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EXECUTIVE SUMMARY

This report describesthe results of a September 1997,fielddata-take done with laser-induced-
fluorescence(LIF) remote-sensingsystemson plants grownin contaminatedsoil near Katowice,
Poland. This data-take was an offshoot of the Characterization,Monitoring,and Sensor
Technology(CMST)project, ‘~nvironmentalRemote Sensingfor MonitoringPlant Health;’
whichis a joint Departmentof Energy ( DOE)/Disneyeffort focused on developingtechniquesto
monitor subsurfacecontaminationby observingchangesin the optical signaturesexhibitedby
plants growkg in the contaminatedsoiL

For the fieldworkdone in Poland,plant plots were grown in contaminatedsoil and were either left
untreated (control plot) or were treated with various amendmentswhichwere designedto
facilitateplant uptake of the heavymetalshorn the soil and subsequentconcentrationof the
contaminantsin above-groundparts of the plants. A generalcontrol was to be providedby plots
grown in uncontaminatedSOLbut unfortunatelythese plots yieldedno usableplants. The goal
was to measurefluorescencesignaturesand changesin signaturesin both treated and untreated
plants, usinglaser-induced-fluorescenceimaging(LIFI) and laser-induced-fluorescence-
spectroscopy(LIFS) systems. Becauseof the lack of the uncontaminatedcontrol plants, the raw
effects of the contaminationwere unableto be gauged, and the followingresults are onlyrelative
for the treated and untreated plants.

The imagery(LIFI) data were taken in four bands,usingbandpassfilters centered at 430 nm
(blue),525 nm (green), 680 nrn (red), 740 nm (far-red). Usingimagesof individualleaves, three
sub-imageregionswere examined:nearlythe entire lem the leafless the major veins;and random
smallerareas on the leaf. Pixel-by-pixelimageratios were taken for each of the sixpossibleband
ratios, and the resulting(ratio) imageswere displayedand examinedfor trends. In generm the
trends closelyfollowedthose found in the analysisof the LIFS pedc-ratio data, describedin the
followingparagraphs.

The spectroscopy(LIFS) data exhibitedthree prominentpeaks at 460 nrn (blue),685 nm (red)
and 740 nm (far-red). Conclusionsdrawnfrom analysisof these data were 1) the peak positions
did not move whenexperimentalparameterswere varied;2) the intensitiesof individualpeaks
were not a good indicatorof toxicityeffects on the plant, becausenatural plant-to-plantand
leaf-to-leafvariationsmaskedsuch efkcts; and 3) ratios of peak intensitiesdid contain
informationon plant health.

In particular,for certain treatments the blue/redand blue/far-redratios increasedwith increasing
time from application,indicatingthat the amendmentshad triggered observableprocesses in the
plants. In one case the fluorescencechangeswere not accompaniedby visualchangesin the plant
leaves;in another case the plant leaveswere visiblyaffected. Without data from uncontaminated
control plants, it is not possibleto say what effixts, if any,were due to heavymetal
contamination. However, the fluorescenceindicatorsfrom the treated plants are promising
enough to warrant fiwtherinvestigationinto coupledplant treatment techniquesand plant
fluorescencemeasurements.



1.0 INTRODUCTION: DOE LIE’ SYSTEMS

BechtelNevada’sSpecialTechnologiesLaboratory (STL)has been involvedin remote sensingfor
manyyears, and in April 1995STL began to study the use of activeremote sensingfor detecting

plant stress. This work was motivatedby the need to detect subsurfacecontamination,with the
suppositionthat this could be accomplishedby remote measurementof opticalsignaturesfrom the
overgrowingvegetation.l The project has been a cooperativeDOE/Disneyeffort, in whichbasic
optical signaturemeasurements(primarilyfluorescence)were done at the Disneygreenhouse
facilitiesat Epcot Center in Florida,usinginstrumentationdevelopedby STL on DOE fimding.
The primaryinstrumentis a LIFI system,whichhad originallybeen developedfor detection of

surfaceuraniumcontaminationat DOE sites. To deal specificallywith the plant stress
measurements,a LIFS systemwas built that utilizesthe samelaser, but captures the complete
fluorescencespectrumfrom blue to red wavelengths. This systemhas continuedto evolve,and
the versionin existencein September1997was sent to Poland, accompaniedby two people from
STL, for the purpose of makingthe measurementsdescribedin this report.

2.0 DOE PHYTOREMEDIATION STUDIES IN POLAND

2.1 Background

In cooperationwith the Polishgovernment,DOE has an ongoingprogramfor study and
remediationof selectedsites in the highlypolluted “blacktriangle”area of Poland. The lead
organizationin Poland is the Institute for the Ecology of IndustrializedAreas (IElT.J),located in
Katowice,Poland. One of the study projects for 1997was the plantingand growingof several
specificcrops in an area of known contaminatedand characterizedsoil near Katowice. The
project plan includeda smallcontrol plot whichwas to be plantedin uncontaminatedsoiL

One or more of the speciesplantedwas to be a phytoremediator. (The goal of phytoremediation
is waste minimizationand relocation. If plants can be used to concentratewaste, the recovered
surface biomasscan be removedfrom agriculturalareas, or incinerated.) After some weeks of
growth, the plants were to be treated with variouschemicalsdesignedboth to enhanceuptake of
certain chemicalcontaminantsfrom the -SOLand to transfer into the above-groundportions of the
plants.

STL was invitedto performexperimentsat the site to measurethe optical signaturesfrom the
plants as the chemicaltreatment process was carried out, as well as to look at signaturesfrom the

%eeB. Albers,J. Dfienedetto, S. Lutz, and C, Purdy, “More Effkient Environmental Monitoring with
Laser-Induced Fluorescence Imaging” in Biophotonics International, November/December 1995.
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plants grown in the contaminatedsoil versus the control plants. STL personnelarrivedat the test
plots with the LIFI/LIFSinstrumentationjust prior to applicationof the chemicals,and data were
to be collectedbefore and after application. STL’Sobjectiveswere to observeanyspectral
changesassociatedwith the amendprocess, and to link the spectra (if possible)to the
contaminantsin the soiL If spectral changeswere observableearlyenough in the process, this
informationmightenableaccurate decisionsto be made about the idealharvest time for the
phytoremediators,and perhapsmightenableestimatesof the expectedyieldof the contaminants.

Other groups tivolved in these measurementsin Poland includedFlorida State University,the lead
U.S. organization,and Phytotech,Inc., a bioremediationcompanythat suppliedchemical
amendmentsfor augmentingplant uptake of selectedchemicals. A second set of chemical
amendmentswas developedby IETU. A group ftom the TechnicalUniversityof Budapestwas
involvedin makingnon-remoteopticalmeasurementsusingexcisedleaf samplesflom the plants.

Prior to travelingto Poland, STL personnelvisitedPhytotech,Inc. in New Jersey to view the
plants of the type to be studied in the test plots in Poland and to discussthe experimental
procedure that would be followedin makingthe measurements. IndianMustard (Brassica
jmcea) was the plant specieschosenby Phytotechas a candidatephytoremediatorspecies. Indian
Mustard has a reasonablylow growth size and relativelysmallleaves. Duringthis visit,plot
geometrieswere discussedin conjunctionwith the experimentalplan.

2.2 Instrumentation

The two STL LIF systemsuse the same pulsedultravioletlaser to illuminatethe target area, but
the fluorescenceresultingfrom the laser illuminationis analyzeddtierently. The imagingsystem
(LIFI) collects an imageof the scene in four separate emissionbands— 430,525,680,740 nm,
or “blue:’ “green,“ “red;’ “far-red;’ respectively— and stores the imagesdigitallyto disk. The
four wavelengthsrepresent the four mainpeaks of the plant emissionspectrum,with the 680 and
740 nm peaks associatedwith chlorophyll. The spectroscopysystem(LIFS)collects light from a
small (2-3 cm diameter)area of the illuminatedtarget area and givesa highresolution (3 nm)
spectral readout of the fluorescencefrom that region.The wavelengthrange for these experiments
was set at 400 to 800 nm, and was labeled“hyperspectral”becauseit covers a large, continuous
wavelengthrange whichpermits the identificationof subtlechangesin emissionbands and
intensitiesthat would not be apparentin the LIFI data.

The singlelaser for both systemsis a pulsedNd:YAG,from whichthe third frequencyharmonic
to achieve355 nm output is generated. Custom optics are used for this laser to pur@,
homogenize,and project the beamto illuminatea rectangulararea about 30 cm by 40 cm at a
target about 120cm away. The laser output is eye safe under normaloperatingconditions.
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The LIFI detector is based on a gated, intensifiedcharged-coupleddevice (CCD)carnera2coupled
with a minicomputer equippedwith custom software whichdrivesa frame grab and store board.
The emissionbandsare definedby bandpassfilters. The LIFS detection systemis based on a
similargated, intensifiedcamera,but with a spectrographat its input instead of ii.lters. Because
the LIFS signalis passed through a spectrographthere is no image,but rather a record of
fluorescenceintensityversus wavelength.

During an experimentthe laser illuminatesthe area of interest at the 120-cmstandoffdistance.
LIFI systemexposureis adjustedusing a referencestandard in the corner of the fieldof view, and
fluorescenceimagesare collectedat the desiredwavelengths. Immediatelythereafter, the LIFS

data is collectedfrom a selectedportion of the fieldof view. Readout is almostinstantaneous,but
analysisoccurs at a later time using the stored data.

Based on discussionswith Phytotechregardingthe leaf size of the candidateplants, the LIF
equipmentwas set to measurea relativelysmallleaf area, approximately2.5x 5 cm square, before
the equipmentwas sent to Poland. It was also modifiedto operate on 220 V, 50 Hz electrical
power, and equippedwith a power conditionersinceall power in the fieldwas suppliedfrom a
generator. Allequipmentwas mounted in rugged shippingcontainerswhichdoubledas operating
racks on site in Poland.

After arrivalin Poland, the systemwas fist setup at the IETU in Katowiceand tested. All the
equipmentwas found to be in good workingorder.3 It was then transported to the cooperative

farm site in Bytom,where the test plots were located. The two mainequipmentcrates were
loaded onto a smalltrailer, whichwas used to cart the systemaround to the dhXerentplots, as

shown in Figure 1. The systemwas operated from the trailer. Becauseof exhaustfumesand
noise, the gasoline-poweredelectricalpower generatorwas located 25 to 50 meters away,on the
ground?

2Agatedintensifieddetector allows the camera to be shuttered electronically at speeds of less than 100
m, Whencoupledwith a short laserpulse, the detector sees the fluorescence excited by the laser pulse, but only
an extremelysmallportion of the solar background (the light from the sun that occurs in the shutter-open time).
Because of the gating, fluorescence signals can be observed in daylight.

3By far the biggest problem was the paperwork necessary to clear customs.

4This LIFI/LIFS system has been signifkantly reduced in size, weight, and power from the original
LIFWLIFS system that was developed in 1993. That system required a large truck to transport, two large
generators to operate, and a forklift to position.
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Figure 3. LIFULIFSsystem in use measuringfield-grownplants at cooperative farm in Bytom,
Poland(September1997). Graycaseat leftcontainsLIFSsystem;white case in center containsLIF.I
contro~ tripod holds laser head, LIFI camera, and fiber optic to LIFS system. Smallgenerator of
systempower is out of picture.

2.3 The Poland Experiment

The plots in Bytomwere first planted in May 1997but were subsequentlydestroyedby hail in
June. The plots were replanted,but as a consequenceour visit was pushedback to September
1997. The experimentplan calledfor growingone plot of the plants in uncontaminatedsoil to act
as control. The remainingplots would be in the existingcontaminatedsoil.

When STL personnelarrivedin Poland, they found that there was basicallynothinggrowingin the
control plot. The IndianMustard that Phytotechhad plannedto use apparentlywould not grow
in the soil conditionsfound at the cooperativefarm at Bytom. Instead, IETU had substituted
Brachinia, whichis a cross betweenrape and cabbage (Brassica oleracea var. capitata x

Brassica napus). This plant has muchlarger leavesthan IndianMustard, perhaps 15x 30 cm,
versus the 2.5 x 5 cm expected. This led to two very seriousproblemsfor the LIFULIFSdata.
First, without the control plants, it is not possibleto determineif there is a dtierence in
fluorescencesignalbetweenplants grown in contaminatedsoil and plants grown soilswithout the
metal contamination. Second,pre-set fieldsof viewwere too smallfor the large leaves of the



Brachinia. The LIFI could imageonlyone leaf, instead of a numberof leaveson the same plant,
thus leaf-to-leafvariationcould not be observedwithina singleimage.An addedcomplicationof
the smallimagearea arose duringrepeat LIFS measurementsover a numberof days,becauseit
was not possibleto retarget exactlythe sameportion of the leaf each time. The net result was to
increasethe experimentaluncertainties.

Nevertheless,data were collectedfrom the plants over a period of four days. Plants were
organizedin severalblocksor repetitions,each containingthree plots. The three plots in each
block were:

1) plants not treated with any amendmentchemicals,as control
2) IETU, whichwere plants treated with IETU’Samendmentchemicals;and
3) Phyto, whichwere plants treated with Phytotech’samendmentchemicals.

(IETU and Phytotecheach used two amendments,presumablywith similarcharacteristics. One
was appliedto the ground and was called“AmendmentA:’ and one was appliedto the plants,
called“AmendmentB“). Data was collectedfrom plot blocksA and C. Measurementswere
made on two plants from each plot, then the trailer with LIFULIFSequipmentwas movedto the
next plot and measurementswere againtaken from two differentplants. This was done for the
three plots in each block, then againat a numberof delaytimes (ffomless than an hour to several
days) after “AmendmentA“ was applied,then againat a numberof delaytimes after “Amendment
B“ was applied. Leaveswere markedso that each time a plot was revisited,the sametwo leaves
were measured.

2.4 Results

2.4.1 LIFI images

Approximately65 imageswere collectedat each of the four wavelengths,plus backgrounds,for a
total of over 500 images. A subset of these was chosenfor analysis. A data “set” was assembled
by selectingthe four fluorescenceimagesand four correspondingbackgrounds,then subtracting
the respectivebackgrounds,then scalingthe four resultingimagesto the equivalentflstop (flstop
is variedduringdata collectionto compensatefor brightnessof image). Image ratios were then
constructed for the six possibilities,i.e., blue/red,blue/far-red,red/far-red,blue/green,greenhed,
and green/far-red,by taking a pixel-by-pixelratio of intensitiesfor all 512x480 pixels. Finally,
the ratios were displayedas images. Image processingwas done usinga commercialimage
processingprogram (EIW@’)with the help of some custom software to aid in repetitivedata
manipulation.



The imageprocessingsoftware allowsregions of interest (ROI) to be selectedfrom an image,and
can also average the ratios over each ROI. Some of the data was analyzedusing three different
types of ROI:

1)
2)

3)

as muchof the wholeleaf that was availablein the image,but excludingbackground;
the whole leaf less the major veins;and
a set of 2 randomellipsesdrawn on the leaf.

Figure 2 illustratesthe ratio averagevaluesfor all three regionsof interest at various times during
the 3-day durationof the measurements.

70
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Figure 4. Blue/far-redratio average values from LIFI image analysisfor the three types of ROI
describedin the text. Thefirst set of three bars on the left represents an untreated plant on day one,
the second set of bars is taken on the same day approximatelyone hour after treatment with
Amendment& the thirdis 24 hourslater, thefourthis 1-2 hours after treatment with AmendmentB,
and the fifth is 24 hours after that.

Two very important findingsarose from this limitedsamplingof the LIFI data. First, althoughthe
numericratio valuesare differentdue to the fact that neitherLIFI nor LIFS results were corrected
for instrumentresponse (not necessaryat this stage - lookingfor effects and trends, not absolute
numbers),the LIFI and LIFS trends track reasonablywell (these trends are discussedin more
detail in the followingsection on LIFS results). Second, the variationof the ratio as a fimctionof
region of interest and positionon the leaf is surprisinglysmall. It was expected that includingor
excludingthe veinsof the leaf would make a signlicant difference,but no large efftxt was
observedon the ratios as a functionof the ROISchosen. More often than not, however, the



525 nrnintensitywas slightlysuppressedin the ROI excludingthe veins;nevertheless,the trends
of the ratios in time followedcloselythose from the other two ROIS. It is interestingto note that,

althoughratios involvingthe 525 nm green band were not calculatedfor the LIFS measurements
since there was no apparent green peak to work with, ratios horn LIFI involvingthis “peak”in
some cases showedsome interestingtrends which,though too preliminaryto report here, suggest
that ratios involvingthe 525 nrnregion of the spectrumshouldbe investigatedin the LIFS
experiments.

2.4.2 LIFS spectra

More than 100LIF spectra were collectedand analyzed. All spectra displayedsimilargross
characteristics: three primaryfluorescencepeaks, one in the blue and two in the red region of the

spectrum. These features are shownin Figure 3, whichis a typicalfluorescencespectrum
uncorrected for instrumentresponse. Three parameterswere analyzed: peak wavelength;peak
height (intensity)after correctingfor solar background;and ratios of intensitiesbetweenthe major
peaks. The results found were consistentwith results that have sincecollectedfrom more recent
laboratoryexperiments,specifically

1) in no case did the wavelengthshow a detectableshift with variationof any of the
experimentalparameters;

2) there was considerablevariationof fluorescencepeak heights,but since the natural
variationfrom plant to plant was large, this for the most part maskedany observable
intensityeffect;

3) ratios of band peak heightsproved to be the best simpleanalysistechnique.

In particular,measuringthe peak height (intensity)at the blue (near460 rim),the red (about
685 rim),and the far-red (around740 nm) peaks, then taking the three possibleratios (blue/red,
blue/far-red,and red/far-red) is the best simpledata analysistechnique. It is self-consistentwithin
a measurement,averagingout much of the leaf-to-leafvariation,as well as anyfluctuationsin
laser power on target that plaguesimpleintensitymeasurements. The fact that the wavelengthsof
the peaks did not shift appreciablyis not in itself surprising,since the fluorescentmaterialsin the
leaf are not altered. The changesin fluorescenceintensityare more indicativeof changesin the
energy transport in the leaf and the concentrationsand conditionsof chlorophyllwithinthe leaf.

,
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Figure 5. SampleLIFS spectrum taken in Poland showingintensityof emitted fluorescence(not
corrected for instrumentresponse) as a function of wavelengthfor a control plant from Block A.
Fine structure is noise. Lack of signal below 400 nm is due to cutoff titer; above 800 nm the
instrumenthas negligiblesensitivity.

Whilethere were large variationsin the fluorescenceintensitylevels,some trends were
neverthelessobservedin the absolute (notjust relative)intensitylevelsas well. Untreated plants
generallyhad averagelevelsof bluefluorescencebut highestlevelsof red and far-red
fluorescence. There were modest increasesin bluefluorescenceafter applicationof the I.ETU
Amendment~ and a less clear trend for that of PhytotechAmendmentA. However,upon
applicationof AmendmentB of both types, the blue levelsrose and continuedto increasewith
time for as long as the data was collected. Furthermore,althoughmore data would be required to
be certain, there is an apparentbroadeningof the bluepeak in the red directionof the spectrum,
possiblycausedby the contributionof a larger amount of 525 nm fluorescence.

The red/far-redratio remainedquite constant in the control set (no amendment)as well as with
the various treatments and time. The most informationwas containedin the blue/red and
blue/far-redratios, both of whichbehavedsimilarly.In the control group of plants, both ratios
were constants over the durationof the experiment(manydays), as hoped. Despite significant
scatter in the results, the followingobservationscan be made for the treated plants:

1) AmendmentA Both the IETU and PhytotechAmendmentsA were applieddirectly
to the soil. In the groups treated with IETU’Schemicals,the first measurementswere

9



made approximately1 to 2 hours after the applicationof AmendmentA, and both the
blue/redand blue/far-redratios showedan immediateincrease.This rapid response

was surprising,consideringthe fact that AmendmentA was appliedto the soil, not to
the leaves. Whena secondseries of measurementswas made the next day, nearly
24 hours later, the ratios remainedat the elevatedleveL Despite the large ratio
increase, there was no visiblechangedetectablein the appearanceof the plants. For
the plots of plants treated with Phytotech’sAmendmentA, however, there was no
significantchangedetectablein the blue/redor blue/far-redratios, either 1 or 24 hours
after application. The fact that a changewas seen with IETU’Schemicalbut not

Phytotech’ssuggests that anypossiblephysiciildamageto the plants duringthe
applicationwas probablynot a factor.

2) AmendmentB: In both IETU and Phytotech trials,AmendmentB was appliedto the
leaves of the plants approximately24 hours after applicationof AmendmentA, and the
frostmeasurementswere made after a delayof about 1.5 to 2 hours, givingthe leavesa
chance to dry thoroughly. For the IETU AmendmentB application,both blue/redand
blue/far-redratios showedno significantchangefi’omjust before to 2 hours after
spraying,suggestingthat the sprayper sedid not significantlyalter the optical
characteristicsof the leaves. However, the ratios did displaya slow continualrise over
the next three days (until the measurementsstopped), indicatingthat somethingwas
occurringwithinthe plant. This ratio changewas correlatedwith a Wlble changingof
the leaves and was most likelydue to a loss of viablechlorophyllfrom the leaves. For
the PhytotechAmendmentB, significantincreasesin the ratios were observedon first
measurementafter the spraying,then the ratio continuedto rise over days (until
measurementswere halted); this rise in the succeedingdayswas againcorrelatedwith
a visibledegradationin the health of the plant.

The behaviordescribedin the aboveparagraphsoccurred in measurementsof both blocks
(replicates)of plants that were treated with the amendmentson differentdays.

3.0 CONCLUSIONS AND RECOMMENDATIONS

Sincemeasurementsfrom a set of control plants grownin uncontaminatedsoil could not be made,
it of course was not possibleto see anychangethat the high levelsof soil contaminationmayhave
inducedin the test plants, thus this experimentwas reduced to characterizingthe relativeeffects
of the amendmentson the fluorescencesignaturesof the plants grown in contaminatedsoiL ‘
Withinthis reduced experimentalscope, STL personnelwere able to observeremotely,through
inducedfluorescence,not onlyvisualbut also previsualchangesin fluorescencesignaturesof test
plants due to the applicationsof the amendments. I
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A further limitationof this experimentarose from the discrepancybetweenthe detector fieldsof
view that were employed(approximately30 cm x 40 cm for LIFI and 2.5 cm in diameterfor
LIFS) in anticipationof surveyingthe small-leafedIndianMustard plant, comparedto the very
large leavesof the Brachiniathat was actuallygrown and surveyedin Poland. The LIFI system

was able to capture onlyone leaf per image,and onlya smallpart of each leaf was captured in
each LIFS sample. With LIFS, whichutilizeshigh spectral resolution, this can lead to significant
variationsin the measureddata, dependingon the conditionand the region of the leaf viewed(for
example,the fluorescenceintensityin the green region of the spectrumwilldepend on how much
leaf veinmaterialis in the spot observedby LIFS). Therefore, the LIFS observationsshouldbe
consideredprovisionalbecauseonlytwo leavesfrom each plot were measured,and then onlya
smallpart of each leaf, leadingto fairlylarge variationsin the data. Other reasons for variations
(or noise) in the data includenatural variationamongplants and leaves,and some variationsin
laser power (the LIFS systemhas sincebeen upgradedso that the laser output levelis recorded

during the collectionof each data file).

If Brachiniaplants were to be measuredagain,considerablylarger fieldsof viewfor both the LIFI
and the LIFS would be used. In fact, three fieldsof viewwith the LIFS systemare now routinely
simultaneouslymeasured,one of whichis muchlarger than that used in Poland. Larger fieldsof
view would be helpfulin averagingout leaf-to-leafand plant-to-plantvariations(LIFI) and single
leaf variations(LIFS), allowingus to assess better the health of the plot as a whole.

Althoughthe data analysistechniqueutilizingband intensityratios gave results that were
deftitely correlated to treatment, this is a rather crude technique. More sophisticatedanalysis
tools are currentlybeingdeveloped,such as neuralnet analysistechniques,whichwould likely
extract considerablymore informationfrom the Poland data set. However,due to the lack of
control plants duringthe Polandexperiment,it is probablynot worth the effort to reanalyzethe
Poland data when the new tools becomeavailable.

The inducedfluorescenceresponsesthat were observedon applicationof the amendmentsto the
phytoremediatorsare sufficientlyinterestingto justi& fiuther investigation(perhapsby Phytotech)
to explore the use of LIFI and LIFS to diagnoseamendmentkineticsand possiblyuptake yield.
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