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Abstract 

Spectral reflectance measurements could provide inexpensive, large area estimates of 

water status since canopy water status is mainly determined by leaf water potential, 

canopy water content and canopy water mass. The reflection spectrometry method is 

quick and easy to use, but suffers from limitations under variable measurement 

conditions; therefore, it has to be recalibrated before being transferred to other regions or 

times and also water status in plants is more affected by environmental factors. For these 

reasons, self constructed sensor was developed to measure canopy reflectance and sun 

reflectance at the same conditions under temperate field conditions. The sensor can 

measure subsequently canopy reflectance and sun reflectance in around 15 sec. Two 

cultivars of wheat were grown under controlled rain-out shelter conditions. A closer 

relationship between spectral measurements and canopy water content and canopy water 

mass than with leaf water potential was found. Five spectral indices were derived from 

violet, blue, green and near infrared were significantly related to canopy water content 

and canopy water mass for each cultivar and averaged over all cultivars (R2= 0.53*** - 

0.96***). Two spectral indices were significantly related to leaf water potential (R2= 

0.58* - 0.83**) at most of the individual measurement. Global spectral relationships 

measuring LWP probably cannot be established across plant development. Even so, 

spectrometric measurements supplemented by a reduced calibration data set from 

pressure chamber measurements might still prove to be a fast and accurate method for 

screening large numbers of cultivars. Our data clearly shows that non-destructive method 

seems to be a good indicator to detect water status and it can be used as universal method 

for irrigation scheduling and for enhanced phenotyping in breeding under temperate field 

conditions. 
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1. Introduction  

 
Plant water status provides information that can be used to prevent crop water deficit 

through irrigation (Koksal, 2008), to select genotypes in breeding (Munjal and Dhanda, 

2005), and to assess crop growth under drought conditions (Tucker, 1980; Peñuelas et al., 

1993). Different methods can be used to determine the water status in plants such as leaf 

water potential, relative water content, leaf water content, canopy water content, canopy 

water mass, aerial biomass and canopy temperature (Boyer et al., 2008; Linke et al., 

2008; Feng et al., 2010; Gutierrez et al., 2010; Wang et al., 2010). As plants are exposed 

to drought, this leads to noticeable decreases in leaf water potential and water content 

followed by a concurrent increase in leaf and canopy temperatures. This is the associated 

with decreased photosynthetic rate resulting from stomatal closure (Bradford and Hsiao, 

1982; Schmidhalter et al., 1998b; Siddique et al., 2000). 

The early detection of these stress factors with non-destructive methods is crucial 

because it could help to identify stress status at larger temporal and spatial scales before 

any damage is clearly visible (Zarco-Tejada, 2002). In this regard, precision agriculture 

and precision phenotyping technologies for crop management have the potential to 

provide more information for making more informed management decisions on a canopy 

scale in real time (Bredemeier and Schmidhalter, 2005; Mistele and Schmidhalter, 2008 

a, b & 2010; Thoren and Schmidhalter, 2009; Gutierrez et al., 2010; Winterhalter et al., 

2011 a & b). This is in stark contrast to classical methods such as pressure chambers and 

oven drying, which are time-consuming and require numerous observations to 

characterise a field. Similar to that, for detecting water relation in the soil, numerous 

observations are required to characterize a field. For the same reasons, classical methods 



4 

are unsuited to tracking frequent changes in environmental conditions, which requires 

rapid measurements.  

Several spectral regions are useful for the detection of water stress. In one of the 

earliest reports, Woolley (1971) identified the visible spectra (VIS) as being suitable for 

this purpose. Specific wavelength bands relating to reflectance in the visible wavelength 

range (Hatfield et al., 2008), the red edge and the NIR band show good potential for 

estimating plant water status effectively (Liu et al., 2004; Seelig et al., 2009). Drought 

stress influences spectral reflectance values by causing alterations in leaf cell structure 

and composition (e.g., changing the properties of connections between cell walls and air 

spaces, cell sizes and shapes, and/or cell wall composition and structure (Grant, 1987; 

Peñuelas et al., 1994). In particular, changes in the leaf internal structure when the 

amount of water in leaves is reduced influence spectral reflectance in the red edge (680 - 

740 nm) and near infrared (740 - 940 nm) regions (Liu et al., 2004; Tilling et al., 2007) as 

well as increase reflectance in the 400 - 1300 nm region (Inoue et al., 1993).  Reflectance 

changes in the near infrared region (NIR; 700-1300 nm) can also be used for the detection 

of water in biological samples because the NIR penetrates more deeply into the measured 

structures than middle infrared (MIR; 1300-2500 nm). As such, the reflectance indicates 

the water content more of the entire sample rather than of water located in the uppermost 

layers (Peñuelas et al., 1993). In the MIR, the strongest absorption properties of water 

molecules are found at 1450, 1940 and 2500 nm (Carter, 1991). 

Several studies have evaluated relationships between spectral indices and water 

content. Some indices show a good potential to estimate plant water content such as the 

normalized difference water index NDWI1640 and the normalized difference water index 

NDWI2130 (Yonghong et al., 2007), the water index (R900/R970) (Penuelas et al., 1993), 
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the wavelength range 510 - 780, 540 - 780, 490 - 1300, 540 - 1300 nm (Graeff and 

Claupein, 2007), R850, simple ratio (R810/R560) and red edge inflection point (REIP) 

(Behrens et al., 2006), in the red edge (680 - 740 nm) and near infrared (740 - 940 nm) 

regions (Liu et al., 2004; Tillingetal., 2007). In addition, R850/R725 (Winterhalter et al., 

2011b)  

The spectral reflectance of wheat leaves has been reported to be closely related to 

changes in LWP. Kakani et al. (2007) found that the simple reflectance ratio, R1689/R1657 

was significantly related to LWP in cotton (R2 = 0.68). Gutierrez et al. (2010) found that 

the normalized water index (R970 - R880)/ (R970 + R880) was significantly related to LWP 

of wheat (R2 > 0.6 - 0.8) across a broad range of values (-20 to -40 bar). In addition, 

Elsayed et al. (2011) found that the index (R940/R960)/NDVI was strongly related to LWP 

of wheat across small change in LWP ≤ -4.8 bar. By contrast, the photochemical 

reflectance index (PRI) did not exhibit consistent relationships with the LWP of olive 

(Suárez et al. 2008). Weak relationships were also observed between LWP in Populus 

ssp. and either the water index (WI) or red edge inflection point (REIP) at the leaf and 

canopy level under controlled conditions (Eitel et al. 2006). 

Overall spectral measurements, portable field spectrometers are usually 

characterized by lower spectral resolution than laboratory spectrometers and as a 

consequence, by lower analytical robustness. Because spectral reflectance can be by 

affected external factors such as sun elevation and cloud coverage under field condition 

(Reusch, 1997; Behrens et al., 2004; Steven, 2004). In addition, for measuring in the 

nadir, scientists often use a spectralon reflectance standard to the sun radiation instead of 

simultaneous measurements. There is always a time shift between sun radiation 

measurements and canopy reflectance measurements. If the radiation conditions are not 
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totally stables, it may result in an error within the measurements. Thus, it is necessary to 

develop a potentially universal method that can be used for the evaluation of water status 

of wheat under temperate field conditions, which it can decrease the effects of external 

factors because the climate under German field conditions is unstable and rapidly 

changing.  

Therefore, the advantage of this study is that, self constructed sensor was 

developed to measure canopy reflectance and sun reflectance at the same conditions 

under temperate field conditions. Because the sensor can measure subsequently canopy 

reflectance and sun reflectance in around 15 sec. As another advantage for this method is 

that, spectral reflectance measurements were taken by using mobile metal carrier-

mounted sensing platform allowing high throughput measurements. 

The aims of this study were (i) to study the stability of newly develop high 

throughput precision technique to detect water status in plants by measuring  the leaf 

water potential, which can reflect the water status of plants in a short time scale, or the 

canopy water content and the canopy water mass which can reflect the water status of 

plants in the longer run under temperate environmental conditions; (ii) to estimate the 

most suitable spectral reflectance indices and physiological parameters which can be used 

for high throughput precision phenotyping or irrigation scheduling to detect the water 

status in wheat. 
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2. Materials and Methods 

2.1. Experimental setup 
 
The experiments were conducted under a mobile rain-out shelter conditions at the 

research station of the Chair of Plant Nutrition of the Technische Universität München in 

2008. Two wheat cultivars (Cubus and Mulan) were sown mid of October, 2007 and, at a 

seeding rate of 320 seeds per m2. Residual soil nitrate levels of 42 kg NO3-N were 

detected by a quick test procedure (Schmidhalter, 2005). Liquid fertilizer from urea 

ammonium nitrate was split into three portions of 100 kg N ha-1 in BBCH 25 and 60 kg N 

ha-1 in BBCH 29 and 60 kg N ha-1 in BBCH 37. Phosphorus and potassium supply in the 

soil were adequate requiring no further applications. The soil at the research station is 

characterized as silt 60%, clay 25% and sand 15% with pH (CaCl2) 6.2. The water 

holding capacity of the soil is high (330 mm down to 1.2 m depth). 

The experiment was a two factorial set up with two winter wheat cultivars and 

four water treatments (rainfed, irrigated control, early water stress and late water stress). 

To control for the amount of water, an automatic removable rain-out shelter platform was 

used together with spray irrigation. The experiment included 28 plots, each 4 m long and 

1.8 m wide. Each regime was applied to four plots for each cultivar, except for the rainfed 

treatment, which had only a two replicate. The plants were grown first under rainfed 

conditions and then were exposed to two cycles of water stress representing early stress 

(withholding water from April 29 to June 19 by the automatic rain-out shelter) and late 

water stress (withholding water from May 16 to July 14). In total, the rainfed, irrigated, 
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early water stress and late water stress regimes each received a total of 314, 348, 5, and 

105 mm of water, respectively. The water was applied in doses of 20 mm within the 

irrigated treatments from April 29 to July 14 in 2007. 

2.2. Measurement variables 
 
For spectral reflectance measurements, a passive reflectance sensor for measuring at 

wavelengths between 300 - 1100 nm connected with a portable computer and 

Geographical positioning system (GPS) was used and mounted on a self-moveable metal 

carrier (Fig. 1). This self constructed sensor was developed to measure canopy 

reflectance and sun reflectance under the same conditions. The sensor consists of one 

optics and an automatic reference white plate to measure subsequently canopy reflectance 

and sun reflectance in around 15 sec. The optics was positioned at a height of 2 m above 

the plants in the nadir direction (Fig. 1). The angle of the fiber optic was 12° and the size 

of the field of view was 0.42 m2. With the readings from the spectrometer unit the canopy 

reflectance was calculated and corrected with a calibration factor estimated from a 

reference white standard.  

GPS
Optic

Passive reflectance sensor 

Reference plate for automatic 
white balance
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Figure 1. Passive reflectance sensor measuring at wavelengths between 300 -1100 nm 
with GPS used to measure water status in wheat under rain-out shelter conditions. 
 

After the data were transferred from the sensor to a portable computer, the data 

were analysed by using specific software coded in Lab View (National Instruments, 

Austin, Texas, USA) to extract spectral reflectance. The data were further analysed by 

using Arc View GIS version 3.3 (ESRI, Redlands, California, US) in order to compare 

spectral reflectance measurements with ground-truth evaluations exactly in the same area 

in the field (Fig. 2). 

Spectral reflectance measurements were taken in different growth stages and 

related to physiological parameters as described in Table 2. 

GPS refrence point

tlot area 
measured

 

Figure 2. Spatial information of spectral reflectance measurements collected with GPS 
and analysed with GIS. 
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Table 1. Spectral reflectance measurements and physiological parameters at different 
growth stages, dates and times. 
 
  Growth stages 
 Dates 

 
 

Time of spectral 
measurements 
(hour, minutes) 
 

Physiological parameters 

  Heading 
 
 

June 2, 2008 
 
 

13:38 - 14:30 
 
 

Leaf water potential,  
canopy water content,  
and  canopy water mass  

  Heading and flowering June 10, 2008 13:25 - 14:20 Leaf water potential  

 
  Milk and dough 
 

July 2, 2008 
 

14:56 - 15:50 
 

 
Leaf water potential,  
canopy water content,  
and canopy water mass  

 
 

In this study, we calculated and tested both known and novel indices. All possible dual 

wavelengths combinations were evaluated within this study, but only the best performing 

ones are presented (Table 2). From the hyperspectral reflectance readings, six 

wavelengths (410, 490, 510, 600, 670, and 780) were therefore used to calculate 

reflectance indices as described in Table 2. 

Sensing information in the Visible/near infrared region was used since previous 

testing indicated such information reflected most sensitively the small changes in leaf 

water potential and leaf water content expected within previous of our experiment. At 

small changes of leaf water content increased signal noise ratios in the SWIR range may 

perturb measurements. Current applications in Precision Farming or Precision 

Phenotyping using high-throughput active or passive sensors do mostly involve the 

VIS/NIR range. Therefore this range offers currently more opportunities for a direct 

transfer to practice. 
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Table 2. Formula, functions, and references of different previously developed and new 
spectral indices developed in this work being used in this study. 
 
Spectral reflectance indices Formula Function Reference 

 
Normalized difference 
vegetation index 
(NDVI) 
 
 

 
(R780 - R670)/(R780 + R670) 

 
* Estimation of leaf area 
index 
** Estimation of leaf water 
potential 

 
*Aparicio et al., 2002 
 
**Ruthenkolk et al., 
2002 

Ratio of reflectance between 
410-780 and 410+780 nm 
 

(R410 - R780)/(R410 + R780) Estimation of water status this work 

Ratio of reflectance between 
490-780 and 490+780 nm 
 

(R490 - R780)/(R490 + R780) Estimation of water status this work 

Ratio of reflectance between 
510-780 and 5100+780 nm 
 

(R510 - R780)/(R510 + R780) Estimation of water status this work 

Ratio of reflectance between 
600 and 780 nm 

R600/R780 Estimation of water status this work 

 
 

To measure leaf water potential (LWP), a pressure chamber (PMS Instrument, 

Corvallis, OR, USA) was used (Schmidhalter et al., 1998a). Pressures were read within 

one minute of leaf removal from the crop and LWP was determined as the average value 

from six separate readings of fully expanded flag leaves. Two plot replicate only was 

used to measure LWP in a short period because LWP is rapidly temporally fluctuating as 

function of the environmental conditions. 

  Finally, to determine aboveground aerial biomass, plants were cut above the 

ground within a 0.22 m2 area (A) for all plots and the canopy fresh weight (FW) was 

determined. Thereafter, a representative subsample was placed in an oven (105°C) until 

there was no change in dry weight (DW). Canopy water content (in %) was calculated as 
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CWC = (FW – DW)/FW * 100. In addition, canopy water mass (in g/m2) was calculated 

as CWM = (FW – DW) /area. 

2.3. Statistical analysis 
 
Sigmaplot for Windows v.10 (Systat Software Inc., Chicago, IL), SPSS 16 (SPSS Inc., 

Chicago, IL) and Microsoft Excel 2003 were used for statistical analysis. We used simple 

regression to analyze the relationship between the measured spectral parameters and each 

of CWC, CWM, and LWP. Coefficients of determination were determined and 

significance was assessed at a nominal alpha value of 0.05. 
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3. Results 
 
3.1. Destructively measured parameter of winter wheat 
 
Minimum, maximum and mean values of destructively measured canopy water content, 

canopy water mass and leaf water potential of two winter wheat cultivars subjected to 

four water treatments are shown in Table 3. The mean value of CWC at individual 

measurement showed very small difference between cultivars and the highest mean value 

was recorded at June 2, for Cubus. There was a clear difference in CWM between Cubus 

and Mulan at the second harvest in July 2. The mean value of LWP of Cubus was higher 

than LWP of Mulan at all individual measurements. 

Table 3. Minimum, maximum and mean values for canopy water content and canopy 
water mass and leaf water potential subjected to four watering treatments, evaluated at 
individual measurements. 
 

Cultivars Dates 
  
CWC (%) 

  
CWM (g/m2) 

  
LWP (bar) 

    Min Max  Mean Min Max  Mean Min Max  Mean 
 June 2,08 75.7 82.9 80.3 2913.3 4991.8 4169.5 -15.4 -20.9 -17.3 
Cubus June 15,08 - - - - - - -15.3 -22.1 -18.5 
 July 2,08 54.6 68.8 63.2 1264.6 3769.8 2771.0 -15.9 -21.5 -19.0 
 June 2,08 74.3 82.4 79.5 2707.6 4819.1 4141.5 -13.5 -19.1 -15.6 
Mulan June 15,08 - - - - - - -13.6 -18.8 -16.0 
  July 2,08 55.7 71.0 64.2 1703.6 4269.5 3067.0 -13.3 -19.5 -16.8 

 
(-) no measurements  
 
3.2. Influence of four water regimes on destructively measured parameters of wheat 
 
The change in canopy water content, canopy water mass and leaf water potential 

subjected to four watering treatments are shown in Figures 3 a & b. At the first harvest, 

the CWC of Mulan and Cubus were greatly affected by the early stress treatments, but at 
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the second harvest, the CWC and CWM of Mulan and Cubus were greatly affected by the 

early stress and late stress treatments. Generally the early stress treatment existed 

significant effects on CWC and CWM compared to the other treatments. 

  

a b
a a

a a

a a
b c

c c

a ab

b b

0

10

20

30

40

50

60

70

80

90

100

Mulan 2.06.08 Cubus 2.06.08 Mulan 2.07.08 Cubus 2.07.08

C
an

op
y  

w
at

er
 c

on
te

nt
 (%

)

Rainfed Irrigated Early stress Later stress

LS5 1 LS5 3

(a)

a a

a
a

a b

a
ab

c

c c

a b

b b

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

Mulan 2.06.08 Cubus 2.06.08 Mulan 2.07.08 Cubus 2.07.08

C
an

op
y w

at
er

 m
as

s 
(g

/m
2 )

Rainfed Irrigated Early stress Later stress

LS5 1

LS5 2 LS5 4

(b)

 

Figure 3. (a) Canopy water content and (b) canopy water mass in Mulan and Cubus as 
affected by four watering regimes at two harvests. Values with the same letter are not 
statistically different (P ≤ 0.05) between the treatments. 
 

The leaf water potential of Mulan was affected by the early stress treatment at all 

measurements days (Fig. 4). On the other hand, the LWP of Cubus was affected by the 
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early and later stress compared to other treatments. Cubus showed the highest LWP with 

in all water regimes at all individual measurements compared to the LWP of Mulan  
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Figure 4. Leaf water potential in Mulan and Cubus as affected by four water regimes at 
three measurement days. Values with the same letter are not statistically different (P ≤ 
0.05) between the treatments. 
 
 
3.3. Influence of four water regimes on five spectral indices of wheat 
 
The five spectral reflectance indices of Mulan were not affected by water treatments at 

the first measurement (Table 4). The five spectral reflectance indices of Cubus were 

generally affected by the early stress and later stress treatments compared to irrigated 

treatment at the first measurement. At the second and third measurement, the spectral 

reflectance indices of Cubus and Mulan were generally affected by the early stress, later 

stress and rainfed treatments.  
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Table 4. Values of spectral reflectance indices as affected by four water treatments. 
Values with the same letter are not statistically different (P ≤ 0.05) between the 
treatments. 
 

Treatments 
 

(R410-R780)/ 
(R490+R780) 
 

NDVI 
 

(R490-R780)/ 
(R490+R780) 
 

(R510-R780)/ 
(R510+R780) 
 

R600/R780 

Cubus  
First measurement at 2.06  

Irrigated -0.92 d 0.91 a -0.90 c -0.89 c 0.07 b 
Rainfed  -0.91 b 0.91 a -0.89 b -0.88 b 0.07 b 
Early stress -0.90 a 0.87 b -0.87 a -0.86 a 0.09 a 
Later stress -0.92 c 0.91 a -0.90 c -0.88 ab 0.07 b 

Second measurement at 10.06  
Irrigated -0.93 c 0.91 a -0.90 d -0.89 d 0.07 b 
Rainfed  -0.91 b 0.90 b -0.89 c -0.88 c 0.07 b 
Early stress -0.88 a 0.84 d -0.85 a -0.84 a 0.12 a 
Later stress -0.91 b 0.89 c -0.88 b -0.88 b 0.08 b 

Third measurement at 2.07  
Irrigated -0.89 c 0.78 a -0.83 b -0.80 b 0.16 b 
Rainfed  -0.80 c 0.80 a -0.83 b -0.79 b 0.15 b 
Early stress -0.84 a 0.77 a -0.71 a -0.67 a 0.30 a 
Later stress -0.87 b 0.57 b -0.81  b -0.77 b 0.17 b 

Mulan  
First measurement at 2.06  

Irrigated -0.91 a 0.90 a -0.89 a -0.87 a 0.08 a 
Rainfed  -0.91 a 0.89 a -0.88 a -0.87 a 0.08 a 
Early stress -0.90 a 0.89 a -0.88 a -0.87 a 0.08 a 
Later stress -0.90 a 0.89 a -0.88 a -0.87 a 0.09 a 

Second measurement at 10.06  
Irrigated -0.93 c 0.91 a -0.90 c -0.89 c 0.07 c 
Rainfed  -0.91 b 0.90 b -0.88 b -0.87 b 0.08 b 
Early stress -0.89 a 0.85 c -0.85 a -0.84 a 0.10 a 
Later stress -0.91 b 0.89 b -0.88 b -0.88 b 0.08 b 

Third measurement at 2.07  
Irrigated -0.91 c 0.83 a -0.87 c -0.83 c 0.14 c 
Rainfed  -0.91 c 0.81 ab -0.86 c -0.86 d 0.11 d 
Early stress -0.89 b 0.77 b -0.76 a -0.72 a 0.26 a 
Later stress -0.85 a 0.61 c -0.83 b -0.80 b 0.16 b 
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3.4. The relationship between canopy water content and spectral indices of two wheat 
cultivars subjected to four watering regimes  
 
The coefficients of determination for the relationships between five spectral indices and 

canopy water content of Cubus and Mulan at the individual measurements and combining 

data for each cultivar are given in Table 5. As well as, the relationships between four 

indices and canopy water content of Cubus at the individual measurements and the 

combined data for each cultivar are shown in Figure 5. The results demonstrated that all 

spectral indices were significantly related with canopy water content of Cubus and Mulan 

at individual measurements and across all measurements for two harvest times, except 

one measurement day for Mulan at June 2 (R2 ≥ 0.75; p ≤0.001). Positive relationships 

between spectral indices and canopy water content of two cultivars, except R600/R780 

were found. The highest coefficient of determination could be shown between (R510 - 

R780)/(R510 + R780) and canopy water content of Cubus (R2 = 0.96; p ≤ 0.001 ) with the 

combined data in Figure 5. 
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Figure 5. The relationship between canopy water content and four spectral indices for 
Cubus subjected to four watering regimes. Data were pooled across four watering 
regimes. Measurements were taken at two dates and the regressions over all were fitted. 
 
Table 5. Coefficients of determination of the relationship between canopy water content 
and spectral indices for two winter wheat cultivars subjected to four watering regimes at 
two dates. 
 

Cultivas Dates NDVI (R510-R780)/     
(R510+R780) 

(R490-R780) / 
(R490+R780) 

(R410-R780)/   
(R410+R780) R600/R780     

Cubus June 2, 08 0.87*** 0.92*** 0.92*** 0.91*** 0.87*** 
 July 2, 08 0.75*** 0.81*** 0.85*** 0.91*** 0.76*** 
  combined data 0.92*** 0.96*** 0.95*** 0.85*** 0.93*** 
  
Mulan June 2, 08 0.11 0.05 0.08 0.01 0.02 
 July 2, 08 0.83*** 0.82*** 0.83*** 0.84*** 0.81*** 
  combined data 0.94*** 0.93*** 091*** 0.50*** 0.94*** 
 
All cultivars combined data 0.93*** 0.89*** 0.89*** 0.82*** 0.92*** 

*, **, *** Statistically significant at P ≤ 0.05; P ≤ 0.01 and P ≤ 0.001, respectively 
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3.5. The relationship between canopy water mass and spectral indices of wheat 
cultivars subjected to four watering regimes 
 
Close relationships between all spectral indices and canopy water mass of Cubus and 

Mulan were found at the individual measurements and across all measurements for two 

harvest dates, except one measurement day for Mulan at June 2 (R2 ≥ 0.53; P ≤ 0.001) in 

Figure 6 and Table 6. The highest coefficient of determination was recorded between 

(R410 - R780)/(R410 + R780) and canopy water mass for individual measurements of Mulan 

at July 2 (R2 = 0.88; P ≤ 0.001).  

 
Figure 6. The relationship between canopy water mass and four spectral indices for 
Cubus subjected to four watering regimes. Data were pooled across four watering 
regimes. Measurements were taken at two dates and the regressions over all were fitted. 
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Table 6. Coefficients of determination of the relationship between canopy water mass 
and spectral indices for two winter wheat cultivars subjected to four watering regimes at 
two dates. 
 

Cultivars 
 

Dates 
 

NDVI 
 

(R510-R780)/     
(R510+R780) 
 

(R490-R780)/      
(R490+R780) 
 

(R410-R780)/    
(R410+R780) 
 

R600/R780  
    

Cubus June 2, 08 0.86*** 0.83*** 0.84*** 0.85*** 0.76*** 
 July 2, 08 0.74*** 0.80*** 0.80*** 0.81*** 0.75*** 
  combined data 0.82*** 0.78*** 0.84*** 0.83*** 0.80*** 
 Mulan 
 June 2, 08 0.14 0.07 0.11 0.01 0.01 
 July 2, 08 0.85*** 0.86*** 0.87*** 0.88*** 0.85*** 
  combined data 0.74*** 0.76*** 0.81*** 0.53*** 0.73*** 
 
All cultivars combined data 0.78*** 0.78*** 0.79*** 0.79*** 0.76*** 

*, **, *** Statistically significant at P ≤ 0.05; P ≤ 0.01 and P ≤ 0.001, respectively 

 

3.6. The relationship between leaf water potential and spectral indices of two wheat 
cultivars subjected to four watering regimes 
 
Leaf water potential showed good relationships with mainly two spectral indices (R410 - 

R780)/(R410 + R780) and (R490 - R780)/(R490 + R780) (Fig. 7). However, the relationships 

were affected by the date (ambient temperature and radiation condition) and it was not 

possible to fit one single regression curve across all measurements. Significant 

relationships between leaf water potential and two spectral indices for Cubus and Mulan 

varied between R2 = 0.58* to 83**. The two spectral indices were negatively related to 

the leaf water potential. 
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Figure 7. The relationship between leaf water potential and two spectral indices of (a & 
b) Cubus and (c & d) Mulan subjected to four watering regimes. 
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Discussion 

Differences in water availability were reflected by the change in canopy water content, 

canopy water mass, leaf water potential and spectral reflectance indices which indicated 

generally differences between the early and late stress treatments compared to irrigated 

treatments with two cultivars (Figs. 3 a & b, Fig. 4 and Table 4). These results in good 

agreement with Schmidhalter et al. (1998b) and Siddique et al. (2000), they reported that 

leaf water potential and plant water content  was decreased with increasing water stress 

levels and  this is the associated with decreased photosynthetic rate resulting from 

stomatal closure. In addition, Winterhalter et al. (2011b) found that several spectral 

indices of maize plants are influenced by water stress treatments.  

Spectral measurements made on the field are often disturbed by different 

illumination conditions (Reusch, 1997; Read et al., 2002). To minimize these disturbing 

effects, the reflected wavelengths were used to create special vegetation indices and 

furthermore a passive sensor was developed to measure canopy reflectance and sun 

reflectance under the same conditions, either sunny or cloudy during the experiments. 

Using a sensor with limited spectral range was advocated by previous 

experimentation being conducted under controlled or field conditions. In our previous 

experiments (Ruthenkolk et al. 2002) indeed SWIR regions delivered favorable 

relationships, but also VIS/NIR based indices turned out to be usefully related to LWP. In 

carrying out a similar experiment with a full range spectrometer under controlled 

conditions we noticed that when investigating only mild stress or looking to changes 

resulting from the diurnal change of LWP of non-stressed plants that the sensitivity of the 

sensing system was weakened due to increased signal-noise ratios, particularly in the 



23 

SWIR region. Synchronously observing rapid changes in LWP caused by incrementally 

increasing the light intensity was hampered by the referencing procedure. This prompted 

us to develop a bi-directional sensor measuring simultaneously incident and reflected 

light. The range however was limited to the 1700 nm range (Winterhalter et al. 2011a; 

Mistele and Schmidhalter, 2008 a & b). Seen the higher signal noise ratio observed 

within the second (InGaAs) sensing unit measuring from 1100 to 1700 nm, we preferred 

to use only the limited range up to 1100 nm. This was supported by our own results with 

the extended range that at least as good if not better results could be obtained from the 

VIS and NIR range as compared to the SWIR range. Findings from literature allow 

arriving at both conclusions, that both spectral ranges at the VIS/NIR or NIR/SWIR or 

SWIR are useful. In a rather comprehensive investigation done recently we have clearly 

identified the best relationships in the VIS/NIR range (Winterhalter et al. 2011b). 

Our assessment of reflectance indices as a method to measure the water status in 

wheat demonstrated that the selected five indices such as (R410 - R780)/(R410 + R780), (R510 

- R780)/(R510 + R780), (R490 - R780)/(R490 + R780), NDVI,  and R600/R780 which were 

derived from visible and infrared regions, are apparently useful for describing water 

status of wheat canopies by using canopy water content and canopy water mass 

regardless of growth stage at individual measurements and across all measurements as 

shown in Table 5 & 6 and Figs. 5 & 6. The advantage of these indices is that they had 

strong relationships with individual measurements and across all measurements. Some 

studies such as Liu et al. (2004) found that there were no relationships between WI, 

NDWI, red edge position, and red edge position with plant water content of wheat for 

most of the individual measurements. In addition, Behrens et al. (2006) found that there 

were weak relationships between REIP, SRWI, R850, and R810/R560 and plant water 
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content of barley and oilseed rape across all measurements. Therefore theses indices are 

not only useful for an irrigation schedule when data are combined across all 

measurements in one year, but would also be useful for evaluating the phenotype for 

breeding purposes with individual measurements. 

Several studies have examined the relationship between water content and 

spectral indices depending on water absorption bands (1200, 1450, 1950 and 2250) 

(Stimson et al., 2005; Wu et al., 2009), although the research for an optimal water band to 

measure water content has been elusive. The longer wavelengths, such as the 1450 and 

1900 nm water absorption bands are poor indicators for estimating plant water content 

due to the low incoming solar energy and the high level of interference by atmospheric 

water vapor (Sims and Gamon, 2003). On the other hand several studies suggest that the 

ideal wavelengths for predicting water content are wavelengths with a weak absorption in  

the near infrared that allow the radiation to penetrate far into canopies, providing a 

suitable dynamic range (Peñuelas et al., 1993; Sims and Gamon, 2003). However, 

infrared reflected radiation is affected greatly by plant architecture, vegetation density 

and leaf structure, thus influencing estimation uncertainty (Elachi, 1987). 

Our results are in an agreement with Graeff and Claupein (2007), who found that 

the wavelength ranges 510 - 780 nm (R2 = 0.79***), 540 - 780 nm (R2 = 0.79***), are 

most suitable to describe the water content in wheat. The increase in reflectance at these 

spectral regions may be attributed to a compound effect of a change in the internal leaf 

structure and to a change in light absorption by photosynthetic pigments due to altered 

photosynthetic activity. In additional, Winterhalter et al. (2011b) found that the index 

R850/R725 is significantly related to canopy water mass of maize (0.72***). 
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 The index NDVI is associated with the leaf area index (LAI) according to 

Aparicio et al. (2002) and with both chlorophyll content and LAI according to Eitel et al. 

(2008). In this experiment, NDVI is strongly related to canopy water content and canopy 

water mass at individual measurements and across all measurements for each cultivar and 

all cultivars (Figs. 5 & 6 and Tables 5 & 6). But the relation may depend on the LAI also.  

The leaf water potential undergoes rapid temporal fluctuation as a function of 

environmental conditions (Jensen et al., 1990). For this reason, we selected only two 

replicate measurements of leaf water potential from each treatment for each cultivar at 

midday. The results show that changes in leaf water potential can reliably be detected by 

using spectral measurements under field condition. LWP was related to two spectral 

indices (R410 - R780)/(R410 + R780), and (R490 - R780)/(R490 + R780) at most of the 

individual measurements. It should be pointed out that the exact relationships did differ 

with the date of measurement (Fig. 7). Global spectral relationships measuring LWP 

probably cannot be established across plant development. Even so, spectrometric 

measurements supplemented by a reduced calibration data set from pressure chamber 

measurements might still prove to be a fast and accurate method for screening large 

numbers of cultivars 

The results for this study are in an agreement with those reported in other papers 

such as Elsayed et al. (2011) found that the index (R940/R960)/NDVI is highly related to 

leaf water potential of wheat (R2 ≤ 0.75**) and their results indicate that it is unlikely that 

a single consistent relationship between any spectral index and LWP across the plant 

development will be established. Kakani et al. (2006) found that a strong exponential 

relationship between leaf water potential and a simple reflectance ratio R1689/R1657 (R2 = 

0.68***) in pot grown cotton. In contrast Eitel et al. (2006) found the best relationship 
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with the maximum normalized water index which, was derived from the SWIR region 

(1300 - 2500 nm). It was strongly correlated with RWC and EWT and weekly correlated 

with LWP in Populus deltoids x populus nigra (OP-367) at the leaf and canopy level 

under controlled conditions.  

In conclusion, the results show that changes in canopy water content and canopy 

water mass of wheat can reliably be detected using spectral measurements with consistent 

and significant relationships with individual measurements and combined data by using 

self develop constructed sensor under temperate field conditions. As well as the global 

relationship can established thought out the growth stages and two cultivars. Leaf water 

potential can be detected using spectral measurement at individual measurements but 

global spectral relationships measuring LWP probably cannot be established across plant 

development. this technology may open an avenue for fast, high-throughput assessments 

of canopy water content, canopy water mass and leaf water potential which would 

simultaneously be useful for screening large numbers of plants (e.g., in breeding) as well 

as being equally important for management related actions. 
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