optics on which accessory tools can be adiasiech as a leafclip, a cosine receptor or a
lens.

To use it, the spectrometer and the laptop (oriR@g first to be connected, and then
the exploitation program has to be launched.

Figure 14 presentation of the material

(from left to right and up to bottom) laptop forada
recording, UNISPEC hyper spectral spectrometer, i
optic fibre, and leafclip for acquisition on palmehflet.

Under DOS (while using the HP-Palmpilot)
After a brief period of spectrometer initializatjomrite “cd unispec”, then press enter,
then write “u”, and press enter. The spectral aitjon software will run.
It will first ask if the spectrometer is connectégpe “y”, and the program starts.
For navigation in the program, you can use “tabg arrows, and the “enter” key. In the setup
menu (alt+s) you can configure the spectrometes@reral points (for example, the open
halogen source or select dark correction): refetdNISPECUser Manual
The main commands are written in the program, ieitost used are:
- nfor “next”: standard acquisition
- d for “dark”: acquisition of the dark reference ortant, make it every 20
minutes), don’t forget to put the shutter off
- r for “reference”, take the incident energy refemneither on the white
surface or from the sky with the cosine-receptoakenit every 20 minutes
with the halogen, before each acquisition outside)
- s for “save”: allows to save the current acquisitio

16



Under Windows:

Run the Uniwin_v3_0.exe program. If it is the firgde of the program, the spectrometer
calibration parameters have to be sedatup/system parameters

- A=+ 300.2246727

- B=+3.339009727

- C=-0.0003590946515
Then, the use of the program is the same than uD@3. Remember to always exit the
program with data/exit and not with the cross oa tipper right corner, otherwise the unit
numbers aren’t saved...

Il - The choice of vegetal material:

[I.1 - Choice of the palm-trees:

Our main goal is to classify the palm-trees byeat#ht degrees of sickness: healthy,
low, medium or high degree of disease. For thappss, we have to learn how to classify the
palm-trees with infield observations, i.e. evalutite apparent degree of sickness of a given
tree. Then we take digital photos, note any obsienvahat helps understand the palm status,
and then do the spectral acquisition, beginnindhgycanopy-level measurements, followed
by two leaves cutting down for leaf-scale measuréme
A statistical model will be computed to discrimi@dhe palm-trees according to their degree
of sickness on the basis of two randomly seledigdg of this database. The last third will be
used as a validation sample.

[I.2 — Canopy measuring:

The first acquisition to do is the reflectance cipen of the whole canopy for the
selected palm-trees. For that, we have to builffaldangs around the palm-tree and to climb
it to do our acquisitions. Then, we can do our &itjons with the spectrometer on the
canopy. For that, we use fibre optics having afigf view (FOV) of 26°. Considering that
the palm-tree efficient diameter is less than 9emsetand that the fibre optics placed at about
1m from the canopy integrates the spectrum ofgetaof less than 50cm in diameter, we need
to sample several areas over the palm canopy. T@a gmod mean of the whole canopy
reflectance, we propose to take one acquisitiorvaltoe centre of the tree and then 3 to 5
more (depending of the possibilities) at about tomfthe centre, scattered over the canopy
disk. This repetition of acquisitions should avthé directional effects and decrease the small
local heterogeneities.

’

&  Figure 15 picture of a canopy acquisition
(The fibre optic is fixed on a boom, with a rockirgystem to
keep the fibre optic vertical)
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To be reliable, the acquisitions have to be doreparticular way:

First, the offset and the reference acquisitionseh@ be done to correct the future
acquisitions. The offset is the dark acquisitiord anis used to discard the acquisition’s
background noise (it is done by hiding the opticdiin the black foam and pressing the letter
“d” on the laptop). The reference is the acquisitod the pure sunlight’s spectrum; it is used
to calculate the reflectance (leaf reflectance af kadiance / incident light radiance). The
reference acquisition is done by placing the coseeeptor at the end of the fibre optics
looking towards the sky above the canopy, and prgdbe letter “r’ on the laptop. Then,
after saving those two files, the acquisitions loa tanopy can be done (typing “n” on the
laptop).

Therefore, we acquire tldfset, thesolar radianceand then theanopyone.

IMPORTANT : the dark-offset and reference acquisitions haveotbe done regularlyfor a
good calibration of the spectrometer: The sunligig variations over time, even in a perfect
blue sky, and the spectrometer can have imperfectaused by heat or many things. The
dark-offset can be acquiredery 20 minutes, but the reference must be acquuebefore
each canopy acquisition with the smallest time gaip between.

The canopy-level acquisitions must be dbeéore the cut of chosen leaves.

11.3 - Leaf and leaflets choice for optical acqgtiesi on leaflets:

Figure 16: top sight of a palm-tree and selection of the
leaves.

The selected leaves in former studies are in green.
Preliminary  analyses showed that the
discrimination works better on young leaved' (5
and 9", so we will finally cut only two young
leaves. This allows us to do a less destructive
study.

WARNING : Cut the leaves only after the
acquisition above the canopy!

The selected leaves are tHeahd the 8 because of several reasons:

- They are on both side of the palm tree, whateveldcoe the angle between leaves,

- They belong to two different but adjacent spiresrenpalm,

- They are on the upper side of the tree and arblgifiom the top of the palm-tree, so
they receive direct sunlight. For that, it will albe easier to compare our results with
remote-sensing data during the study,

- They are young leaves and so aren’t covered beridmot as old leaves, since the
18" they are too much covered),

- Stress symptoms are visible on at least one ottlezs/es,

Then, after the leaves cut, spectral acquisitisaglane on several selected leaflets:
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Figure 17: leaflets selection on the selected
leaves.

|/
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f VTN B NS The selected leaflets are in green and
/ | RO RTER == named.

Some previous acquisitions revealed a great véitiabf reflectance from a leaflet to
another. This could be caused by mineral gradientse leaf. The insertion angle has also an
impact on reflectance, because of the orientatidheleaflet in respect to the sunlight. So 5
leaflets where selected: the™.@5", 55", 70" and 8%, to cover the most variability over the
leaf.

11.4 - Acquisitions on the leaflet:
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Figure 18 Reflectance spectral acquisitions’ protocol onlpatrees’ leaflets

A previous study revealed variability in the refltce along of the leaflet. So we have
to concentrate our acquisition on small selectatasas on the leaflets (around 2cm?), on
both side of the central nerve. Because of thetgraaability along leaflets, we have to
consider 2 zones for all the acquisitions: the frsd the second third of the leaflet.

Statistical tests revealed that 10 acquisitionsdoth side of the central nerve and on each
third were necessary to be statistically represmetaf the leaflet.
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Figure 19 The leafclip used for acquisitions on leaflets

The acquisitions have to be done in a particular. wae use a leafclip, and the spectra
also have to be calibrated with a dark offset (samg than for the canopy, but you also have
to close the shutter by pressing “del”), and aresfee spectrum. This one is acquired on a
standard plate, named “spectralon”, made of predgnd barium sulphate, which is an
absolute white. Thus, the reference is a measwtohg the clip on the edge of the plate and
typing “r’ on the laptop keyboard.

Figure 20: picture of the “spectralon”, in precipitated bawim sulphate

WARNING : don’t touch the plate, because fingers leave traces on
the surface, and calibration would be wrong.

As the offset has to be measured at least each 2thates, the reference has to be
measured each time a new offset is acquired, schis also to be done every 20 minutes

[I.5 - In-field Constraints:

In Industrial palm-trees plantations, the trees fanm 1.5 to 20 meters height. Their
leaves are 5 to 8 meters long and composed by ®38Q leaflets of 1 to 1.5 meters long.
Because of the height of trees and the number aMeke and leaflets, a local handling for
leaflets acquisitions is dangerous and complicabedwe have to remove the selected leaves
from the tree, and choose leaflets to do acquisstet home.

A former study revealed that the reflectance of ldeves isn’t modified until a few hours
after being cut, so the acquisition on the leattets to be done as fast as possible after cut.
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lIl — First results and expectations

[ll.1 — Reminder of the main objectives

The main goal of the study is the classificatidipalm-trees in accordance with their
ganoderma sickness degree, on the only basis ofréfeectance spectrum. This spectrum
could be acquired by spectroscopy, as describedrdoair maybe by remote sensing (if
conclusions of the final study declare it possibiRgmote sensing could be a saving of time.

For that, we will go in fields and locate diffetgualm-trees in different degrees of
sickness. We will visually estimate the diseasae&eg@ccording to several symptoms (cf. Pak
Wahyu’s experience and training) and classify tleed into three or four classes (healthy,
low, medium and high sickness). On the selectedthytedes, we will do the reflectance
spectroscopy acquisitions described in part Il, amake them correspond to our visual
diagnostic in the database. With statistical anslywe will see if we can discriminate
between the different classes only with spectrdh déhe visual diagnostic contributes to
verify if the discrimination is good).

[11.2 — First results

In previous acquisition campaign (focusing on iiotn stress), only nine palm-trees
canopy’s spectra where acquired: 3 palm-trees wergood health, 3 were on medium
sickness and 3 were highly infected. A simple stiatl processing then allowed a good
discrimination between the three classes: firstlyapgp a polynomial smoothing and a
derivation of the spectra (Savitsky-Golay filtefpllowed by PCA (Principal Component
Analysis), and FDA (Factorial Discrimination Anaiyk applied to PCA scores lead to the
split of the three populations in different are&the FDA space (cf. Brégand, 2007).

Legend:
M N No infection

? M Medium infection
IH High infection

LD1

Figure 21 Representation of the different individuals in éitwo first principal layouts of the FDA (applieat
the PCA’s scores, applied the second derivatiothaf spectrums of the canopy)
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We can see a great discrimination of our nine paées: the healthy (N) and the sick
(M and H) palm-trees are separated by the lineqofagonx=0. The medium (M) and the
high (H) infected trees are then separated byttheyht line of equatiog=0.
We thus have a perfect discrimination between tefitpalm-trees and healthy ones, and
between the different degrees of disease (in & ¢6ta classes). Now it has to be validated
with a larger data set, and to be tested at eath:szanopy, leaflet, and remote sensing.

[11.3 — Deepening of the study

The previous study underlined a possible way serdninate the palm-trees between
their ganoderma infection degrees, but only onrg seall sample, which is not statistically
correct. Therefore, it is now necessary to repbatdperation with more palm-trees for a
statistically strong model: the present study cgtssin acquiring a bigger database (at least
100 individuals; the more the better) and in ddimg same statistical processes. If it does not
work anymore, we will text other statistical metbaaf discrimination. We will first try with
four classes (the better), then three, or two (srakot) if it does not work with more.

If the model appears to be statistically strong,will validate it. Then we will analyze
if we can have the same results with remote sendexjphering which spectral bands are the
most useful to discriminate the infection becadmseWNISPEC spectrometer has 256 bands,
while airborne sensors might reach this capaksliae high costs but satellites sensors have
only very few bands (most have only 4).
With this tool, we will be able to follow the dewgiment of the ganoderma, act cleverly
understanding it, and maybe control it, or fincblugon...

IV - The different nutritive stresses and ganodermalisease:

V.1 — Stress, ganoderma and potential need drfalnalysis:

In field, many Palm-trees can suffer nutritive ss@s caused by a lack of nutrients
or/and trace elements: nitrogen (N), potassium (psphorus (P), magnesium (Mg) and
Iron (Fe). For a better action and for soils preaton, it is important to identify the missing
element for an effective fertilization. If refleckze spectrometry makes it possible for
Nitrogen and Phosphorus, it is not very accuratk ingannot detect stresses caused by the
missing of the other nutriments. So the better sty is a foliar diagnostic: the different
lacks cause particular effects on the leaves, aré analyzed and classified bgirhust and
Caliman, 2001.

As we saw earlier, the ganoderma blocks the vastisisues of the palm-tree and so
he cannot raise the sap, which brings water anahmenits. So the ganoderma causes different
stresses on the trees as water stress or nutristesds, and it is sometimes hard to
differentiate a sick palm-tree and an only stregs®oh-tree (not infected with ganoderma).

So we could need some analysis to differentiatsghoees, especially for the low infected
ones. Those analysis would be to see if there isetiym or not (if the palm is infected by
ganoderma or not).

We could also need foliar analysis to complete database of the previous study
about prediction of the nutriments’ concentratiarthe leaves by spectroscopy. For that we
will try to find 10 to 15 specific cases showingesjiic lack in one nutriment. With those
typical cases, we could improve our leaves’ corredion of nutriments’ prediction model

The foliar analysis is always done on leaflets empéd near the B point, which is the
point where the rachis’ section change and becaroelar, and it a reference point in palm-
trees studies.
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V.2 -

Nutritive stresses:

Analyze and classification yairhust and Calimarf the visible symptoms of

nutritive stresses is presented in the followingrdo

Missing element

Symptoms

Nitrogen (N)

The photosynthesis pigments are affec
the leaflets become pale green
progressively yellow with the stres
intensification.
The youngest leaves are the first affecte
The palm-tree and leaves grown slo
and production is affected.

Figure 22 to upper leaves of a palm-tree sufferin
a lack of Nitrogen

Phosphorus (P)

There isn’t a visible symptom on the leaves, batghlm-tree and his leaVv

grow slower.

es

Potassium (K)

Orange-spottingdiscoloration of the olde

leaflets in pale green spots, then yel
and orange with the accentuation of
lack.

This lack can be responsible of a 2
production loss.

Figure 23 Orange spotting on a palm-leaf

Magnesium
(Mg)

Discoloration of the older leaves in yellg
then orange, then red. When the |
increase, the discoloration rise to the to
the tree (to the younger leaves).

The most discolorated leaves are the n
exposed to the sunlight.

Figure 24: High Mg stress, the leaf is discoloure
in pale green, yellow and red.

Iron (Fe)

Discoloration of the 3 to 4 youngest lea
(on the top of the tree). They become f
green then yellowish green.

Figure 25: comparison between a normal palm
leaf (on the left) and a young palm-leaf suffering
Iron lack (on the right)
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Part C — In-field application

| — Acquisitions
.1 — A weather dependent acquisition campaign

An important point in this acquisition campaigrthe weather dependence of outside

radiometric acquisitions. Even if it is not the eawith spectrophotometry because the
reference incoming light and the object radiance acquired in the same time, the
spectroradiometry, where reference and object aitopns are done separately, need a very
stable weather. Actually, a brief period betweee tbference acquisition with the cosine
receptor and the canopy’s radiance acquisition sklst, due to the change of device
(removing the cosine receptor or changing the filgpéics) and the limited speed of the
Palmpilot. Therefore, if the incident light changhsing this period, the acquisition will be
false and unusable.
This acquisition campaign needs a sunny stablehsedbr good canopy acquisitions. The
clouds will interact in the measurements absorlinflear InfraRed with different degrees
depending on their thickness, in an unstable wag,vaill false the acquisitions. This is a big
constraints in tropical climate, where the measer@s) can mostly be done between two
clouds in brief stable sunlight conditions.

In the fields, to get enough and stable light ¢éoréliable, measurements were limited
to the timetable 8:30am and 4:00pm. Even if the gss@s at 6:00am and the sun lies at
6:00pm, we cannot do acquisitions while light isicgly changing (during sunrise and
sunset). As an example of the variations of thenmag light according to the daytime, we
can present a graph of acquisitions made in MolepeFrance, but which illustrates well
those variations (figure 26):
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Figure 26: Evolution of the diffuse incoming sunligt according to the moment of the day
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A particular attention is thus set on the weatlfat:is unstable, too cloudy or rainy,
the canopy acquisitions aren’t made, and we findething else to do (e.g. statistical data
analysis, or leaflet acquisitions on old palms #rattoo tall to be measured in the fields).

[.2 — Canopy acquisitions
The canopy acquisitions are made by placing thee fioptic responsible of the
measurement at least at 1 meter above the canophisScan be difficult for the older palm-
trees reaching 15 to 20 meters! For that, the adeqns are just made on young ones at 5to 7
meters height. We use scaffoldings to climb atdéweopy level. We fix the fibre optics on a
wooden stick to reach one more meter and a haff(gares 27 and 28).

\\/f - T 2 \ ‘g,-'-_'

Figure 27 (left): the
scaffolding used for
canopy acquisitions

Figure 28 (right): the stick g,
with a system attaching i

fibre optics above the
canopy

Six acquisitions are made for each palm-tree, lagipg the scaffolding on two
opposite sides of the tree and making three adoprisiper location, moving on the platform.
With those six acquisitions angles, we reduce thdations due to the position of the
measurement.

Scaffolding positions

== Acquisition directions

Figure 29: The different angles of the six acquigihs on the canopy

The palm-tree is given an identification numbernatordance with its position in the
palm grove. The ganoderma sickness degree is owdirand recorded, as well as a
diagnostic of possible nutriment deficiencies. ies of the whole tree (stem to canopy) are
also taken. Thanks to all these observations, leowiable to manage a whole database and
to understand possible discrimination errors inléher statistical processing.
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Then, when the measurement is complete, we cuedves number 9 and 5, on which
we select the leaflets described in the protocdirtng them home for indoor acquisitions at
the leaflet level.

[.3 — Quickbird acquisition
A Quickbird image of a large part of the palm grov&s acquired in June 2008f. Appendix
3 & 4). This image is useful for two reasons: firstsiai good way to follow our acquisitions
in the fields (with 7,250ha, it can be hard withautmap!), to control and choose the palm-
trees; and it will be useful to extend our datestmote sensing.

After each acquisition, each measured palm-treatime and its disease index are
picked in a vector layer on this image. Thus, wa sae the covered areas, and extract
radiometric data out of the image for each palm-tnowing their sickness degree, we will
be able to test if the same discrimination thanfigld canopy or leaflet data is still possible
with only four spectral bands.

An important point is that the image data are giaace. We will thus have to convert
these data into reflectance. For that purpose, e&sored the reflectance of several invariant
surfaces all around the area (roads, building® bail ...) that are easy to locate accurately in
the image. Then we search a linear regression betfeld-measured reflectance and image
radiance to extrapolate the reflectance calculaiahe whole image scale.

Even if the discrimination will probably not workitw only 4 spectral bands, it is an
important step of the study to prepare the futuresome years (in five to ten years, at most)
several hyperspectral satellite providing a hundrdaands will be available.

Il — In-situ adaptations

[I.1 — An ergonomic way to do canopy acquisitions

Doing stable acquisitions over the canopy of a tsedifficult: the measurements have
to be comparable for one tree to another, and avgbaffolding and a stick, we create a great
variability in the fibre optics position. To avottis problem, Dr. Camille Lelong created a
clever device to fix the fibre optics angle for leacquisition.

This invention does not have a patent yet, butautd... fixed at the top of the stick,
it maintain at the same time a vertical fibre aoptfor reference acquisition with a cosine
receptor, and a second fiber optics with an andle4@° for the canopy radiance
measurements. A patellar rolling system with wesgaliows the device axe to be always
vertical, whatever could be the stick angle! Whistsystem, we can easily acquire stable and
comparable data.

Fibre optics #2 with cosine receptor

Fiber optics #1 making a 40° angle with the priatigxe
Rocking system maintaining the principal axe vaitic

Principal ax

Weights

Figure 30: The genius 40-constant-acquisition-degranvention
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[I.2 — Managing two fibre optics

A problem with the UNISPEC-SC spectroradiometeiths presence of only one
acquisition channel. For that, the reference adipnsand the canopy acquisition have to be
done separately. While using a 1.80m stick abogectinopy, putting on and out the cosine
receptor at the end of a single fibre optics wascempatible with the absolute necessity to
make the two acquisitions in a very short time. §,iwe decided to use two fibre-optics: they
are both fixed at the stick, one with the cosireeptor for the reference, one in the direction
of the canopy. Therefore, we just have to change tihput fibre optic on the
spectroradiometer, which takes around 3 secondtead of taking back the stick, removing
the cosine receptor, etc...

1) Due to differences in fibre optic conceptiong(e.
Cosine receptor field of view, absorption ability...), two differeritbre optics
do not measure the same amount of radiance forsdnee
target in identical conditions.

2) Due to the scattering material that is somewskati-
transparent, the cosine receptor (CR) transmitshéo fibre
optic a smaller amount of radiation than it recsjveo the
measured intensity is decreased compared to atquisvith
the fibre optic alone.

For these two reasons, the device presented here,
composed of two different fibre optics and one esieceptor
has to be intercalibrated to allow the derivatioh the
reflectance.

Fiber optic
T,

i . - Actually, the reflectance of the target, B the ratio
Fiber optic of the target radiance measured by the FO-l,=by the
I radiance of the incident light measured by FO-hwitt cosine
receptor ={;.
- Practically, the incident light is measured wit®-H:
|02.

Ri =t/ loa = (It/ lo2) * (I o2/ lo1) = K2n * 1t/ log,
where K1 is the coefficient of calibration of FO-II+CR afD-I.

To deriveK 21, we acquired a set of measurements with the spmeter, on a white
target for instance. For each wavelength, we caleuhe ratio of the radiance measured with
FO-II and the cosine receptor on the radiance mmedswith FO-I on this same target. It is
better to do several calibration measurements sarerthe stability of this coefficient and get
a robust mean.

All our reflectance calculations from our canopyuasitions where multiplied by this
K21 coefficient to correct the data.
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[I.3 — The edification of IDL routines
In view of the numerous acquisition files creatgde measurements on canopy and
leaflets (6 canopy and 40*6=240 leaflet acquisgiéor each tree) a manual treatment of the
data seemed impossible. For that, | developed akdata processing programs under IDL,
adapted for the needs of the study. There are Kinels of programs:

- A program for the treatment of the canopy acquisgj recapping the wavelength,
the 6 acquisitions and their mean in a single téxtfor each tree, and a text file
recapping the palm-tree names, wavelength andaalbgy means in rows or in
columns, for the following statistical treatments

- A program for the treatment of the B leaflets, witle same properties as the
routine for the canopy

- A program for the treatment of all the other leflacquisitions, recapping for
each leaflet the wavelength, the 40 acquisitiorts their mean, and for each leaf
the wavelength, the different leaflet means andikans at leaf scale. In each tree
folder it creates a text file for each leaflet ack leaf, and a text file for the leaf
mean. It also recap all the both leaf means of &r@ehin a single text file, in rows
or columns, for later analyzes.

Those programs are available with two options: @ssing the data of a single tree,
creating a graph to check if there are problemwthéacquisitions, or processing the whole
palm-trees, without data check, to create the gltéd file. The first option is set first, just
after the acquisitions, and the good data aregarte used for the global text file.

The development of those programs involve the rsétgesf a strict sorting of the
acquired data in particular directory for all tress that the routines can easily find the
different data in a uniform arborescence.

lIl — First point after a week of acquisitions

[11.1 — Number of acquired data

It is important to underline the fact that thisekewas the first one of the acquisition
campaign, and so the methods had to be set fdir¢gh¢ime. For instance, we encountered a
few problems with the spectrometer itself. Therefdihe next acquisitions will be done a little
faster (the campaign is now launched!).

We made 7 days of real acquisitions and spent 8 uhayisiting the palm grove, going
in town to repair the spectrometer and making asgomns for the quickbird image
calibration. So, in 7 days, we acquired the canefigctance of 13 palm-trees and the leaflet-
scale reflectance of 20 palm-trees. This differeiscdue to bad weather conditions (cloudy
sky, even rain) during the week, which didn’t allas to do many canopy acquisitions.
During those cloudy days, we only cut two leavesldaflets reflectance acquisitions on old
palms, too high to be reached with scaffolding$aut danger.

In those 20 leaflet acquisitions, we have 5 headiiny 15 sick palms: 2 of low degree,
8 of medium degree, and 5 of high degree of inbectin the 13 canopy acquisitions, we have
4 healthy and 9 sick palms: 1 of low degree, 6 efllum degree, and 1 of high degree of
infection. Of course, we have to take care of oeasurements during the whole campaign to
have a balanced proportion of sickness degreeariti of the study.

[11.2 — Acquisition speed and predictions
With this week of work, and the improved organisatiof the campaign, we can
evaluate the time of the different acquisitions.
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In a sunny day, we can make canopy acquisitionthi@e palms during the morning,
and then make the leaflet acquisitions on the sHwee trees during the afternoon. In a
cloudy day, we can cut leaves on 4 to 5 palm-taeesmake the leaflet acquisitions at home.
Of course, this can be adapted compared with tharcence of cloudy days: if there are not
many sunny days, we will use them to do the mom®gg acquisitions than possible, and cut
the leaves on cloudy days. So we also can do Spgaacquisitions on sunny day, and also
one to two leaflet acquisitions after that (thetdeo trees will be processed on a rainy day).

Between 10 august (today) and the 22 October (fays dbefore leaving) there is 73
days. In those we can subtract 10 Sundays, magag8without work (due to problems or to
local holidays, like the 18th of August, or the asd 2° of October) and 3 days of in-field
observations to spot some new sick palm-trees dorote sensing processing (those trees
aren’t acquired). Therefore, we keep 62 days dfweak.

We can consider 3 kinds of weather conditions dyutiie campaign:
- Good conditions: 42 sunny days and 20 cloudy ones
- Medium conditions: 32 sunny days and 30 cloudy ones
- Bad conditions: 22 sunny days and 40 cloudy ones
On each of those conditions, we can both do nomaabpy acquisition (3/day) or intensive
(5/day). Those numbers are just indicative.
At the end of the campaign, we will then have:

- In Good conditions: between 42*3+13 = 137 and 423+ 223 canopy acquisitions,
and between 42*3+20*4+29 = 226 and 42+20*4+20 = ld&flet acquisitions,
according to the chosen intensity of canopy actiors during sunny days.

- In Medium conditions, between 32*3+13 = 109 and 3323 = 173 canopy
acquisitions, and between 32*3+30*4+20 = 236 and3B24+20 = 172 canopy
acquisitions.

- In Bad conditions, between 22*3+13 = 79 and 22*5+1323 canopy acquisitions,
and between 22*3+40*4+20 = 246 and 22+40*4+20 = @A py acquisitions.

It is normal that the number of leaflet and canapyuisitions is unbalanced: this is
due to the inaccessible character of the older s for the canopy acquisitions. We can
evaluate to around 35% the difference between thenibers.

We see that we can reach our goals of 100 acaumsitin terms in several cases,
adapting in accordance to the weather to have tineber of acquisitions we want on both
kind.
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Part D — statistical analysis

| — Acquired Data and Pre-treatment

[.1 — Total Acquired data
At the end of the acquisition study, we have 188opy acquisitions and 117 leaflet
ones. Those acquisitions are distributed as folgwi

Canopy Leaflet

40 32
21 33
37 33

4 19

TOTAL 102 117

We see that we reached our goal of 100 acquisitadrboth canopy and leaflets. We
also almost reached our predicted number, but wk thaface several problems of staff
availability some days, had an entire week of rain,..

An important point is the lack of Skor 3 in canagmquisitions. It is caused by the low
number of trees highly infected by ganoderma, andhk fact that they are almost dead at
skor 3, and were often fallen down when we cameldéamg the acquisitions.

[.2 — Sorting the data
1.2.1 The necessity of sorting the data:

In any acquisition campaign, there are bad adipns. There can be many reasons
that we don’t always know. For this campaign, it b& caused by early or late acquisitions
on canopy, when the sun is low and the light chagéast, it can also be caused by unstable
weather, or wet leaves, etc...

Therefore, we have in the data some very strangetrsp(eg. reflectance above 1 or negative)
that have to be deleted. This has to be done bé#ferstatistical analysis.

There are also wavelengths with a lot of backgdoomise and which are problematic
for the statistical analysis, especially in the ddmain and in the longer wavelengths in the
NIR. These wavelengths have to be discarded. Sost&eep the wavelengths between
450nm and 1100nm for the statistical process.

1.2.2 Creation of the database
After the deletion of the abnormal spectra inomnacquisitions, the final
database used in this study is composed as folgpwin

Skor 0 Skor 1 Skor 2 Skor 3 Total
Number 36 20 36 3 95
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The different statistical treatments will be madetiois final database for two kind of
discrimination: 2, and 4 degrees of sickness.

[.3 — Pre-treatment of the data for the PLS-DA &gailon
In addition to the necessity of sorting the datdelete the abnormal spectra, we will
do some pre-treatments to improve the statisticalyais. Those pre-treatments are:

» the use of the logarithms of spectra, becauseliBeadd PCA methods are
based on linear combination, and the logarithmbkawibid the bad translation
of multipliers

» a calculation of real PLS coefficients for eactsslavith an unmixing (in the
ENVI environment). The different classes are coogdumbers, from O to 1,
as if it was concentrations. SkorO are 0 and skoe3L. This method allowed,
by a linear combination, to solve the problem: §ko? x skor 3

» asmoothing and derivative treatment on the dathébavitsky and Golay
method (1964). This treatment allows calculatingvdgive spectra for several
derivative orders and using a polynomial convohufionction smoothing the
different spectra.

This Savitsky-Golay method in reflectance analgdiews eliminating background
signals. The calculation of derivative spectra oeduthe low frequency background noises
and the overlapping spectra (as soil effect fongda) Butler and Hopkins, 1930This
effect increases with the derivative order. ThéhHrgquency background noises are
increased with the derivative order, but the poigrad convolution allows avoiding this
effect.

The use of derivative spectra allows underlinmgartant part of the spectrum, as
red-edge for example, which is important for estingachlorosis. But as we saw the canopy
architecture effect is reduced with derivative oy@ad in our study, it has an importance: the
canopy structure is modified with ganoderma infattiSo we won’t use too high derivative
spectra: degree 0, 1 or 2 at maximum.
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Untreated Spectra
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Figure 31: Comparison of Untreated and First derivative specfor the same palm-trees; we can see that the
red-edge (700nm) is underlined, as the green pick.

For a complete and powerfull statistical analyais,will use a large panel of
combination of the different Savitsky-Golay paraenst
1. width of the smoothing window (5, 9, 11, 13, 17, 21, 41 and 51)
2. order of the modelising polynomial (2 or 3)
3. derivative order (0, 1 or 2)
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Il — Presentation of the PLS-DA method

[I.1 — The PLS theory®Tenenhaus, 1998)

The PLS (Partial Least Squares) can be used vilega is only one variable Y to
explain (PLS1) or several variables Y (PLS2). Heeawill only treat the PLS1, the PLS2
theory can easily be extended from the PLS1 one.

The PLS regression is perfectly adapted to our skttat can be applied in the case where
there is a lot more explicative variables X thase®ations. Moreover, those X variables can
be strongly correlated (this is the case with tlamynspectral bands).

We can summarise the PLS regression as a suacegsonple linear regressions: we
cov(x; ,Y)

/icov2 (%, Y)

Then we do a simple linear regressionyodn t, : y=ct +Yy,, wherec, is the regression
coefficient and y, the remainder vector. So we have a first regresssguation:
Yy=GW, X+t W, X+ Y

Then we can, if the explicative power of this eduratis insufficient, build a second
component,, linear combination of the remaindexg of the regressions of the variables

first build a componert=w,,x, +...+ w, X, wherew;; =

on the componemt We obtain t, by this formula: t, =w,x;,+...+ w, X, where
cov(x; . ;)

2j - D
\/ coV* (%, ;)
j=1

This iterative process can be followed using atstime way the remaindesg, x,,, ..., %,, of

. We do aregression gfont, ett,: y=ct+ct+y,.

the regressionsy, x,...,x, ont,t,. The numberN of componentst,,..t, to conserve is

generally set by the cross-validation. We thenutate two criteria for helping the decision:
theRSS (Residual Sum of Squares) and HRRESS (Prediction Error Sum of Squares) :

Rs§=Y( v )
PRES§:Z( v AQ{_D)Z

33



[I.2 — The DA (Discriminating Analysis) theory:
Be the data table X with n rows (individuals) gma@&olumns (variables) of general
termsy; . Then individuals are distributed ig classes, each clakscharacterising an under

q
cloudl, of n, individualsi, that’s to say:z n, =n.
k=1
Let's notea(i) the value, for the individual of a linear combinatiom of the p variables

p R
(previously centred) a(i) = Zaj (% — ). The variancevar(a) of the new centred variable

a(i) is : var@)== a, ( . Noting T=t.=cov(x,x.) we have:
nZ{Z % - %} i = covl

i=1| j=1

var@a)= ZZaa] t.=a'Ta

=1j=
The variance of a linear combinatianof the variables decompose itself in intern varean
(intra-classes variance) and intern variance (iokesses variance)

It =1i20ﬁj _)&T)()ﬁ : _{)

k=1i0l,

6 =Y 0D 1)

't..=i..+e.. noted on matrix fornT =1+ E, where:
n
That'sto saya'Ta= a lat a Ee (1).

Let's remind that, in all the linear combinatiorfglee variables, we search the ones who have
a minimal intra-classes variance and a maximat-cigsses variance. It's about searchang

such as?’ E%. |5 D€ maximal (o E%. o D€ minimal). So we search, according to the

relation(1), to maximisef(a) with : f(a) =2’ E%.Ta.

Maximisingf(a) is searching the maximum of the quadratic formeuride quadratic
constrainta'Ta= 1For solving that kind of problem, we search tbenpwhere the Lagrange
derivates are null.

=a'Ea—-A(a Ta-1) where/ is the Lagrange multiplicative
Remaining that: 9(2'Ed) =2Ea
oa
o(a'Ta) _ oTa
oa

So we solvé3£ =2Ea-21Ta= 0~ Ea=A T¢ which lead to the relation:
a

T'Ea=Ja andais a singular vector of ‘E relative to the highest singular vald€2).
The relation (2) implicates that tlkevariance matrix Tas to be invertible

The variables of our data set are collinear amghliii correlated. This particularity
prevents the inversion df and we can’t apply the DA on our raw data. So vileapply the
DA on thescoresof the PLS, that's to say on the coordinates @f itidividuals on the
principals components of the PLS.
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[I.3 — Principle, objectives and use of the PLS-DA
The PLS can be applied by two points of view:
1 - The first kind of application concerns the peidn of variables of “content” type. Using a
learning set, the PLS creates a model of relateiwéen X and Y. Then, we apply this model
which predicts the variable Y on a test set whiee¥ variable isn't specified.
2 - We also can use the PLS as a regression fonpoession” of the information, on a high
number of reasonable components for then applyidg an the obtainedcores

With the results of the unmixing method, we fouhdtt approximately,

Skorl = 0.6 * skor0O + 0.4 * skor3 + 0.005
Skor2 = 0.4 * skorO + 0.6 * skor3 + 0.007
So, with those results, the PLS coefficients gitethe explicative variable Y of each class
were:

» 0 for the healthy palm,

» 1 for high sickness degree,

» 0.4 for a low one,

» 0.6 for a medium one.

The use of those coefficients instead of discreesda different number for each class) was
made because the PLS method is used to calculat&wous variables and not discrete ones;
if we use for example 0, 1, 2, 3 for each class,RMSEP is high... Moreover, this is quite
coherent with a sickness degree which is a contisgplvenomenon, and not a discrete one.

This method will be applied on the pre-treated speaf the canopy and leaflet acquisitions
for the gain of quality and information on the preated data.

To use the PLS-DA method, we had the R program.
We use the PLS to compress the information from @s6ponents (256 bands) to less than
10 ones, and then we apply the Discriminant Analysi the loadings of the PLS (i.e. the
coordinates of each palm-trees in the new spadeedeby the new compressed variables).
The PLS is cross validated with a leave-one-outhodgtand it is the same for the DA. So we
use the full dataset to build and validate the rhode
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Il — PLS-DA Treatment
1.1 — PLS-DA on the spectra acquired on canopy

lll.1.a — First observations about the statistitedatments:
After the first tests of statistical analysis, went to few observations, leading to the
best results:
v The PLS-DA method is always better than the PCA-@# for that kind of
classification
v' The discrimination of sickness degree is bettehwhie logarithms of the spectra
(the PLS method is a linear combination of the edldht components of the
spectrum, and the logarithm form allows to “tramsfd the multiplication in
addition, and so to simplify the PLS)
v' The statistical treatment shows better resultsiwsdball width for the smoothing
window of the Savitzky-Golay method
The results are also better with derivative spgctegree 1 or 2)
The classification is often better with a modellbwith a polynomial of third
degree.

AN

Those results were obtained by many observatiodldferent tests for the sickness
degree discrimination. Those different tests weeelenon different databases, with different
SG combinations. All those tests are presentechimeX 5.

The following results just show the best resultsdach kind of discrimination.

[11.1.b — 4 classes discrimination
The best results are seen with the SG combinati®o3d2 and wllo3d1l (width -
polynomial order — derivative degree).

W903d2
We took 7 PLS components, resulting in a R?=0.72%61a RMSEP=0.1310.
Those results are pretty good; the R2 is high aedRMSEP is low enough for the different
classes to not cross themselves (Skor 0 = 0, Skdb.4, Skor 2 = 0.6, Skor 3 = 1)
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number of components number of components

Figure 32 Presentation of the graph of evolution of R2 almRMSEP according to the number of PLS
components
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So the model is well built, and the Discriminantafysis on the loadings of the PLS model
shows a good discrimination of the different classe

Skorl Skor2 Good
discrimination

94,44%

0

0 85,00%
0 94,44%
3 100,00%

Total good discrimination 92,63%

Individuals in the new AFD coordinate system - Canopy w903d2

=

LD2
0
N

-10 -5 0 5
LDA1

Figure 33: representation of the palm-trees in the new AFDotdinate system (built with the PLS scores) —
skor0 are in black, skorl in green, skor2 in yelland skor3 in red.

So we can see a good PLS model and a good disationnbetween the different
sickness degrees, even in the lowly infected patest (even if in early stages, the
discrimination is less powerful). Even in the gr&$hwe can see a good split of the different
sickness degrees.

An important point with this classification is thabne sick trees are considered as
healthy, and in the same way, there are very fdsefalarms (around 5%), so not many
healthy trees will be considered as sick.

We see that the discrimination between healthysacidtrees is quite powerful, but it

would be interesting to see if it is better when bugld the PLS model considering only 2
classes: healthy palm-trees (Skor 0) and sick (flesr 1, 2 and 3)
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lll.1.c — 2 classes discrimination
For that kind of discrimination, considering jugtaithy and sick palm-trees, we could

see the better results with the wllo2d1l SG combimat

The model is built with 10 PLS components, resglima R?=0.6758 and a RMSEP=0.2779.
We can see that the R2 is lower than previouslg,the RMSEP is higher, but it is because of
the high variability of spectra values in the sot&ss (it regroups skor 1, 2 and 3). The higher
RMSEP is also caused by a bigger value differeratevden the 2 classes which takes the
values O (for healthy) and 1 (for the sick ones).
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Figure 34: Presentation of the graph of evolution of R2 andiSEP according to the number of PLS
components

So we have a quite a model less strong than prslyioout still good enough for what
we want. The results of the discriminant analysiste PLS loadings are very good:

Healthy Sick Good
discrimination

Healthy 100,00%
Sick 100,00%

Total Good Discrimination 100,00%

So we can see a perfect discrimination of the 3sels: the model is strong, and
doesn’t make a classification mistake between artk healthy palm-trees. The only problem
is that we don’t have information about the siclnelegree (and so the emergency of
intervention) if the model is used later...



[11.2 — PLS-DA on the spectra acquired on leaflets

The PLS-DA on leaflet spectra doesn’t work, faaflet means as for B leaflets. The
statistical analysis can’t manage to build a PLRIehothe R2 is negative and the RMSEP is
highly superior to 1, which is impossible. So thatistical analysis can’t find links between
the disease infection degree and the spectra &dfiet scale.

A visualisation of those spectra underlines that that they are all very close, even
between different classes. There is not espeaalyglobal aspect for each class, and spectra
are very similar from one class to another. Soeiénss that the PLS isn’t able to find
relationship between skors and spectra due to fimifarities between classes. Calculating
the mean difference between the different clasgessee that it is 5 times littler with leaflet
spectra (0,0024) than with canopy spectra (0,0123).

Mean aspect of the canopy spectra
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=—Healthy = _ow infection Medium infection — ====High infection

Mean aspect of the leaflet spectra
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Figure 35: Comparison of the mean spectra of each class froamopy acquisitions and leaflet acquisitions
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Conclusion and perspectives

This study consists in the verification and vdiioia of a possible way to discriminate,
by remote-sensing, observed palm-trees betweengmuwderma infection degrees: no, low,
average and high infection (respectively score§,@ and 3). The proposed methodology
revealed relevant in previous studies, but onlyeté®n a small sample of nine palm-trees.
New field acquisitions were thus achieved duringe¢ghmonths (august-october 2008) to
improve the reliability of the model with a largeample of palm-trees (around 100) at both
the canopy and the leaflet scales. This documesit fresents the background of oil palm
diseases issues and theory of reflectance spesprpsin vegetation. Then it describes the
experimental protocols and the field campaign tquae the data. Then it focuses on the
statistical analysis achieved in the aim of disanating tree sanitary status. Only the canopy
acquisitions were processed, due to first obsematof “sunk” information in the leaflet-
scale measurements.

Data were then analysed through statistical restitombining Partial Least-Square
Regressions and Factorial Discriminant Analysesooe hand (PLS-DA), and Principal
Component Analyses and Factorial Discriminant Ase$yon the other hand (PCA-DA).
Analyses were achieved on a large panel of databdeeved from the canopy reflectance
spectra, resulting from Savitsky-Golay filtering thvivarying parameters of smoothing-
window width, polynomial degree, and derivation &g applied on both original and
logarithm spectra. Among the huge number of tegtsonly retained the most relevant to be
presented here.

The results show a good discrimination of the pabke sickness degree, which is
even perfect when considering only two classek (& healthy trees). When considering
four classes, which is even more relevant in tlaakion management, global precision of
the classification reaches 93%, still a very goodre. Indeed, we point out the absence of
misclassification of sick trees in healthy onesjolvhmeans that as long as a palm-tree is
affected by ganoderma, it will be detected: thigjuste important. On the other hand, the
analysis leads to a low number of false alarmsuf@lo5%): very few healthy palm-trees
would be classed as sick

We also show that is it very difficult to discrinate the low ganoderma infection on
palm-trees (skorl). It may be caused by the wayrfeetion degree is diagnosed in the field,
which has very subjective and hazy limits, and @®rs both stem and canopy conditions. As
an example, a palm-tree can be considered havisgare 1” if it has a perfect canopy but
fruiting bodies at the bottom of the stem, or with fruiting bodies and a very affected
canopy... while we only have information on the gan@nd not on the stem by remote
sensing. Misclassifications can thus be explaingthis technical limit in one part and field
diagnostic fuzziness in the other part.

Although, this methodology seems inappropriate tmcess leaflet spectral
acquisitions. This can be explained if the leaf position and structure are just slightly
modified by ganoderma before high infection, andsiare by the localized character of these
alterations. Leaflet reflectance acquisitions aradenon a tiny spot that might miss any
specific leaf alteration area, even with a good @amg protocol. On the other side, leaf
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thinning, yellowing or necrosis appear only randpramong the total amount of leaves.
Therefore, the leaf sampling, even if selectinghigory characteristic ones, leads of course to
the possibility of missing the symptoms. On the tcamy, canopy reflectance reveals
modifications in the tree structure, density (LANd architecture, as long as an integration of
all the local perturbations in the leaves. It isuighmore powerful to detect a global
modification due to the disease.

Finally, we can say we have a strong model anliel results for the effective
estimation of ganoderma infection of oil-palm trdesed on canopy reflectance spectrum
acquisitions. Those results might be applied tells# remote sensing images, to cover a
whole palm grove quicker and more easily. In thetiiig should work, as the measurement is
quite comparable and gives the same surface pagantiee canopy reflectance. But a first
limit is that automatic extraction of the palm-tneeliometry is not yet reliable: it still has to
be extracted “by hand”, leading to a very long pssc But, more critical, only a poor spectral
signature, featuring only four large bands (bluegeg, red and near-infrared), is available at
the moment from satellite multispectral imagery. #is spectral richness level, the
discrimination is not effective at all. So this r@@-sensing method could only work with
airborne hyperspectral devices (such as CASI or APMor instance) or maybe with future
satellite projects that should be launched aftet02(eg. EnMap- GFZ Potsdarklypseo
ASI), but this still have to be validated with actuatal
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........................................................................................ Erreur ! Signet non défini.

Photo 27 (left): the scaffholder used for canopyugsitions........ Erreur ! Signet non défini.

Photo 28 (right): the stick with a system attacHibge optics above the canopy ...Erreur !
Signet non défini.

Figure 29: The different angles of the 6 acquisgion the canopy ...... Erreur ! Signet non
défini.

Photo 30: The great 40-constant-acquisition-degmesntion......Erreur ! Signet non défini.

46



Figure 31: Comparison of Untreated and First déreaspectra for the same palm-trees; we

can see that the red-edge (700nm) is underlinettheagreen pick. ..........ccccevvvvvvnnnnene. 2.3
Figure 32: Comparison of the mean spectra of elds rom canopy acquisitions and leaflet
= oo [ 1710 1 USRS 40
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ANNEXE 1: Distribution of the oil palm around the wrld

Aire de culture

Palmeraie spontanées 2 :
i 1820 recente (1960
ou sub-spontanees - anelens | ) ( )
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ANNEXE 2: Data on the Asian oil palm cultivation

Palm 0Oil: World Supply and Distribution
Top Countries: Current Marketing Year

Date Created: 7/13/2006

zuuuzuuz 20022003 | 2003/2004 | 200472005 | 200572006 | 200672007
(p) {f)

Production
Indonesia 9,200 10,300 11,500 14,000
Malaysia 11,656 13,150 13,420 15,194
Thailand 7a0 640 540 700
Migeria 7e0 770 780 790
Calarmhbia 518 540 614 647
Papua New Guinea 370 3&0 380 380
Cote d'Ivoire 260 234 308 340
Ecuadar 228 z41 244 295
Costa Rica 150 156 180 240
Zongo, Dermocratic Rep of the 167 170 175 175
Others 1,072 1,094 1,135 1,114
Tatal Foreign 25,363 27,705 29,586 33,875
Warld Total 25,363 27,705 29,586 33,875
Exports
Malaysia 10,500 11,650 11,602 12,634
Indonesia 5,079 £,422 7,856 9,621
Papua New GUinga 328 326 347 362
Colombia a1 112 158 222
Sri Lanka 0 3 5 177
Singapore 177 212 208 210
Jordan 41 74 370 340
Thailand 100 162 166 116
ELI-25 59 {15] fata] 127
United Arab Emirates 115 194 130 120
Cthers 420 535 650 625
Tatal Farsign 17,813 19,758 21,610 24,554
waorld Tatal 17,813 19,758 21,610 24,554
Imports
Chirna, Peoples Republic of 2,475 3,531 3,710 4,363
ELl-Z5 2,978 3,008 3,371 4,018
India 5,400 3,954 5,486 3,729
Pakistan 1,252 1,370 1,297 1,550
Bangladesh 399 398 528 757
Egypt 415 839 459 620
Cther 550 450 7az 1,000
Malaysia 326 341 779 338
Russian Federation 332 347 400 560
Cthers 4,770 5,313 6,630 7,051
Total Foreign 16,897 19,549 21,452 23,986
United States 215 174 281 345
waorld Tatal 17,112 19,723 21,733 24,331

15,000
15,300
900

12,900
10,700

240

16,400
15,700
1,000
g10
750
380
360
340
285
175
1,172
37,372
37,372

13,200
11,500
380
260
250
250
190
170
165
160
B3Z
27,437
27,437

5,400
4,900
3,750
1,750

850
&80
A50
650
625
7,480
26,735
600
27,335
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Consumption
China, Peoples Republic of
EU-25
Indonesia
India

Malaysia
Pakistan
Migeria
Bangladesh
Thailand
Egypt

Others

Taotal Fareign
World Total

Ending Stocks
Malaysia
Indonesia
EL-25

Thailand
Palkistan
Russian Federation
Bangladesh
India

Ecuador

Others

Tatal Foreign
United States
Waorld Total

415
7,235

24,923
24,923

2,569

24

2,593

3,525
2,905
3,703
4,215
2,074
1,326

941

540
650
7,446
27,741
27,741

2,500
22
2,522

3,710
3,306
3,828
3,598
2.234
1,245

540
727
639
8,933
29,721
29,721

2,446
64
2,510

4,363
3,889
4,142
3,610
2,689
1,490

747
721
620
9,801
33,057
33,057

4,750
4,350
4,355
3,466
3,090
1,645
1,005

814
770
650
10,346
35,241
35,241

2,963
70
3,033

5,400
4,735
4,580
3,828
3,410
1,702
1,010

G55
&0s
680
10,524
37,529
37,529

1,277
720
200
125

70

55

40

40

25
145
2,697
77
2,774

Source: Foreign Agricultural Service, Official USDA Estirmates for July 2006

{p) preliminary; {F) forecast

Numbers in million tons
Source: USDA Foreign Agricultural Service, ProdantiSupply and distribution

United States Department of Agriculture.

www.fas.usda.gov
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ANNEXE 3: Industrial Palm grove in multispectral mae (colour InfraRed)
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0°46'48"N
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ANNEXE 4 : Industrial palm oil in panchromatic mode
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ANNEXE 5: List of all the tests achieved (SG combinatialagabases...)

The different databases are:
Database

Palm-trees

Description

N°1
N°2
N°3

95
80
80

Soft deletion of abnormal spectra
Deletion of any strange spectra
Same than n°1 but without young palm-trees

Final

95

Same than n°1 but justified skor corrections

Left: Four-class discrimination:

Comparison between the use of original
spectra and their logarithm

polynomial

database ACP/PLS log/brut  including Skor1?  width order derivative
11 3 2
21 3 2
PLS brut yes 2 1
31 1
3
2
11 3 2
21 3 2
- PLS brut no 2 1
“: 31 5 1
a 2
@
=1 11 3 2
£
5 21 3 2
= pLS log yes 2 1
31 1
3
2
11 3 2
21 3 2
PLS log no 2 1
31 1
3 —
2
11 3 2
21 3 2
PLS brut yes 2 1
31 1
3
2
11 3 2
21 3 2
o~ PLS brut no 2 1
[ 31 3 1
a 2
@
=1 11 3 2
£
-1 21 3 2
a PLS log yes 2 1
31 1
3
2
11 3 2
21 3 2
PLS log no 2 1
31 1
3
2
11 3 2
21 3 2
PLS brut yes 2 1
31 1
3 —
2
11 3 2
21 3 2
m PLS brut no 2 1
= 31 3 1
3 2
@
-1 11 3 2
[x]
" 21 3 2
Q PLS log yes 2 1
31 1
3
2
11 3 2
21 3 2
PLS log no 2 1
31 1
3

~

Right: Four-class discrimination:
Comparison of two kinds of PLS
coefficients for the PLS model:skor1=0.29
— skor2=0.6, and skor1=0.4 - skor2=0.6

polynomial

database ACP/PLS log/brut width derivative
order
11 3 2
21 3 2
PLS-0,29 et 0,6 log 2 1
31 1
3 ——
2
= 11 3 2
=
g 21 3 2
2 PLS - 0,4 et 0,6 log 2 1
£ 31 1
o 3 —
(=] 2
11 3 2
21 3 2
PLS-0,4€t0,5 log 2 1
31 1
3 —
2
11 3 2
21 3 2
PLS-0,29 €t 0,6 log 2 1
31 1
3 —
2
9‘ 11 3 2
=
o 21 3 2
& PIS-0,4et06  log 2 1
=
] 31 1
= 33—
- 2
11 3 2
21 3 2
PLS-0,4et0,5 log 2 1
31 1
3 —
2
11 3 2
21 3 2
PLS-0,29 et 0,6 log 2 1
31 1
3 —
2
o
e 11 3 2
=
M 21 3 2
]
1] PLS-0,4et0,6 log 2 1
=
S 31 3 1
®
a 2
11 3 2
21 3 2
PLS - 0,4et0,5 log 2 1
31 1
3 —
2
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Left: Four-class discrimination with PLS Right: Three-class discrimination (without
components 0.4 - 0.6 (also tested with 0.3 - skorl) with PLS components 0.4 - 0.6 (also
0.7) tested with 0.3 - 0.7)

polynomial

database ACPfPLS log/brut width order derivative
olynomial
11 3 2 database =~ ACP/PLS log/brut width P :rder derivative
21 3 2
11 3 2
ACP log 2 1
21 3 2
31 1
3 > ACP log 2 1
31 1
5 3 1 3 >
2 nH
1 c 5 3 2
9 3 g 9 3 2
2 m
£ 11 3 2
1 ©
o 2 n < 13 3 2
= 1 - =] PLS log 17 3 2
2 3 21 3 2
m 2
-] 2 1
1] 1
“t"' 13 3 31 1
- 2 3
PLS log 2
1
17 3 > 11 3 2
1 21 3 2
2 acp log 2 1
2
21 31 1
1 3
3 o 2
2 o
n = 5 3 2
2 3 9 3 2
2 1]
31 -] 11 3 2
1 m
3 = 13 3 2
2 (=}
PLS log 17 3 2
11 3 2
21 3 2
21 3 2
ACP lo 2 1 2 1
e 31 1
31 1 3
3 2
2
11 3 2
1
5 3 > 21 3 2
o ACP log 2 1
1 H
9 3 s 31 3 1
2
a 2
1 m
~ 2 2 11 3 2
H 2 <]
[ 11 n = 21 3 2
2 3 a PLS log 2 1
m 2
-1 31 1
[} 1 3
“t"' 13 3 2
2
- PLS log
1
17 3
2
1
2
2
21
1
3
2
1
2
2
31
1
3
2
11 3 2
21 3 2
o ACP log 2 1
c 31 3 1
a 2
©
-] 11 3 2
B
= 21 3 2
= PLS log 2 1
31 1
3
2
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Left: Two-classes discrimination with PLS
components 0.4 - 0.6 (also tested with 0.3 -

0.7)

database

ACP/PLS

log/brut

including skor1?

width

polynomial
order

derivative

database n°1

ACP

log

11

13

21

17

31

ACP

log

no

11

21

31

PLS

log

11

no

11

database n°2

ACP

log

yes

11

13

21

17

31

ACP

log

no

11

21

31

PLS

log

11

no

11

database n°3

ACP

log

11

13

21

17

31

ACP

log

no

11

21

31

PLS

log

11

no

11

(SN LN D0 N IS0 G 0 IS0 S0 8 0 I S0 G S 50 G S S0 6 0 5 60 G 60 G 0 50 5 G0 SN G S 8 5 S G 0 6 0 0 S 0 G 5 G 1 13 52 O 0 60 G 6 50 G 6 S

Right: Final tests on the final database

polynomial

discriminatio  ACP/PLS  log/brut width derivative
order
1
2
2
9
1
3
2
1
2
PLS log 11 2
1
" 3 —
g 2
7] 1
= 2 n
(=]
13 —————————————————————
= 1
3 ——
2
1
9 3
2
1
ACP log 11 3
2
1
2
1
2
2
9
1
3 ——
2
1
2
PLS log 11 2
1
3 ——
2
]
a 2 1
a 2
o 1
< 3
0 2
1
2 ——
2
9
1
3
ACP | 2
og
1
11 3
2
1
2
1
2 ——
2
9
1
3
2
1
2
PLS log 11 2
1
" 3
3 2
7] 1
5 2 >
]
13 —————————————————————
~ 1
3
2
1
9 3 ——
2
1
ACP log 11 3
2
1
13 3
2
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