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Abstract
Spectral signatures of water hyacinth grown wittcbintrol agentsiNeochetina eichornia and
N. bruchi) and various heavy metal pollutants were colleetieithe plant canopy level using a
hand-held spectrometer to detect biocontrol agedtreeavy metal-induced plant stresses and
the interaction between the two stressors. Watacihth was grown in 65L tubs, each with a
single treatment, from one of; As (1 mg/L), Au (i), Cu (2 mg/L), Fe (0.5, 2 and 4
mg/L), Hg (1 mg/L), Mn (0.5, 2 and 4 mg/L), U (1 thyand Zn (4 mg/L), with the exception
of the control treatment. Spectral measurement® waken before and after the addition of
the weevils. Several spectral indicators of plargss including RE_NDVI, mNDWbs, MSR,
PRI, red-edge position (REP) calculated using fiistivative and linear extrapolation and
WBI (to detect water stress) were used to ideritibtic and abiotic induced plant stresses of
water hyacinth. The spectral indicators of both aheind weevil plant stressors were
correlated with the leaf chlorophyll content frommetSPAD readings at the end of the
experiment. Correlation results of mMNDW was the highest followed by REP_LE. Cu-, Hg-,
and Zn-treated plants showed significantly loweloaphyll contents compared with the
control treatment. A similar trend with four addial treatments (As, Fe-M, Mn-L and Mn-
H) was seen after the release of the weevils, ataig plant stress due to feeding by the
biocontrol agent. These results indicate that rsgetral remote sensing has potential as a
tool to determine the health status of water hythcinom a remote location, to inform
management interventions in the control of the wedolvever, its usage at a larger scape

requires further studies.

1. Introduction
Plants growing in metalliferous soils and most diguaacrophytes have an enormous

capacity to accumulate heavy metals in their ptesues. In the last two decades efficient
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accumulator plants have been targeted for phytai@tien of land and water pollution
caused by anthropogenic activities and have prowvéxe viable for remediating contaminated
environments in many wetlands and industrial a(Eapen and D’Souza, 2005). For instance,
water hyacinth has been used in a constructed neeifaTaiwan to remove large amounts of
lead, copper and zinc (Liao and Chang, 2004). Taerewetlands that are invaded by water
hyacinth could be regarded as “nature’s kidneysit hurify polluted water (Malik, 2007).
Nevertheless, the accumulation and storage of heastals in plant tissues is known to
influence insect herbivory and this may pose a lprabto management of invasive alien
weeds with biocontrol agents (Boyd, 2010). Plantswing in metalliferous sites have
reduced biotic stresses compared to the same emisng in unpolluted soils. Noret al.,
(2006) indicated that only one out of the totaldif8erent types of insect herbivores that are
known to feed orSlene wulgaris Garcke (Caryophyllaceae) was actually found tacitthis

plant when grown on contaminated sites.

Water hyacinth is an invasive aquatic plant caugxignsive environmental problems in South
Africa (Coetzeet al., 2011).Extensive water hyacinth infestation causes sews@homic and

environmental problems. For example, water hyacprgvents light penetration and reduces
water oxygen levels. It also obstructs fishingigation, navigation, recreational activities and
impedes power generation by obstructing turbineali@/12007). The massive growth of water
hyacinth biomass above and below water is usuabpansible for gradually terminating the

lives of streams and rivers by choking them to ld€aiwari et al., 2007).

There are six water hyacinth biocontrol agentsoohiced from Latin America and established
successfully in South Africa. Among these agerits, water hyacinth weevils. eichhorniae
and N. bruchi are widely used in the country (Cilliers and NesE991). These nocturnal
weevils are about 4-5 mm long and spend the dalyesimg in the leaf sheath or inside rolled
leaves (Oberholzer, 2001). On average, the fenraldupes 350 to 400 eggs in its life span and
these are laid either deep on the younger leafdiss on the upper surface of older petioles for
N. eichhorniae andN. Bruchi, respectively (Oberholzer, 2001). When the eggshhat about
two weeks time, the larvae start feeding by miramgl tunnelling into the petiole towards the
crown, while the adult weevils feed on leaves, lguaaving behind characteristic feeding
scars (Del Fosse et al., 1976). Ajuatal. (2007) measured a maximum of 212 scars per leaf,
caused by feeding of weevils and the damage cabgeld. bruchi was twice that of\.
eichhorniae. Both weevils can cause considerable damage terweacinth but have not

satisfactorily controlled the plant yet.



Despite several attempts at biocontrol, water mghcin South Africa remains a problem,
encouraging new approaches to integrated contrahads. Eutrophication and water
pollution in South Africa are among many factorattlare commonly linked with the
extensive growth of water hyacinth, making biocohtmore difficult (Coetzee and Hill,
2012). Currently the paradigm of water hyacinthtoann South has shifted to an integrated
management that combines biocontrol with herbicraghod (Byrneet al., 2010). However,

to facilitate the decisions of implementing a tieféeient measure, an efficient method of
data collection is required. In recent years hyperral sensors, at a small scale using a hand
held spectrometer or at a larger scale using imfgasairborne and satellite platforms, have
emerged as a powerful tool for monitoring plant Itheastatus and monitoring the

encroachment of different alien invasive plantdifferent habitats.

1.1 Spectral indicators of plant health status
Most plants with healthy green leaves absorb highlthe blue (400-500 nm) and red (600-
700 nm) regions of the electromagnetic spectrunaltHg plants also reflect highly in the
green region (500-600 nm) and beyond the visibhgeabetween (700-1300 nm) of the light
spectrum(Mirik et al., 2007). Furthermore, leaf chlorophyll-a and cbfyll-b accounts for
the red leaf fluorescence in the 600-700 nm rangew et al., 2008). Chlorophyll
fluorescence is the light re-emitted by chlorophgiblecules of plant leaves after absorption
as opposed to light reflectance which is the amadinbcident light directly reflected back
from the surface. Both the internal leaf structuaed the leaf pigments are directly influenced
by the physiological status of the plant, hence altgration as a result of stressors will
change the spectral signature of the vegetatiormci®urn, 1998) and this provides
information on the plant health status (PefiuelasFalella, 1998; Miriket al., 2007).

Water deficiency, pests, pathogens, frost andasull water pollution are among some of the
environmental factors that prevent plant chloropbglvelopment, thus affecting the spectral
signature of vegetations. For instance, spectrabtion of light in the red band decreases
when photosynthetic activities are impaired dueataeduction in the total chlorophyll
concentration and a decrease in the chlorophytlrotenoid ratio (Rockt al., 1988). Such
stress-induced variation in chlorophyll and othigngents increases chlorophyll fluorescence
in the red band as a result of the dissipated extight energy accumulated by the
chlorophyll molecule, which in turn exceeds theiliof the declining photosynthetic activity,
to protect potential damage in the chloroplast {Ligt al., 2008; Marlin,et al in press).

Variations in leaf chlorophyll cause shifts in thesl-near infrared slope known as the red-
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edge slope and also the inflection point of theadde slope known as red-edge point (REP)
(Curranet al., 1990; Smithet al., 2004). This slope occurs between the maximumtpafi
chlorophyll absorption in the red band (around 68 and around 780 nm where the highest
spectral reflectance in plants is observed duad¢oeased multiple scattering of radiation in
the intercellular spaces of the leaf mesophyll (Brei al., 2004). A slight shift in the red-
edge slope or REP towards the shorter wavelengtlug“shift”) is observed when green
plants are under stress conditions such as thdseed by heavy metal concentrations, (Rock
et al., 1988; Carteet. al., 1993). The REP shifts towards the longer wagtle(‘red shift”)
with increasing chlorophyll concentration (Liestval., 2008).

Different studies have applied shifts in the RERhatregion of 680-780 nm as a significant
indicator of plant stress. This is because the REly slightly influenced by factors such as
trichome density, variation in leaf structure (Lietval., 2008). The slope of the red edge
changes as a healthy and actively photosynthesidiugt faces different stress levels. For
instance Roclet al. (1988) indicated that a 5 nm blue shift of thd exlge position was

detected in spruce specimens collected from sitesigh air pollution damage, and in a
western conifer plants exposed tag, G5O, pollution and acid misting in a controlled

environment.
1.2.The impact of heavy metal pollution on plants

The accumulation of heavy metals in plant tissussugts physiological activities through
oxidative tissue damage since the uptake of elemhemtals can produce increased amounts
of toxic oxygen by inhibiting both plant photosysie (photosystem | and 1) (Navari-1zeb

al., 1998). For instance Maksymietal., (1994) showed the photoinhibitory damage caused
by excess Cu to PSIl, when it reaches the leatigssExcess reactive oxygen species
generated by such metals in the plant’'s shootspseg cells to reactive free radicals that
catalyse the peroxidation of unsaturated fatty samembrane dismantling, ion leakage and
DNA-strand cleavage among others (Rascio and N#xzw, 2011). Most plants growing
under the stress of such heavy metals can surwveither preventing the metals from
entering into the root cells through exuded orgaaids or anionic substances within the cell
walls to which the metal ions are bound in the portoplasmic plant features such as the cell
wall and intercellular materials (Rascio and Navazb, 2011). Most heavy metal
contaminants are accumulated in the roots of watacinth rather than in the shoot system
(Malik, 2007), except for some which are transpbrite to the upper biomass of the plant



such as Se (Table 1) (Zleual., 1999). For instance a linear correlation of mataumulation
was found in the order of roots>stems>leaves oemlayacinth with increase of contaminant
solution concentration (Stratfoed al., 1984), as was the case with Cr, Cu, Ni and AsefL
al., 2004). The fact that water hyacinth and manygio#guatic plants store most of the heavy
metals in their root system may suggest why thémgtgpare usually resistant to heavy metals

and are used as good candidates of phytoremediation

The information on the heavy metals interactionhwbiocontrol agents on water hyacinth
weed is not well established. Despite the weeddgoeire of the worst aquatic invaders, the
hyperspectral analysis of water hyacinth in the magaothing more than general mapping of
plant coverage (Cavilkt al., 2009; Hestiet al., 2008; Underwooet al., 2006; Everittet al.,
1999).

In this study we investigated the water hyacintanplhealth status using a hand-held
spectrometer, the Analytical Spectral Device (ASDhe ASD is limited to plant-scale
monitoring of plant stresses. However, it has lbaédmporal, spectral, and spatial resolution
than airborne data. Somegistinghyperspectral indicators were used to determink bwitic

and abiotic plant stressors and their interactimeteveen them.

2 Material and Methods

2.1. Experimental design

2.2. Spectral measurement

2.3. Data analysis

A single-component system trial of water hyacintbvgn under different biotic and abiotic
conditions was conducted in 65 L tubs in a “greersieo tent” at the University of
Witwatersrand, Johannesburg (South Africa). Tubsevirst conditioned with sulphuric acid
(pH 1.5) for a week. The acidic water was neutealizvith sodium hydroxide (NaOH) and

disposed of. The tubs were thoroughly washed vafh water, rinsed and dried. Plants of
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water hyacinth were grown with a single heavy metdtment in each tub under a clear non-
UV screening greenhouse plastic tent (UVA-clearNl) supplied by Vegtech 2000, Cape
Town, South Africa) at the roof of the OLS buildireg the University. The trials were
conducted for a period of 60 days starting in Eigng of 2011 and ending in early summer
of 2012, with minimum, maximum, and average airgenatures inside the plastic tent being
6°C, 42°C and 24°C respectively.

The water hyacinth used in the tub experiments wassplanted from a pond at the
University of the Witwatersrand and were originadlytained from Delta Park, Johannesburg
two years prior to the experiment. Water hyacirdnfs were added to the tubs and pools at
same phenostage (short, green and healthy, “bullstage) and were left to grow between

two to three weeks, before the start of the trials.

Spectral measurements of water hyacinth were takem plant canopy at a height of 80 cm
above the top of the plants, using a hand-heldtspeeter manufactured by the Analytical
Spectral DevicesT" (ASD) (Boulder, Colorado, USAith a 25° Field of View (FOV)
through a permanent fibre optic cable. This dewiae a narrow band 1 nm sampling interval
and acquires spectral data between 350-2500 nmspdttral measurements were taken

during a warm day with a clear sky between 10:0lié@morning to 14:00 in the afternoon.

After the last spectral measurement at the end hef éxperiment, leaf chlorophyll
measurements of the plants were also taken witlctdarophyll meter (SPAD-502 Minolta,
Japan) for comparison and interpretation of thetsgkesignature from the ASD. SPAD-502
readings were taken on ten leaf samples from eeglicate of each treatment in the tub
totalling 30 leaf SPAD-502 readings per treatmehie larval and adult leaf damages of the
water hyacinth weevil were also counted as larnvaimg and adult feeding scars, respectively
to compare results of the spectral data.

2.2 Experimental set up
A total of 39 tubs for 13 different treatments,wéach treatment having three replicates were
arranged randomly in four rows (Fig. 1J.ubs were filled with about 45 litres of tap water,
and a Y4 of the complete strength of Hoagland swistivas added to each tub using a plastic
syringe and stirred thoroughly with a plastic rdéach tub was equipped with a submersible
fish tank pump (flow rate 400 litres/hr model PHA@®wer head pump) to agitate all

treatments.



Ten short, green and healthy water hyacinth plahthe same size were washed and rinsed
several times with tap water and then added to a#wzhleft to grow for a week. All metal
treatments were added to each tub in the same svetyeaHoagland solution, except that the
plants were first raised above the water beforemggdthe treatments, to facilitate the stirring
process. Metals added were As, Au, Cu, Fe, Hg, Wand Zn, from which Fe and Mn were
also used as treatments to test the dose respdnbe plants as low, medium and high

concentrations (Table 1).

Water loss from each tub due to evapo-transpiratias compensated by topping up each tub
every four to six days. The experiment was condlctéwo phases for about 60 days. The first
18 days (metal uptake phase) were used to invéstiga spectral signature of water hyacinth as
a result of heavy metal impacts, after which 60ewdtyacinth weevils (an average of 3.5
weevils per plant) from botNeochetina eichhorniae andN. bruchi) were added to each tub for
the second phase (the biocontrol or weevil treatrphase). Spectral measurements were taken
before (week-3) and after (week-9) the additiontled weevils. Each treatment had three
replicates and the spectral measurement on eatibaregas repeated three times giving a total

of nine spectral data for each treatment at eaciplag occasion.

2.3 Spectral analysis

Different indices were implemented to analyse thectal data from the ASD (Table 2). The
first derivative spectra were calculated usingftrst-difference approach, which computes the
difference between adjacent wavebands (Dawson amcug 1998). The REP was computed
using the linear extrapolation method proposed by &hd Skidmore, (2006). Shift in the REP
before and after the application of water hyacwievils was calculated by subtracting the
wavelengths of each heavy metal treatment in weék& metal uptake phase) and week-9
from the respective control treatments. One-waylyaigof variance (ANOVA) followed by
Fisher's Least Significant difference (LSD) postthest was conducted to evaluate whether
significant differences exist between the chlordpbgntent of the water hyacinth measured or
calculated under different treatments. Regressi@tyais was used to assess the relationships
between the SPAD-502 reading of leaf chlorophylteat and the spectral stress indicators

(spectral indices).

3 Results
After three weeks with a single heavy metal, eaehtinent showed a remarkable variation in
light absorption and reflectance of water. The cdrghowed the highest absorption at around



670 nm followed by U and Mn-H treatments (Fig. 28, Zn and Hg treatments showed the
least absorption. A similar trend was also seerncatdd in the near infrared (NIR) region
where U, Mn-H and control treatments had a higleflectance than Cu, Zn and Hg which
caused the lowest reflectance (Fig. 2A). Six wesdtey the addition of biocontrol agents (week-
9), the spectral reflectance of each treatment evasn more distinct (Fig. 2B). The spectral
absorption and reflectance features at the VNIRedsed after the addition f the weevils (Fig.
2A and 2B). Absorption at the red band was higli@sthe Fe-H treatment, followed by the
control, while Cu, Zn and Hg treatments were theelst (Fig. 2B). The highest reflectance was
showed in Fe-L followed by the control treatmentlevithe Cu, Fe-M and Hg treatments had

the lowest reflectance (Fig. 2B).

When the red edge first derivative curves for otllg treatments that were significantly
different from the control were computed, two distly defined peaks were observed (Fig. 3A
and B). These two characteristic peaks in the dgkgealong with the shift of the red edge
position to either the shorter (the blue shift}lee longer wavelengths are associated with plant
health status, and these features were more cldetiynguishable in the treatments after the
weevils than before the addition of the weevilse Bame elements (Cu, Zn and Hg) showed an
increase in the first peak at around 702 nm andedse in the second at ~ 718 nm, opposite to
the control treatment (Fig. 3A). Similarly, the in treatments followed by Mn-L and Mn-M
treatments showed the highest first peak while dbwtrol treatment had the highest second
peak, after the addition of the weevils (Fig. 3B).

The canopy chlorophyll content of both trials, befand after addition of weevils, calculated
using the modified red edge index, mNDRy showed significant differences between
treatments ((F12, 101) = 17.206, p < 0.001) &(tR, 101) = 18.6235, p < 00fgspectively)
(Fig. 4A and B). In the first three weeks of thalt(week-3) Copper, Hg and Zn treatments
were significantly lower from the control and dlktother treatments. In the second phase of the
trial (After the addition of the weevils) mMNDY generally had dropped significantly (F12, 25)
= 4.4996, p < 0.001) and the same three treatn{€utsHg and Zn) were significantly lower
from the control treatment, but not from the resthe other treatments in the trial. The spectral
index, mMNDVVkgs in both trials (before and after the addition bé tweevils), of iron and
manganese dose response treatments, showed racaigndifference with the exception of Fe-
M which was significantly lower than the Fe-H tmeant (Fig 4A and B).



The results of the red-edge position (REP), catedlérom the first derivative spectra using the
linear REP_LE technique showed significant diffexs between treatments before and after
the addition of the weevilsF(,, 2573.1187, P<0.008) and K2, 2573.7748, P<0.003),
respectively) (Fig. 4C and D). The general trendtleé results calculated with REP_LE
followed the same pattern as those in the mNRMesults in both trials (before and after
addition of the weevils). The treatments of Cu, &gl Zn consistently revealed a significant
difference from all the other treatments in thetfthree weeks (Fig. 4C). The REP significantly
decreased in the second phase (week-9) (F(12, 28)9€58, p<001) and Cu remained
significantly different from all the rest of theitments (Fig. 4D). The iron and manganese dose
response treatments showed no significant differdretween them in both trials (week-3 and
week-9). The REP of Cu, Hg and Zn treatments shdaivedighest blue shift of approximately
~ 5.5 nm from the control, compared to all the ottreatments (Fig. 4C). The blue shifts
increased an additional 14.5, 2.5 and 1.5 nanomdtie the Cu, Hg and Zn treatments

respectively when the weevils were added (Fig. 4D).

The water band index, of the metal and weevil phaisés showed significant difference
between treatments ((F12, 101) = 11.3062, p < 0.@0# F(12, 101) = 4.9604, p = 001)
respectively) (Fig. 5A and B). In the first threeeeks of the metal phase trial Cu and Hg
showed significantly the lowest canopy water con(€WC) followed by Zn which was not
significantly different from the Fe-L treatment gFbA). The pattern of the plant water status in
the second phase of the trial after the additiothef weevils however, was opposite of the
results in the week-3 and decreased significafily2( 25) = 2.795, p < 0.015). The U, Fe-H
and Au which were among some of those with sigaiftty higher CWC compared to Cu, Hg
and Zn treatments in the first phase of the meiall showed significantly lower CWC in the
second phase of the weevil trial compared to theesalements with the exception of Zn
treatment (Fig 5B). The pattern of iron and mamgandose response treatment was similar to
that of the mNDVI trend in Fig. 4A and Fig. 4B, withe exception of Fe-H which was
significantly higher than Fe-L and Fe-M in the nigtiaase trial (Fig. 5A).

All metal treatments except U significantly redud¢kd number of mined petioles (F(12,104) =
4.259, p<0.001), and the Cu treatment had sigmifigdewer petioles mined than all the other
treatments, except Zn and As (Fig. 6A). The contreatment on the other hand sustained

significantly the highest mined petiole in thisatrwith the exception of the U treatment. A



similar pattern emerged in the number of leaf scatsited, which were significantly fewer in
the Cu treatment than all others except As, Mn-tl &n-H (F(12,104) = 2.1349, p<0.021)
(Fig. 6B) . However, only As and Cu had fewer fegdscars than the control treatmeulike
the adult feeding scars, the larval mining was ificantly different from that of the control,
indicating that the larvae were more sensitiveht g than the adult weevil. Both larval and
adult feeding in the iron and manganese dose respmeatments did not show any significant

difference between them (Fig. 6A and B).

Different spectral indicators of plant stress frim spectral measurements at the end of the
experiment (week-9) were correlated to SPAD-502liregs, number of larval mined petioles
and adult feeding scars and all relationships vpestive and significant (Table 3). Indices
based on the red edge bands (mNDVI, REP-LE, RE-NBNH REP-Max FD) showed
stronger correlation compared to the green banexifBRI). The spectral indicator, mNDVI
showed the strongest correlation with all the \des, except the correlation of REP-Max FD
with larval feeding which was greater than thatwitNDVI. Of all the spectral indicators the

PRI showed the weakest correlation (Table 3).

4 Discussion
The hand held spectrometer was able to distinquisit stress caused by different metals of

which Cu was the most stressful; and biotic stoassed by biocontrol was also visible.

5.1 Heavy metal-induced plant stress

Heavy metals, with the exception of micronutrier@i®e not known for any particular role in

plant metabolic functions and among these are Hxg,lA and As (Dunn, 2007). Hence plant
uptake of such elements occurs either by physiocdaradsorption on the roots surfaces or
by passive transportation and retention in thesrobtmany aquatic plants (Dunn, 2007). The
localization of the heavy metals in the roots ofsinaquatic plants enables them to avoid
metal phytotoxcity effects. However, some heavyatsein the roots could indirectly stress
plants by interfering with the passage and rooékgif important nutrient elements from the
water. For instance the uptake of As includes aivea@poplastic mechanism using the
phosphate uptake path ways, through which somaniarseuld also reach the aerial plant
parts (Rahman and Hasegawa, 2011). In contrashitr®nutrients Fe, Mn, Cu, and Zn have
an essential metabolic role in plants through theirolvement in the chloroplast or

chlorophyll synthesis (Fe and Mn) or Enzyme, coemzyand hormone synthesis (Cu and Zn)

(Dunn, 2007). Hence, their uptake by plants occuesnly by active transport processes.

10



Nevertheless, Veskt al. (1999), found thatinlike, Cu, and Zn, the uptake of Fe in water
hyacinth was more localized at the surfaces ofathter hyacinth roots than towards the root
centre. Iron-plaques formed by iron hydroxidesesits of oxidation of the root zone by the
plant or microbial metabolism contributes to thenidocalization on the surface of the root
(Vesket al., 1999).

In the first three weeks plants of water hyacingrevgenerally tolerant to most heavy metals
under which they were grown. However, differergécpal stress indicators calculated in this
study revealed that water hyacinth plants wereistergly under severe stress of Cu, Hg, and
Zn treatments (Figures 3A, 4A and 5A). Several istichave already established the
appearance of blue shifts in the red edge as acaitod of plant stress associated either with
deficiency or excess of organic and inorganic el@smelue to their association with plant
chlorophyll content (Ayala-Silvat al., 2005; and Kooistrat al., 2004; Horleret al. 1980,
1983). A greater first derivative peak at ~ 702 rffinst peak) by the treatments Cu, Hg and
Zn compared to the control treatment and theirtik&ashift towards the shorter wave length
opposite to the direction of the control treatmemticated decrease in canopy chlorophyll
concentration and as a result plant stress fronhdaey metals (Fig. 3A)The shift towards
the shorter wavelength (blue shift) of the REPhia Cu, Hg, and Zn treatments was by about
5.5 nm and this could be implicated to the coneiuin of the these heavy metals in water
hyacinth plant (Fig. 4C). Rockt al. (1988) found a blue shift of 5 nm in spruce aimd f
species as a result of airborne acid depositiont@aess. Similarly Rest al. (2008) in a
single element trial, using the REP and the blué stere able to identify the relative
concentration of lead (Pb) in the canopy leavesiad during the early tillering stage. In
another study Jago and Curran (1996) also shovetdhé peaks of 693 nm and 709 nm from
stressed grass canopy spectral measurement grawing-contaminated sites. The adjusted
normalized difference index (MNDk) also reflected the pattern of the plant stressvsh
by the first derivative reflectance curve (Fig. 3&)d the REP calculated using the linear
extrapolation (Fig. 4C), where treatments of Cu, &gl Zn were indicated as the most
stressful heavy metals to the water hyacinth plahite three band indices mNDVI which
consists two of the red edge and one of the blnddhaas an advantage over the ordinary red
edge spectral indicator (e.g. RE-NDVI) since itreots leaf structural variation and other
additives such as the back ground effects and pesda stronger correlation with canopy
chlorophyll concentration (Tiamg al., 2011).
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The canopy water stress of water hyacinth matchesrésults of the spectral indicators
associated with leaf chlorophyll concentrations (W05, REP-Max FD and REP-LE)
where water hyacinth grown in the same metal elésn@@u, Hg, and Zn) had the lowest
water band index which showed the water stresd.|@audioet al., (2006) used the WBI to
estimate the evapotranspiration and the canopyrwsitdus of vegetations in semi-arid
shrubland ecosystem in Southern California and doarstrong link between canopy water

content and the green canopy structure.

The spectral indicators for the plant stress coeisily showed that among the different heavy
metals tested, water hyacinth was only very semsttt Cu, Hg and Zn, during the first three

week of the metal phase trial.

5.2 Interaction of the biocontrol agentswith heavy metalsin plant tissues
Most spectral indicators that detect plant stressaasociated with plant chlorophyll. Excess

and deficiency of plant nutrients affect the plahtorophyll. For instance deficiency of both
nitrogen and magnesium results in the entire ptarbrisis since they are an essential
component of chlorophyll, while the deficiency o8,CK and P only results in a partial
chlorisis Ayala-Silvaet al., 2005. Spectral indicators of plant stress assalt of nutrient
deficiency, therefore, follow the same spectrahdie where the REP shifts towards the
shorter wavelength and this makes it difficult tstiiguish between them (Ayala-Sileaal.,
2005). The same applies with high concentratiomedvy metal plant uptake, that reduces
leaf chlorophyll by resulting in higher concentoatiof destructive oxyradicals compared to
the antioxidant plant systems and cause “oxidatsteess” that eventually impair
photosynthesis (Smolders and Roelofs, 1996). Silyilpathogenic or insect damage on
plants alters the physiological and chemical stafyslants by changing the concentration of
chlorophyll pigments, chemical concentrations, sgillcture and nutrient and water uptake
that affect the colour and temperature of the ptamopy (Raikes and Burpee, 1998). Such
characteristic changes in the plant canopy asdtresbiotic damage also produce spectral
features similar to those of excess heavy metait piptake or plant nutrient deficiency.

The intensity of the plant stress after the additd the weevils (week-9) deteriorated and
there were more treatments in week-9 showing swwésgater hyacinth plant compared to

week-3 which was consistently limited to Cu, Hg &mdtreatments as the only plant stressors
(Fig. 4B and D). The fact that the REP of the aanireatment had contracted by ~ 8 nm in

week-9, and the fact that the number of treatmentahich the water hyacinth showed stress
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had extended to seven (including As, Fe-M, Mn-L BtrdH) instead of only three in week-3,
indicates that both larval and adult plant feediagl increased the intensity of the plant
stresses (Fig. 3B and 4B and D). The feeding darafges weevils in week-9 decreased leaf
chlorophyll pigments and changed the canopy stradtat resulted in increased reflectance
in the visible range of light spectrum and decrdasethe near infrared range respectively.
Mirik et al. (2006a) using a hand held spectrometer also feimdar reflectance pattern in
the greenbug-damaged wheat canopy compared to ntdamaged wheat canopies. The
distinct appearance of the first derivative curuthvan increase in the first peak and decrease
of the second peak are linked to the reductionhtdrophyll content and cellular structure as
a result of feeding stress by the weevils. Migtkal. (2007) found that the aphid infested
wheat had lower reflectance than the non infestedatvaround the same wavelength of the
second peak in the red edge of this study. Ther€iment sustained the greatest blue shift
increase of about 14.5 nm followed by As and Mn-4doag others (Fig. 3B and D).
However, the increased plant stresses of Cu andttbss caused by As treatment in week-9
were not consequences of the weevils’ damage, sirec@dult and larval plant damages of
the weevils in these two metal treatments were antbe lowest (Fig. 6A and B). Hence, it
suggests that even though to a lesser extent teegimdamage might have aggravated the
severity of the plant stress, but primarily it owed because of the prevailing metal-induced
stress of Cu and As metals, which could have beersibcated into the leaves in the latter
stage after the third week of the experiment.

It is known that the plant uptake of phosphatetsegatively correlated with that of As uptake
(Mkandawire et al., 2004; Rahmaret al. 2007). The fact that the As treatment was not
significantly different from that of the controkemtment in week-3, suggests that phosphates
from the Hoagland solution used at the beginninthefexperiment could have inhibited the
uptake of As by water hyacinth until the completeoval of the phosphates from the water
in the first three weeks. Wang al. (2002) found that the uptake of the arsenate by A
hyperaccumulator planBteris vittata, dropped in the presence of phosphate and inadnse
2.5 folds after the depletion of the phosphatesight days. The distinctive spectral signature
of the plants in the Cu treatment throughout thipeeiment is a clear indication of the
amount of Cu concentration and the degree of iyggbbicity in water hyacinth. de Almeida
et al. (2007) showed that extended exposure of plant€uoled to a plant growth and
development disorder, with severe chlorotic symtohy inhibiting cellular elongation and

interfering with a number of enzymatic activitigsat reduces the photosynthetic processes.

13



Similarly Maksymiecet al., (1994) found that increased levels of Cu reaghhe plant’s
leaves resulted in photoinhibitory damage to phgtesn-tow (PSIl). Therefore, the severity
of leaf chlorises in the Cu treatment compared noadd Hg treatments could possibly be
associated with relatively higher Cu translocatiaio the leaves. Soltan and Rashed (2003)
found more Cu concentration (437 pg of Cudyy matter) than Zn (11+14 pg of Zit gry

matter) in the aerial parts of water hyacinth.

Generally the water status of the water hyacinémisl had significantly dropped in the second
phase of the weeuvil trial, indicating the deteritma of the plant heath as a result of additional
plant stress exerted by larval and adult weevil algenof the leaf. Nevertheless, the water
band index of Cu, and Hg treatments in week-9 (tleevil phase) was not significantly
different from that of the control treatment, ueliia the first three weeks of the metal phase
trial (Fig. 5). This could be associated to the that there was more larval and adult feeding
damage in the control treatment by the water hyhaweevil compared to Cu treatment and
Hg (at least for the larval feeding) (Fig. 6A and Blant damage by insect herbivory reduces
the canopy water content of plants through increédsmnspiration Aldeat al. (2005). For
instance Aldea&t al. (2005) found a 45% water lose in the plants daddxy the herbivory of
Popillia japonica (Japanese beetles) ahtElicoverpa zea (Boddie) on a soybean plants
compared to the control plant (no herbivory). Samyl Tiana et al. (2011) evaluated
successfully thepecies-specific drought responsedsgyimating the rate of transpiration and
canopy water content in three different plant spgahamise(Adenostoma fasciculatum),

redshank (Asparsifolium), and manzanitad§ ctostaphyl os pungens) using the WBI.

The correlation of the spectral indicators of platress to the SPAD-502 reading and both
larval and adult feeding showed that all indicesld@asily detect the biotic and abiotic stress
of water hyacinth at a canopy level. Nevertheldss,red-edge normalized difference indices
and the spectral indicators for the evaluation led REP produced relatively stronger
correlation compared to the other indices, of wmdkDVI;o5 was the strongest of all. Tiana
et al. (2011) also found that the mND)M3i was correlated more strongly with chlorophyll
than the RE-NDVI (Rof 0.83 and 0.73 respectively). This is due tofte that addition of
the third blue band (reflectance at the waveleg#45 nm) in the mNDVbs which helps to
eliminate the effect of surface reflectance antitligcattering at the wavelength of 800 nm
(Sims and Gamon, 2002). The correlation of the tsgleindicators with both larval and adult
weevil damage however, was not as strong as thabelve SPAD-502 reading. Mirikt al.
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(2006b) found that spectral indicators were strgpragirrelated with the greenbugs damaged
wheat crops with correlation coefficient rangingnfr 0.82 to 0.98. The fact that the water
hyacinth weevils in this study were feeding on hyeaetal contaminated plants had generally
reduced the intensity of the weevils’ performanadjch could possibly suggest why the

correlation of the spectral indicators with the wits2 damage was not strong.

Plants that grow under heavily polluted conditioasd particularly those which are
accumulators or hyperaccumulators are proposedetoebistant to some natural enemies
(Boyd, 2010). The toxicity and the deterrent vatiaifferent heavy metal contaminants to
insect herbivores is variable and acts either bueeng feeding, retarding larval development
or in extreme cases by intoxicating the insectasicey death (Davist al., 2001). This study
suggests that the weevil larvae are more sensaiva metal accumulation in the plant tissue
than the adults of the weevils, whereas Cu and @slsiwere both deterrent to the adult and
larval feeding (Fig. 5A and B). Morgan and Trum@€10) in their review study indicated
that the feeding damage bleochetina bruchi had significantly decreased compared to the
control treatment when fed to plants with 2822n/100g dry weight. On the other hand Kay
and Haller, (1986) found that the damage incurrgd No eichhornia growing on a
concentration of 2.5 mg/L of water was not sigmifidy different from those of the control
treatments. This however, contradicts our resulischvshowed that both larval and adult
feeding of the weevils (botN. Eichhornia andN. bruchi) had incurred significantly lower
feeding damage on the plants compared to theifgtdebe fact that water concentration used
to grow the water hyacinth in this study was onlyng/L (less than that used by Kay and
Haller, (1986)). However, this could be associdtethe fact that our experiment was run for
a longer period (six weeks) as opposed to thatayf &d Haller, (1986) which was only for

one week.

6 Conclusion
The hyperspectral data was convincingly able tardjsish the intensity of the stress caused
to water hyacinth plants under different biotic aimiotic treatments and this indicates that it
has potential as an effective tool that could bedu® determine the health status of water
hyacinth from a remote position. The water hyacpiint was generally tolerant to the heavy
metals with the exception of Cu, Hg and Zn treatisiewhich consistently revealed stressful
spectral features when analysed using differenttsglestress indicators. The spectral
indicators of plant stress also showed that theesau@tals reduced the weevil’s performance

of which Cu was the most stressful to the weevik therefore, advisable to implement water
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hyacinth control method other than biocontrol agdnt effective and successful results, in
water systems contaminated with heavy metals amticpiarly those waters contaminated
with copper. This study was conducted at smallescakubs and therefore, investigating the
interaction of the heavy metals with the water Inyoc weevils in field environment is

recommended.
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Table 1. Heavy metal treatments and their concentrationd imsthe tub experiment.

Salt compound | Molecular | Conc. of stock | Metal concentration | Volume of the stock | Final metal
weight solution in g I] in the stock solution | solution added per concentration in
prepared tub (ml) tubs (mg 1™
Elements| mg 1™
As,03 197.84 1 As 757.4 55.45 1
AuCl; 303.33 0.2 Au 129.87 32 1
Cu(NGy),.3H,O 241.6 1 Cu 263 319.4 2
Fe(NO3).H,O 404 0.5 Fe 69.11 303.86 0.5
Fe(NO3}.H,O 404 2 Fe 276.46 303.84 2
Fe(NO3}.H,O 404 4 Fe 553 303.8 4
Hg (NG3),.H,O 342.62 0.5 Hg 297.7 143.5 1
MnSQ,.H,O (1) 169.02 1 Mn 325 64.6 0.5
MnSQ,.H,O (2) 169.02 1 Mn 325 258.5 2
MnSQ;.H,0 (3) 169.02 2 Mn 650 258.5 4
Uranium 1
N>O¢Zn.6H,O  297.48 3 Zn 659 254.93 4

NB: the suffix numbers (1), (2) and (3) in the fiiolumn refers to Low, Medium and High concentras

respectively

Table. 2: The spectral indices used to analyse heavy metltlam water hyacinth weevil
induced plant stresses.

Indices

Name

Formula

Reference

RE_NDVI

MNDVIgs
PRI
mSR

REP_MAX-
FDR

REP_LE
WBI

Red edgéNormalized difference
vegetation index

modified red edge normalized
difference vegetation index
photochemical Reflectance Inde
Modified Red Edge Simple Ratig
Index
Red edge position: maximum firg
derivative wavelength

Red edge position: linear
extrapolation method
Water Band Index

(P750-P705)/(P750+P705
(P750-P705)/ (P750+P705-2R45)

x  (P531-P570¥{P570)

(P750-P445)/(P705-P445)

StFDR(M) = (Rk0+1)' R)»(j))/A)"

P900/970

Gitelson and Merzlyk, 1994
Datt, 1999

Gamouet al., 1992
Sims and Gamon, 2002

Dawson and Curran, 1998

Cho and Skidmore, 2006

Pefiuedtal., 1995b
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Table. 3: Correlations of larval mined petioles, adult fewgdscars and leaf chlorophyll measured with
a SPAD-502 and spectral plant stress indicatowsatér hyacinth grown in tubs with heavy metal and
weevil treatments in week-£<0.001.

Spectral Indice$R?) SPAD-502 (R) Larval feeding(R®) Adult feeding (R)
PRI 0.608 0.1481 0.1523
MmSR 0.675 0.1574 0.3579
REP-Max FD 0.703 0.27 0.3348
RE-NDVI 0.749 0.1804 0.3552
REP-LE 0.754 0.1816 0.3557
mNDVI 0.791 0.2006 0.3694
Control Single component system (single elements in tubs)
((0)] As Au Cu Fe Mn Ha Zn U

z 00O

5 NN

B

Fig. 1. Experimental design of the single-component sysi@mtrial centrations of heavy metals.
NB: L = low, M = medium and H = high concentrations
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Fig. 4. Evaluation of plant health status of water hydctigtown under heavy metal and weeuvil
stressors using the spectral stress indicatgrnfNDVI,¢s to detect heavy metal-induced plant stress
in week-3 B) mMNDVIgsto detect weevil-induced plant stress in weelGYREP_LE to detect heavy
metal-induced plant stress in week-3 ab)l REP_LE to detect weevil-induced plant stress é@ekv9.
Means were compared by One-way ANOVA and thoseodi@ddd by the same letter(s) are not
significantly different (P>0.05; Fisher LSD test).
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