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Assessing the use of reflectance spectroscopy in determining CsCl stress 25 

in the model species Arabidopsis thaliana 26 

Reflectance spectroscopy is a rapid and non-destructive analytical technique that 27 

may be used for assessing plant stress and has potential applications for use in 28 

remediation. Changes in reflectance such as that due to metal stress may occur 29 

before damage is visible, and existing studies have shown that metal stress does 30 

cause changes in plant reflectance.  To further investigate the potential use of 31 

reflectance spectroscopy as a method for assessing metal stress in plants, an 32 

exploratory study was conducted in which Arabidopsis thaliana plants were 33 

treated twice weekly in a laboratory setting with varying levels (0 mM, 0.5 mM, 34 

or 5 mM) of caesium chloride (CsCl) solution, and reflectance spectra were 35 

collected every week for three weeks using an ASD FieldSpec Pro 36 

spectroradiometer with both a contact probe (CP) and a field of view (FOV) probe 37 

at 36.8 and 66.7 cm above the plant.  Plants were harvested each week after 38 

spectra collection for determination of relative water content and chlorophyll 39 

content.  A visual assessment of the plants was also conducted using point 40 

observations on a uniform grid of 81 points.  A mixed effects model analysis was 41 

conducted for each vegetation index to determine the effects of length of 42 

treatment, treatment level, view with which spectra was acquired, and the 43 

interactions of these terms.  Two-way ANOVAs were performed on the 44 

aforementioned endpoints (e.g. chlorophyll content) to determine the 45 

significance of the effects of treatment level and length of treatment.  Multiple 46 

linear regression was used to develop a predictive model for each endpoint, 47 

considering VI acquired at each view (CP, high FOV, and low FOV).  Of the 14 VI 48 

considered, 8 were included in the MLR models, with YI (at high FOV), R1390/R1454 49 

(at CP), and R1676/R1933 (at CP) being the most common.  Contact probe readings 50 

and field of view readings differed significantly. Field of view measurements were 51 

generally consistent at each height. 52 

Keywords: reflectance spectroscopy; remote sensing; caesium; Arabidopsis 53 

thaliana 54 
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1. Introduction 55 

 Background 56 

When light interacts with a material, some may be reflected back depending on the 57 

wavelength of light and the properties of the material.  Reflectance spectroscopy, the 58 

collection and analysis of reflectance spectra, provides a quick, non-destructive 59 

analytical technique that has found use in numerous fields. (Burns, ed. 2001; Pasquini 60 

2003)  Fresh plant reflectance in the visible region (400 to 700 nm) of the 61 

electromagnetic spectrum is associated with composition, amount, and distribution of 62 

pigments.  Plant reflectance in the near-infrared region (700 to 1300 nm) is associated 63 

with leaf structure, and within the mid-infrared region (1300 to 2500 nm) reflectance is 64 

associated with water content (Gates et al 1965; Knipling 1970; Van der Meer and de 65 

Jong, eds. 2006).  Shifts in infrared reflectance of leaves in response to disease, 66 

senescence, or stress can vary; at times reflectance will decrease and other times 67 

increase, depending on the situation (Van der Meer and de Jong, eds. 2006).  Numerous 68 

studies have been conducted to qualitatively and/or quantitatively relate reflectance 69 

intensity at the leaf, whole plant, or canopy scale to various plant characteristics and 70 

conditions (Card, Peterson, and Matson 1988; Carter 1993; Carter and Knapp 2001; 71 

Curran et al 1992; Horler, Dockray, and Barber 1983; Knapp and Carter 1998; Knipling 72 

1970; Gamon, Peñuelas, and Field 1992; Gates et al 1965; Gausman et al 1970; Gitelson, 73 

Chivkunova, and Merzlyak 2009; Grzesiak et al 2010; Ourcival, Joffre, and Rambal 1999; 74 

Peng and Gitelson 2012; Pinder and McLeod 1999; Serbin et al 2012; Serrano 2008; Shull 75 

1929; Sims and Gamon 2002; Slaton, Hunt, and Smith 2001; Viña et al 2011; Wang and 76 

Pingheng 2012; Woodhouse et al 1994; Yoder and Pettigrew-Crosby 1995 and others), 77 

and among the applications of remote sensing is the early detection of plant stress 78 
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(Peñuelas and Filella 1998). Changes in reflectance due to stress have already been 79 

demonstrated to occur before damage is visible (e.g. Chaerle and Van Der Stragen 2000; 80 

Milton et al 1989).  Although imaging is a powerful technique for visualizing, diagnosing, 81 

and quantifying plant stresses, many different stressors have similar intermediate 82 

responses that may be indistinguishable (Jones and Schofield 2008).   83 

The purpose of this exploratory study was to determine whether a quantifiable 84 

relationship exists between stable caesium (133Cs) contamination (as caesium chloride, 85 

CsCl) in Arabidopsis thaliana (A. thaliana) and reflectance spectra through the utilization 86 

of vegetation indices (VI).  VI are mathematical combinations of different reflectance 87 

spectral bands that attempt to provide semi-analytical measures of vegetation activity. 88 

Reflectance spectra were collected at multiple time points because VI may provide 89 

better indication of temporal trends in plant status than precise conditions of a plant at 90 

a single arbitrary point in time (Berger, Parent, and Tester 2010; Lichtenthaler et al 1998; 91 

Viña et al 2011; Van der Meer and de Jong, eds. 2006; Wang and Pingheng 2012).  VI 92 

may be related to one or more properties of a set of samples (e.g. relative water content 93 

or chlorophyll content). Therefore, treatment response variables that can be related 94 

back to the reflectance spectra need to be utilized (Agelet  and Hurburgh 2010).  95 

 Recent Studies 96 

Numerous studies have shown that there are shifts in plant reflectance spectra due to 97 

metal stress (or simulated metal stress) (Bandaru 2010; Collins et al 1983; Davids and 98 

Tyler 2003; Dunagan, Gilmore, and Varekamp 2007; Horler, Barber, and Barringer 1980; 99 

Kooistra et al 2004; Maruthi-Sridar et al 2007a, 2007b, 2011; Milton et al 1989, 1991; 100 

Schwaller, Schnetzler, and Marshall 1981; Su et al 2007; Woodhouse et al 1994), two of 101 
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which consider Cs contaminated plants.  Davids and Tyler (2003) reported that Cs and 102 

strontium (Sr) contamination within the Chernobyl exclusion zone has a measurable 103 

effect on the spectral characteristics of silver birch (Betula pendula) and Scots pine 104 

(Pinus sylvestris L.), and demonstrated the potential of remote reflectance spectroscopy 105 

to assess the ecological impact of radionuclide contamination.  Su et al (2007) also 106 

evaluated accumulation of Cs and Sr, by Indian mustard (Brassica juncea), and found 107 

morphological changes for Cs treated plants were associated with a shift in the 108 

reflectance spectra.   109 

 Caesium toxicity in A. thaliana  110 

A. thaliana is a member of the mustard family that is closely related to various crop 111 

plants. It has been the subject of intense study over the past several decades and is 112 

considered to be a model organism and ideal for use in the laboratory setting for 113 

biological research (NSF 2013). 114 

Caesium is a group I element that exists in nature as a +1 charged cation, and its 115 

behaviour in soils resembles that of potassium (K) (White et al 2003; Zhu and Smolders 116 

2000; White and Broadley 2000). However, whereas K is an essential macronutrient 117 

(Hampton et al 2004), Cs has no known nutritional role in plant physiology (White and 118 

Broadley 2000; White et al 2003) and at excessive levels can become an abiotic oxidative 119 

stress factor (Hampton et al 2004; Sahr et al 2005; White and Broadley 2000; White et 120 

al 2003).  Cs competes with K for binding sites in proteins, and will also inhibit the 121 

potassium-induced cellular activities associated with plant nutrition (Hampton et al 122 

2004).  The most notable effects of Cs toxicity include reduced growth and 123 
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photosynthesis (Hampton et al 2004; Sahr et al 2005), and at higher concentrations, 124 

necrotic leaf areas have been seen (Sahr et al 2005).   125 

Caesium is typically mobile (depending on soil type, environmental conditions, 126 

etc.) and easily translocates to aboveground plant parts, with concentrations increasing 127 

with soil concentration (Sahr et al 2005).  It distributes fairly uniformly within the plant, 128 

with increased concentrations in plant stems and veins of leaves (Soudek et al 2004).  129 

Once taken up by plants, Cs can enter the terrestrial food chain (Broadly and Willey 130 

1997; Hampton et al 2004).  This can pose a human health hazard for radioactive 131 

isotopes of Cs (“radiocaesium”), in particular 134Cs (t1/2 = 2.07 years) and 137Cs (t1/2 = 132 

30.1 years) (where t1/2 is the half-life; ICRP 2008).  These isotopes have been released 133 

to the environment through the manufacturing and testing of nuclear weapons as well 134 

as purposeful or accidental releases from nuclear power plants (Hampton et al 2004; 135 

White and Broadley 2000).  For example, releases from the Chernobyl nuclear accident 136 

were 47 PBq 134Cs and 85 PBq 137Cs and from the Fukushima-Daiichi accident 11.8 137 

PBq 134Cs and 12 PBq 137Cs (Steinhouser, Brandl, and Johnson 2014). The naturally 138 

occurring isotope of caesium (133Cs) has an environmental concentration of about 0.3 to 139 

25 µg g-1 dry soil; radiocaesium concentrations in soil are several order of magnitudes 140 

lower than this (Broadley et al 1999), although sites remain with long term 141 

contamination by radiocaesium (e.g. areas of Belarus and Fukushima; Steinhouser, 142 

Brandl, and Johnson 2014).  Understanding the behaviour and effects of Cs in plants is 143 

important for determination of potential remediation strategies for radiocaesium 144 

contamination.   145 
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 Consideration of chloride effects  146 

Caesium chloride has been used previously to consider Cs uptake and stress (Broadley 147 

et al 2001; Kanter et al 2010; Le Lay et al 2006; Qi et al 2008; Sahr et al 2005), and 148 

although chlorine (Cl) is an essential micronutrient for higher plants, at high plant tissue 149 

concentrations Cl can be toxic (White and Broadley 2001).  However, three weeks after 150 

germination on media supplemented with different concentrations of sodium chloride 151 

(NaCl), Boyko et al (2010) only saw phenotypic differences in A. thaliana plants at 152 

concentrations >75 mM NaCl.  Effects were attributed primarily to Cl, as experiments 153 

were repeated with different salts (NaCl, MgCl2, Na2SO4, and MgSO4) to control for the 154 

effect of each element.  Additionally, Suter and Widmer (2013) saw no major effects on 155 

plant fitness below 25 mM NaCl for four different genotypes of A. thaliana plants grown 156 

in soil and watered once a week with varying concentrations of NaCl.  Because the 157 

concentrations used in this study are an order of magnitude below concentrations 158 

shown to have phenotypic effects on A. thaliana, the contribution of Cl to the effects 159 

seen here is considered negligible. 160 

2. Materials and Methods 161 

 Plant growth and treatment 162 

The soil mix used was four parts peat-based (Canadian Spahgnum Peak Moss) potting 163 

soil mix (Promix PGX, Premier Horticulture Inc., Quakertown, PA) and 1 part Perlite 164 

(Hoffman Horticultural Perlite, Good Earth, Lancaster, NY). Soil was mixed and placed in 165 

square plastic grow pots (10.8 × 10.8 × 12.7 cm, Kordlok SQL0450 from ITML 166 

Horticultural Products, Myers Industries Inc., Akron, OH) with perforated bottoms to 167 

allow water seepage; soil was hydrated by placing pots by multiples of twelve in a 168 
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Nalgene tray (Thermo Scientific, Wilmington, DE) with 3-5 cm deep deionized water.  169 

Water level was maintained for at least three days to allow the soil to absorb sufficient 170 

moisture for planting.  Pots contained an average (wet) soil mass of about 475 g.   171 

A. thaliana seeds (WT-02-41-01 Columbia [alias Col-0] Wildtype, LEHLE Seeds, 172 

Round Rock, TX) were removed from 4°C storage, soaked in 1/32 strength hydroponic 173 

(HP) media solution, and exposed to red light for 30 minutes to synchronize germination.  174 

Hydroponic media was made with DI water, 1/32 strength Murashige and Skoog basal 175 

medium (137.5 mg L-1) (Sigma-Aldrich Cat No M5519, St. Louis MO), and 250 mg L-1 MES 176 

hydrate (Sigma-Aldrich Cat No M2933), using KOH to pH balance to 5.7.  Seeds were 177 

subsequently pipetted into a 96 well tray (five seeds per well) to verify number of seeds 178 

planted.  Seeds were then pipetted from the tray onto potted soil as three sets of five 179 

seeds per pot, i.e. 15 seeds per pot, to ensure adequate germination.  Following the 180 

sowing of the seeds, the 1/32 HP media was further diluted to 1/64 strength for 181 

subsequent treatment. 182 

After planting, arbitrary sets of 6 pots each were transferred to Sterlite tubs (40 183 

× 31.75  × 15.24 cm, Target Corp., Minneapolis, MN).  Tubs were placed in rows of up to 184 

four on growth shelves, 42 cm beneath growth lights (Four Philips F32T8 TL741 700 185 

series 32W ALTO II Fluorescent bulbs, cat. No. 0002904, Philips North America 186 

Corporation, Andover, MA).  Plants were on a nine hour light : 15 hour dark cycle under 187 

ambient laboratory environmental conditions.   188 

The bottoms of the pots were submerged in approximately 3 cm distilled water 189 

until the plants reached a previously determined treatment date (i.e. day 37 post-190 

planting, rosettes ~30 mm in diameter).  At the seedling stage, plants were culled to 191 
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three per pot, based on size and appearance of health, such that one plant per group 192 

remained. 193 

Immediately prior to treatment, pots were rearranged between nine tubs (6 pots 194 

each, no longer submerged in DI water) such that each tub, now serving as a treatment 195 

group, had similar size and quality plants.  Spike solution was evenly applied to the top 196 

of each pot as 100 mL (25 mL delivered to each quadrant) of the appropriate 197 

concentration of CsCl (0.5 mM CsCl or 5 mM CsCl) in 1/64 strength HP media twice 198 

weekly, with control plants receiving 100 mL 1/64 HP media only.  Each 100 mL 199 

treatment of 0.5 mM CsCl corresponds to a Cs concentration of about 27.9 µg g-1 soil 200 

(279 µg g-1 soil for 5 mM treatment); that is, Cs concentration in the soil after 1 week of 201 

0.5 mM treatments would be about 55.8 µg g-1.  Note that 27.9 µg g-1 hydrated soil 202 

corresponds to about 195 µg g-1 dry soil for the particular soil mix used. 203 

Two pots were randomly selected from each treatment group for weekly spectra 204 

collection and harvest.  After each application of hydroponic media, the plants were 205 

rotated within the tubs and the tubs were rearranged among the growth shelves to 206 

account for potential variation in lighting or other environmental conditions.  207 

 Equipment, setup, and collection of spectra 208 

Reflectance spectra were collected using a FieldSpec Pro (FSP 350-2500P; Analytical 209 

Spectral Devices (ASD), Boulder, CO) which is a full range (350 nm – 2500 nm) portable 210 

spectroradiometer (with sampling intervals/spectral resolutions of 1.4 nm/3 nm and 2 211 

nm/10 nm for 350-1000 nm and 1000-2500 nm respectively) (ASD 2002).   212 

2.2.1. Contact probe measurements 213 

Contact probe (CP) spectra were collected using a leaf clip attachment on individual 214 
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leaves.  The CP provides light (3.825 V, 4.05 W low intensity bulb) and collects 215 

reflectance spectra.  The leaf clip attachment has both a white (for white reference) and 216 

black (to minimize back scatter) background. Triplicate CP spectra were collected on one 217 

leaf from each of typically three separate plants per pot. 218 

2.2.2. Field of view measurements 219 

Field of view (FOV) spectra were collected for each sample using an 8° probe (i.e. a 220 

viewing angle of 8°) at two different height settings (referred to as “high” and “low” 221 

FOV; abbreviated as HFOV and LFOV in summary tables).  The investigation into 222 

potential differences in height settings stems from the “waist high” or “arm’s length” 223 

use of a hand held probe in the field (e.g. Filella and Peñuelas 1994), which will vary from 224 

person to person.  Simulating such a height difference in a laboratory setting gives 225 

consideration to whether spectra collected with the same probe at different heights can 226 

truly be compared. 227 

Incident light was provided by two halogen lamps (Pro Lamp, 14.5 V, 50W, P/N 228 

145378, ASD, Boulder, CO) angled at 30 degrees from horizontal.   The lights were 180° 229 

apart at 30.5 cm from the centre of pot on the horizontal and 76.2 cm (high) or 59 cm 230 

(low) above the table surface.   The fore optics probe was centred between the lights at 231 

66.7 cm (high) or 36.8 cm (low) above the plane of the pot surface (Figure 1).  The high 232 

and low set ups had spot size diameters of 9.32 cm and 5.15 cm respectively, i.e., viewing 233 

areas of 68.3 cm2 (58.6% of pot surface) and 20.8 cm2 (17.9% of pot surface).    234 

Reflective surfaces were covered with light-absorbent material to minimize 235 

noise and thus variability in spectra, and dark room conditions were approximated by 236 

surrounding the lights and fore optics with a black felt canopy.  Tripod surfaces were 237 

also wrapped in black felt.   The white reference was a calibrated Spectralon (25.4 × 25.4 238 
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cm, LabSphere, North Sutton, NH) panel of 99% reflectance that was elevated to a height 239 

equivalent to a grow pot.  Grow pots were placed on black paper plates when collecting 240 

spectra and the table top was lined with a light-absorbent black rubber. Four spectra 241 

were saved for each FOV session. Each of these spectra was collected at a different 242 

arbitrary rotation of the pot and then averaged to get an overall assessment of the 243 

reflectance of the sample.  FOV spectra were always acquired prior to CP because it is 244 

possible for the CP to injure the plant and therefore affect subsequent FOV readings.   245 

 Collection of physical measures 246 

2.3.1. Relative water content 247 

As metal stress is known to mimic drought stress (Thankabail, Lyon, and Huete 2012), 248 

plants were harvested after spectra collection each week to determine relative water 249 

content.  To determine relative water content, sufficient leaves were removed to obtain 250 

between 1000 and 2000 mg of fresh mass for each replicate (i.e. pot).  Samples were 251 

placed in weigh boats, fresh mass was obtained, samples were dried to a constant mass, 252 

and dry mass was obtained.  A sample’s relative water content (RWC) was then 253 

calculated as:  254 

 = − dry

fresh
RWC 1

m
m

  (1) 255 

where drym is dry mass (mg) and freshm is fresh mass (mg). 256 

2.3.2. Chlorophyll content  257 

Caesium toxicity has also been associated with an inhibition of the biosynthesis of 258 

chlorophyll (Sahr et al 2005), so we consider a representative sample from each plant 259 

for destructive determination of chlorophyll content.  The concentrations of chlorophyll 260 
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a (Chl a) and chlorophyll b (Chl b) were determined for each replicate (i.e. pot) (Knudson 261 

Tibbitts, and Edwards 1977; Li et al 2009; Papista, Acs, and Boddi 2002); total chlorophyll 262 

content (Chl a+b) was taken as the sum of chlorophyll a and chlorophyll b.   263 

Four circular leaf subsamples were collected from representative leaves of the 264 

plants in a pot using a #3 cork borer (Fisher Scientific, Pittsburgh, PA).  Leaf samples were 265 

stored in the dark at 4°C in capped 20 mL vials (KG-33 borosilicate glass; Kimble Chase, 266 

Vineland, New Jersey) containing 2 mL 100% ethanol for three days before absorbance 267 

(A) at 665 nm, 649 nm, 629 nm, and 696 nm, with an offset at 750 nm, was determined 268 

for 1.5 mL subsamples for each vial using a NanoDrop 2000c UV-Vis spectrophotometer 269 

(Thermo Scientific, Wilmington, DE).  Disposable methacrylate cuvettes with 270 

transmission from 300 to 800 nm > 80% were used with the 1.5 mL subsample (Cole 271 

Palmer, Vernon Hills, Illinois).  Chlorophyll content was determined using appropriate, 272 

previously published equations (Ritchie 2006): 273 

 − +649 665Chl a = 5.2007 13.5275A A  (2) 274 

 = −649 665Chl b 22.4327 7.0741A A  (3) 275 

where Chl a is chlorophyll a content (µg mL-1), Chl b is chlorophyll b content (µg mL-1), 276 

xA is absorbance, and x is the relevant wavelength (nm).   277 

2.3.3. Visual assessment 278 

A visual assessment of the proportion of a plot covered by any plant material and any 279 

existing chlorotic plant material was performed by overlaying an 8 × 8 (13.5 × 13.5 mm) 280 

grid on a computer display of top-down photos of each treatment group at each of three 281 

time points, forming 64 squares with 81 evenly-spaced points (grid intersections).  282 

Photographs were taken immediately prior to spectra collection, directly above each six-283 
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pot treatment group in the same manner each week.  However, to account for any 284 

potential change in magnification or alignment, gridlines were laid based on pot 285 

dimensions, which were definitively consistent. Using the grid intersections, three 286 

additional endpoints were defined as follows, where Ntotal is the total number of points 287 

in the grid, Nleaf is the number of points on leaf material, and Nchlorosis is the number of 288 

points on leaf material with visible chlorosis:   289 

• Coarse Leaf Area Index (CLAI) provides an approximate indication of how much 290 

of the pot surface is covered by plant material. 291 

 =CLAI leaf

total

N
N

 (4) 292 

• Green Factor (GF) provides an approximate indication of the proportion of pot 293 

surface that is covered with green plant material. 294 

 
−

=GF leaf chlorosis

total

N N
N

 (5) 295 

• Chlorosis Factor (CF) provides an approximate indication of the proportion of 296 

plant material that has visible chlorosis. 297 

 =CF chlorosis

leaf

N
N

 (6) 298 

 Data analysis 299 

Fourteen VI (Table 1) are considered for applicable spectra acquisition technique(s) (i.e. 300 

FOV and/or CP), including indices from the literature as well as indices selected by the 301 
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authors through scientific judgement and visual consideration of spectra.  Note that Ry 302 

represents reflectance at y nm.  In addition to the fourteen VI listed in Table 1, two 303 

transformations were considered (WI/NDVI and (R950/R750)/NDVI), as it has been 304 

previously suggested that correcting for the effects of NDVI may offer improvement for 305 

certain VIs (Peñuelas et al 1997).  SAS v9.3 was used for all analyses, and a significance 306 

level of 0.05 was used for all tests of significance.   307 

A mixed effects model analysis was conducted for each vegetation index to 308 

consider the fixed effects of week (1,2,3), treatment (0 mM, 0.5 mM, 5 mM), week by 309 

treatment interaction, view (CP, high FOV, low FOV), view by week interaction, and view 310 

by treatment interaction with a random effect for the plant within week by treatment.  311 

Degrees of freedom were approximated using the Kenward-Rogers approximation to 312 

account for variation among the week by treatment combinations except for NDVI 313 

where the model did not converge with this approximation.   When view or any 314 

interactions with view were significant, the subsequent analyses included each of the 315 

views.  If view was not significant, the average of the views was considered in 316 

subsequent analyses.  Pearson correlation coefficients were also calculated for each 317 

combination of views. 318 

The physical measures (i.e. endpoints) were selected to represent plant stress.   319 

Therefore, a two-way ANOVA analysis was conducted for each endpoint to test whether 320 

means were significantly different by treatment level or week and to determine if 321 

significant interaction was present between the treatment level and week.  Analyses 322 

were then conducted to consider RWC, chlorophyll content, CLAI, GF, and CF as 323 

dependent variables in separate analyses whereby vegetation indices at the relevant 324 
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field of views from the mixed model analysis were included in the model in order to 325 

relate reflectance changes (i.e. changes in certain VI) back to stress indicators (i.e. 326 

endpoints).  The vegetation indices at the relevant field of views were included in a 327 

forward model selection using a predetermined significance level ( 0.10α = ) set above 328 

the usual 0.05 level for predictor exploration.  When two variables that were 329 

transformations of each other were selected, the simplest variable was chosen to 330 

remove the effects of multicollinearity (e.g., if both WI and WI/NDVI were selected, only 331 

WI would be included in the final model).  332 

3. Results  333 

 Reflectance spectra 334 

Mean reflectance spectra relative to the control for weeks 1 and 3 of 5 mM CsCl 335 

treatment are shown for each view in Figure 2 to demonstrate the temporal shift in 336 

reflectance at this treatment level.  Similar results were seen for 0.5 mM CsCl (not 337 

shown), although to a lesser extent.  The supplementary online material (Supplemental 338 

Figure S1) contains reflectance spectra for each treatment, week, and view.  In the 339 

visible IR region (400 to 700 nm), FOV differences between the control and 5 mM 340 

treatment were much more pronounced than between the control and 0.5 mM 341 

treatment.  By week 3, differences between all treatment groups were apparent in the 342 

near and mid IR regions (700 to 2500 nm) of the spectra in FOV.  Differences in CP 343 

spectra were more subtle, with the only obvious differences occurring at the 5 mM 344 

treatment level. 345 
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 Physical measures 346 

The supplementary online material (Supplemental Figures S2-S11) contains weekly 347 

pictures of the plants analyzed, along with the grid overlay used for determining the 348 

visual assessment factors CLAI, GF, and CF.  Necrotic spots were evident on the 5 mM 349 

treated plants from week 1, but were not seen on 0.5 mM plants until week 3. There 350 

was also obvious growth inhibition in the 5 mM treated plants. 351 

Results from the two-way ANOVA (p-values) of the endpoints (physical 352 

measures) are shown in Table 2.  The changes in endpoints by week and treatment level 353 

are shown graphically in Figures 3 - 7.  Detailed results from the ANOVA analysis are 354 

contained in the supplementary online material (Supplemental Tables S1-S5). 355 

RWC decreased each week for all three treatments, with the control having the 356 

highest RWC, followed by 0.5 mM treatment, and then the 5 mM treatment every week; 357 

means were significantly different by both week and treatment level, and there was no 358 

significant interaction between the two.    359 

Mean values for chlorophyll content at week 1 were similar at the various 360 

treatment levels, although variability between the means increased each week. That is, 361 

there were no significant differences in the treatment means at week one, but by week 362 

3 the means of all three treatment groups were significantly different, with the control 363 

group having the highest chlorophyll content and the 5 mM treatment having the 364 

lowest. 365 

Mean CF values increased by week for 0.5 mM and 5 mM CsCl treatments, 366 

although the differences were not significant for the 0.5 mM group.  For the control 367 

plants, mean CF increased slightly from week 2 to week 3, but the average value 368 

remained low (0.006).  At week 1, both the control and 0.5 mM treatments showed zero 369 
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chlorosis, but the 5 mM treatment had an average CF of about 0.55 (or about 55% 370 

chlorosis).  There was large variation in CF at week 1 for the 5 mM treatment, but 371 

variability decreased each week as CF increased.  There were no significant differences 372 

between the control and 0.5 mM treatment group CF means, nor any significant 373 

difference in either of these groups by week.  There were, however, significant 374 

differences between each of these groups and the 5 mM treatment group.  There were 375 

also significant differences in the 5 mM treatment group each week.   Also note that 376 

although the differences were not significant for the 0.5 mM group by week, the general 377 

temporal trend suggests an increase in chlorosis with time, similar to but less 378 

pronounced than the 5 mM treatment group. 379 

There were no significant differences between the control and 0.5 mM 380 

treatment groups for GF in any week.  However, the 5 mM treatment group was 381 

significantly different from both the control and 0.5 mM treatment group at all three 382 

weeks.  Additionally there were significant differences between week 1 and week 3 for 383 

all three treatment groups.  Mean GF decreased each week for the 5 mM treatment 384 

group, and mean GF increased between weeks 1 and 3 for the control plants.  Mean GF 385 

increased slightly from week 1 to week 3 for 0.5 mM treated plants, but a smaller 386 

amount than the control plants. 387 

There was a significant increase in the means of all treatment groups from week 388 

1 to week 3 for CLAI.  There were again no significant differences between the control 389 

group and the 0.5 mM treatment group at any week.  At week 1, there were no 390 

significant differences between any of the treatment groups.  By week 3 there was a 391 

significant difference between the 5 mM and both the control and 0.5 mM plants. 392 
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 Vegetation indices 393 

Vegetation indices were determined from the reflectance spectra at each week, for each 394 

treatment group and view.  The detailed results from the mixed model analyses of these 395 

VI are included in the supplementary online material (Supplemental Table S6). The 396 

averages of each of the vegetation indices significantly differ by field of view, treatment, 397 

or an interaction exists between the factors and therefore field of view was considered 398 

in the subsequent regression analyses.   399 

Pearson correlation coefficients for each combination of views are shown in 400 

Table 3.  Values for VI acquired by high FOV and low FOV were all positively correlated, 401 

with all but three (PRI, WI, and R1390/R1454) having correlation coefficients more than 402 

0.8.  Correlations between high and low FOVs were higher than correlations between 403 

either high or low FOV and CP. 404 

Multiple linear regression analysis was used to determine which VI would be the 405 

most appropriate predictors of the various endpoints.  The results are shown in Table 4, 406 

with additional details (F test statistics and p-values) contained in the supplemental 407 

online material (Supplemental Table S7).  Table 4 shows the VI and relevant view with 408 

which acquired as selected for inclusion in the MLR model.  All endpoints had an MLR 409 

model that included multiple VIs at a combination of views; that is, no model was 410 

obtained that included VIs obtained from only one view.   For example, the predictive 411 

model for RWC included four different VIs, two obtained using CP, and two using low 412 

FOV.  CLAI and CF were the only endpoints with models that included multiple views for 413 

a single VI; SREP was included in the CLAI model at high FOV and low FOV, and 414 

R1676/R1933 was included in the CF model at low FOV and CP.     415 
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Although GF and CF are similar, complementary variables, with GF providing 416 

indication of pot surface covered by green biomass and CF indication of chlorosis, 417 

different models were developed for each, with some overlap.  R1676/R1933 was the first 418 

VI included in both of GF and CF models, at low FOV for CF and high FOV for GF.  419 

R1676/R1933 was followed by YI (at high FOV) and then SREP (at CP) for each model. Other 420 

VI included in these models differed. 421 

YI (at high FOV), R1676/R1933 (at CP), and R1390/R1454 (at CP) were the most 422 

frequently included VIs in the models selected, each occurring in the predictive models 423 

for three different endpoints. Considering all views, R1676/R1933 was the most frequent 424 

VI included (six total occurrences) and was the only VI to be included in each endpoint’s 425 

model.  Vegetation indices determined from spectra obtained from the CP were used in 426 

the models a total of 11 times, from low FOV a total of 4 times, and from high FOV a 427 

total of eight times.   428 

4. Discussion  429 

In this experiment the model plant species A. thaliana was treated with a contaminant 430 

of interest at two concentrations, in conjunction with a lifetime control.  A lifetime 431 

control is important, because it has been shown that as plants mature, their reflectance 432 

spectra will shift (Horler, Barber, and Barringer 1980; Milton et al. 1989, Eiswerth, and 433 

Ager 1991); a lifetime control helps ensure that one can relate spectral changes to the 434 

contaminant exposure, without confounding from plant growth stage.  435 

Some vegetation indices proved useful for the assessment of plant 436 

characteristics; of the 14 distinct vegetation indices considered, eight were included in 437 

the various MLR endpoint models, including all three of the indices selected by the 438 
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authors. The first vegetation index to be included in the MLR model for each endpoint 439 

is the one to account for the largest amount of variability in, and is therefore the best 440 

individual predictor of, the relevant endpoint. Generally, single vegetation indices are 441 

used to predict various plant characteristics.  Inclusion of additional vegetation indices 442 

will account for more variability in the endpoint, statistically providing a better 443 

prediction. The significance of initial VIs included in the models, with additional 444 

consideration of secondary VIs, is discussed below.   445 

 Relative water content 446 

Of the vegetation indices considered, R950/R750 as determined using the CP was the first 447 

VI to be included in the MLR model for RWC.  The water index (R900/R970) did not prove 448 

to be a statistically significant predictor of RWC for any of the spectral views, which is 449 

contrary to the findings of other studies (Peñuelas and Inoue 1999).  However, the 950-450 

970 nm reflectance band is associated with water absorption (Peñuelas et al 1993) and 451 

is common between the chosen index and the water index; the selection of a different 452 

reference band (750 nm as opposed to 900 nm) may provide a more appropriate 453 

response in some circumstances.  Additionally, the ratio WI/NDVI has been used to 454 

correct WI for the effect of NDVI (Peñuelas et al 1997).  However, consideration of this 455 

alternate WI, as well as an alternate R950/R750 (i.e. (R950/R750)/NDVI), for low and high 456 

FOV (NDVI is only appropriate for remote sensing), yielded no improvement in the 457 

models. 458 

Additional, previously used VI included in the RWC model were PSND (associated 459 

with chlorophyll content) and R750/R550 (associated with metal content) (Serrano 2008; 460 

Davids and Tyler 2003).  Although the correlation between RWC and chlorophyll content 461 
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was weak (0.130) in this study, the former would suggest that RWC is related to both 462 

chlorophyll content and metal content.  Moreover, RWC likely provided a good 463 

indication of Cs stress, as metal stress generally results in plant water imbalance as well 464 

as a reduction in total chlorophyll content (Thankabail, Lyon, and Huete 2012), as 465 

accounted for in the predictors of RWC.  466 

 Chlorophyll content 467 

Of the vegetation indices considered, the red edge position (REP) determined by the 468 

high FOV set up proved to be the best indicator of total chlorophyll content.  However, 469 

at the leaf level, REP was not well correlated (-0.128; Pearson correlation coefficient) 470 

with chlorophyll content.  The latter is inconsistent with findings in the literature; 471 

generally REP has been shown to correlate well with total chlorophyll content at the 472 

leaf, whole plant, and canopy scales (e.g. Horler et al 1980; Curran, Dungan, and Gholz 473 

1990; Filella and Peñuelas 1994; Lichtenthaler, Gitelson, and Lang 1996; Wong and He 474 

2013).  However, REP acquired by CP was included in the model for CF, which also 475 

provides some indication of (the lack of) chlorophyll content.  We hypothesize that 476 

because of the variability within samples of the same treatment group, acquiring a 477 

greater number of representative samples per plant (e.g. acquiring CP spectra and 478 

chlorophyll content for all available leaves) would result in a more remarkable 479 

relationship between CP spectra and chlorophyll content. However, for this study 480 

biomass was needed for determination of water content as well, preventing the use of 481 

the entire plant for chlorophyll determination.   482 

The yellowness index (YI) (indication of chlorosis; Adams, Philpot, and Norvell 483 

1999) was the second predictor included in the model for chlorophyll content, as well 484 
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as the second predictor included in both the GF and CF models.   In all three instances 485 

of use, YI was determined by reflectance spectra acquired by high FOV.   Each of these 486 

endpoints (chlorophyll content, GF, and CF) is associated with chlorophyll content, so 487 

association with YI is consistent with previous work. 488 

  Visual assessment factors 489 

1676 1933R R proved to be the best indicator for both GF and CF, although high FOV was 490 

more fitting for GF and low FOV more fitting for CF (although the low FOV was not 491 

considered for the GF model because it was highly collinear with other predictors).  492 

Because the visual assessment factors were determined using whole-plant photographs, 493 

it follows that VI calculated from reflectance spectra acquired by FOV would be more 494 

appropriate statistical predictors for these factors than would VI determined from CP 495 

acquired spectra; CP only considers individual leaves whereas FOV considers areas of 496 

the whole plant.  However, although the first two VI included in the models for GF and 497 

CF were acquired by FOV, the remaining were acquired by CP.  This suggests that 498 

although FOV measurements may provide the best indication of GF and CF if using a 499 

single VI, inclusion of secondary VI(s) acquired by CP may improve the predictive ability 500 

of the model.  That is, inclusion of leaf level properties may incorporate characteristics 501 

into the model missed by FOV, providing a more complete picture of plant status.    502 

The best indicator of CLAI proved to be SREP, as determined from reflectance 503 

spectra acquired by high FOV.  CLAI represents the proportion of the pot surface covered 504 

by leaf material, i.e., the overall size of the plant relative to the pot.  SREP is included a 505 

second time (at low FOV) in the CLAI model and is also included in the GF and CF models 506 

(at CP). These findings are consistent with prior studies; SREP has previously been shown 507 
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to correlate with leaf area index as well as chlorophyll content (e.g. Filella and Penuelas, 508 

1994).   These results also suggest that when applying or interpreting SREP, CP may be 509 

more appropriate for chlorophyll determination and FOV more appropriate for 510 

assessing LAI.   511 

The relationship between visual assessment factors also gives additional insight 512 

into plants’ general physical condition. For example, GF is similar to CLAI but specifically 513 

represents green biomass.  Thus, if all biomass is green, then GF will be equal to CLAI.  514 

Figure 8 shows GF plotted against CLAI grouped by treatment levels.  For control plants, 515 

GF was equal to CLAI for all weeks, with very little deviation.  For the low (0.5 mM) 516 

treatment level, GF decreased below CLAI by week 3, indicating that even though the 517 

plant may be increasing in size (significant difference in mean CLAI between week 2 and 518 

3), it may still be experiencing stress.  For the high treatment (5 mM) group, GF was less 519 

than CLAI for all plants, with this difference being more pronounced with time.  Again, 520 

this indicates that plants are still growing but are demonstrating significant stress, 521 

especially by week 3.   522 

GF appeared to be more useful than CF, especially when taken together with 523 

CLAI as above.  Because plants initially had little or no chlorosis, early values for CF were 524 

predominantly zero.  For low treatment levels (control and 0.5 mM) CF was minimal all 525 

three weeks.  Predictors for GF and CF were very similar, implying that use of both 526 

endpoints is likely unnecessary.   527 

In many instances there were no significant differences between control plants 528 

and 0.5 mM treated plants’ endpoints, although there did appear to be small differences 529 

in reflectance (Figure 2).  For the visual assessment factors, utilizing a smaller grid 530 

overlay or an automated pixel analysis might provide more precise values, if this 531 
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technique were to be pursued further.   In general, an increased sample size will provide 532 

greater statistical power, although the time required to consider more samples should 533 

be balanced against the value of the gain in information. Whether or not FOV indication 534 

of plant appearance is useful is debatable; on the scale of a few individual plants, a visual 535 

assessment is likely less time consuming than acquiring and analysing spectra.  However, 536 

when applied to a canopy or landscape scale, using vegetation indices would prove more 537 

convenient. 538 

 Spectra acquisition technique  539 

Biochemistry may be highly variable within single plants (Bock et al 2010). The 540 

distribution of chemical constituents is not uniform because of the organization of cells 541 

and organelles; non-uniformity results in micro-differential absorbance and reflectance 542 

across a leaf surface.  Optical properties of leaves are determined by (1) external leaf 543 

structure, (e.g. surface roughness) which controls the reflectance from the upper 544 

surface of the leaf, (2) composition, amount and distribution of pigments, which 545 

determine the absorption of radiation in the ultraviolet and visible ranges, (3) internal 546 

leaf structure, which affects the scattering of incident radiation within the leaf, and (4) 547 

water content, which affects the absorption infrared radiation (Knipling 1970; Van der 548 

Meer and de Jong, eds. 2006; Peng and Gitelson 2012).  While these factors still 549 

contribute to reflectance spectra of an entire plant, or multiple plants, trends may be 550 

perceived to indicate wilting or decreased vegetative growth.  Considering the whole 551 

plant may also give indication of leaf properties/orientation in addition to soil 552 

properties. 553 
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  The CP acquires reflectance spectra for individual leaves, whereas the FOV 554 

probe considers the entire plant, or portion of a plant; reflectance spectra acquired by 555 

FOV is a combination of plant and soil reflectance.  In theory, FOV is more convenient 556 

and can be performed remotely, and although the CP gives cleaner, more consistent 557 

spectra (Supplemental Figure S1), FOV was more likely to be the primary indicator of 558 

stress conditions in this experiment than the CP (Table 4). However, CP measurements 559 

were also included in the MLR predictive models, implying that accounting for both 560 

whole plant and leaf properties provides the best indication of plant stress (as opposed 561 

to using a single VI or a single acquisition technique). 562 

Although most values for VI acquired by high FOV and low FOV were highly 563 

correlated, several had significant differences.  For example, the correlation coefficient 564 

for NDVI between high FOV and low FOV was 0.964, yet the means of the two were 565 

significantly different (p<0.001).  Field of view readings, both low and high, were 566 

calibrated with a white reference panel (as described above), so differences resulting 567 

from light attenuation over the distance to the fore optics should not be an issue.  568 

However, although light-absorbent material was used on all surfaces, there is still some 569 

potential for back-scattering of light to the fore-optics. Because of the greater distance 570 

from the sample, we might expect the high FOV to have a larger background 571 

contribution than the low FOV.  Similarly, although four rotations of the plant sample 572 

were used to get an average, representative reflectance, the larger viewing area of high 573 

FOV may result in a greater contribution from uncovered soil than low FOV. 574 

However, although there are differences between spectra acquired at different 575 

heights, the general consistency indicates that acquiring spectra at one height, either 576 

high or low, will likely prove sufficiently equivalent as a coarse indication of certain 577 
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vegetation indices.  Not all VI had high correlations at different views though; in 578 

particular, the correlation coefficient for WI acquired by high FOV and low FOV was only 579 

0.311.   This implies that at the minimum, height should be consistent when comparing 580 

VI.  581 

Additionally, many vegetation indices acquired by CP did not correlate well with 582 

the same indices determined by FOV: 20 out of 26 had correlation coefficients below 583 

0.5.  That all VI differed significantly by view (Supplementary Table S6) is primarily 584 

attributed to these differences in CP-acquired spectra.   Note that a portion of the 585 

differences between collection techniques (FOV vs CP) in predictive ability may be due 586 

to the need for additional samples with the CP (i.e. more readings per sample) to 587 

overcome the inherent biological variability between plants. 588 

5. Conclusions 589 

 Limitations 590 

Although certain VI were statistically significant predictors of the corresponding 591 

endpoints, these predictors might not necessarily be useful, especially when time, 592 

effort, and other resources required for data acquisition are taken into consideration.  593 

Additionally, results were not always consistent with the typical findings in the 594 

literature, specifically for those indices previously shown to be associated with water 595 

and chlorophyll content.  For chlorophyll content, results would likely be improved by 596 

conducting larger scale experiments with additional plant biomass available for analysis.  597 

Also, although water content did not correlate well with the WI, a similar VI (the simple 598 

ratio of a reflectance band associated with water to an alternate reference band) did 599 

have good predictive ability.    600 
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It would be statistically beneficial to perform these experiments on a larger scale, 601 

but the time required to acquire individual spectra by hand is a limiting factor; the 602 

expense of and information gained through data collection by the different types of 603 

probes should be considered when developing experiments in the future.  Employing 604 

techniques to automate, or partially automate, the FOV sampling process (such as 605 

placing the sample on a conveyor belt or rotating stand) would reduce the time needed 606 

to conduct similar experiments, but these techniques might not necessarily mimic the 607 

use of hand-held spectra acquisition in the field.   608 

Although positive results were seen in the laboratory, environmental and 609 

sampling conditions were controlled; therefore, care should be given if the intent is to 610 

extrapolate to field studies.  Measurements taken in the field may not be as consistent 611 

or informative as measurements taken in the laboratory due to extraneous and 612 

potentially unknown environmental factors.   613 

 Spectra acquisition technique 614 

Care should be given applying VI across views as CP and FOV typically provide different 615 

results, depending on the endpoint of concern; different VI should be developed and 616 

applied for CP than FOV if utilizing a single reflectance spectra acquisition technique.  617 

For certain VI, acquiring spectra at different heights also resulted in statistically 618 

significant differences, although correlations between heights were generally high.  619 

Consideration should therefore be given to the height with which spectra are acquired, 620 

particularly in the laboratory setting or in small scale assessments (e.g. using a hand held 621 

probe to assess nearby vegetation).  With the natural variability between plants, these 622 

differences may become less pronounced with larger samples sizes or additional species 623 
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of plants.  If these differences are relevant on a larger scale or at greater assessment 624 

distances is also currently unknown.   625 

Neither FOV nor CP proved better than the other overall; the best predictor for 626 

RWC was obtained via CP, whereas for the other endpoints the best predictor was 627 

obtained via FOV.  However, VI for both CP and FOV were included in each model, 628 

suggesting the best approximation of plant stress status is made by accounting for both 629 

whole plant and leaf optical properties. 630 

 Vegetation indices 631 

Eight distinct VI were used in the MLR model development for 5 different endpoints, 3 632 

of which were previously unused VI selected by the author for consideration.  Two of 633 

these VI utilized reflectance bands in the mid-infrared region (1300 to 2500 nm), 634 

implying that reflectance in the mid-infrared region should be given more attention than 635 

it has traditionally.  In particular R1676/R1933 was the most commonly occurring predictor 636 

in these MLR models, and it was the only VI included in each endpoint’s model.  637 

Additionally, R1676/R1933 provided reasonable predictive ability at both the leaf level (CP) 638 

and whole plant level (FOV).  This VI, or a ratio of similar reflectance bands, may be 639 

useful to consider in more detailed studies in the future focusing on Cs stress or general 640 

metal stress.    641 

A combination of VI and spectra collection techniques and provided the overall 642 

best prediction of plant stress indicators. Multi-index use should be given consideration 643 

in future studies, with multiple views considered whenever possible. 644 



29 
 

6. References  645 

Adams, M.L., W.D. Philpot, and W.A. Norvell. 1999. “Yellowness Index: An Application 646 

of Spectral Second Derivatives to Estimate Chlorosis of Leaves in Stressed 647 

Vegetation.” International Journal of Remote Sensing 20:3663-3675. 648 

Agelet, L. and C. Hurburgh. 2010. “A Tutorial on Near Infrared Spectroscopy and its 649 

Calibration.” Critical Reviews in Analytical Chemistry 40:246-260. 650 

Analytical Spectral Devices (ASD). 2002. FieldSpec® Pro: User’s Guide. Revision C. 651 

Boulder: ASD. 652 

Bandaru, V. 2010. “Quantifying Arsenic-Induced Morphological Changes in Spinach 653 

Leaves: Implications for Remote Sensing.” International Journal of Remote Sensing 654 

31:4163-4177. 655 

Berger, B., B. Parent, and M. Tester. 2010. “High-Throughput Shoot Imaging to Study 656 

Drought Responses.” Journal of Experimental Botany 61:3519-3528. 657 

Bock, C., G. Poole, P. Parker, and T. Gottwald. 2010. “Plant Disease Severity Estimated 658 

Visually, by Digital Photography and Image Analysis, and By Hyperspectral 659 

Imaging.” Critical Reviews in Plant Science 29:59-107. 660 

Boyko, A., A. Golubov, A. Bilichak, and I. Kovalchuk. 2010. “Chlorine Ions but Not 661 

Sodium Ions Alter Genome Stability of Arabidopsis thaliana.” Plant and Cell 662 

Physiology 51:1066-1078. 663 

Burns, D., ed. 2001. Handbook of Near-Infrared Analysis. New York: Marcel Dekker, Inc. 664 

Broadley, M.R. and N.J. Willey. 1997. “Differences in Root Uptake of Radiocaesium by 665 

30 Plant Taxa.” Environmental Pollution 97:11-15. 666 



30 
 

Broadley, M.R., N.J. Willey, and A. Mead. 1999. “A methods to assess taxonomic 667 

variation in shoot caesium concentration among flowering plants.” Environmental 668 

Pollution 106:341-9.  669 

Broadley, M.R., A.J. Escobar-Gutiérrez, H.C. Bowen, N.J. Willey, and P.J. White. 2001. 670 

“Influx and Accumulation of Cs+ by the akt1 Mutant of Arabidopsis thaliana (L.) 671 

Heynh. Lacking a Dominant K+ Transport System.” Journal of Experimental Botany 672 

52:839-844. 673 

Card, D., D. Peterson, and P. Matson. 1988. “Prediction of Leaf Chemistry by the Use of 674 

Visible and Near Infrared Reflectance Spectroscopy.” Remote Sensing of 675 

Environment 28:123-147. 676 

Carter, G. 1993. “Responses of Leaf Spectral Reflectance to Plant Stress.” American 677 

Journal of Botany 80:239-243. 678 

Carter, G. and A. Knapp. 2001. “Leaf Optical Properties in Higher Plants: Linking 679 

Spectral Characteristics to Stress and Chlorophyll Concentration.” American Journal 680 

of Botany 88:677-684. 681 

Chaerle, L. and D. Van Der Stragen. 2000. “Imaging Techniques and the Early Detection 682 

of Plant Stress.” Trends in Plant Science 5:495-500. 683 

Collins, W., S. Chang, G. Raines, F. Canney, and R. Ashley. 1983. “Airborne 684 

Biogeophysical Mapping of Hidden Mineral Deposits.” Economic Geology 78:737-685 

749. 686 

Curran, P.J., J.L. Dungan, and H.L. Gholz. 1990. “Exploring the Relationship Between 687 

the Reflectance Red Edge and Chlorophyll Content in Slash Pine.” Tree Physiology 688 

7:33-48. 689 



31 
 

Curran, P., J. Dungan, B. Macler, S. Plummer, and D. Peterson. 1992. “Reflectance 690 

Spectroscopy of Fresh Whole Leaves for the Estimation of Chemical 691 

Concentration.”  Remote Sensing of Environment 39:153-166 692 

Davids, C., and A. Tyler. 2003. “Detecting Contamination-Induced Tree Stress within 693 

the Chernobyl Exclusion Zone.” Remote Sensing of Environment 85:30-38. 694 

Dunagan, S., M. Gilmore, and J. Varekamp. 2007. “Effects of Mercury on Visible/Near-695 

Infrared Reflectance Spectra of Mustard Spinach Plants (Brassica rapa P.).” 696 

Environmental Pollution 148:301-311. 697 

Filella, I. and J. Peñuelas. 1994. “The Red Edge Position and Shape as Indicators of Plant 698 

Chlorophyll Content, Biomass, and Hydric Status.” International Journal of Remote 699 

Sensing 15:1459-1470. 700 

Gamon, G., J. Peñuelas, and C. Field. 1992. “A Narrow-Waveband Spectral Index that 701 

Tracks Diurnal Changes in Photosynthetic Efficiency.” Remote Sensing of 702 

Environment 41:35-44. 703 

Gates, D., H. Keegan, J. Schleter, and V. Weidner. 1965. “Spectral Properties of Plants.” 704 

Applied Optics 4:11-20. 705 

Gausman, H., W. Allen, R. Cardenas, and A. Richardson. 1970. “Relation of Light 706 

Reflectance to Histological and Physical Evaluations of Cotton Leaf Maturity.” 707 

Applied Optics 9:545-552. 708 

Gitelson A., O. Chivkunova, and M. Merzlyak. 2009. “Nondestructive Estimation of 709 

Anthocyanins and Chlorophylls in Anthocyanic Leaves.” American Journal of Botany 710 

96:1861-1868. 711 



32 
 

Grzesiak, M., W. Filek, T. Hura, M. Kocurek, and J. Pilarski. 2010. “Leaf Optical 712 

Properties During and After Drought Stress in Triticale and Maize Genotypes 713 

Differing in Drought Tolerance.” Acta Physiologiae Plantarum 32:433-442. 714 

Hampton, C.R., H.C. Bowen, M.R. Broadley, J.P. Hammond, A. Mead, K. Payne, J. 715 

Pritchard, and P.J. White. 2004. “Cesium Toxicity in Arabidopsis.” Plant Physiology 716 

136:3824-3837. 717 

Horler, D., M. Dockray, and J. Barber. 1983. “The Red Edge of Plant Leaf Reflectance.” 718 

International Journal of Remote Sensing 4:273-288. 719 

Horler, D., J. Barber, and A. Barringer. 1980.  “Effects of Heavy Metals on the 720 

Absorbance and Reflectance Spectra of Plants.” International Journal of Remote 721 

Sensing 1:121-136. 722 

International Commission on Radiological Protection (ICRP). 2008. “Nuclear Decay Data 723 

for Dosimetric Calculations.” ICRP Publication 107. Ann. ICRP 38 (3). 724 

Jones, H. and P. Schofield. 2008. “Thermal and Other Remote Sensing of Plant Stress.” 725 

General and Applied Plant Physiology 34:19-32. 726 

Kanter, U., A. Hauser, B. Michalke, S. Dräxl, and A.R. Schäffner. 2010. “Caesium and 727 

Strontium Accumulation in Shoots of Arabidopsis thaliana: Genetic and 728 

Physiological Aspects.” Journal of Experimental Botany 61:3995-4009. 729 

Knapp, A. and G. Carter. 1998. “Variability in Leaf Optical Properties Among 26 Species 730 

from a Broad Range of Habitats.” American Journal of Botany 85:940-946. 731 

Knipling, E. 1970. “Physical and Physiological Basis for the Reflectance of Visible and 732 

Near-Infrared Radiation from Vegetation.” Remote Sensing of Environment 1:155-733 

159. 734 



33 
 

Knudson, L.L., T.W. Tibbitts, and G.E. Edwards. 1977. “Measurement of Ozone Injury by 735 

Determination of Leaf Chlorophyll Concentration.” Plant Physiology 60: 606-608. 736 

Kooistra, L., E. Salas, J. Clevers, R. Wehrens, R.S.E.W Leuven, P.H. Nienhuis, and L.M.C. 737 

Buydens. 2004. “Exploring Field Vegetation Reflectance as an Indicator of Soil 738 

Contamination in River Floodplains.” Environmental Pollution 127:281-290. 739 

Le Lay, P., M.P. Isaure, J.E. Sarry, L. Kuhn, B. Fayard, J.L. Le Bail, O. Bastien, J. Garin, C. 740 

Roby, and J. Bourguignon. 2006. “Metabolomic, Proteomic and Biophysical 741 

Analyses of Arabidopsis thaliana Cells Exposed to a Caesium Stress.  Influence of 742 

Potassium Supply.” Biochimie 88:1533-1547. 743 

Li, X., P. Gao, B. Gjetvaj, N. Westcott, and M.Y. Gruber. 2009. “Analysis of the 744 

Metabolome and Transcriptome of Brassica carinata Seedlings after Lithium 745 

Chloride Exposure.” Plant Science 177:68-80.  746 

Lichtenthaler, H.K., A. Gitelson, and M. Lang. 1996. “Non-Destructive Determination of 747 

Chlorophyll Content of Leaves of a Green and an Aurea Mutant of Tobacco by 748 

Reflectance Measurements.” Journal of Plant Physiology 148:483-493. 749 

Lichtenthaler, H., Wenzel O., Buschmann C., and A. Gitelson. 1998. “Plant Stress 750 

Detection by Reflectance and Fluorescence.” Annals New York Academy of Sciences 751 

851:271-285 752 

Maruthi-Sridhar, B.B., F.X. Han, S.V. Diehl, D.L. Monts, and Y. Su. 2007a. “Monitoring 753 

the Effects of Arsenic and Chromium Accumulation in Chinese Brake Fern (Pteris 754 

vittata).” International Journal of Remote Sensing 28:1055-1067. 755 

Maruthi-Sridhar, B.B., F.X. Han, S.V. Diehl, D.L. Monts, and Y. Su. 2007b. “Spectral 756 

Reflectance and Leaf Internal Structure Changes of Barley Plants Due to 757 



34 
 

Phytoextraction of Zinc and Cadmium.” International Journal of Remote Sensing, 758 

28, 1041-1054. 759 

Maruthi-Sridhar, B.B., R. Vincent, S. Roberts, and K. Czajkowski. 2011. “Remote Sensing 760 

of Soybean Stress as an Indicator of Chemical Concentration of Biosolid Amended 761 

Surface Soils.” International Journal of Applied Earth Observation and 762 

Geoinformation 13:676-681. 763 

Milton, N., C. Ager, B. Eiswerth, and M. Power. 1989. “Arsenic and Selenium Induced 764 

Changes in Spectral Reflectance and Morphology of Soybean Plants.” Remote 765 

Sensing of Environment 30:263-269. 766 

Milton, N., B. Eiswerth, and C. Ager. 1991. “Effect of Phosphorus Deficiency on Spectral 767 

Reflectance and Morphology of Soybean Plants.” Remote Sensing of Environment 768 

36:121-127. 769 

The National Science Foundation (NSF). 2013. “Arabidopsis: The Model Plant.” The 770 

Multinational Coordinated Arabidopsis thaliana Functional Genomics Project. 771 

Accessed December 5. http://www.nsf.gov/pubs/2002/bio0202/model.htm#content 772 

Ourcival, J., R. Joffre, and S. Rambal. 1999. “Exploring the Relationships between 773 

Reflectance and Anatomical and Biochemical Properties in Quercus ilex Leaves.” 774 

New Phytologist 143:351-364. 775 

Papista, E., E. Acs, and B. Boddi. 2002. “Chlorophyll-a Determination with Ethanol--A 776 

Critical Test.” Hydrobiologia 485: 191-198.  777 

Pasquini, C. 2003. “Near Infrared Spectroscopy: Fundamentals, Practical Aspects and 778 

Analytical Applications.”  Journal of the Brazilian Chemical Society 14:198-219. 779 

http://www.nsf.gov/pubs/2002/bio0202/model.htm%23content


35 
 

Peñuelas, J., I. Filella, C. Biel, L. Serrano, and R. Savé. 1993. “The Reflectance at the 780 

950-970 nm region as an indicator of plant water status.” International Journal of 781 

Remote Sensing 14:1887-1905. 782 

Peñuelas, J., F. Baret, and I. Filella. 1995. “Semi-Empirical Indices to Assess 783 

Carotenoids/Chlorophyll a Ratio from Leaf Spectral Reflectance.” Photosynthetica 784 

31:221-230. 785 

Peñuelas, J., J. Pinol, R. Ogaya, and I. Filella. 1997. “Estimation of Plant Water 786 

Concentration by the Reflectance Water Index WI (R900/R970).” International 787 

Journal of Remote Sensing 18:2869-2875. 788 

Peñuelas, J and I. Filella. 1998. “Visible and Near-Infrared Reflectance Techniques for 789 

Diagnosing Plant Physiological Status.” Trends in Plant Science 3:151-156. 790 

Peñuelas, J. and Y. Inoue. 1999. “Reflectance Indices Indicative of Changes in Water 791 

and Pigment Contents of Peanut and Wheat Leaves.” Photosynthetica 36:355-360. 792 

Peng, Y. and A. Gitelson A. 2012. “Remote Estimation of Gross Primary Productivity in 793 

Soybean and Maize Based on Total Crop Chlorophyll Content.” Remote Sensing of 794 

Environment 117:440-448. 795 

Pinder, J. and K. McLeod. 1999. “Indications of Relative Drought Stress in Longleaf Pine 796 

from Thematic Mapper Data.” Photogrammetric Engineering and Remote Sensing 797 

65:495-501. 798 

Qi, Z., C.R. Hampton, R. Shin, B.J. Barkla, P.J. White, and D.P. Schachtman. 2008. “The 799 

High Affinity K+ Transporter AtHAK5 Plays a Physiological Role in Planta at Very 800 

Low K+ Concentrations and Provides a Caesium Uptake Pathway in Arabidopsis.” 801 

Journal of Experimental Botany 59:595-607. 802 



36 
 

Ritchie, R.J. 2006. “Consistent Sets of Spectrophotometric Chlorophyll Equations for 803 

Acetone, Methanol and Ethanol Solvents.” Photosynthetic Research 89:27-41. 804 

Rouse, J.W., R.H. Haas, D.W. Deering, and J.A. Sehell. “Monitoring the Vernal 805 

Advancement and Retrogradation (Green Wave Effect) of Natural Vegetation.” 806 

Final Rep. RSC 1978-4, Remote Sensing Center, Texas A&M University, College 807 

Station. 808 

Sahr, T., G. Voigt, H.G. Paretzke, P. Schramel, and D. Ernst. 2005. “Caesium-Affected 809 

Gene Expression in Arabidopsis thaliana.” New Phytologist 165:747-754. 810 

Schwaller, M., C. Schnetzler, and P. Marshall. 1981. “The Changes in Leaf Reflectance 811 

of Sugar Maple Seedlings (Acer saccharum Marsh) in Response to Heavy Metal 812 

Stress.” NASA Technical Memorandum 82150.  813 

Serbin, S., D. Dillaway, E. Kruger, and P. Townsend. 2012. “Leaf Optical Properties 814 

Reflect Variation in Photosynthetic Metabolism and its Sensitivity to Temperature.” 815 

Journal of Experimental Botany 63:489-502. 816 

Serrano, L. 2008. “Effects of Leaf Structure on Reflectance Estimates of Chlorophyll 817 

Content.” International Journal of Remote Sensing 29:5265-5274. 818 

Shull, C. 1929. “A Spectrophotometric Study of Reflection of Light from Leaf Surfaces.” 819 

Botanical Gazette 87:583-607. 820 

Sims, D. and J. Gamon. 2002. “Relationships between Leaf Pigment Content and 821 

Spectral Reflectance across a Wide Range of Species, Leaf Structures, and 822 

Development Stages.” Remote Sensing of Environment 81:337-354.  823 

Slaton, M., E. Hunt, and W. Smith. 2001. “Estimating Near-Infrared Leaf Reflectance 824 

from Leaf Structural Characteristics.” American Journal of Botany 88:278-284. 825 



37 
 

Soudek, P., R. Tykva, and T. Vanek. 2004. “Laboratory analyses of 137Cs uptake by 826 

sunflower, reed and poplar.” Chemosphere 55:1081-7. 827 

Steinhouser G., Brandl A., and T.E. Johnson. 2014. “Comparison of the Chernobyl and 828 

Fukushima nuclear accidents: A review of the environmental impacts.” Science of 829 

the Total Environment 470: 800-812 830 

Su, Y., B.B. Maruthi-Sridhar, F. Han, S. Diehl, and D. Monts. 2007. “Effect of 831 

Bioaccumulation of Cs and Sr Natural Nuclides and Impact of Foliar Structure and 832 

Plant Spectral Reflectance of Indian Mustard (Brassica juncea).” Water Air and Soil 833 

Pollution 180:65-74. 834 

Suter, L. and A. Widmer. 2013. “Phenotypic Effects of Salt and Heat Stress over Three 835 

Generations in Arabidopsis thaliana.” PLoS ONE 8:e80819. 836 

doi:10.1371/journal.pone.0080819. 837 

Thenkabail, P.S., J.G. Lyon, and A. Huete. 2012. Hyperspectral Remote Sensing of 838 

Vegetation. Boca Raton: CRC Press. 839 

Van der Meer, F.D. and S.M de Jong, eds. 2006. Imaging Spectrometry. Dordrecht: 840 

Springer. 841 

Viña, A., A. Gitelson, A. Nguy-Robertson, and Y. Peng. 2011. “Comparison of Different 842 

Vegetation Indices for the Remote Assessment of Green Leaf Area Index of Crops.” 843 

Remote Sensing of Environment 115:3468-3478. 844 

Wang, Q., and L. Pingheng. 2012. “Hyperspectral Indices for Estimating Leaf 845 

Biochemical Properties in Temperate Deciduous Forests: Comparison of Simulated 846 

and Measured Reflectance Data Sets.” Ecological Indicators 14:56-65. 847 

White, P.J. and M.R. Broadley. 2000. “Tansley Review No. 113. Mechanisms of Caesium 848 

Uptake by Plants.” New Phytologist 147:241-256. 849 



38 
 

White, P.J. and M.R. Broadley. 2001. “Chloride in Soils and its Uptake and Movement 850 

Within the Plant: A Review.” Annals of Botany 88:967-988. 851 

White, P.J., K. Swarup, A.J. Escobar-Gutierrez, H.C. Bowen, N.J. Willey, and M.R. 852 

Broadley. 2003. “Selecting Plants to Minimise Radiocaesium in the Food Chain.” 853 

Plant and Soil 249:177-186. 854 

Woodhouse, R., M. Heeb, W. Berry, T. Hoshizake, and M. Wood. 1994. “Analysis of 855 

Remote Reflection Spectroscopy to Monitor Plant Health.” Advances in Space 856 

Research 14:199-202. 857 

Wong K.K. and Y. He. 2013 “Estimating Grassland Chlorophyll Content Using Remote 858 

Sensing Data at Leaf, Canopy, and Landscape Scales.” Canadian Journal of Remote 859 

Sensing 39:155-166. 860 

Yoder, B. and R. Pettigrew-Crosby. 1995. “Predicting Nitrogen and Chlorophyll Content 861 

and Concentrations from Reflectance Spectra (400-2500 nm) at Leaf and Canopy 862 

Scales.” Remote Sensing of Environment 53:199-211. 863 

Zhu Y.G. and E. Smolders. 2000. “Plant Uptake of Radiocaesium: A Review of 864 

Mechanisms, Regulation and Application.” Journal of Experimental Botany 865 

51:1635-1645. 866 

 867 

 868 



Figure Captions: 
 
Figure 1. Schematic of equipment set up for high FOV.  
 
Figure 2. Temporal shift in mean reflectance spectra relative to control for 5 mM CsCl 
treatments shown for each acquisition technique; Figure 2(a) shows high field of view, Figure 
2(b) shows low field of view, and Figure 2(c) shows contact probe.  Note that the y-axis scale for 
Figure 2(c) is smaller than that of Figures 2(a) and 2(b). 
 
Figure 3. Plot of relative water content (RWC) vs time for each treatment level.  Points 
represent individual observations, lines connect mean values.  
 
Figure 4. Plot of chlorophyll  content (Chl a+b) vs time for each treatment level.  Points 
represent individual observations, lines connect mean values. 
 
Figure 5. Plot of chlorosis factor (CF) vs time for each treatment level.  Points represent 
individual observations, lines connect mean values. 
 
Figure 6. Plot of green factor (GF) vs time for each treatment level.  Points represent individual 
observations, lines connect mean values. 
 
Figure 7. Plot of coarse leaf area index (CLAI) vs time for each treatment level.  Points represent 
individual observations, lines connect mean values. 
 
Figure 8. Plot of GF vs CLAI by treatment level and week. 

 



















Table 1. List of vegetation indices considered, including name and abbreviation if applicable, the relevant acquisition technique(s), 
formulation, and either potential predictive characteristics along with the corresponding reference or indication that the listed index 
is newly considered by the authors.  FOV represents field of view, CP represents contact probe, and Ry is the reflectance at y nm. 

 

Abbreviation/Name 
Relevant 

acquisition 
technique 

Formulation Potential indicator of: Reference 

NORMALIZED DIFFERENCES     

NDVI Non-destructive 
vegetation index FOV 

−
+

800 670

800 670

R R
R R  

Green biomass; leaf area Rouse et al. (1974) 

PRI Photochemical 
reflective index 

FOV 
CP 

−
+

531 570

531 570

R R
R R  

Photosynthetic radiation-use 
efficiency Gamon, Peñuelas, and Field (1992) 

SIPI 
Structural 
independent 
pigment index 

FOV 
CP 

−
−

800 445

800 680

R R
R R  

Carotenoid to chlorophyll a 
ratio Peñuelas, Baret, and Filella (1995) 

PSND 
Pigment specific 
normalized 
difference 

FOV 
CP 

−
+

800 680

800 680

R R
R R  

Chlorophyll content Serrano (2008) 

SIMPLE RATIOS     

WI Water index FOV 
CP 

900

970

R
R  

Plant water content Peñuelas et al. (1997) 

-- -- FOV 
CP 

750

550

R
R  

Some correlation with metal 
content Davids and Tyler (2003) 

-- -- FOV 
CP 

1110

810

R
R  

Metal stress Maruthi-Sridhar et al. (2007a) 

-- -- FOV 
CP 

725

675

R
R

 
Some correlation with 
chlorophyll content; appeared 
independent of soil moisture 

Davids and Tyler (2003) 

-- -- FOV 
CP 

950

750

R
R  

Selected by author -- 

-- -- FOV         
CP 

1390

1454

R
R

 Selected by author -- 

-- -- FOV        
CP 

1676

1933

R
R

 Selected by author -- 

DERIVATIVE ANALYSIS     

YI Yellowness index FOV 
CP λ

− + −  ∆ 
580 624 668

2

2
0.1

R R R  Chlorosis Adams, Philpot, and Norvell (1999) 

REP Red edge position FOV 
CP 

Wavelength of inflection 
point from red to NIR Chlorophyll content Horler, Dockray, and Barber (1983) 

SREP Slope at red edge 
position 

FOV 
CP 

First derivative value at 
the red edge position 

Chlorophyll content; leaf area 
index Filella and Peñuelas (1994) 

 

 



Table 2. Results of endpoint analysis for CsCl exposure including P-values from the two-way ANOVA, with 
significant values (<0.05) shown underlined and in bold. 
 

Source RWC Chl a+b CLAI GF CF 

Treatment <0.001 0.006 <0.001 <0.001 <0.001 
Week  <0.001 0.017 <0.001 0.403 0.001 
Interaction 0.240 0.002 0.653 0.006 0.020 

 

 



Table 3. Pearson correlation coefficients for VI indices by field of view acquired. HFOV represents high field of view, 
LFOV represents low field of view, and CP represents contact probe. 
 

VI LFOV and HFOV LFOV and CP HFOV and CP 
NDVI 0.964 -- -- 
PRI 0.602 0.819 0.514 
WI 0.311 -0.173 0.075 
SIPI 0.900 0.593 0.530 
PSND 0.957 0.410 0.447 
YI 0.861 0.650 0.664 
R1110/R810 0.825 0.181 0.228 
R950/R750 0.863 0.484 0.462 
R750/R550 0.957 0.295 0.270 
R1390/R1454 0.633 0.270 -0.058 
R1676/R1933 0.941 -0.219 -0.274 
R725/R675 0.953 0.460 0.452 
REP 0.894 0.427 0.447 
Slope at REP 0.855 0.263 0.334 
WI/NDVI 0.893 -- -- 
(R950/R750)/NDVI 0.940 -- -- 

 

 



Table 4. VI indices included in the model (in order of inclusion) for each endpoint, along with appropriate view with which 
acquired.  HFOV represents high field of view, LFOV represents low field of view, and CP represents contact probe. 
 

RWC  Chl a+b  CLAI  GF  CF 
R950/R750  CP  REP HFOV  SREP HFOV  R1676/R1933 HFOV  R1676/R1933 LFOV 
R1676/R1933  CP  YI  HFOV  R1390/R1454 CP  YI  HFOV  YI HFOV 
PSND  LFOV  R1676/R1933 HFOV  SREP LFOV  SREP CP  SREP CP 
R750/R550  LFOV  R950/R750 CP  R950/R750 HFOV  R1390/R1454 CP  R1676/R1933 CP 
   R1390/R1454 CP  R1676/R1933 CP     REP CP 

 

 



Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 

S1-1 

 

  
Figure S1: Reflectance spectra for Arabidopsis CsCl treatments, where red is 5 mM CsCl, green is 0.5 mM CsCl, and blue is the control.  HFOV 

represents high field of view, LFOV represents low field of view, and CP represents contact probe. 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S2: Pictures of all plant samples by week and treatment group 

 

Treatment 
group 

Week 
1 2 3 

Control 

   
0.5 mM CsCl 

   
5.0 mM CsCl 

   



Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S3: Control plants at week 1 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S4: 0.5 mM CsCl treated plants at week 1 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S5: 5 mM CsCl treated plants at week 1 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S6: Control plants at week 2 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S7: 0.5 mM CsCl treated plants at week 2 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S8: 5 mM CsCl treated plants at week 2 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S9: Control plants at week 3 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
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Figure S10: 0.5 mM CsCl treated plants at week 3 with grid overlay used for visual assessment comparison 
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Supplementary Figures (S1) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species Arabidopsis thaliana 
 

S1-11 

 
Figure S11: 5 mM CsCl treated plants at week 3 with grid overlay used for visual assessment comparison 
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Supplementary Tables (S2) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species 
Arabidopsis thaliana 

S2-1 

Table S1.  Week by treatment comparisons of least squares means for relative water content.  Results are shown for 
comparisons of the means at each combination of time point and treatment level.  The top number in each cell is the F test 
statistic and the bottom number is the corresponding p-value for the comparison of means in the corresponding row/column. 
For example, comparing the 0.5 mM treatment group at weeks 1 and 3 yielded an F test statistic of -4.11 and a p-value <0.001. 

Time point and 
treatment level of mean 

Week 1, 
0.0 mM 

Week 1, 
5.0 mM 

Week 1, 
0.5 mM 

Week 2, 
0.0 mM 

Week 2, 
5.0 mM 

Week 2, 
0.5 mM 

Week 3, 
0.0 mM 

Week 3, 
5.0 mM 

Week 1, 5.0 mM 
-2.72 

 
      

0.009             

Week 1, 0.5 mM 
-0.62 2.10 

  
          

0.537 0.041           

Week 2, 0.0 mM 
-0.32 2.41 0.31 

 
    

0.754 0.020 0.761         

Week 2, 5.0 mM 
-4.18 -1.46 -3.56 -3.86 

 
   

<0.001 0.152 <0.001 <0.001       

Week 2, 0.5 mM 
-1.31 1.42 -0.69 -0.99 2.87 

 
  

0.198 0.164 0.497 0.327 0.006     

Week 3, 0.0 mM 
-1.26 1.47 -0.63 -0.94 2.92 0.05 

 
 

0.216 0.149 0.529 0.352 0.005 0.960   

Week 3, 5.0 mM 
-5.32 -2.60 -4.70 -5.01 -1.14 -4.02 -4.07 

 
<0.001 0.013 <0.001 <0.001 0.258 <0.001 <0.001 

Week 3, 0.5 mM 
-4.73 -2.01 -4.11 -4.42 -0.55 -3.43 -3.48 0.59 

<0.001 0.050 <0.001 <0.001 0.582 0.001 0.001 0.558 
 

 

Table S2.  Week by treatment comparisons of least squares means for chlorophyll content.  Results are shown for comparisons 
of the means at each combination of time point and treatment level.  The top number in each cell is the F test statistic and the 
bottom number is the corresponding p-value for the comparison of means in the corresponding row/column.  

Time point and 
treatment level of mean 

Week 1, 
0.0 mM 

Week 1, 
5.0 mM 

Week 1, 
0.5 mM 

Week 2, 
0.0 mM 

Week 2, 
5.0 mM 

Week 2, 
0.5 mM 

Week 3, 
0.0 mM 

Week 3, 
5.0 mM 

Week 1, 5.0 mM 
-0.27               
0.786             

Week 1, 0.5 mM 
0.29 0.56             

0.774 0.577           

Week 2, 0.0 mM 
2.09 2.37 1.80           

0.042 0.022 0.078         

Week 2, 5.0 mM 
1.76 2.03 1.47 -0.34         

0.086 0.048 0.149 0.738       

Week 2, 0.5 mM 
0.19 0.47 -0.09 -1.90 -1.56       

0.847 0.643 0.925 0.064 0.125     

Week 3, 0.0 mM 
4.08 4.35 3.79 1.98 2.32 3.88     

<0.001 <0.001 <0.001 0.054 0.025 <0.001   

Week 3, 5.0 mM 
-1.13 -0.86 -1.42 -3.22 -2.89 -1.32 -5.20   0.265 0.396 0.163 0.002 0.006 0.192 <0.001 

Week 3, 0.5 mM 
1.88 2.15 1.59 -0.21 0.13 1.69 -2.20 3.01 

0.066 0.037 0.118 0.833 0.901 0.099 0.033 0.004 
 
 



Supplementary Tables (S2) – Assessing the use of reflectance spectroscopy in determining CsCl stress in the model species 
Arabidopsis thaliana 

S2-2 

Table S3.  Week by treatment comparisons of least squares means for coarse leaf area index (CLAI).  Results are shown for 
comparisons of the means at each combination of time point and treatment level.  The top number in each cell is the F test 
statistic and the bottom number is the corresponding p-value for the comparison of means in the corresponding row/column. 

Time point and 
treatment level of mean  

Week 1, 
0.0 mM 

Week 1, 
5.0 mM 

Week 1, 
0.5 mM 

Week 2, 
0.0 mM 

Week 2, 
5.0 mM 

Week 2, 
0.5 mM 

Week 3, 
0.0 mM 

Week 3, 
5.0 mM 

Week 1, 5.0 mM 
-0.54 

 
      

0.593             

Week 1, 0.5 mM 1.00 1.54       
0.321 0.130           

Week 2, 0.0 mM 
1.00 1.54 0.00 

 
    

0.321 0.130 1.000         

Week 2, 5.0 mM 
-0.93 -0.39 -1.94 -1.94 

 
   

0.356 0.695 0.059 0.059       

Week 2, 0.5 mM 
2.48 3.01 1.47 1.47 3.41 

 
  

0.017 0.004 0.148 0.148 0.001     

Week 3, 0.0 mM 
3.26 3.80 2.26 2.26 4.20 0.79 

 
 

0.002 <0.001 0.029 0.029 <0.001 0.434   

Week 3, 5.0 mM 
1.22 1.76 0.22 0.22 2.15 -1.26 -2.04 

 
0.229 0.086 0.831 0.83 0.037 0.216 0.047 

Week 3, 0.5 mM 
3.70 4.23 2.69 2.69 4.63 1.22 0.43 2.48 

0.001 <0.001 0.010 0.010 <0.001 0.229 0.669 0.017 
 
 

Table S4.  Week by treatment comparisons of least squares means for green factor (GF).  Results are shown for comparisons of 
the means at each combination of time point and treatment level.  The top number in each cell is the F test statistic and the 
bottom number is the corresponding p-value for the comparison of means in the corresponding row/column. 

Time point and 
treatment level of mean  

Week 1, 
0.0 mM 

Week 1, 
5.0 mM 

Week 1, 
0.5 mM 

Week 2, 
0.0 mM 

Week 2, 
5.0 mM 

Week 2, 
0.5 mM 

Week 3, 
0.0 mM 

Week 3, 
5.0 mM 

Week 1, 5.0 mM 
-4.67 

 
      

<0.001             

Week 1, 0.5 mM 
0.98 5.65 

 
     

0.331 <0.001           

Week 2, 0.0 mM 
0.98 5.65 0.00 

 
    

0.331 <0.001 1.000         

Week 2, 5.0 mM 
-6.14 -1.47 -7.12 -7.12 

 
   

<0.001 0.148 <0.001 <0.001       

Week 2, 0.5 mM 
2.25 6.91 1.26 1.26 8.39 

 
  

0.030 <0.001 0.213 0.213 <0.001     

Week 3, 0.0 mM 
3.12 7.79 2.14 2.14 9.26 0.88 

 
 

0.003 <0.001 0.038 0.038 <0.001 0.385   

Week 3, 5.0 mM 
-6.98 -2.32 -7.97 -7.97 -0.84 -9.23 -10.11 

 
<0.001 0.025 <0.001 <0.001 0.404 <0.001 <0.001 

Week 3, 0.5 mM 
2.49 7.16 1.51 1.51 8.63 0.25 -0.63 9.47 

0.017 <0.001 0.138 0.138 <0.001 0.807 0.531 <0.001 
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Table S5.  Week by treatment comparisons of least squares means for chlorosis factor (CF).  Results are shown for comparisons 
of the means at each combination of time point and treatment level.  The top number in each cell is the F test statistic and the 
bottom number is the corresponding p-value for the comparison of means in the corresponding row/column. 

Time point and 
treatment level of mean  

Week 1, 
0.0 mM 

Week 1, 
5.0 mM 

Week 1, 
0.5 mM 

Week 2, 
0.0 mM 

Week 2, 
5.0 mM 

Week 2, 
0.5 mM 

Week 3, 
0.0 mM 

Week 3, 
5.0 mM 

Week 1, 5.0 mM 
9.94 

 
      

<0.001             

Week 1, 0.5 mM 
0.00 -9.94 

 
     

1.000 <0.001           

Week 2, 0.0 mM 
0.00 -9.94 0.00 

 
    

1.000 <0.001 1.000         

Week 2, 5.0 mM 
12.69 2.74 12.69 12.69 

 
   

<0.001 0.009 <0.001 <0.001       

Week 2, 0.5 mM 
0.38 -9.56 0.38 0.38 -12.30 

 
  

0.702 <0.001 0.702 0.702 <0.001     

Week 3, 0.0 mM 
0.11 -9.84 0.11 0.11 -12.58 -0.28 

 
 

0.916 <0.001 0.916 0.916 <0.001 0.782   

Week 3, 5.0 mM 
14.99 5.05 14.99 14.99 2.31 14.61 14.89 

 
<0.001 <0.001 <0.001 <0.001 0.026 <0.001 <0.001 

Week 3, 0.5 mM 
1.77 -8.17 1.77 1.77 -10.91 1.39 1.67 -13.22 

0.0831 <0.001 0.0831 0.0831 <0.001 0.172 0.103 <0.001 
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Table S6: Results (F test statistics and p-values) from the mixed model effects analysis of vegetation indices 

  
 Source 

NDVI   PRI   WI   SIPI 
F test statistic p-value   F test statistic p-value   F test statistic p-value   F test statistic p-value 

Week F(2,45)=0.32 0.730  F(2,39.8)=16.61 <0.001  F(2,50.3)=16.61 0.108  F(2,35.2)=4.57 0.017 
Treatment F(2,45)=57.11 <0.001  F(2,39.9)=134.41 <0.001  F(2,50.3)=134.41 <0.001  F(2,41.6)=37.70 <0.001 
Week* Treatment F(4,45)=5.02 0.002  F(4,39.9)=9.25 <0.001  F(4,42.0)=9.25 0.178  F(4,35.1)=6.60 0.001 
View F(1,49)=86.71 <0.001  F(2,55.1)=80.90 <0.001  F(2,83.6)=80.90 <0.001  F(2,21.4)=19.80 <0.001 
View*Week F(2,49)=3.82 0.029  F(4,29.3)=217.80 <0.001  F(4,77.2)=217.80 <0.001  F(4,36.9)=8.03 <0.001 
View* Treatment F(2,49)=5.46 0.007  F(4,52.0)=16.47 <0.001  F(4,74.3)=16.47 0.001  F(4,37.3)=5.53 0.001 

            
  
 Source 

PSND   YI   R1110/R810   R950/R750 
F test statistic p-value   F test statistic p-value   F test statistic p-value   F test statistic p-value 

Week F(2,46.1)=0.61 0.547  F(2,41.6)=1.31 1.310  F(2,49.8)=0.96 0.391  F(2,48.0)=0.56 0.572 
Treatment F(2,44.2)=66.98 <0.001  F(2,37.2)=74.55 <0.001  F(2,47.4)=21.11 <0.001  F(2,49.1)=31.20 <0.001 
Week* Treatment F(4,39.3)=6.17 0.001  F(4,34.2)=4.45 0.005  F(4,39.2)=3.60 0.014  F(4,43.5)=5.45 0.001 
View F(2,33.1)=85.75 <0.001  F(2,63.5)=30.09 <0.001  F(2,40.2)=156.16 <0.001  F(2,34.4)=216.51 <0.001 
View*Week F(4,29.4)=190.91 <0.001  F(4,47.8)=8.58 <0.001  F(4,49.2)=4.89 0.002  F(4,34.6)=15.45 <0.001 
View* Treatment F(4,35.4)=9.45 <0.001  F(4,56.9)=2.63 0.043  F(4,49.8)=5.55 0.001  F(4,49.4)=5.66 0.001 

            
  
 Source 

R750/R550   R725/R675   REP   Slope at REP 
F test statistic p-value   F test statistic p-value   F test statistic p-value   F test statistic p-value 

Week F(2,42.9)=7.70 0.001  F(2,47.1)=3.12 0.053  F(2,37.2)=10.05 <0.001  F(2, 40.5)=4.63 0.015 
Treatment F(2,42.9)=14.18 <0.001  F(2,47.9)=138.05 <0.001  F(2,37.7)=10.65 <0.001  F(2, 38.5)=23.27     <0.001 
Week* Treatment F(4,41.5)=2.53 0.055  F(4,39.4)=10.24 <0.001  F(4,35.7)=1.47 0.231  F(4,34.7)=5.26           0.002 
View F(2,78.3)=223.02 <0.001  F(2,67.2)=142.62 <0.001  F(2,73.0)=64.34 <0.001  F(2,60.4)=191.41 <0.001 
View*Week F(4,60.4)=12.05 <0.001  F(4,39.0)=27.82 <0.001  F(4,64.1)=7.88 <0.001  F(4,59.5)=17.47 <0.001 
View* Treatment F(4,64.5)=9.56 <0.001   F(4,45.1)=40.01 <0.001   F(4,62.5)=6.86 <0.001   F(4,56.2)=3.27   0.018 

        

  
 Source 

R1676/R1933   R1390/R1454   WI/NDVI   (R950/R750)/NDVI 
F test statistic p-value   F test statistic p-value   F test statistic p-value   F test statistic p-value 

Week F(2,51.2)=10.72 <0.001  F(2,53.7)=0.96 0.391  F(2,24.4)=3.30 0.054  F(2,21.2)=4.57 0.286 
Treatment F(2,50.8)=125.79 <0.001  F(2,51.5)=53.43 <0.001  F(2,44.0)=42.20 <0.001  F(2,37.0)=37.70 <0.001 
Week* Treatment F(4,42.8)=2.17 0.089  F(4,45.5)=3.93 0.008  F(4,34.3)=7.65 <0.001  F(4,30.5)=6.60 0.001 
View F(2,73.3)=69.45 <0.001  F(2,58.4)=40.86 <0.001  F(1,27.6)=3.08 0.090  F(1,12.8)=8.48 0.012 
View*Week F(4,62.0)=2.08 0.094  F(4,42.2)=40.88 <0.001  F(2,27.1)=4.28 0.024  F(2,9.04)=13.05 0.002 
View* Treatment F(4,51.0)=95.76 <0.001   F(4,56.0)=15.51 <0.001   F(2,27.5)=3.34 0.050   F(2,13.1)=4.02 0.044 
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Table S7: Results (F test statistics and p-values) from multiple linear regression analysis.*  HFOV represents high field of view, LFOV represents low field 
of view, and CP represents contact probe. 

  RWC  Chl a+b  CLAI  GF  CF 
VI View  F(1,38) p-value  F(1,48) p-value  F(1,49) p-value  F(1,49) p-value  F(1,47) p-value 

PSND LFOV  9.613 0.003  -- --  -- --  -- --  -- -- 
R1390/R1454 CP  -- --  6.395 0.015  7.802 0.007  9.404 0.004  -- -- 
R1676/R1933 CP  8.422 0.006  -- --  3.055 0.087  -- --  9.644 0.003 

 LFOV  -- --  -- --  -- --  -- --  340.261 <0.001 
 HFOV  -- --  4.663 0.036  -- --  190.311 <0.001  -- -- 

R750/R550 LFOV  22.494 <0.001  -- --  -- --  -- --  -- -- 
R950/R750 CP  25.671 <0.001  6.534 0.014  -- --  -- --  -- -- 

 HFOV  -- --  -- --  6.654 0.013  -- --  -- -- 
REP HFOV  -- --  16.981 <0.001  -- --  -- --  -- -- 

 CP  -- --  -- --  -- --  -- --  5.395 0.025 
Slope at REP CP  -- --  -- --  -- --  4.493 0.039  13.533 0.001 
 LFOV  -- --  -- --  4.883 0.032  -- --  -- -- 
 HFOV  -- --  -- --  69.651 <0.001  -- --  -- -- 

YI HFOV  -- --  3.252 0.077  -- --  14.062 0.001  5.172 0.027 

* Superscripts denote the order in which the predictor entered into the model.  All F-values are sequential. For RWC, NDVI at low field of view was highly collinear with 
other predictors.  The model selection procedure was run without NDVI at low field of view and this is the resulting model selected.  For GF, R1676/R1933 at low field of 
view was highly collinear with other predictors.  The model selection procedure for GF was run without R1676/R1933 at low field of view and this is the resulting model 
selected. 


	Main Text
	1. Introduction
	1.1. Background
	1.2. Recent Studies
	1.3. Caesium toxicity in A. thaliana
	1.4. Consideration of chloride effects

	2. Materials and Methods
	2.1. Plant growth and treatment
	2.2. Equipment, setup, and collection of spectra
	2.2.1. Contact probe measurements
	2.2.2. Field of view measurements

	2.3. Collection of physical measures
	2.3.1. Relative water content
	2.3.2. Chlorophyll content
	2.3.3. Visual assessment

	2.4. Data analysis

	3. Results
	3.1. Reflectance spectra
	3.2. Physical measures
	3.3. Vegetation indices

	4. Discussion
	4.1. Relative water content
	4.2. Chlorophyll content
	4.3.  Visual assessment factors
	4.4. Spectra acquisition technique

	5. Conclusions
	5.1. Limitations
	5.2. Spectra acquisition technique
	5.3. Vegetation indices

	6. References

	Figure Captions
	Figure_1
	Figure_2
	Figure_3
	Figure_4
	Figure_5
	Figure_6
	Figure_7
	Figure_8
	Table1
	Table2
	Table3
	Table4
	Supplemental Figures
	Supplemental Tables

