
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/262995971

Can	changes	in	leaf	water	potential	be	assessed
spectrally?

Article		in		Functional	Plant	Biology	·	June	2011

DOI:	10.1071/FP11021

CITATIONS

32

READS

81

3	authors:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Thermal	phenotyping	of	stomatal	sensitivity	in	spring	barley.	View	project

Project	"Soil	borne	causes	for	the	occurrence	of	Rhizoctonia	crown	and	root	rot	in	sugar	beet"

("Bodenbedingte	Ursachen	für	das	Auftreten	der	Rhizoctonia	Rübenfäule")	View	project

Salah	Elsayed

University	of	Sadat	City

15	PUBLICATIONS			56	CITATIONS			

SEE	PROFILE

Bodo	Mistele

Technische	Universität	München

29	PUBLICATIONS			609	CITATIONS			

SEE	PROFILE

Urs	Schmidhalter

Technische	Universität	München

210	PUBLICATIONS			3,779	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	Salah	Elsayed	on	13	February	2015.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document

and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

https://www.researchgate.net/publication/262995971_Can_changes_in_leaf_water_potential_be_assessed_spectrally?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/262995971_Can_changes_in_leaf_water_potential_be_assessed_spectrally?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Thermal-phenotyping-of-stomatal-sensitivity-in-spring-barley?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Project-Soil-borne-causes-for-the-occurrence-of-Rhizoctonia-crown-and-root-rot-in-sugar-beet-Bodenbedingte-Ursachen-fuer-das-Auftreten-der-Rhizoctonia-Ruebenfaeule?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Salah_Elsayed2?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Salah_Elsayed2?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Sadat_City?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Salah_Elsayed2?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bodo_Mistele?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bodo_Mistele?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Technische_Universitaet_Muenchen?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bodo_Mistele?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urs_Schmidhalter?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urs_Schmidhalter?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Technische_Universitaet_Muenchen?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Urs_Schmidhalter?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Salah_Elsayed2?enrichId=rgreq-13ed85060be500a0c938317f8d2cc2e4-XXX&enrichSource=Y292ZXJQYWdlOzI2Mjk5NTk3MTtBUzoxOTYzOTA5OTE5OTQ4OTlAMTQyMzgzNDY2OTk0OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Can changes in leaf water potential be assessed spectrally?
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Abstract. Leaf water potential (LWP) is an important indicator of plant water status. However, its determination via
classical pressure-chambermeasurements is tedious and time-consuming.Moreover, suchmethods cannot easily account for
rapid changes in this parameter arising fromchanges in environmental conditions. Spectrometricmeasurements, by contrast,
have the potential for fast and non-destructive measurements of plant water status, but are not unproblematic. Spectral
characteristics of plants vary across plant development stages and are also influenced by environmental factors. Thus, it
remains unclear whether changes in leaf water potential per se can reliably be detected spectrometrically or whether such
measurements also reflect autocorrelated changes in the leaf water content (LWC) or the aerial plant biomass.We tested the
accuracy of spectrometric measurements in this context under controlled climate chamber conditions in series of six
experiments that minimised perturbing influences but allowed for significant changes in the LWP. Short-term exposure of
dense stands of plants to increasing or decreasing artificial light intensities in a growth chamber more markedly decreased
LWP than LWC in both wheat and maize. Significant relationships (R2-values 0.74–0.92) between LWP and new spectral
indices ((R940/R960)/NDVI; R940/R960) were detected with or without significant changes in LWC of both crop species.
The exact relationships found, however, were influenced strongly by the date of measurement or water stress induced.
Thus, global spectral relationships measuring LWP probably cannot be established across plant development stages.
Even so, spectrometric measurements supplemented by a reduced calibration dataset from pressure chamber measurements
might still prove to be a fast and accurate method for screening large numbers of diverse lines.

Additional keywords: diurnal, near infrared, phenotyping, proximal remote sensing, reflectance, spectrometer, visible.

Introduction

Drought is the most important limiting factor for crop production
and it is becoming an increasingly severe problem in many
regions of the world (Passioura 2007; Richards et al. 2010).
The determination of the vegetation water status from spectral
reflectance has important application in the fields of agriculture
and forestry (Gao and Goetz 1995). For instance, the simplified,
rapid assessment of the plant water status or related properties is
useful not only for irrigation management purposes, but would
also allow for the efficient screening of large populations of
plants as part of a high-throughput system to precisely evaluate
the phenotype for breeding purposes (Schmidhalter 2005a;
Sirault et al. 2009; Winterhalter et al. 2011a).

Leaf water potential (LWP) and leaf water content (LWC)
have both been used to indicate the leaf water status. LWP is
an important indicator of plant water status and irrigation
scheduling based on LWP is superior to other methods
(Kakani et al. 2007). However, it has been noted that the
method is susceptible to rapid temporal fluctuations that are
often observed as function of environmental conditions
(Schmidhalter et al. 1998a). In addition, the measurements are

very time-consuming and require several observations to
characterise an entire field (Jackson 1982). By contrast,
spectral reflectance represents a rapid, non-destructive and low
costmethod to detect thewater status in plants,withmany authors
believing that spectral measurements show great promise in
determining the vegetation water status (Rodriguez-Perez et al.
2007; Sonmez et al. 2008).

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 visiblewavelength
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
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infrared (NIR, 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 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).

Whereas spectral relationships at various wavelengths have
frequently been described for parameters like whole-plant water
content (Liu et al. 2004; Yonghong et al. 2007), less information
is available regarding their ability to estimate the leaf water
potential. Measuring leaf water potential is desirable because it
directly reflects the effects of drought, whereas plant (canopy)
water content can also be reduced by many other stresses or
factors that decrease biomass (e.g. nutrient deficiency, soil
aeration status, soil resistance or pathogens) and, thus, the
plant water content. Drought reduces leaf water content, but it
may also be decreased during plant development due to changes
in the amount of structural tissues being formed. Given the
potential advantages of LWP as a more direct indicator of the
leaf water status and its attendant benefits for irrigation
scheduling, simple, efficient methods to characterise LWP are
highly desirable.

The spectral reflectance of wheat (Triticum aestivum L.)
leaves has been reported to be closely related to changes in
LWP under growth chamber conditions, with the best
correlation of LWP to reflectance being found for the
normalised difference vegetation index (NDVI; global
R2 = 0.81), but also at wavelengths of 1450 nm (R2 = 0.92)
(Ruthenkolk et al. 2002). Kakani et al. (2007) found that the
simple reflectance ratio, R1689/R1657 was significantly related to
LWP in cotton (R2 = 0.68). In addition, Gutierrez et al. (2010)
found that the normalisedwater 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). By contrast, the
photochemical reflectance index (PRI) did not exhibit
consistent relationshipswith theLWPof olive (Olea europaeaL.;
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).

However, spectral reflectance is also affected bymany factors
under field conditions because crop reflectance depends on
complex interactions between several internal and external
factors. For instance, spectral reflectance is influenced not only
by the plantwater status, but also by leaf thickness (Ourcival et al.
1999), differences in leaf surface properties (Grant et al. 1993),
soil background, and non-water stress related variation in leaf
angle, canopy structure (Asner 1998), leaf area (Sims andGamon
2003), canopyarchitecture,measuring angle, solar zenith and row
spacing (Jackson and Huete 1991). Therefore, highly controlled
conditions are essential to enable a rigorous evaluation of the
potential relationship between spectral reflectance indices and
LWP. It has previously been shown that theLWP forwellwatered
and dehydrated maize (Zea mays L.) plants decreased markedly

after switching on the light in a growth chamber with small or no
concomitant changes being observed in LWC and in biomass,
respectively (Schmidhalter et al. 1998b). For spectral reflectance
to be of use for estimating LWP, it must be able to discriminate
and accurately describe cases such as these.

The aim of this study was, therefore, to create a highly
controlled situation where external factors, except light
intensity, did not change to assess the potential of spectral
reflectance to estimate LWP. A particular concern was the
minimisation of possible changes in biomass and changes in
water content. To overcome these problems, we observed dense
stands of plants grown in a climate chamber on a short time
scale, which should allow for a more independent evaluation
of the possible detection of changes in LWP by spectral
reflectance measurements and thus the suitability of the latter
in this context.

Materials and methods
Experimental setup

The experiments were conducted in 2007 in a walk-in growth
chamber at the research station of the Chair of Plant Nutrition
from the Technische Universität München at Dürnast.

Wheat (Triticum aestivum L. cv. Triso) and maize (Zea mays
L. cv. Agromax) were previously cultivated in large containers
(H�L�W=70� 100� 55 cm) under greenhouse conditions
until both had reached growth stage BBCH 33 (as characterised
by 3rd nodes being detectable above crown node stem in both
plant species and also by the stem of wheat (rosette) reaching
30% of its final length (diameter)) corresponding to the phase
of stem elongation (Zadoks et al. 1974). For the second and
third measurement cycle plants used were 6 and 19 days,
respectively, advanced, reaching growth stage BBCH 37 at
the third measurement cycle. The greenhouse used for pre-
cultivating plants was equipped with removable roofs that
were opened whenever no rainfall occurred. Except on
rainy days, the spectral characteristic of the incident radiation
was comparable to outside conditions, this mean that plants
grown inside resembling field-grown ones. At the respective
developmental stages, the containerised plants were moved 3 h
before the measurements into the growth chamber where
controlled conditions were established and kept there for
2–3 h, depending on the experimental conditions (Table 1).

The seeding rates for wheat and maize were increased to
636 and 218m–2, respectively, to cover the sensed area and
decrease the reflectance caused by soil background.
Conventional seeding rates under field conditions frequently
vary in Western Europe between 200–450 and 8–12m–2 for
wheat and maize, respectively. The soil used for the
experiment was characterised as a silty loam with pH (CaCl2)
6.6. Based on previous determinations of the soil residual
nitrogen content (Schmidhalter 2005b), 120 kg ha–1 N was
applied as calcium ammonium nitrate before sowing. All other
nutrients were supplied in amounts to ensure adequate growth.

Spectral measurements as well as the determination of both
LWC and LWP were then conducted under growth chamber
conditions. Before the onset of the measurements, plants were
dark-adapted for 3 h. For eachmeasurement cycle, two containers
with either wheat or maize were used, one for the non-destructive
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spectral reflectance measurements and the other, identically
planted one for the determination of LWP and LWC. Previous
testing confirmed that identical information with regard to the
water statuswas provided by the two containers. For theLWPand
LWCmeasurements, fully developed upper leaves that had been
fully exposed to the light were used. It was tacitly assumed that
possible changes in the aerial plant biomass of eitherwellwatered
or dehydrated wheat or maize plants occurring during the 2–3 h
measurement cycle are negligible for the concurrent spectral
assessments.

Measurements were conducted with either well watered or
drought stressed plants at six dates of different conditions of air
temperature and light intensity. For all measurements, the
plants were exposed to temperatures of 18 or 25�C (wheat) or
18 or 28�C (maize). For a given measurement cycle, however,
the temperature and RH within the growth chamber were kept
constant and only the light levels were incrementally increased
or decreased. All measurements were conducted under a
constant RH of 60%. Full details of the experimental
conditions, including the resultant changes in LWC and LWP,
are presented in Table 1. Short-term changes in the light
intensities are indicated in Fig. 1.

Drought stress was induced by withholding watering from
both wheat and maize before measurement for 6 days. Light was
provided vertically downwards by using metal halide lamps (MT
400DL,Osram,Munich,Germany).Lampheatwas removedbya
refrigeration system separated from the growth area by a barrier
with openings. Airflow passes uniformly upward through the
entirewalk-in area.Light intensitieswere incrementally increased
or decreased throughout the measurement cycle of about 3 h,
thereby allowing the plants to adjust to the new conditions. In the
first measurement cycle, the light intensity was increased through
six levels only. In the second and third cycles, the light intensity
was increased through five levels and then decreased through
four so as to reach the first level again (Fig. 1). Each level was
maintained for 20min.

Spectral reflectance measurements
Passive reflectance was measured at wavelengths between 300
and 1100 nm with a peak-to-peak bandwidth of 3.3 nm. The
sensors contained two units. One unit was linked with a
diffuser and measured the light radiation as a reference signal.
The second unit simultaneously measured the canopy reflectance
with a fibre optic (Mistele and Schmidhalter 2008a) positioned
in the nadir direction ~1m above the plants in the centre of the
container. The aperture of the optics was 12� and the size of
the field of view was 0.2m2. With the readings from both
spectrometer units, the canopy reflectance was calculated and
corrected with a calibration factor estimated using a BaSO4

reflectance standard at the beginning and after its measurement
cycle. Using the bidirectional sensor no further calibration is
required and this allows tracking rapidly occurring changes in
LWP.Viewing the plant canopy always in the samefixed position
did not change the fraction of fully irradiated leaves as compared
with less irradiated leaves.

Spectral reflectance indices

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, eight wavelengths (531, 570, 670, 780, 940, 960,
1000 and 1100 nm) were, therefore, used to calculate
reflectance indices.

Sensing information in the VIS/NIR was used since
previous testing indicated such information reflected most
sensitively the small changes in LWP and LWC expected
within this experiment. At small changes of LWC increased
signal noise ratios in the SWIR range may perturb
measurements. In previous investigations it was found that the
VIS/NIR range best reflected subtle changes in the plant water
content. Current applications in precision farming or precision

Table 1. Description of the experimental conditions and changes induced in plant water status

Crop and treatment Date Temperature
(�C)

Light intensity (mmolm–2 s–1) Light level
duration (h)

Leaf water
content (%)

Leaf water
potential
(bar)

Wheat, well watered 26 September 2007 18 Six incremental light levels increasing
from 101 to 574

2 81–83 –4.7 to –8.6

Wheat, well watered 2 October 2007 25 Five incremental light levels increasing
from 99 to 574; four incremental light
levels decreasing from 574 to 97

3 80–85 –4.7 to –9.3

Wheat, drought stressed 15 October 2007 25 Five incremental light levels increasing
from 96 to 505; four incremental light
levels decreasing from 505 to 91

3 76–79 –10.8 to –15.6

Maize, well watered 27 September 2007 18 Six incremental light levels increasing
from 100 to 582

2 88–89 –1.1 to –4.7

Maize, well watered 12 October 2007 28 Five incremental light levels increasing
from 107 to 587; four declining light
levels decreasing from 587 to 107

3 87–88 –0.6 to – 4.8

Maize, drought stressed 17 October 2007 28 Five incremental light levels increasing
from 86 to 489; four incremental light
levels decreasing from 489 to 88

3 86–88 –1.0 to –6.4
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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.

Leaf water potential measurements
To measure LWP in both wheat and maize, a pressure chamber
(PMS Instruments, Corvallis, OR, USA) was used (Schmidhalter
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Fig. 1. Course of incremental increases and decreases in light intensity experienced by wheat and maize plants in a climate
chamber.

Table 2. Description of the spectral reflectance indices examined in this study

Spectral reflectance indices Formula Function Reference

Normalised difference vegetation index (NDVI) (R780 – R670)/(R780 +R670) Estimation of leaf area index Aparicio et al. (2002)
Estimation of water potential Gloser and Gloser (2007)

Photochemical reflectance index (PRI) (R531 – R570)/(R531 +R570) Estimation of water status and
photosynthetic activity

Suaréz et al. (2008)

Ratio of reflectance between 940 and 960 nm R940/R960 Estimation of water status Current work
Ratio of reflectance between 1000 and 1100 nm R1000/R1100 Estimation of water status Current work
Ratio of reflectance between 940/960 nm and NDVI (R940/R960)/NDVI Estimation of water status Current work
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et al. 1998a). Pressure was read within 1min of leaf removal
from the plant and LWP was determined from the average value
obtained from five fully expanded leaves of similar age per level
of artificial light intensity.

Leaf water content

The same leaf used for thepressure chamber readingswasused for
the determination of LWC. The fresh weight (FW) of the sample
was recordedbefore the plantswere dried at 105�Cuntil no further
change in dry weight (DW) was observed. The LWC was
calculated by the following equation:

LWC ¼ ðFW� DW=FWÞ � 100 ð%Þ; ð1Þ
where FW and DW are the fresh and dry weights of the leaf,
respectively.

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

and Microsoft Excel 2003 were used for statistical analysis. We
calculated simple regressions to analyse the relationship between
spectral indices and each of LWP and LWC. Coefficients of
determination and significance levelswere determined; a nominal
a value of 0.05 was used.

Results

Changes in leaf water potential and leaf water content
under increasing/decreasing light intensities

Short-term changes in LWP and LWC of wheat and maize
determined at a constant temperature are shown in Tables 3
and 4. Leaf water potentials of both crops varied negatively
with light intensity, with the lowest values generally being
observed at the highest light-intensity level. Leaf water
potentials declined from the lower to the higher level of light
intensity, and increaseddue todecreasing light intensity.Whereas
the difference in LWPbetweenwell watered and drought stressed
plants for wheat was marked, it was small in maize. There was
little change in LWC across the different light intensities, with

Table4. Influenceof increasing/decreasing light intensityat constant temperature ina 2–3 hmeasurement cycle (seeTable1) on the leafwaterpotential
(LWP) and leaf water content (LWC) of maize

Results from threemeasurement cycles are presented.Measuredvalues at each light intensity level are derived fromfivemeasurements.Valueswith the same letter
are not statistically different (P> 0.05) between light intensities; s.d., standard deviation

27 September 2007 at 18�C first measurement
cycle

1 October 2007 at 28�C, second measurement
cycle

17 October 2007 at 28�C third measurement
cycle

Light
intensity
(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

Light
intensity

(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

Light
intensity

(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

100 –1.1a 0.2 89abc 0.3 107 –0.6a 0.2 88a 0.3 86 –1a 0.2 88ab 0.4
153 –3b 0.7 89a 0.2 157 –1.1b 0.1 88a 0.4 132 –1.8a 0.5 88a 0.6
253 –3.7c 0.4 89ab 0.3 240 –1.8c 0.2 88a 0.3 206 –3.7b 0.8 88ab 0.2
336 –3.9c 0.3 89abc 0.3 333 –2.8d 0.2 88a 0.2 283 –3.9b 0.5 88ab 0.5
396 –4.1c 0.3 89bc 0.4 588 –4.8e 0.3 88a 0.2 489 –5.9c 0.7 87bc 0.8
582 –4.7d 0.3 88c 0.5 340 –2.6d 0.4 88a 0.5 288 –6.4c 1.1 87c 0.2
– – – – – 242 –2.6d 0.4 88a 0.8 208 –5.4c 1.2 86c 1.2
– – – – – 156 –2c 0.4 88a 0.5 138 –4b 1.3 87bc 0.7
– – – – – 107 –1.7c 0.2 88a 0.6 88 –3.9b 1.7 87abc 0.3

Table3. Influenceof increasing/decreasing light intensityat constant temperature ina 2–3 hmeasurement cycle (seeTable1) on the leafwaterpotential
(LWP) and leaf water content (LWC) of wheat

Results from threemeasurement cycles are presented.Measuredvalues at each light intensity level are derived fromfivemeasurements.Valueswith the same letter
are not statistically different (P> 0.05) between light intensities; s.d., standard deviation

26September 2007 at 18�Cfirstmeasurement cycle 2October 2007 at 25�C secondmeasurement cycle 15 October 2007 at 25�C third measurement cycle
Light
intensity
(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

Light
intensity

(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

Light
intensity

(mmolm–2 s1)

LWP
(bar)

s.d.
(bar)

LWC
(%)

s.d.
(%)

101 –4.7a 1.0 81a 2.0 99 –4.7a 1.6 83abc 2.5 96 –10.8a 1.4 78a 1.5
140 –7.1b 1.2 83a 2.3 145 –7.8c 0.8 82bc 0.9 142 –12.9b 0.8 78a 2.4
248 –8.2bc 0.8 83a 1.1 242 –8.3cd 0.8 81bc 2.7 229 –12.5ab 1.6 78a 2.2
324 –8bc 0.8 83a 1.8 326 –9.0cd 0.6 80bc 1.3 316 –13.2b 1.1 79a 2.4
389 –8.02bc 0.8 82a 1.0 574 –9.3d 0.8 81bc 0.7 506 –15.6c 1.6 79a 3.5
574 –8.6c 0.6 83a 1.4 329 –8.1cd 0.8 82abc 1.8 288 –14.3bc 1.0 78a 1.0
– – – – – 241 –8.2cd 1.2 81bc 2.4 220 –13.8bc 1.7 77a 2.5
– – – – – 137 –6.3b 0.9 84ab 2.5 131 –13.0b 1.7 76a 2.3
– – – – – 97 –5.2ab 1.2 85a 1.5 91 –12.4ab 1.3 78a 1.6
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significant differences being limited to the second measurement
cycle for wheat (Table 3) and for the first and third measurements
cycles for maize.

When RH as well as temperature was held constant, a closer
relationbetween light intensity level andeither ofLWPthanLWC
was found (Table 5). The changes induced, however were larger
for LWP than for LWC in both wheat and maize.

The relationship between leaf water content and leaf
water potential at different light intensities, temperatures
and watering regimes

The relationship between LWC and LWP was determined at all
measurement cycles for wheat and maize (Fig. 2). In two of the
three measurement cycles for wheat, the two variables were
significantly correlated with one another (R2 = 0.66, P < 0.05
and R2 = 0.70, P < 0.01; Fig. 2a). For maize, this was only true
for one cycle (R2 = 0.58, P < 0.05; Fig. 2b), possibly because the
changes in water content were minimal in this crop.

The relationship between spectral reflectance indices
and plant water status

Statistically significant relationships between all spectral
reflectance indices derived from the VIS or NIR regions and
LWPofwheatwere obtained for thefirst twomeasurement cycles
(Table 6), although the strength of the relationship varied greatly
(R2 = 0.55–0.91).Only the index (R940/R960)/NDVI (Fig. 3a) was
significantly related to the LWP over all measurement cycles,
although the precise relationship differed between the cycles.
Statistically significant linear relationships between the spectral
reflectance indices and the LWC were restricted to a few indices
at the second measurement cycle only (R2> 0.69, P < 0.01;
Table 6), with the index R1000/R1100 displaying the strongest
relationship (R2 = 0.80).

For maize, statistically significant relationships between all
spectral indices and LWP (R2> 0.68, P < 0.05) were sparse
(Table 7; Fig. 4). The strongest relationship was observed for
the index R940/R960 (R2 = 0.92**; P < 0.01) at the first
measurement cycle. This index also was the only one to show
a significant relationship for more than a single cycle. No
significant relationship was observed between any spectral
index and LWC at any measurement cycle (Table 7).

Discussion and conclusions

Changes in irradiance through diurnal light affect the water status
in plants. After the onset of illumination of maize in a growth
chamber, a rapid transpiration-induced decrease in LWP was
observed (Schmidhalter et al. 1998a). This result is in good
agreement with our results obtained for wheat and maize
(Tables 3 and 4), where LWP decreased with progressively
higher light intensities. By contrast, LWC generally showed a
less marked decrease with increasing light intensities, a result
that is in agreement with other observations.

Minimal changes in LWCwere attempted within this work, to
possibly find out whether spectral relationships to LWP can be
established independent of significant changes in LWC. High
LWP were aimed at to obtain only small decreases in LWC.
Such a relationship is inherently part of pressure/volume (P/V)
curves or LWC/LWP relationship representing the initial steep
decline in LWP that is accompanied by only small decreases in
LWC. Attempting to attain largely decreased negative water
potentials would unavoidably result in significant structural
changes of leaves, making it difficult to ascertain whether
changes in LWP can truly be ascertained.

Overall, LWPwas influencedmore greatly by changes in light
intensity thanwasLWC,which showed only small changes if any
(<2.8%; Table 5). Even so, decreases in LWPwere only between
–3.6 and –5.4 bar. The ratios of the maximum changes observed
for LWP and LWCwere generally higher than 1.7 and ranged up
to 7.6 (Table 5), independent of whether the plants were well
watered or drought stressed. The minimal changes in both plant
water status indicators can be traced to the experimental protocol,
which induced transpiration-induced water losses for
no longer than three hours after switching on the light in the
growth chamber. This situation was to be expected at least for the
well watered treatments, where small decreases in LWC will be
accompanied by more marked decreases in LWP. Interestingly,
this trend was not accentuated greatly in those treatments that
previously subjected the plants to mild drought stress. However,
LWP and LWC were clearly decreased in both wheat and maize
in these treatments.

Half of the experimental treatments showed no significant
relationship between LWC and LWP. However, small changes
in LWC of less than 1.5% might be insufficient to demonstrate a
significant relationship to decreases in LWP even though they are
to be anticipated. Even so, our experimental protocol group

Table 5. Maximumdifferences in leafwaterpotential (LWP)and leafwater content (LWC)at constant temperature togetherwith relationshipsof each
with light intensity levels at different measurement dates for wheat and maize

Values for coefficients of determination (R2-values) are indicated. Statistically significant results are indicated: *, P< 0.05; **, P< 0.01

Measurement Crop Measurement date Temperature LWP LWC
cycle (�C) Difference between

min and max
values (bar)

R2 Difference between
max and min
values (%)

R2

First Wheat 26 September 2007 18 –3.9 0.58 2 0.12
Second Wheat 2 October 2007 25 –4.6 0.64* 5 0.40
Third Wheat 15 October 2007 25 –4.8 0.70** 3 0.30
First Maize 27 September 2007 18 –3.6 0.75* 1 0.73*
Second Maize 1 October 2007 28 –4.2 0.88** 1 0.00
Third Maize 17 October 2007 28 –5.4 0.50* 2 0.07
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deserves further attention because it enables a more rigorous
assessment as to whether or not LWP can be ascertained
spectrally when freed from the influence of accompanying
(significant) changes in LWC. Indeed, the advantage of taking
spectral measurements at the canopy level under constant
environmental conditions in a growth chamber is that the
relationship between plant water status and spectral indices is
not affectedby anyexternal conditions such as atmospheric noise.
In addition, the variation of spectral reflectance caused by soil
background can be assumed to be constant and so should not
disturb reflectance values from the densely grown plants because

they covered the sensed area nearly fully in wheat and fairly little
influencewas expected inmaize.Thus,we can reasonably assume
thatmost of the variations in the values of the spectral indexderive
from variation in the plant canopy properties.

Our assessment of reflectance indices as a method to measure
the water status in wheat demonstrated that strong relationships
exist between the new spectral index (R940/R960)/NDVI andLWP
under both well watered and drought conditions over a range
of varying light intensities. Significant relationships for all
other reflectance indices were generally restricted to the well
watered treatment (Table 6). Thus, it appears advantageous
to combine information from both the visible and infrared
regions (as (R940/R960)/NDVI does) to measure water status
characteristics such as LWP in drought stressed wheat. This is
confirmed by the findings by Peñuelas and Inoue (1999), that the
reflectance index WI/NDVI is strongly correlated with relative
water content (RWC).

Wealso found the indexNDVIon its own to be related toLWP
of wheat under well watered conditions. This result agrees
with findings obtained by Ruthenkolk et al. (2002), but their
relationship was probably influenced by changes in biomass
status as well. The index NDVI is also 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, however, both LAI and chlorophyll content
likely changed only minimally, if at all, indicating that a more
direct relationship between NDVI and LWP might exist.

Results from the literature for the remaining spectral indices
are mixed and the assessment of their potential for measuring
plant water status is complicated by the use of different plant
species and experimental conditions. For instance, consistent
relationships seemingly independent of changes in plant
biomass status between (R1689/R1657) and LWP of cotton and
between each of (R900/R970), NDVI (R900 – R680)/(R900 +R680)
and LWP of lichen Umbilicaria hirsuta as well as between the
normalised water index (R970–R880)/(R970 +R880) and LWP of
wheat have been reported (e.g. Gloser and Gloser 2007; Kakani
et al. 2007; Gutierrez et al. 2010). By contrast, no consistent
relationship between PRI and the water potential of olive at
different times of the same day was observed and PRI was
strongly affected by canopy structure and background (Suárez
et al. 2008). Similarly, LWP inmandarin and peach derived from
image analysis in the red (580–680 nm) and green (490–580 nm)
spectral channels also did not exhibit constant relationships on
different days (Kriston-Vizi et al. 2008). Weak relationships
between the LWP of Populus deltoides�Populus nigra and
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Fig. 2. Light intensity induced changes in leaf water potential as a function
of leaf water content in (a) wheat and (b) maize plants at constant temperature
and under two watering regimes.

Table 6. Relationship (as coefficients of determination,R2) between five spectral indices and light induced changes in leaf water
potential (LWP) and leaf water content (LWC) of wheat plants at three measurement cycles

Statistically significant results are indicated: *, P< 0.05; **, P < 0.01; ***, P< 0.001. PRI, photochemical reflectance index

Spectral indices 26 September 2007 2 October 2007 15 October 2007
LWP (bar) LWC (%) LWP (bar) LWC (%) LWP (bar) LWC (%)

(R940/R960)/NDVI 0.88** 0.43 0.84*** 0.69** 0.75** 0.14
NDVI 0.77* 0.53 0.90*** 0.74** 0.20 0.26
R940/R960 0.85** 0.50 0.91*** 0.75** 0.48 0.28
R1000/R1100 0.90** 0.61 0.91*** 0.80** 0.37 0.30
PRI 0.74* 0.23 0.55* 0.20 0.41 0.15
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WI or the red edge inflection point (REIP) were found at both
the leaf and canopy levels (Eitel et al. 2006). Finally, Stimson
et al. (2005) found a critical link between plant physiological
characteristics tied to water stress and associated spectral
signatures for two extensive co-occurring conifer species.
They found significant relationships between the water
potential of Pinus edulis and the normalised difference water
index (NDWI, R2 = 0.49), at 970 nm (R2 = 0.44), with NDVI
(R2 = 0.35), and with the red edge (R2 = 0.34); however, no
significant relationships were observed for LWP in Juniperus
monosperma). The spectral index R1100/R100 includes two
wavelengths from the NIR region and reflectance changes will
depend on the change in the internal leaf structure and the ratio
between the intercellular air spaces and water.

Using a sensor with limited spectral range was advocated by
previous experimentation being conducted under controlled
and field conditions, where indeed SWIR regions delivered
favourable relationships, but also VIS/NIR based indices
turned out to be usefully related to the LWP (Ruthenkolk et al.
2002). However, when investigating only mild stress or diurnal
LWP changes of non-stressed plants the sensitivity of the sensing
system was weakened due to increased signal-noise ratios in the
SWIR region. Findings from literature allow arriving at both
conclusions, that spectral ranges in the VIS/NIR or NIR/SWIR or
SWIR are useful. In a comprehensive investigation conducted
recently, however, we have identified better relationships to the
water status in the VIS/NIR range (Winterhalter et al. 2011b).

Inour experiments, theLWPofwheatwas significantly related
to LWC for only one measurement cycle (Fig. 2a), whereas the
new spectral index (R940/R960)/NDVI was consistently related
to LWP at all measurement dates, indicating that the relation
between LWP and (R940/R960)/NDVI appears to be independent
of LWC. Moreover, any confounding influence of variation in
biomass can be assumed to be negligible because the spectral
measurements were taken over extremely short timeframes. In
this, (R940/R960)/NDVI shows a distinct advantage over many
previously reported spectral reflectance indices that often failed to
indicate significant relationships with LWP.

The situation is not as clear cut in maize. Again, LWP was
related to LWC for only a single measurement cycle (Fig. 2b),
but new spectral indices such as R940/R960 were significantly
related to LWP for only two measurement cycles at most
and usually not at all (Table 7). Thus, the evidence for a
relationship between LWP and the new spectral indices
independent of detectable changes in water content is not as
strong as for wheat.
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Fig. 3. Relationship between three selected spectral indices (a) (R940/R960)/
NDVI, (b) R940/R960 and (c) R1000/R1100 and the leaf water potential of wheat
subjected to two watering regimes at three measurement dates.

Table 7. Relationship (as coefficients of determination,R2) between five spectral indices and light induced changes in leaf water
potential (LWP) and leaf water content (LWC) of maize plants at three measurement cycles

Statistically significant results are indicated: *, P< 0.05; **, P< 0.01. PRI, photochemical reflectance index

Spectral indices 27 September 2007 1 October 2007 17 October 2007
LWP (bar) LWC (%) LWP (bar) LWC (%) LWP (bar) LWC (%)

(R940/R960)/NDVI 0.92** 0.47 0.17 0.15 0.14 0.06
NDVI 0.20 0.52 0.33 0.02 0.04 0.01
R940/R960 0.92** 0.25 0.74** 0.01 0.31 0.00
R1000/R1100 0.68* 0.00 0.50 0.05 0.16 0.00
PRI 0.17 0.06 0.17 0.12 0.02 0.02
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Our results show that changes in water potential can reliably
be detected using spectral measurements in well watered and
drought stressed wheat, with consistent and significant
relationships between LWP and selected spectral indices being
obtained with or without significant changes in LWC. However,
we caution that the exact relationships did differ with the date
of measurement or the stress induced. Moreover, the choice of
index is also of importance, particularly for maize. Of the
many indices examined herein, (R940/R960)/NDVI performed
the best for detecting LWP in wheat and R940/R960 for maize
under well watered conditions. The relationships observed
were less consistent in maize than in wheat, with significant
relationships being demonstrated in two out of three
experiments. Water potentials of wheat, particularly of the
mildly drought stressed treatment, decreased much more as
compared with maize. Whereas LWP of moderately stressed
wheat plants decreased to –16 bar, non-stressed plants
indicated values of about –9 bar, whereas LWP of mildly
stressed maize dropped to values close to –7 bar, with non-
stressed plants attaining values of –5 bar. The decreased
sensitivity of the spectral indices to account for changes in
LWP of maize, but also in LWC, can probably be explained
by the rather small decreases in plant properties. It isworth noting,
that previous experiments of field-grown maize showed that
severely stressed maize plants decreased LWP throughout a
full diurnal course to –15 bar only, and differences between
stressed and non-stressed leaves were minimal (Camp 1996).
Given that LWP can decreasemuchmoremarkedly inwheat than
in maize, this may also result in a reduced sensitivity in detecting
changes in LWP by spectral assessments.

Overall, our results indicate that it is unlikely that a single
consistent relationship between any spectral index and LWP
across the plant development stages will be established. Even
though results shownhere are for a short growingperiodonly, this
is strongly supported by complementary data obtained across
plant development (S El-Sayed, B Mistele and U Schmidhalter,
unpubl. data). Thus, we conclude that by combining data over
time, even though good relationships occasionally may be

obtained, a non-continuous behaviour frequently becomes
obvious by carefully inspecting combined time- or growth
stage-specific datasets. Coincidental parallel developments in
plant properties may lead to more globalised relationships,
seen for example that drought stress may decrease biomass,
aerial water content, but also lead to accompanying decreases
in LWC and LWP. A note of caution is supported by recent
spectral assessments of the biomass and nitrogen status of wheat
and also the water status of maize indicating a lack of continuous
associations over time and indicating a need to establish time-
specific or growth stage-specific relationships (Mistele and
Schmidhalter 2008b, 2010; Reusch et al. 2010; Winterhalter
et al. 2011a, 2011b). At the same time, our results indicate the
possibility that time consuming destructive pressure chamber
measurementsmight be replaced in part by rapid, non-destructive
spectrometric measurements. Doing so would require a reduced
calibration dataset obtained from pressure chamber
measurements that will need to be augmented with spectral
assessments of the water status. However, once this hurdle is
overcome, this technology may open an avenue for fast, high-
throughput assessments of LWP,whichwould simultaneously be
useful for screening large numbers of plants (e.g. in breeding) as
well as being equally important for management related actions.
Testing the full potential of spectral methods will require further
investigation, particularly under field conditions with variable
environmental conditions where the rapid changes occurring
throughout the course of the day will place a strong demand
on developing efficient methods. This, in turn, would enable
placing the well established pressure chamber method from the
hand of the physiologist into, for example, those of the plant
breeder. Finally, further work should also investigate whether or
not relationships between plant water status and spectral indices
are genotype-specific and should also be extended to the lower
LWPvalues to investigatewhether or not continuous associations
to spectral indices potentially exist.
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