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Executive Summary

This research team examined the spectispparse of individual leaves of three common
Canadian plant species (popldPopulus deltoides, Populus trichocajpavheat Triticum
aestivum) canola Brassica napug, which were subjected ttumigation with gaseous phase
toxic industrial chemicals and chemicals precursor to chemical warfare agents (e.g. ammonia and
sulphur dioxide)(TICs). The larger goal was develop a remote detection and monitoring
capability for hazardous events such as a toxic gas leak. An ideal scenario would involve the
release of the toxic chemicals investigated Heeked in the landscape. These agents cause
stress and damage to surrounding vegetatiorextent of which is dependent on dosage and
time of exposure. Our findings at the leaf lesabgest that damage can be detectable within
48hrs and should last for an extended perm@pably up to a week and thus be possibly
detectable from space depending on the repeappassl of satellites (tyipally < 2 weeks). The
detection tool developeaihd described in this study relies thie fact that damage is highly non
uniform from leaf to leaf and plant to plant@se would expect in a fidlrelease thus successful
detection in the naturdandscape simply requires enoudifeeted area (e.g. image pixels) to
capture characteristic data trends for each wiich should be feasible with <50 pixels (e.g.
about 200mx200m for 30m pixels pfanned HERO satellite). Such an area would encompass a
wide spectrum of stress response from plant§l@ exposure and thusnable their detection.
Because we developed a detection methodology teah observations there is an important
knowledge gap that needs to be addressed usingrfedklto test if the findings of this study can
extend to the detection of leaksthe natural environment. €hprincipal unknown is the effect
of varying vegetation canopy structural paramse{e.g. canopy gaps, leaf area) and background
properties (litter and sorkeflectance) on the specific TIC ddtands that were identified. Thus,
field trials should first be inited with simulated TIC releaseser closed and mature canopies
(e.g. mature crops and conifer or broad leafdtmesince these conditions represent a natural
extension of this leadtudy. These trials cadilthen be followed by leases over canopies over
varied structural properties test the robustness of the method.

The two objectives of this study were to detierenif: 1) vegetation subjected to TICs could
be distinguished from backgroundgetation during varying grdtv stages (new growth to
senescence) and environmental stresses; andif@edt TICs could be distinguished based on
the vegetation spectral responsd.rreatments were designéd allow quantification of the
variation in spectra that might lexpected due to environmentdevelopmentaland stochastic
effects on the physiological state of individual plants witach species. All plants were grown
in controlled environment chambers at the Ursitgrof Alberta, using standardized conditions.

The study was broken into two phases: 1) towapthe spectral varidity of the various
leaf growth stages (news leafs to senescinge®awbserved in each of the three plant types; and
2) subjecting the plants to toxic industrial chemical (TIC) and environmental stresses (e.g.
drought). In Phase 1 we determined which tgafvth stage of each spes would be subjected
to Phase 2 treatments based on spectral variabiliiyele@ growth stages and spectral similarity.

In Phase 2, plant species werpased to the following five indtrgally relevant gaseous phase
TICs: ammonia (Nk), sulphur dioxide (S¢), hydrogen sulphide (#$), chlorine (GJ), and
hydrogen cyanide (HCN). The experimental data were analyzed to determine if the various
treatments result in specific leaf spectral fesdurelated to TICs. The results showed that both



environmental stress and TIC treatments inducéairspectral features inherent to plants that

can be related primarily to chlorophyll and watesslo These include pigments in the visible and
cellulose, lignin, lipid, starches, and sugars in the short wave infrared. Although no specific
spectral features could be tied to individual TICs an analysis of the data using vegetation indices,
which focus on key spectral bands associatétd whlorophyll, pigments and water content,
showed that the TICs and enviroantal stresses result in diagnosight reflectance data trends

from healthy mature to highly stressed leavek addition, further analysis showed that
combinations of specific reflectance inds could be used to distinguish NG, Cl, (from
everything else) from each other cistantly across all three species.

Marked differences in physiological and espral responses were detected for some
combinations of species and TIC®&ifferent responses might betrdiuted in partto inherent
differences in the structure and function of egplcies (e.g. stomatal density, cuticle thickness,
leaf architecture, cell wall composition, grow#md respiration rate), or the existence and
efficiency of specific metabolic pathways fdetoxifying TICs. Whadver their source, the
existence of species-specific responses of vegetéo TICs presents both a challenge and an
opportunity for regional remote sensing. In thisdst we were able to discern different spectral
trends for NH, SQ, Cl, and thus to distinguish these TIO$e trends result from the variable
leaf response within plants, beden plants and between specied d is expected much of the
variability observed within species would be presdror even enhanced mature. As such it is
encouraging for the possible detection dl1C effects on natural vegetation using
airborne/spaceborne imagery. However the vartghihtroduced from species to species that
also enhances the TIC spectral trends wouldaanction of the largtape investigated and
encompassed by a given data set (or geograph&a) analyzed. The next step should involve a
field trial.
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Chemical Effects on VegetatiorDetectable in Optical Band 350-2500nm
Client Ref. No. W7702-05R073/A

1. PROJECT RESEARCH OBJECTIVE

In the context of evaluating ¢hability of reflective hypergztral imaging (350-2500nm) to
identify vegetation that has been exposed to specific toxic industrial chemicals (TICs), this
research team examined the spectral respongesifidividual leaves of three Canadian plant
species subjected to fumigation with gaseoussphlICs. In addition we examined background
spectral responses that includgakctral variation related to wvildopmental and environmental
effects.

Two questions were assessed usirggaccumulated experimental data:

1)  Can vegetation subjected to TICsdstinguished from background vegetation
during varying growth stages (new gribmio senescence) and environmental
stresses?

2) Can different TICs be distinguishedseal on the vegetation spectral response?

The selection of toxic industrial chemicals whs subject of a previous report by Derek Peddle
entitled “DND requirement for Hero: nuclear, biological and chemical detection capabilities
(W7702-05R073/A)". The report indicates that & ¢it10 chemical agents incorporating the
ones of this study was originally defined bthem a recommendation by Jean Marc Theriault
(DRDC Val-Cartier) to focus on toxic industriglhemicals and chemicals precursors of chemical
agents (e.g. ammonia and sulphur dioxide). Sthdy also recommended an investigation of the
effects of the chemicals agents\@yetation rather then attemptitmydirectly detect the agents

on vegetation given the perceived shosidence time of the agents on vegetation.

2. TARGET SPECIES

We required the subject species of thiglgtto conform to the following criteria.

a) Leaves must be flat and have atiguous surface area of at least 1.4 ¢mfacilitate
high quality spectral measurement at the leakl (must fill field of view of contact
sensor).

b) Subjects should represent range of prominent plangroups from the Canadian
landscape.

c) Subjects should represendiaersity of potential stresgsponse mechanisms.

d) Subjects should be well-suitdd laboratory experiment®.g. they should be readily
available, fast-growing, but small enoughitoafithin growth and fumigation chambers.

e) Some background information about the stresponses of the subject species should be
already known.

Based on these criteriae selected poplaPppulus deltoideg Populus trichocarpp wheat
(Triticum aestivum) and canola Brassica napus as target species. Poplar is distributed
throughout both the boreal forest and in the paddathat comprise much of the landscape in
Canada. Wheat and canola are the most wideltyvated plants in Canada, and both species
have many closely-related wildlagives (i.e. grasses and cruc#fethat grow widely throughout
Canada and the rest of the world.



3. PLANT TREATMENT PROCEDURES

Treatments are designed to allow quantification of the variation in spectra that might be
expected due to environmental, developmeatad, stochastic effects1 the physiological state
of individual plants within each species.

3.1 Plant growth

All plants were grown in comlled environment chambers #te University of Alberta,
using standard conditions. Specifically, plangse grown in Metromix 360 soil mixture (Scotts,
Marysville, OH) in controlled environment chaers at 24°C with 50% humidity, and at a light
intensity of 200 pE (microEimsin) supplied by high outputubrescent bulbs (colour rendering
index of 85, colour tempernate of 3,500 K) on a 16 h ligldt h dark cycle. Canold( napusvar.
Westar) and wheatT( aestivumvar. HR 5600) were graw from seed, and poplaPP(
trichocarpax P. deltoidesclone H11-11) was grown from ttings. Wheat and canola plants
were 3-4 weeks post-germination at the timeéreitment, and poplar saplings were generally 8
weeks post-cutting. The number of spectra meaqueeteaf and the number of leaves measured
per plant is addressed below in section 4.

3.2 Definition of treatments: Phase 1 & 2

Two phases comprised the design of experiments for spectral analysis. Phase 1 was initiated
to capture the spectral nability of the various growth stages (e.g. new leaves to mature leaves
to senescence) observed in each of the thre¢ fyla@s. Phase 2 involved subjecting the plants
to toxic industrial chemical (TIC) and environmental stresses. Table 1 lists the Phase 1 growth
stages investigated and Table 2 lists the Phasp&iments. Appendix A includes a table of the
complete details of each experiment. The description of envirdamstresses and TIC
exposure is provided below in section 3.3 and 3.4.

3.3 Environmental stresses

Each species was subjected to treatmengsesenting environmental factors that could
influence spectral responses in the field, andciwimay influence the dection of TICs by
reflectance spectroscopy. NacCl treatment wasl s a model envirorental stress, since it
induces ionic stress, as well as osmotic stresponses that are common to drought, freezing,
and salinization. We applied acute NaCl stregsdrenching roots with a volume of NaCl
solution (150 to 400 mM, Table 2) equivalentableast three times the volume of the pot in
which the plant was contained. Each treatmentaeaspared to a mock-treated parallel control.
We also imposed drought stress, by with-holdifigegular watering from treated plants, while
control plants grown in paltal received the nanal amount of water. Drought-treated
(dehydration experiments listed ag®) plants were analyzed spectrally when the soil had fully
dried and plants began to show lileisigns of stress (e.g. wilting).



Table 1: Phase 1 experiment: growth stagéd

Poplar

Wheat

Canola

G1 Mature: middle to lower

1/3rd

G1 Early growth

G1 New first generation

G2 New growth (top 3 leaves)

G2 Mid growth with stems, no flower

G2 Mature lower stem

G3 Secondary branch leaves

G3 Mid growth with stems, with flower

G3 Mature upper stem

G4 Senescence

G4 New growth

G6 Senescence

(1) G5 label was used for errors in spectral measuremegisesy spectra, white reference). This is the same for

all three plants species.

Table 2: Phase 2 experimentsnvironmental stresses and TICS”
Species NaCl H,0 @ NH3 Cl, SO, H,S HCN
Poplar | 500mM 24 X | 24/48 150-200ppm
24
150mM 24 30-40ppm
24/48 24
150mM 24 variable
24/48
150 mM
24/48
Wheat | 200mM 48/72/96/ 150ppm <5ppm 100ppm >>50ppm
24/48 120 24/48 24/48 24/48 24/48
400mM 50ppm 15ppm 0-30 ppm
24/28 24/48 24/48 24/48
200ppm 2-3ppm 15-20ppm,
24/48 24/48 24/48
140-200ppm| 15-20ppm 75ppm
24 X 24/48 X 24/48 X
15-25ppm 60-120ppm
24/48 24/48
Canola | 150mM 24/48 150ppm 3ppm 24/48 | 50ppm 150ppm | >>50ppm
24/48 24/48 24/48 24/48 24/48
150mM 24 X | 48/72/96/ 50ppm 15-20ppm 100ppm 300ppm
120 24/48 24/48 24/48 24/48
400mM 150-200ppm| <5ppm <20ppm
24/28 24/48 24/48 24/48
150ppm 15ppm 40-100ppm
24/168 X 24/48 24
50ppm24/48| 2-3ppm 30ppm 24 X
24/48
15-20ppm 15-20ppm
24/48 X 24/48
15-25ppm 75ppm
24/48 24/48 X
60-120ppm
24/48

(1) Listed as: dosage, measurement time in hours (approximate).

(2) Dehydration experiments listed agH




3.4 Application of bxic industrial chemicals (TICs)

We exposed plant species to the following five TICs: ammoniag)(Nsdilphur dioxide
(SO,), hydrogen sulphide (#$), chlorine (CJ), and hydrogen cyanide (HCN), at atmospheric
concentrations ranging between 0.5 to > 200pp@bl@ 2). However, owing to practical
limitations, not all species were exposed tbTdCs. For exposure we used gaseous phase
exposure (i.e. fumigation) of whole plants as &xclusive method of application of TICs, since
this is directly relevant to #éhfield situation. Altenative methods of exposure (e.g. painting or
spraying) are difficult to replicatand quantify, requirsolubilization of theTIC in a liquid, and
are likely to produce artifacts.

The duration and concentration @tposures were major considéons in the experimental
design. We determined to use short-term expodiuges<30 min), because this seemed to best
reflect the field conditions thaive were trying to mimic, and short-term exposures also
minimized confounding experimental effects thagjimibe induced by growing plants for a long
period within a plexiglass box. The range of esyre concentrations was determined by several
practical and theoretical considerations. For pratteasons, the condeations needed to be
within the range that could be detected by itidustrial hygiene monitors described below (0.5-
200ppm, depending on the TIC senscofFhe concentrations alse®ded to be higher than might
be encountered incidentally under ambient @t (<5ppm, Table 3), but lower that what
might cause an acute safety risk to laboratpeysonnel. For theoresit reasons, we also
considered what concentrations might be entered within the larstape, in case of TIC
release in the field, based on limited reports mogdeaccidental gas releases such as methyl
isocyanate in the Bhopal disest(Figure 1). Finally, we also adjusted the target treatment
concentrations based on thesukts of the ongoing spectral ana$yso obtain a representative
range of responses indudeyl the treatment concentrations listed in Table 1.

Table 3. Perspectives on incidentand toxic concentrations of TICs.

Gas Incidentallevels(ppm) | REL 15min (ppm) LC50 15min (ppm)
NH3 5 (breath) 35 5000
HoS 5(flatulence) 10 >500
SO, 1 (air) 5 3000
HCN 0.2(air) 5 100

Cl, 5 (eye irritation) 0.5 200

REL= recommended exposure limit. 4G lethal concentration for 50% of a laboratory animal population. Data

from WHMIS and related sources.




41 t gas released in 90 min

Zone 1 =50ppm —

Zone II =15ppm

Zone III =1.5ppm

Zone IV <1ppm ———¢

Sarhan & Gopalanknishnan (71997} Environmental Modelling & Software, 12:135-141

Figure 1. Accidental methyl isocyanate gas release from the Bhopal disaster.

Plants were exposed individually to eallC within a custom built 36cm x 36cm x 75cm
plexiglass box, which, durg exposures, was covered looselyhwa plexiglass lid (Figure 2).
Poplar plants were exposed individually, whilp to eight wheat and canola plants could be
treated simultaneously. Two 11lct?V computer fans were uséd circulate the atmosphere
within the box. TICs (except for HCN, assdeibed below) were introduced into the box
through a %" (internal diameter) tube, which uaestream of house-compressed air as a carrier.
During mock treatments, only the carrier gaswapplied to the chambéwithout any TICs).

NH3, SO, H,S, and Gl were supplied from compressed ggbnders (lecture bottles), through a
stainless steel regulator (Sigma AldrichNPZ148594). Because a commercial mass flow
controller that was suitable for corrosive gases ultimately could not be found, the outlet pressure
on the regulator was adjusted manually throughout the course toédients to try to maintain

the concentration of TIC withithe treatment box within arget range. We monitored the
concentration of TIC withinach chamber throughout the duration of the exposures by using a
Drager Paclll personal safety monitor that had been fitted with the appropriate sensor for each
TIC. In some cases, the concentration of the TIC briefly exceeded the saturation limit of the
detector. Although the regulatevas thoroughly purged with dry air after each treatment, the
regulator needed to be rapkd every few months, duedorrosion from the TICs.

Because we were unable to purchase a convenient volume of HCN in a compressed cylinder,
we exposed plants to gaseous HCN vapors asisll Potassium cyanide crystals (KCN) (7.5g
for 50ppm) were placed in a 200ml glass beakitth a magnetic stir bar, and the beaker was
placed on top of a solid-statmagnetic stirrer within the @atment chamber, which also
contained the plants for treatment. The lid wiased on the container, while 50% glacial acetic
acid (v/v in water) waslripped, with stirring, ito the beaker from outside the chamber, through
a polypropylene tube, until the target concendrain the chamber atmosphere was obtained.



Figure 2. Plants exposed in cust@hexiglass box, which, durinexposures, was covered loosely
with a plexiglass lid.

4. SPECTRAL DATA AND ANCILLARY DATA

4.1 Data collection

4.1.1 Spectral measurements A@pectrometers

The majority of spectral measurements werguaed using an Analytical Spectral Devices
(ASD®) Fieldspec FR spectrometeThis instrument operates from 350 to 2500 nm, where full
width half maximum is 3 nm at 700 nm andrifd at 1400 and 2100 nm. The sampling interval
is 1.4 nm between 350 nm and 1050 nm and 2 nm between 1000 nm and 2500 nm.

Owing to unscheduled maintenance of B spectrometer, experiments on March 27-
29, 2007, were acquired using the ASBieldspec Hand Held spectrometer. This instrument
operates from 350 to 1075 nm, where full width half maximum is 3.5 nm at 700 nm and the
sampling interval is 1.6 nm. Data collected from each spectrometer was analyzed, however
owing to inconsistencies in wavelength calitvatbetween the two instments the data cannot
be compared directly.

Wavelength calibration for experiments completed May &1d June %, 2007, were offset
owing to a technical error in ¢hwavelength calibration file.This data has been wavelength
adjusted for each of the threpectrometers within the ASDFR unit (350-1000, 1001-1830,
1831-2500 nm) and recalibrated to the proper Veangth calibration file. The correction over
the 350 to 1000 nm spectral range has an efrei/- ~1nm. There is minimal error over the



1000 to 2500 nm range, except for a flattening efréflectance spectra at the overlap between
the 2% and 3 spectrometers.

In some earlier experiments (Phase 1) the AER spectrometer was experiencing problems
over the ~975-1265 nm range, which resulted in @aywmattern over this range. This pattern did
not occur for all spectra. When this patterd dccur, analysis was adjusted accordingly such
that results were not adversely affected hg firoblem. These anomalies did not impact the
analysis presented below.

On February 13, 2007 the ASDFR spectrometer (canola NH3 experiment 4) experienced a
problem at the overlap between tH8 &nd 3 spectrometers. The overall effect on the spectral
measurements is minimal. However, care wa&ernan subsequent analysis such that results
were not adversely atted by this problem.

4.1.2 ASD leaf clip attachment

To acquire each spectral measurement on ange@& the spectrometés connected to an
ASD® leaf clip, which has a fixed viewing and illumination geometry. The leaf clip covers a
circular area 10 mm radius using a halobatb emitting a colour temperature of 2911 +/°KL0
with specular reflectance not exceeding 5%aflreflectance was calatéd by dividing leaf
radiance by that of a white reference (99% Spémt reflectance pandlabsphere, Inc., North
Sutton) measured and illuminated under thmesaonditions. The white reference is on a
reversible platform with the opposite sidentaining a dark panelyvhich has an average
reflectance of ~0.025%. Figure 3 shows typiceflectance spectra for the white and dark
panels. Figure 4 shows the basét-up for spectral measurements and a zoom of the leaf clip in
use. For each poplar and canola measurem@uottaon of the leaf surface is fully enclosed
between the light source and the dark panel. Meweewing to the shape of wheat leaves, these
leaves only cover a paoh of the enclosure between lightdadark panel. This results in a
reflectance spectrum that is andmnation of the leaf and dagganel. This will affect the
amplitude, but does not change the shape ddpeetrum, which was the focus of our analysis.
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Figure 3. Typical reflectance sptra for the white and dark panels.



Figure 4. Basic set-up for spectraeasurements and zoom of AS@af Clip in use.

4.1.3Collection ofleaf reflectancespectra

For Phase 1, spectral measurements wera fake3 poplar, 37 wheaand 26 canolalants.
The number of plants in each Phase 2 experiwvemnéd between 4 and @jith the majority of
experiments including 6 plants per treatment &rzbntrol plants (e.g. untreated). Generally 3
leaves per growth stage were measured.

Each spectral measurement collected with the ABR spectrometer consists of an average
of 10 scans, which takes 1-2 seconds. Multiple scans were taken per leaf location to reduce the
effects of noise. For eachale three different locations weraeasured located approximate
halfway between the main leaf vein and the ledde, precluding overlap of areas measured.
The measurements from each leaf were thenageer accounting for spectral variability across
the leaf. For smaller leavés.g. new growth) only 1 or 2 measurements were possible.

For Phase 2, measurements were taken ~2dshafter treatment and subsequently at 48
hours. In some cases a highgoee of stress was visualbbserved after 24 hours and thus,
measurements at 48 hours were not taken. tddighotographs were taken for each plant at both
24 and 48 hours (in a few cases photos were kehtawing to technicgiroblems). Additional
photographs were taken of speciBaves showing physiological affts characteristic of a given
stress. All data acquired on asvgin day were recorded on a sqasheet including: date, plant
type, treatment types; and, information relating to each spectral measurement: spectrum number,
plant number, treatment type, growth stagaf Inumber, digital photographs, and other (e.g.
errors). Spreadsheets and tifjphotographs are included irethlYMEX data delivery Digital
Appendix.



4.2 Pre-processing of spectral data

The first step in pre-processing was the conversion from®ASCENVI™ spectral library
format. All subsequent processing was conducie the IDL™/ENVI™ environment.
Erroneous measurements were then removedchwimcluded experimental errors (e.g. leaf
improperly placed in leaf clipyand instrumental errors (e.g. abnormally low signal to noise).
Subtle vertical shifts in reflectance can occur at the wavelengths that bound each spectrometer in
the ASC¥ FR unit. These shifts occur because fibre optic cables connected to each
spectrometer do not measure reflectance over extctbame area of thieaf. Thus, subtle
differences in micro topographyrass the leaf may not be exacthe same for each fibre optic
bundle, resulting in the vertical staf If a given leaf is unifonly flat, as in the case for the
poplar leaves, the vertical shifts are minimahe shifts are greaterrf@anola, and greatest for
wheat leaves. These shifts vary with each spectral measurement. To remove this instrumental
shift a constant offset was calculated for thecsal range of each spemtneter and applied to
all bands. The corrections aoalculated for every spectral measurement. The next pre-
processing step was to average all spectral measurements obtained fndividunal leaf. Only
the averaged spectra were used for subse@natysis, whereas the original measurements are
archived. The last step pfe-processing was the removalrafisy bands below 400 nm and
above 2450 nm. Thus, the resudtispectral range for analysis sweduced to 2051 bands from
2151.

4.3 Description of HYMEX Spectral Library Database

4.3.1 Database layout

The HYMEX spectral library database isganized in the following manner (Figure 5):
Phase — plant type — treatment type — experimespectral library files. For Phase 1 spectral
library files (*.lib) and their kader files (*.hdr) are named asdldws: Phase, plant, and group
number (growth stage). All Phase 1 spedibaary files end with CTR (e.g control).

Phase 2 spectral library files (*.lib) andeth header files (*.hdr) are named as follows:
Phase, plant, experiment number, treatmemd time (e.g. 24 or 48 hrs). For example:
phase2_wheat_1CI224.lib  with  control rfo the given experiment listed as
phase2_wheat CTR(1CI224).lib. Note some experiments use the same plants as controls. Table
4 lists all experiments that use the same comiants. For experiments measured using the
Hand Held ASD and experiments with a technmabr in the wavelength calibration file, HH
(Hand Held ASD) and rclb (recalibrated datayéndeen added to the end of the file name,
respectively.

The database also includes a DigitAppendix where spreadsheets and digital
photographs for each experiment can be found.



E ’j HYMEX_data_delivery
E E:J {:] Digital_Appendix

' I #-{_] digital_phaotos
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Figure 5. Example of HYMEX spedttlibrary database layout.
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Table 4. Experiments that use the same plants as contrdls

Phase 2 Poplar

1H,024%

1H,048

2H,0

1NacCl

2NaCl24

1NH;

2NacCl48

2NH;

3NacCl

4NaCl24

3NH348

4NaCl48

3NH325

Phase 2 Canola

1NH324

1NH;48

1NaCl24 1NH3;24 2NH324 1Cl,24 2Cl,24 1H,S24 | 2H,S48
1NaCl48 1NH;48 2NH348 1Cl,48 2Cl,48 1H,S48 | 2H,S25
2NaCl24 150,24 250,24 1H,024 3NH324
150,48 250,48 1H,048 350,24 3NH324
350,48 3NH348

4NH;168

4S0,24HH | 550,24HH

3Cl,24HH 4Cl,24HH

3Cl,48HH 4Cl,48HH

6S0,24rcl 7S0,24rcl 5Cl,24rcl 6Cl,24rcl
6S0,48rcl 750,48rcl 5Cl,48rcl 6Cl,48rcl

850,24 7Cl,24 3NaCl24 2H,048

850,48 7Cl,48 3NacCl48 2H,072

1HCN24 2H,096

1HCN48 2H,0120

Phase 2 Wheat

1NaCl24 1NH324

1NacCl48 1NH;48

2NH324 3NH324

2NH348 3NH348

1S0,24HH | 2S0,24HH

1S0,48HH | 2S0,48HH | 1Cl,24HH | 2Cl,24HH | 4NH3HH
1CI,48HH 2Cl,48HH

3S0,24rcl 4S0,24rcl 3Cl,24rcl 4Cl,24rcl
3S0,48rcl 4S50,48rcl 3Cl,48rcl 4Cl,48rcl

550,24 5Cl,24 2NaCl24 H,048

550,48 5Cl,48 2NacCl48 H,072

1HCN24 H,096

1HCN48 H,0120

(1) Listed by row.

(2) The number given at the end refers to the time (approximate) measurements were taken in hours.
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4.3.2 Spectrum naming convention

Each spectrum in the HYMEX spectral libratatabase is assigned a name that can be
referenced to experiments shown in Table Bpéndix A, and the spresiteets in the Digital
Appendix. The following is the spectrum naming convention:

plant typé?, daté”, number of averaged sg)ea:tf original spectra numi&r plant numbé?,
leaf®, leaf growth stad®, experimerif’®©10)

(1) pop = poplar, wht = wheat, can = canola

(2) given as mmddyy

(3) number of spectra to average for single.lefie number used refers to the first leaf
spectra number of those averaged (e.g. 3a024)

(4) plant number

(5) leaf given as A,B,C ...

(6) Growth stage is followed by L, M, or Hhis refers to the visible level of stress
(subjective visible assessmént.ow;M-Medium;H-High).

(7) given as treatment type (e.qx® NaCl, SO2 etc)

(8) X= X is added to the end of treatment type (e.g. NaClIX) if the leaf was cored for
chlorophyll analysis. L= L is added to the evfdstress type (e.g. NaCIL) if the leaf was
measured for leaf area index.

(9) experiment number is added to the front of the treatment type (e.g. 1NacCl) to note
which repeat experiment the data was from.

(10) 24 or 48 is added todlend of the treatment type to note 24 hours (or 48 hours, or
higher). If no time is given then asses 24hours. For some experiments (e Q)Hime

may be greater than 48 hrs.

For CTR samples the corresponding treatmexgeriment is listed in brackets (e.g.
CTR(1NaCl)). Multiple experimeatmay use the same control plants.

Example: for average of canola leaf measured on March, 2807, comprising 3 spectral

measurements, starting at spectrum 182, from @aleaf A, leaf growth stage, medium visible

stress, experiment number 4, for treatment CI2, measured at 48 hours.
can_032907_3a182 P2 LA G3M_4CI248

An example of a control sample used tiois experiment would be labeled as:

can_032907 3a212 P4 LA_G2_ CTR(4CI248)

12



5. DATA ANALYSIS

5.1 Methodology Phase 1

5.1.1 Spectral angle and Statistics

Using the Phase 1 data (investigation obvgh stages) we first aimed to determine
guidelines for the measurement of Phase 2 leawe$n other words wbkh type of leaf to
measure during treatment? Thus, we examinedstiectral variability fothe various growth
stages of all 3 plant spes (refer to Table 1).

To determine the within-class (species) spéatesiability we havemade use of spectral
angle (1) as described by Price (1994). Thealue represents the angle between the reference
and the sample spectrum, calculated usingeetov dot product. This index is amplitude
independent due to the denominator (Price, 1994 spectral angle was calculated for: 1) each
pair of spectra within a singgrowth stage (pair-wise specteigle); and, 2) between the mean
reflectance spectra for each growth stagee 3pectral angle was calculated for the following
wavelength regions:

400 to 2450 nm (VIS, NIR, and SWIR)
400 to 716 nm

717 to 975 nm

976 to 1265 nm

1266 to 1770 nm

1771 to 2450 nm

X X X X X X

The near infrared and the short-wave irdthiwere divided according to the wavelength
limits of detectors for the ASD spectrometeedigiuring data acquisition. Pair-wise spectral
angle is calculated in order to determine speet@ahbility between growth stages, where stages
that show minimal spectral variability will allo for better discrimination of treated plants
without the possible confusionitiv natural variability. The gztral angle caldated between
mean reflectance spectra from each growthestadl determine spectral similarity between
growth stages, such that we can determine which growth stages will be focused on in Phase 2.

5.2 Methodology Phase 2

5.2.1 Spectral significance of experiments

A primary goal of Phase 2 was to determine Wwleteaves subjected to natural stresses and
TICs could be distinguished frotrealthy leaves (e.g. control) senescent leaves, and whether
the nature of the TICs could be determined from the spectral signature of the leaves. The first
step of Phase 2 was to determine which experisneesulted in significant spectral changes with
respect to control plants (e.g. for low dosage &t€ there significant chges in reflectance for
the stressed leaves?). This was accomplishezhloylating the pair-wise spectral angle for all
the leaves in control sets for each spgover the spectral ranges shown in 5.1.1.

The mean pair-wise spectral angle for each spectral range was recorded and used as a
threshold to test for significant spectral changethefvarious experimentdf the spectral angle
between the mean reflectance spectra for anremeet and the mean reflectance spectra for the
control plants exceeds that of the threshold fgrspectral range the experiment is considered to
contain significant spectral changes and wasaurther analysis. All spectral ranges are
considered, as significant specttAanges may only occur oveparticular spectral range.
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5.2.2 Endmember Analysis
For treatment experiments that produced leavi#s significant spectral differences the next

goal was to determine which leaf spectra captured the most severe response relative to healthy

leaves. The premise is that if a given Ti€sults in a unique speat feature that can
discriminate it from natural stresses and/or oth&sT this feature shoulde visible in the leaf
with the most extreme response. To find exggesponses from each experiment we made use
of an endmember search algorithm, where endmesrdre considered to be spectral extremes
that lie at the vertices of the data volumesinplex, in n-dimensional space. Figure 6 is an
example of data volume for poplar Phase 1adshowing healthy mature, new growth and
senescence, which form the endmembers of this system.

Senescence High

0.4r -+ Mature
[J Secondary
0.35F 3 New Growth C
O New Growth B .,-°'
03l X New Growth A ,«*
. <{>Senescencafow

v Senescente Medium
0.25 A Sengatence High

-

701

*

New Gro‘g{gr}( i
015 @

01¢

+ Matu're Healthy
0.15 0.2 0.25 0.3
1394

Figure 6. Data volume of poplar data from Peaksshown in 2-dimensions (x-axis 1394 nm, y-
axis 701 nm). Dotted line represents an appration of the simplex that defines the
data volume encompassed by healthy manga growth, and senescence leaves as
endmembers. Each point represents the splecalues of a measurement for spectral
bands centered at wavelengths 701 nm and 1394nm.

The endmember extraction algorithm is a modifredsion of the spatiapectral endmember
extraction tool (SSEE) (Rogge ak, 2007). Given that the datassuctured in the form of
spectral libraries rathéhan images, the spatial componergdign SSEE is removed. The SSEE
algorithm is completed in n-dimensional spectr@attor space and involves two main steps: 1)
application of singular value decomposition (SViD) determine a set of eigenvectors that
describe most of the spectral variance for \&ewgispectral library; ah 2) projection of the
spectral library onto theigenvectors and collection of those speethan lie at either extreme of
the vectors. These spectra represent the endmembers of theggpetral library. The resulting
endmembers from each experiment are comparédtinose from other treatments to determine
if specific absorption features che related to a given TIC.

14



5.2.3Vegetation Indices

The spectral response observed for treated leavieghly variable and includes relatively
healthy to extreme responses. Thus, the spéitiraties for each treatment include a continuous
to semi-continuous representation of the variabiityleaf responses, similar to that observed
from healthy to senesced leawEen in Figure 6. The spectrands from healthy to stressed
leaves may then be indicative of a particulaviemmental stress and/@iC. For this analysis
we chose a number of mmnonly used vegetationdices that focus on bands related to pigments
and water content of leaves. bla 5 lists the indiceased, their formuladin, the type of index,

and related literature. The various indices used include normalizing factors, such that the

resulting trends are based orspal shape and not amplitude.

Table 5. Vegetation Indices used in this study

Vegetation Wavelengths given as nanometers Key Reference

Indices (Constants given in BOLD face)

Name Index formula Group

NDVI (800-670)/(800+670) Chlorophyll Rouse et al, 1974

MCARI1 1.2(2.5(800-670)-1.3(800-550)) Chlorophyll Haboudane et al 2004

PRI (570-531)/(570+531) Pigments Gamon et al 1992

PSRI (680-500)/750 Pigments Merzlyak, 1999

NPQI (415-435)/(415+435) Chlorophyll/Pigments | Barns et al 1992

Red Edge 700 + 40((rededge-700)/(740-700)) Red Edge Guyot and Baret, 1988
Red edge=(671-781)/2

NDWI (860-1241)/(860+1241) Water Gao, 1996

SWIR1™Y (2015-2100)/(2015+2100) Water

(1) Derived for this study.

6. RESULTS PHASE 1

6.1 Poplar

6.1.1 Spectral differences between poplar growths stages

Spectral measurements were taken fromp@plar plants, howevemot all pants had

leaves of each growth stage defined in €abl Stage G2 (new gwth) was divided in 3
subgroups (Figure 7): G2A) lardeaves with no petiole (leafesh) within the field of view
(FOV), G2B) small leaves with no petiole in FOV, and G2C) small leaves with petiole in FOV.
New growth leaves often had a subtle red colonaand generally did neshow the deep green
color observed for mature leaveSenescent leaves (G4) weligided into 3 subgroups: G4A)
low senescence, G4B) medium senescence,GH#@) high senescence. These subgroups are
based on visual assessment. Figure 7 shows typi@hples of poplar leaves at the various
growth stages. Table 6 shows thentner of leaves per growth stage.

Figure 8 shows the mean pair-wise spectral afiglel standard deviation) for each growth
stage over the spectral ranges shown in 5.1.1. &igwhows the mean reflectance spectra for
each poplar growth stage with the spectral armgtween each growth stage mean reflectance
spectra shown in Table 7. Included in Fig@eare key spectral features associated with
chlorophyll (A, B), pigments (3-carotene, pyogéarin and phycocyanin), cellulose and lignin,
and water common to vegetatifrom Curran, 1989; Farabee, 1997).
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Figure 7. Typical poplar leaves at various growth stages.

Table 6: Number of leaves per poplar growth stage.

G1

G2A

G2B

G2C

G3

G4A

G4B

G4C

no. leaves

43

40

16

37

72

18

16

19
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Figure 8. Mean pair-wise spectral angle (+/- 1 standard deviation) of leaf reflectance for each
poplar growth stage. Where pair-wise spektmagles are calculated for each pair of
leaf spectra within a single growth stagdumber of pair-wise combinations computed
for each growth stage is shown in the top left plot.
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Figure 9. Mean reflectance spectra for each poplar growth stage. Includes key spectral features

associated with chlorophyll (A, B),gmhents ([3-carotene, pycoerythrin and
phycocyanin), cellulose and ligniand water common to vegetation.

Table 7. Spectral angle (degrees, 400-2450 nm ra)detween mean spectra of each growth
stage shown in Figure 9.

G1 G2A G2B G2C G3 G4A G4B G4C
G1
G2A 5.99
G2B 7.37 1.58
G2C 8.67 3.26 1.85
G3 1.55% 5.76 6.95 8.06
G4A 2.82 4.61 5.62 6.70 1.76
G4B 5.42 6.53 6.96 7.51 4.07 3.06
G4C 11.90 11.74 11.46 11.15 10.64 9.66 6.76

(1) G1 and G3 most similar growsitages based on spectral angle.
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6.1.2Poplar Growth Stages for Phase 2

Mature healthy leaves (Glhaewed minimal variability (lowstandard deviation) when
compared to other growth stages (Figuref&®) the spectral ranges shown in 5.1.1.. G3
(secondary leaves) do not always occur in plamd are spectral similarity to G1 based on
spectral angle (Table 7). For these reasonsdhegxcluded from Phase 2 experiments. Spectral
measurements of G2 (new growtB,C) were collected in Phas2 but considerable spectral
variability was observed in this stage over glectral ranges (Figure 8), thus G2 was not
analyzed in Phase 2. Senesced leaves (G4A $)Gv moderate speatrvariability over the
400-975 nm spectral range, but minimal variabitigyond 975 nm (Figure 8). Senesced leaves
were not measured in Phase 2 because we camtlédnsure their presence in each experiment.
Based on the results shown above for Phase lapagpectral measurements and analysis for
Phase 2 were restricted to ton@ healthy leaves (G1).

6.2 Canola

6.2.1 Spectral differences between canola growths stages

Spectral measurements were taken from 26 eaplaints, however not all plants had leaves
of each growth stage defined in Table 1. oth stages 3 and 4 (mature upper stem, New
growth) (Figure 10) show the gslinctive blue hue typical ohealthy mature canola plants.
Growth stage 2 (mature lower stem) leaves arelasi to G3 and G4, however, the distinctive
blue hue is not as evident. Senesced le&€s were divided into 3 subgroups: G6A) low
senescence, G6B) medium senescence, and @§Ckenescence. These subgroups were based
on visual assessment. Figure 10 shows typical pkemof canola leaves at the various growth
stages, excluding senesced leaves. Tabt®@&sthe number of leaves per growth stage.

Figure 11 shows the mean pair-wise spectral afiglel standard deviation) for each growth
stage over the spectral rangg®wn in 5.1.1.. Figure 12 shows thean reflectance spectra for
each poplar growth stage with the spectral arggtween each growth stage mean reflectance
spectra shown in Table 9.
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Figure 10. Typical canola leaves at various growstages (G1: new firgieneration; G2: mature
lower stem; G3: mature upper stem; G4wngrowth). Note images of senesced
canola leaves not available.

Table 8: Number of leaves per canola growth stage.

G1 G2 G3 G4 G6A G6B G6C

no. leaves 20 23 24 27 5 5 4
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Figure 11. Mean pair-wise spectrahgle (+/- 1 standard deviatiorf leaf reflectance spectra
for each canola growth stage. Whererpaise spectral angles are calculated for
each pair of leaf spectraithin a single growth stage. Number of pair-wise
combinations computed for each growtage is shown in the top left plot.
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Figure 12. Mean reflectance specfa each canola growth stage.

Table 9. Spectral angle (degrees, 400-2450nm randpEtween mean spectra of each growth

stage shown in Figure 12.

G1 G2 G3 G4 G6A G6B G6C
G1
G2 4.16
G3 2.40 2.59
G4 2.13 2.86 0.48%
G6A 6.43 4.09 5.97 6.03
G6B 7.52 5.03 7.01 7.09 1.12
G6C 13.98 12.85 13.99 13.94 9.21 8.50

(1) G3 and G4 most similar growth stages based on spectral angle.
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6.2.2 Canola Growth Stages for Phase 2

Growth stages G1 (first generation), G3afore upper stem), and G4 (new growth) show
minimal spectral variance (lowastdard deviation) compared goowth stages G2 (mature lower
stem) and G6 (senescence) (Figure 11) ovespleetral ranges shown in 5.1.1. G3 and G4 are
spectrally similar with a speetr angle of only 0.48 degrees (Tal®). The main difference
between these two growth stages appears t@dfeslze. Spectral measurements of G2 were
collected in Phase 2, but considerable speetiahbility was observed in this stage over all
spectral ranges (Figure 11), th@2 was not analyzed in Phase 2. Although G1 leaves show low
spectral variability they represerery immature canola and wem®t considered in Phase 2.
Senesced leaves were not measured in Phase 2 because we could not ensure their presence in
each experiment. Based on the results show atmyvehase 1 canola, spectral measurements
and analysis for Phase 2 was restricted to 888 G4. However, owing to their spectral
similarity the two were analyzed together.

6.3 Wheat

6.3.1 Spectral differences between wheat growths stages

Spectral measurements were taken from 46 wplaats, however not glilants had leaves of
each growth stage defined in Table 1. Figuretd@ws typical examples of wheat leaves at the
various growth stages. Table 10 showesriimber of leaves per growth stage.

Figure 14 shows the mean pair-wise spectral afiglel standard deviation) for each growth
stage over the spectral ranges shown in 5.1.1.. &igbishows the mean reflectance spectra for
each wheat growth stage with the spectral abgleveen each growth stage mean reflectance
spectra shown in Table 11.

6.3.2 Wheat Growth Stages for Phase 2

Growth stages G1 (early growth), G2 (mgdowth with stems, no flower), and G3 (mid
growth with stems, with flowg show similar spectral variance ovbe spectral ranges shown in
5.1.1. (Figure 14). G1 and G2 are spectrally sinulith a spectral angle of 1.00 degrees (Table
11). Based on the results show above for Phagkeat, spectral measurements and analysis for
Phase 2 was restricted to G2. G1 is considerdxe spectrally similar to G2 and was excluded
in Phase 2.
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Figure 13. Typical wheat plants aarious growth stages (Ggarly growth; G2: Mid growth
with stems, no flower; G3 Mid growth wikems, with flower). G2 example is typical
of plants used in further experiments.

Table 10: Number of leaves per wheat growth stage.

G1 G2 G3

no. leaves 115 36 24
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Figure 14. Mean pair-wise spectrahgle (+/- 1 standard deviatiorf leaf reflectance spectra
for each wheat growth stage. Where paise spectral angles are calculated for
each pair of leaf spectraithin a single growth stage. Number of pair-wise
combinations computed for each growstage is shown in the top left plot.
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Figure 15. Mean reflectance specfaa each wheat growth stage.

Table 11. Spectral angle (degrees, 400-2450nmge) between mean spectra of each
growth stage shown in Figure 15.

G1 G2 G3
G1
G2 1.00%
G3 2.29 2.20

(1) G1 and G2 most similar growth stages based on spectral angle.



7. RESULTS PHASE 2
7.1 Spectral significance of experiments
Measurements acquired using the ASER, re-calibrated ASBFR, and Hand Held ASD
were analyzed separately and results shownrdicggy (if applicable). Table 12 shows the
experiments that resulted ingsificant spectral changes (highitgd in bold) with respect to
control plants. Note that canola and wheat experiments are split into those using thERSD
re-calibrated ASB FR, and Hand Held ASD

Table 12. List of experiments (in bold) thatshow significant speatal changes compared

with control plants.

Poplar 1H,024®
1NaCl24
1NH324

Canola ASD 1C1,24

1H,024
1H,S24
1HCN24
1NaCl24
1INH324
150,24

Canola HH ASD 3C1,24
4S0,24

Canola
re-calibrated data 5Cl:24
650,24

Wheat 5C1,24

1H,048
1HCN24
1NaCl24
1INH324
550,24

Wheat HH ASD 1Cl,24

4ANH324
Wheat
) 3Cl,24
re-calibrated data 2
350,24

1H,048 2H,024
2NaCl24 2NacCl48
2NH324 3NH324

1Cl,48  2Cl,24
1H,048 2H,048
1H,S48 2H,S24
1HCN48

1NaCl48 2NacCl
INH3z48 2NH324
1S0,48 250,24

3Cl48 4Cl,24
550,24

5Cl,48 6Cl,24
650,48 7S0,24

5Cl,48
1H,072 1H,096
1HCN48
1NaCl48 2NaCl24
INH348 2NH324
550,48

1Cl, 48  2Cl,24

3Cl,48  4Cl24
350,48 4S0,24

3NaCl  4NaCl24 4NaCl48
3NH348

2Cl,48  7Cl,24  7Cl,48

2H,072 2H,096 2H,0120

2H,548

3NaCl24 3NaCl48

2NH348 3NH324 3NH348 4NH3z24 4NH3168 5NH324 5NHz48

250,48 3S0,24 3S0,48 8S0,24 8S0,48

4Cl,48

6Cl,48

7S0,48

1H,0120

2NacCl48

2NH348 3NH324 3NH348

2Cl,48

4cCl,48
450,48

(1) The number given at the end refers to the approximassurement time (in hours) following treatment (e.g. 24

hours).
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7.2 Endmember Analysis

7.2.1Poplar

Results from the endmember analysis of popeéxperiments showed that the applied
treatments (NaCl and NjHand the dehydration stress,(® had a significant effect on the
reflectance spectra of leaves (Figure 16). Spedtienges were observed across the full spectral
range used in this analysis. In the SWIRghedominant difference relative to a mature healthy
leaf is an increase in reflectance. Absorpticatdees, such as the bbane centered at ~ 2110
nm, become apparent because of dehydrationtdCar991) and are associated with cellulose
and lignin. In addition, dehydiah causes narrow absorption feasthat can be related to
cellulose, oils, starches, and sugars (Gurd®89) to become visible at ~1680, 1730, 2310 and
2350 nm. In the NIR the slope of the shorvelangth end of the infrared plateau (~750 — 1100
nm) decreases. The slope change varies bugngisant in all experimest In the visible the
key change is a deepeningtbé chlorophyll trough owmg to increased feectance between 550
and 650 nm, which can be attributed to chlorophyll (A, B) loss (chlorosis). As such, a number of
narrow absorption features become visiblgy.(e-540 and 615 nm) wherthese features are
related to other pigments such as [3-carotpgeoerythrin and phycocyanin. Figure 17 shows
some examples of leaves under high stress freg@ NaCl, and NH
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Figure 16. Endmember specti@ poplar experiments ¥, NaCl and NH Mean spectra of
control G1 (black line, mature healthy) a@dC (pink line, high senescence) are included
for reference. Arrows denote key absarptfeatures observed in endmember spectra
compared with G1. Black dotted box denae®othing of red edge. Red dotted box shows
example of the 976 to 1265 nm range forittsrument problem noted in section 4.1.1.
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Figure 16 cont’ Endmember spexfor poplar experiments #, NaCl and NH Mean spectra
of control G1 (black line, mature healthy) and G4C (pink line, high senescence) are included
for reference. Arrows denote key absarptfeatures observed in endmember spectra
compared with G1. Black dottedbdenotes smoothing of red edge.
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Figure 17. Examples of visible changegoplar leaves under high stress fronH NaCl, and
NHs.

7.2.2Canola

Results from the endmember analysis of canetperiments showethat not all of the
applied treatments (NaCl,.H, HCN, NH, Cl, and SQ) and dehydration stress {B)) had a
significant effect on leaf refleahce spectra (Figure 18). Tneaints that show significant
changes across the full spectral range werg, NHy, and SQ, with significant changes only
occurring over a small portion of thepectral range observed for NaCl,S1 HCN, and
dehydration. For NE CkL, and SQ treatments similar spectral features in the visible
(chlorophyll and pigments) and the SWIR (lignin, cellulose, oils, starches, and sugars) as those
described for poplar were observed, but as wiaplar, the depth of an absorption feature, the
increase in reflectance, or the slope change of the red edge varied. For the SaB8CN, and
dehydration experiments the key changes arenamased slope between the green peak and
chlorophyll trough, and, an overall mar increase in reflectance he SWIR. The latter is not
always easily visible as the absolute raiace between measurements may vary owing to
subtle illumination variability (refer to seoti 4.1.1). Figure 19 shows some examples of leaves
under high stress from NHCI, and SQ.
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Figure 18. Endmember spectra for canola experimep®, NaCl, HCN, and Nk Mean
spectra of control G3 (black line, maturedtily) and G6C (pink linehigh senescence) are
included for reference. Arrows denote dgorption features observed in endmember
spectra compared with G3. Red dotted baxatdes an increased ratio between the green
peak and chlorophyll trough.
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Figure 18 cont’ Endmember spexfor canola experiments NHCl, and SQ. Mean spectra of
control G3 (black line, mature healthy) a@®C (pink line, high senescence) are included
for reference. Arrows denote key absaptfeatures observed in endmember spectra
compared with G3. Black dotted box denati@®othing of red edge. Red dotted box denotes
an increased ratio between theegn peak and chlorophyll trough.

33



Figure 18 cont’ Endmember spexfor canola experiments NHCl, and SQ. Mean spectra of
control G3 (black line, mature healthy) a@®C (pink line, high senescence) are included
for reference. Arrows denote key absaptfeatures observed in endmember spectra
compared with G3. Black dotted box denat®®othing of red edge. Red dotted box denotes
an increased ratio between tgeeen peak and chlorophyll trough.
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Figure 19. Examples of visible changes in care&ves under mediuand high stress (left and
right columns) from Ngj Cl,, and SQ.
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7.2.3 Wheat

Wheat response to the variowsatments and dehydration stregss minimal compared to
poplar and canola. Results from the endmenaioalysis showed thdahe applied treatments
(NaCl, HCN, NH, Cl,, and SQ) and dehydration stress{Bl) do not all have a significant effect
on the plants (Figure 20). Treatments that sfibwignificant changesacross the full spectral
range were restricted to HCN, $é&nd HO with significant changes only occurring over a small
portion of the spectral nge observed for NaCl, Nrand C}. For treatments HCN and §@nd
dehydration, similar spectral features as thiesscribed for poplar and canola were observed in
the SWIR (lignin, cellulose, oils, starches, and ssljgaNotable spectral changes in the visible
(chlorophyll and pigments) and NIR (redge slope) were restricted to the S@atment. For
the NaCl, C and NH treatments minor spectral changes included an increased slope between
the green peak and chlorophyll trough, and, a mimmease in reflectance in the SWIR. Figure
21 shows some examples of leauesler high stress from HCN, $@nd dehydration.

7.2.4 Implications of endmember analysis

The spectral features observed in Figutésl8 and 20 show that the TIC treatments and
environmental stresses (NaCl and dehydratiosylten similar spectral responses. Many of the
features become visible primarihecause of chlorosisigible) and dehydration (SWIR). This is
not unexpected as plant physiological responsestréss are similar regardless of the cause of
stress (Chaplin, 1991). Howevelepending on the level of stresgperienced by given plant,
the depth of a given absorption feia, the increase ieflectance, or the slope change of the red
edge varies. These differenae$lect how a plant, or individlideaf, responds over time to the
exposure of a given treatment. Thus, in the section we observed how the spectral response
of treated leaves varied from relativélgalthy to extreme stress-induced damage.
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Figure 20. Endmember spectra for wheat experimep® NaCl HCN, NH, Cl, and SQ.
Mean spectra of control G2 (lt& line, mature healthy) is included for reference. Arrows
denote key absorption features observecoimeember spectra compared with G3. Black
dotted box denotes smoothing of red edged dotted box denotes an increased ratio
between the green peak and chlorophyll trough.
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Figure 20 cont’ Endmember spexfor wheat experiments,®, NaCl HCN, NH, Cl, and SQ.
Mean spectra of control G2 (lt& line, mature healthy) is included for reference. Arrows
denote key absorption features observecioimeember spectra compared with G3. Black
dotted box denotes smoothing of red edged dotted box denotes an increased ratio
between the green peak and chlorophyll trough.
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Figure 21. Examples of visible changesvineat leaves under high stress from, SGCN, and
dehydration at 120 hrs.

39



7.3 Vegetation Indices

The previous section showed that the easi treatments do not result in a diagnostic
absorption feature (or features) that is spedifica given treatment. The features that are
observed are inherent spectratiges of the plants thateano longer masked by the dominant
spectral features, such as chlorophyll in thgble and water in # SWIR. However, the
relative rates of chlorophyll and water loss may u@fween TICs, resulting in the variability of
the depth of a given absorption fei, the increase ieflectance, or the slope change of the red
edge. In this section we madse of vegetation indices (see Tab)eghat focus on bands related
to chlorophyll, pigments and water contentlefves in order to analyze the trend taken by a
group of plants from healthy mature to higldtressed. The objectivwas to determine if
specific TIC treatments resulted in diagnostiad® with respect to othéreatments and with
respect to natural stress (e.g. NaCl, dehydration and senescence).

For each type of treatment all experimentattihowed significant spectral changes (see
section 5.2.1) were combined into a single gpédibrary for subsequent analysis using
vegetation indices. Tfiwas done to capture alWweefined trend from healthy to highly stressed
leaves. The following results focus on measurements acquired using the BA&D The
associated control plants for each treatment were also combined into a single library. Senesced
leaves for poplar and canola from Phase 1 vimekided in this analysis. Vegetation indices
were calculated for each compiled library and waotted against each other to highlight trends
that vary between environmental stresses t@edtments, and/or between treatments. Only
environmental stresses and treatments that resulted in notable trends lines are shown in this
section.

7.3.1. Poplar vegetation indices

Figure 22 shows a series of vegetation indsxter plots for poplar treatments NaCl and
NHj3, dehydration (HO), senescence, and controls plariffe results clearly demonstrated that
trend lines related to Nd-and senescence were distinguishable from Na@D fhllowed a trend
that is similar to NaCl in most plots, howeverlgo showed a fair degreé variability resulting
in an overlap with Nkland senescence.
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Figure 22. Vegetation indices for pogul treatments NaCl and Nyidehydration (HO),
senescence, and controls plenRefer to Table 5 fatetails on each indice.
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7.3.2. Canola vegetation indices

Figure 23 shows vegetation indices scatter plots for canola treatmentan®lSQ,
dehydration (HO), senescence, and controls plante various plots showed that,@nd SQ
treatments could be distinguished from dehydraaind senesced planti the plots NDVI vs
Red Edge, MCARI1 vs Red Edge, and PSRI vs NPQ,a8H SQ showed slightly different
trends and were distinguishableowever, discrimination between Gind SQ was not possible
in the other plots, which showedsignificant degree of overlaptiseen the two treatments. In
the plot PSRI vs SWIRL1 it appeared that,S@s split into two different trends. A more in
depth analysis of this plot and the plot NDW$ NDW!I supported thi®bservation, thus we
examined the results for individual $@xperiments in Figure 24. The dosage applied to the
three experiments were ~50 ppm (exp #L00ppm (exp 2), and 60-120 ppm (exp 3),
respectively. Experiment 1 and 2 show a simitand, but differ in dosage. Experiment 8
shows a different trend from both 1 and 2, but sadable dosage similar to 1 and 2 combined.
Thus, dosage does not appear teehlaeen the controlling facton the trends observed between
the different SQ experiments. Closer examination oétNDVI vs NDWI plot showed that the
key difference between the $@xperiments was water content (as expressed by NDWI). Thus,
we could speculate that initial water content rhaye been the controlling factor in the trends
observed in these experiments rather than the treatment type.

7.3.3. Wheat vegetation indices

The results from the vegetation indices scaptets for wheat (Figure 25) did not show
trends that were as well-defined as for poplad canola plants. This was not unexpected as the
wheat plants were consistently less affectedapplication of TICs used in this project. There
was considerable scatter for the wheat, énmv, general trends that discriminate, S@CN, and
dehydration were visible in th@dots NDVI vs NDWI, PRI vs NOVI, PSRI vs NDWI, NDWI vs
SWIR1, and PRI vs SWIR1. In daof these cases dehydratiompaared to be an important
discriminating feature as exmpsed by NDWI and SWIR1. A sligh different trend was also
visible between dehydration and Sé&hd HCN in the PRI and SWIR1 plot. »Qlvhich did not
show as extreme a response as with HCN,, 86d dehydration, still showed a few points that
appeared to follow the trend of 0
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Figure 23. Vegetation indices for canola treatments &d SQ, dehydration (HO),
senescence, and controls planiRefer to Table 5 fatetails on each indice.
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Figure 24. Vegetation indices PSRI vs SWIR1 aiaVI vs NDWI for canola treatments,Gind
SO, and controls plants. Sas been separated into individual experiments. Refer
to Table 5 for details on each indice.
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Figure 25. Vegetation indices for wheat treatments, EICN, SQ, dehydration (HO), and
controls plants. Refer to Tabb for details on each indice.
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7.3.4. Indices across species

Vegetation indices, with respect to each species, show that it is possible to distinguish
between environmental stresses and TICs, aisdnme cases between TICs. However, the next
guestion is whether the trends observed in theiguewrigures show consistency across species.
Figure 26 shows a selection of vegetation ingliaeross all species for treatments NaClgzNH
SO, Ch, HCN, and, dehydration @g@), senescence and controlamgk. In Figure 26 plot A
(NDVI vs NDWI) it is difficult to determine any trels that are consisteatross species. The
key reason is that the control samples for each spglaeas distinct clusters. Thus, trends from
healthy to highly stressed leaves for each species have different starting points, which causes
overlap with other data trendsmd makes discrimination of treagnt and stresses difficult. In
the remaining plots the control samples for thedtspecies overlap to varying degrees, such that
the trends observed begin close to the same gfgromt. In these plots it is evident that the
environmental and TIC treatments show distinctieadss that are not a fuman of the species.
This is most evident in plots E-F, wieea combination of indices distinguishes :NBG,, and
Cl, (from everything else) but not HNC In the case of NaCl and.@ the two tend to plot
together in each example. This is not unexpected as NacCl induces ionic stress and an osmotic
stress response that is common to drought. ittp®rtant to note that not all species included all
TIC treatments, and as such, it is possible diféérences could occur across species for a given
TIC. However, based on the results accumulated in this study and shown in Figure 26 it appears
that an appropriate set ofegetation indices (where coot samples overlap) allows
discrimination between environmental stresaesl TICs, and in some cases between TICs.
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Figure 26. Vegetation indices across albecies for treatments NacCl, jFHQ, Cl,, HCN, and,
dehydration (HO), senescence and controls plafsfer to Table 5 for details on
each indices.
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8. DISCUSSION

8.1 Summary

This research team examined the spectrgpharse of individual le@s of three common
Canadian plant species: popldPopulus deltoides, Populus trichocajpavheat {riticum
aestivum) and canolaBrassica napus These were subjected fitmigation with gaseous phase
TICs. The two objectives of this study weredetermine if: 1) vegetation subjected to TICs
could be distinguished from background vegetatiomdwarying growth stages (new growth to
senescence) and environmental stresses; andif@edi TICs could be distinguished based on
the vegetation spectral responsd.reatments were designead allow quantification of the
variation in spectra that might lexpected due to environmentdevelopmentaland stochastic
effects on the physiological state of individual plants wi#tach species. All plants were grown
in controlled environment chambers at the Ursitgrof Alberta, using standardized conditions.

The study was broken into two phases: 1) totwa the spectral variability of the various
growth stages observed in eaghthe three plant types; and &jbjecting the plants to toxic
industrial chemical (TICand environmental stresse In Phase 1 we tigmined which growth
stage of each species would be subjected asél2 treatments based on spectral variability
between growth stages and spectral similarity. Phase 2 plant species were exposed to the
following five TICs: ammonia (NkJ, sulphur dioxide (S€), hydrogen sulphide (#$), chlorine
(Cly), and hydrogen cyanide (HCN). The experiraknata were analyzed to determine if the
various treatments resulted in specific spectratuies related to TICs. The results showed that
both environmental and TICs induced similar spéd@atures inherent to plants that can be
related primarily to chlorophyll and water lossThese include pigments in the visible and
cellulose, lignin, lipids starcheand sugars in the SWIR. Abugh no specific spectral features
could be tied to individual TICs an analysistioé data using vegetation indices, which focus on
key spectral bands associated with chloroptpithments and water content, showed that the
TICs and environmental stressessult in diagnostic trends frorhealthy mature to highly
stressed leaves. In addition, hat analysis showed that combioas of specific indices could
be used to distinguish NHSG,, Cl, (from everything else) from each other consistently across
all three species.

8.2 Laboratory experimental isues and relevance for airborne detection

This study was conducted at the leaf levektsure good experimental control. We noted
that variation in the spectral properties of induals of some specie®uld be detected within
treatment groups and between regle treatments. Although trs®urces of this variation is
unknown, we speculate that a major component caatthibuted to slightdifferences in water
status of individual plants salting from the sum of minovariations in ambient humidity,
respiration rate, stomatal opening, soil evaporattime since watering,ght intensity (which
decreases as fluorescent tubes age), and minor stiockraents. Becausd plants in this study
were grown under nominally identical conditionghin controlled environment chambers, we
expect that in the field, differences betweenvidlial plants could be magnified. To determine
whether the net effect of this nation would be signifiant at the canopy el requires further
experimentation. Detection of chemical effeots vegetation from an airborne platform will
likely also be impacted by natural variabilityvimter content and otheaidtors over a given area.
Thus, the results from this analysis shouvdghresent a reasonablepapximation of natural
conditions.
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The duration and concentration of exposuresewaso designed to reflect natural field
concentrations based on practiaatl theoretical considerationslowever, owing to the variable
responses of each species numerous experiments using different dosages were necessary to
invoke the desired plantress level responses. The resu#ts that a number of experiments
showed little or no spectral response t@asure, whereas in othe€ase the response was
extreme. These upper and lower limits can besiered to reflect vability in gas levels
spatially across a region, which wd likely be encoumred using an airboe platform. Note
also that because of the time extensive nattieach experiment, duplicates of each experiment
at a given dosage were not alwgysssible. Thus, in some cases we were not able to verify,
through duplication, spectral responses to some TICs.

The natural environment would alpoesent a range of growth stages for a given species. It
was shown in Phase | that there can be signifispectral variability wth respect to growth
stage. This variability would be inherent to thalgsis of data acquired by an airborne platform.
However, it is reasonable to expect tharimy an airborne acquisition of spectral data a
particular growth stage (e.g. hémsl mature) would dominate at a given time. The exception will
be at times of the year such as spring arldwaere plants species experience significant
physiological changes (e.g. senescence).

We detected marked differences in phimiocal and spectral responses for some
combinations of species and TIC®8ifferent responses might betrdiuted in partto inherent
differences in the structure and function of egplcies (e.g. stomatal density, cuticle thickness,
leaf architecture, cell wall composition, grow#md respiration rate), or the existence and
efficiency of specific metabolic pathways fdetoxifying TICs. Whadver their source, the
existence of species-specific responses of vegetéo TICs presents both a challenge and an
opportunity for regional remote sensing. In thisdst we were able to discern different spectral
trends for NH, SQ, Cl, and thus to distinguish these TIO$e trends result from the variable
leaf response within plants, beten plants and between specied d is expected much of the
variability observed within species would be prgsdror even enhanced mature. As such it is
encouraging for the possible detection of Té@ects on natural vegetation using airborne
imagery. However the variability introduced fronesfes to species that also enhances the TIC
spectral trends would be a fuion of the landscape investigated and encompassed by a given
data set (or geograpail area) analyzed.

The larger goal was to develop a remote a&ir and monitoring capability for hazardous
events such as a toxic gas leak. An ideanario would involve the release of the toxic
chemicals investigated here leakin the landscape. These agents cause stress and damage to
surrounding vegetation the extent of whicldependent on dosage and time of exposure. Our
findings at the leaf level suggest that damagebsadetectable within 48hrs and should last for
an extended period, probably up to a week and be possibly detectable from space depending
on the repeat pass period of satellites (typicall® weeks). The detection tool developed and
described in this study relies on tlaet that damage is highly namiform from leafto leaf and
plant to plant as one would expect in a fieddease thus successful detection in the natural
landscape simply requires enough affected area (eageipixels) to captureharacteristic data
trends for each TIC which should be feasiith <50 pixels (e.g. about 200mx200m for 30m
pixels of planned HERO satellite). Such aeaarould encompass a wide spectrum of stress
response from plants to TIC exposure and #neble their detection. Because we developed a
detection methodology from leaf aygations there is an importaknowledge gaphat needs to
be addressed using field trialstest if the findings of thistudy can extend to the detection of

49



leaks in the natural environment. The prpadi unknown is the effect of varying vegetation
canopy structural parameters (e.g. canopy gaps, leaf area) and backgaperties (litter and

soil reflectance) on the specific TIC data trendsd there identified. Thus field trials should first
be initiated with simulated TIC releases overseld and mature canopies (e.g. mature crops and
conifer or broad leaf forestsince these conditions represenhaural extension of this leaf
study. These trials could then be followed bjeases over canopies over varied structural
properties to test thbustness of the method.
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APPENDIX A

List of Experiments and Details

Plant
Species

Date

Phase 1
7-Feb-06 poplar
8-Feb-06 poplar
9-Mar-06 wheat
10-Mar-06 wheat
6-Apr-06 canola

Phase 2
26-May-06 poplar
30-May-06 poplar

31-May-06 poplar

13-Jul-06 poplar

14-Jul-06 poplar

19-Jul-06 poplar

17-Aug-06 wheat

17-Aug-06 canola

18-Aug-06 wheat

no.
CTR
Plants

19
25
21
26

Details

Growth Phases

4 stages of growth
4 stages of growth
3 stages of growth
3 stages of growth
5 stages of growth

TIC Treatments

Na-Cl 500mM (cored)

H20 ~ 24 hours

H20 ~ 48 hours

NH3 150-200ppm, 30-45min

2 plants mock treated controls

(2 plants exposed to <56min spike of <250ppm?)
2 mock plants in chamber, no gas

used to test chamber specific effects

(e.g. dehydration due to fan)

NaCl 150mM noon july 12th, 8 treated plants
(soil drenched past saturation)

NH3 150-200ppm, 30-45min

2 plants mock treated controls

(2 plants exposed to <5min spike of <250ppm?)
2 mock plants in chamber, no gas

used to test chamber specific effects

(e.g. dehydration due to fan)

NaCl 150mM noon july 12th, 8 treated plants
(soil drenched past saturation)

NaCl 150mM,
re-applied to NaCl plants from July13/14
H20 noon july 12th

NH3 ~150ppm for 60 min, sampled 24hrs
NaCl 200mM, sampled 24 hrs

NH3 ~150ppm for 60 min, sampled 24hrs

NH3 ~150ppm for 60 min, sampled 48hrs

Number
Stressed
Plants

N/A
N/A
N/A
N/A
N/A

2 mock

2 mock

Leaf
Avg.

yes
yes
yes
yes
yes

yes

yes

yes

yes
yes

yes

yes
yes

yes

yes

yes

yes
yes

yes

yes

Averaged Library
File Directory

Phasel_poplar
Phasel_poplar
Phasel_wheat
Phasel_wheat
Phasel_canola

Phase2_poplar\Nacl\expl

Phase2_poplar\H20\expl

Phase2_poplar\H20\exp1

Phase2_poplar\NH3\exp1
Phase2_poplar\NH3\expl

Phase2_poplar\NaCl\exp2

Phase2_poplar\NH3\exp2
Phase2_poplar\NH3\exp2

Phase2_poplar\NaCl\exp2

Phase2_poplar\NaCl\exp3

Phase2_poplan\H20\exp2

Phase2_wheat\NH3\exp1l
Phase2_wheat\NaCl\expl

Phase2_canola\NH3\exp1

Phase2_wheat\NH3\exp1
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18-Aug-06 canola

19-Oct-06 poplar

20-Oct-06 poplar

16-Nov-06 wheat

17-Nov-06 wheat

7-Dec-06 canola

8-Dec-06 canola

7-Feb-07 canola

8-Feb-07 canola

9-Feb-07 canola

13-Feb-07 canola

10

NaCl 200mM, sampled 48 hrs

NH3 ~150ppm for 60 min, sampled 48hrs

NH3 variable dosage (max 200 ppm), 24hrs
NaCl 150mM. Sampled 24hrs

NH3 variable dosage (max 200 ppm), 48hrs
NaCl 150mM. Sampled 48hrs

High dose ~200ppm NH3 for 30 min. 24hrs
LOW dose ~50ppM NH3 for 30 min. 24hrs

HIGH dose ~200ppm NH3 for 30 min. 48hrs
LOW dose ~50ppM NH3 for 30 min. 48hrs

NaCl 150mM 24hrs

NH3 low (~50ppm 20 min) 24hrs

NH3 high (~150-200ppm 30 min) 24hrs
CI2 low (~3ppm 20 min) 24hrs

CI2 high (~15-20ppm 30 min) 24hrs
H2S low (150ppm 30 min) 24hrs

H2S high (300ppm 30 min) 24hrs

NaCl 150mM 48hrs

NH3 low (~50ppm 20 min) 48hrs

NH3 high (~150-200ppm 30 min) 48hrs
CI2 low (~3ppm 20 min) 48hrs

CI2 high (~15-20ppm 30 min) 48hrs
H2S low (150ppm 30 min) 48hrs

H2S high (300ppm 30 min) 48hrs

NaCl 150mM (cored) 24hrs

SO2 low ~50ppm,

with a few spikes at ~100ppm 24hrs
SO2 high ~100ppm 24hrs

H20 24hrs

NH3 ~150ppm (cored) 24hrs

Note: control are mock treated samples,
CTR cored

SO2 low ~50ppm,

with a few spikes at ~100ppm 48hrs
SO2 high ~100ppm 48hrs

H20 48hrs

SO2 low <20ppm 30min 24hrs

NH3 <50ppm 30 min 24hrs

Note: 6 control are mock treated samples

NH3 low <50 ppm 30 min 48hrs
SO2 low < 20 ppm 30 min 48hrs

NH3 ~150ppm,
samples from Feb707 now showing stress

10

10

~N o oo oo o

~N o oo oo o

[o2 BN BN o))

yes

yes

yes
yes

yes
yes

yes
yes

yes
yes

yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes

yes
yes

yes
yes
yes

yes

yes
yes
yes
yes

yes
yes

yes

Phase2_wheat\NaCl\expl

Phase2_canola\NH3\expl

Phase2_poplar\NH3\exp3
Phase2_poplar\NaCl\exp4

Phase2_poplar\NH3\exp3
Phase2_poplar\NaCl\exp4

Phase2_wheat\NH3\exp3
Phase2_wheat\NH3\exp2

Phase2_wheat\NH3\exp3
Phase2_wheat\NH3\exp2

Phase2_canola\NaCl\expl
Phase2_canola\NH3\exp2
Phase2_canola\NH3\exp3
Phase2_canola\Cl2\expl

Phase2_canola\Cl2\exp2

Phase2_canola\H2S\exp1l
Phase2_canola\H2S\exp2

Phase2_canola\NaCl\expl
Phase2_canola\NH3\exp2
Phase2_canola\NH3\exp3
Phase2_canola\Cl2\expl

Phase2_canola\Cl2\exp2

Phase2_canola\H2S\exp1l
Phase2_canola\H2S\exp2

Phase2_canola\NaCl\exp2
Phase2_canola\SO2\expl

Phase2_canola\SO2\exp2
Phase2_canola\H20\exp1l
Phase2_canola\NH3\exp4

Phase2_canola\SO2\exp1

Phase2_canola\SO2\exp2
Phase2_canola\H20\exp1l
Phase2_canola\SO2\exp3
Phase2_canola\NH3\exp5

Phase2_canola\NH3\exp5
Phase2_canola\SO2\exp3

Phase2_canola\NH3\exp4
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27-Mar-07 canola

27-Mar-07 wheat

28-Mar-07 canola

28-Mar-07 wheat

29-Mar-07 canola

29-Mar-07 wheat

31-May-07 canola

31-May-07 wheat

1-Jun-07 canola

1-Jun-07 wheat

2-Oct-07 canola

2-Oct-07 wheat

S02 40 - > 100 ppm 24hrs only (HH ASD)
S02 0 - 30 ppm 24 hrs (cored) (HH ASD)
3 ctr samples cored

S0O2 40 - > 100 ppm 24 hrs (HH ASD)
S0O2 0 - 30 ppm 24 hrs (HH ASD)

Cl2 <5ppm 30 min 24hrs (HH ASD)
CI2 ~ 15ppm 30 min 24hrs (HH ASD)

S0O2 40 - > 100 ppm 48 hrs (HH ASD)
S0O2 0 - 30 ppm 48 hrs (HH ASD)

CI2 <5ppm 30 min 24hrs (HH ASD)
CI2 ~ 15ppm 30 min 24hrs (HH ASD)

NH3 ~ 140-200 ppm 24hrs (cored) (HH ASD)

5 ctr samples cored

CI2 <5ppm 30 min 48hrs (HH ASD)
CI2 ~ 15ppm 30 min 48hrs (HH ASD)

Cl2 <5ppm 30 min 48hrs (HH ASD)
Cl2 ~ 15ppm 30 min 48hrs (HH ASD)

SO2 low ~15-20ppm, 20min 24hrs
SO2 high ~75ppm, 20min 24hrs
CI2 low ~2-3ppm, 20min 24hrs
CI2 high ~15-20ppm, 20min 24hrs

SO2 low ~15-20ppm, 20min 24hrs
SO2 high ~75ppm, 20min 24hrs
Cl2 low ~2-3ppm, 20min 24hrs
CI2 high ~15-20ppm, 20min 24hrs

SO2 low ~15-20ppm, 20min 48hrs (cored)
S0O2 high ~75ppm, 20min 48hrs (cored)
Cl2 low ~2-3ppm, 20min 48hrs (cored)
CI2 high ~15-20ppm, 20min 48hrs (cored)
ctr samples cored

SO2 low ~15-20ppm, 20min 48hrs

SO2 high ~75ppm, 20min 48hrs (cored)
CI2 low ~2-3ppm, 20min 48hrs

CI2 high ~15-20ppm, 20min 48hrs (cored)
ctr samples cored

CI2 high 15-25ppm, 30 min 24hrs
SO2 high 60-120 ppm, 40 min 24hrs
NaCl 400mM 24 hrs

H20 48hrs

CI2 high 15-25ppm, 30 min 24hrs
S0O2 high 60-120 ppm, 40 min 24hrs
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yes
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yes

yes
yes
yes
yes

yes
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yes

yes
yes

Phase2_canola\SO2\exp4
Phase2_canola\SO2\exp5

Phase2_wheat\SO2\expl
Phase2_wheat\SO2\exp2

Phase2_canola\Cl2\exp3
Phase2_canola\Cl2\exp4

Phase2_wheat\SO2\expl
Phase2_wheat\SO2\exp2
Phase2_wheat\CI2\expl
Phase2_wheat\CI2\exp2
Phase2_wheat\NH3\exp4

Phase2_canola\Cl2\exp3
Phase2_canola\Cl2\exp4

Phase2_wheat\Cl2\expl
Phase2_wheat\Cl2\exp2

Phase2_canola\SO2\exp6
Phase2_canola\SO2\exp7
Phase2_canola\Cl2\exp5
Phase2_canola\Cl2\exp6

Phase2_wheat\SO2\exp3
Phase2_wheat\SO2\exp4
Phase2_wheat\CI2\exp3
Phase2_wheat\CI2\exp4

Phase2_canola\SO2\exp6
Phase2_canola\SO2\exp7
Phase2_canola\Cl2\exp5
Phase2_canola\Cl2\exp6

Phase2_wheat\SO2\exp3
Phase2_wheat\SO2\exp4
Phase2_wheat\CI2\exp3
Phase2_wheat\CI2\exp4

Phase2_canola\Cl2\exp7

Phase2_canola\SO2\exp8
Phase2_canola\NaCl\exp3
Phase2_canola\H20\exp2

Phase2_wheat\Cl2\exp5
Phase2_wheat\SO2\exp5
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3-Oct-07 canola

3-Oct-07 wheat

4-Oct-07 canola

4-Oct-07 wheat

5-Oct-07 canola

5-Oct-07 wheat

NaCl 400mM 24 hrs
H20 48hrs

CI2 high 15-25ppm, 30 min 48hrs
S02 high 60-120 ppm, 40 min 48hrs
NaCl 400mM 48hrs

H20 72hrs

CI2 high 15-25ppm, 30 min 48hrs
S0O2 high 60-120 ppm, 40 min 48hrs
NaCl 400mM 48hrs

H20 72hrs

HCN high >>50ppm, 30 min 24hrs
H20 96hrs

HCN high >>50ppm, 30 min 24hrs
H20 96hrs

HCN high >>50ppm, 30 min 48hrs
H20 120hrs

HCN high >>50ppm, 30 min 48hrs
H20 120hrs
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Phase2_wheat\NaCl\exp2
Phase2_wheat\H20\expl

Phase2_canola\Cl2\exp7

Phase2_canola\SO2\exp8
Phase2_canola\NaCl\exp3
Phase2_canola\H20O\exp2

Phase2_wheat\Cl2\exp5

Phase2_wheat\SO2\exp5
Phase2_wheat\NaCl\exp2
Phase2_wheat\H20\expl

Phase2_canola\HCN\expl
Phase2_canola\H20O\exp2

Phase2_wheat\HCN\exp1l
Phase2_wheat\H20\expl

Phase2_canola\HCN\expl
Phase2_canola\H20O\exp2

Phase2_wheat\HCN\exp1l
Phase2_wheat\H20\expl
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