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Abstract

This review provides an overview of the use of remote sensing data, the development of spectral reflectance indices for 
detecting plant water stress, and the usefulness of field measurements for ground-truthing purposes. Reliable measurements 
of plant water stress over large areas are often required for management applications in the fields of agriculture, forestry, 
conservation and land rehabilitation. The use of remote sensing technologies and spectral reflectance data for determining 
spatial patterns of plant water stress is widely described in the scientific literature. Airborne, space-borne and hand-held 
remote sensing technologies are commonly used to investigate the spectral responses of vegetation to plant stress. Earlier 
studies utilised multispectral sensors which commonly collect four to seven spectral bands in the visible and near-infrared 
region of the electromagnetic spectrum. Advances in sensor and image processor technology over the past 3 decades now 
allow for the simultaneous collection of several hundred narrow spectral bands resulting in more detailed hyperspectral 
data. The availability of hyperspectral data has led to the identification of several spectral indices that have been shown to 
be useful in identifying plant stress. Such studies have revealed strong linear relationships between plant pigment concen-
tration and the visible (VIS) and near-infrared (NIR) reflectance, while plant water content has been linked to specific bands 
in the short-wave infrared (SWIR) region of the spectrum. Ground-truthing is essential to identifying useful reflectance 
information for detecting plant water stress, and four commonly used ground-based methods viz. predawn leaf water poten-
tial, leaf chlorophyll fluorescence, leaf pigment concentrations and leaf water content are reviewed for their, usefulness and 
practical application.

Keywords: leaf chlorophyll fluorescence, leaf-water content, plant pigment concentrations, plant water stress, 
predawn leaf water potential, remote sensing

Introduction 

All living organisms including plants need an adequate sup-
ply of water to ensure both their growth and survival. Water 
in plants is required to permit vital processes such as photo-
synthesis, respiration and nutrient uptake.  Plants absorb water 
from the soil through their roots, which is then transported to 
their stems, leaves and flowers for the maintenance of the dif-
ferent vital processes.  When water supply is insufficient, plants 
may suffer water stress which could then compromise their 
growth production, reproduction and survival.

Water stress in plants is a complex physiological response 
to the limited availability of water to a plant. When plants 
suffer from water stress, a series of harmful plant-water inter-
actions occur, which may disrupt a plant’s physiology. These 
include a decrease in cell water potential, cell turgor and rela-
tive water content (Hsiao, 1973). 

The available water to plants is usually expressed in terms 
of water potential.  Water potential is commonly assessed by 
measuring predawn leaf water potential; a direct measure of 

plant water stress. Measurements at predawn directly evaluate 
the water status of the plant, because during night-time hours 
under zero transpiration, plant water potential equilibrates to the 
available soil water (Cleary and Zaerr, 1984). Cleary and Zaerr 
(1984) suggested that a predawn leaf water potential of less than 
-0.8 MPa is an indication of stressed vegetation.  Indirect meas-
urements may also be used to detect plant water stress. The more 
commonly used techniques include measurements of relative leaf 
water content, plant chlorophyll pigment content and chlorophyll 
fluorescence. Other, less frequently applied measurements used 
in verifying remote sensing studies include variations in trunk or 
stem diameters or even xylem vessel characteristics. 

Although characterising cavitations in xylem vessels is 
potentially a useful technique for understanding the response to 
water stress in a plant, this method is time-consuming, costly 
and not suitable for use over large spatial scales. It has been 
shown in many plant species that roots are more vulnerable to 
cavitation than stems, and thus root cavitation is more suited 
to characterise plant water stress between species (Sperry and 
Saliendra, 1994; Alder et al., 1996; Hacke and Sauter, 1996; 
Linton et al., 1998).

Reliable detection and prediction of plant water stress is 
desirable for numerous agricultural, forestry, conservation and 
land rehabilitation applications. Various remote and ground-
based technologies are available for the measurement of plant 
water stress. 
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Remote sensing technologies which utilise spectral reflect-
ance data have increasingly been used for determining spatial 
patterns of plant water stress (Yamasaki and Dillenburg,  1999; 
Ceccato et al., 2001; Sims and Gamon, 2002; Pu et al., 2003; 
Jackson et al., 2004; Stimson et al., 2005; Chun-Jiang et al., 
2006; Clay et al., 2006; De Tar et al., 2006; Eitel et al., 2006; 
Fitzgerald et al., 2006; Harris et al., 2006; Sepulcre-Cantó et 
al., 2006; Campbell et al., 2007; Hope et al., 2009). Important 
advantages of remote sensing technologies include cost-effec-
tiveness, efficiency in displaying spatial patterns at a variety of 
scales, and versatility in revealing a variety of structural and 
physiological characteristics of water-stressed plants.  Despite 
numerous successful case studies, the selection of suitable 
remote sensing methodologies and reflectance algorithms 
remains difficult, due to the influence of vegetation diversity 
and site conditions on vegetation spectral reflectance.

This paper reviews the detection of plant water stress using 
remote sensing technologies and ground-based techniques 
commonly used to identify water stress in plants and which are 
suitable for ground-truthing remotely-sensed imagery. Within 
the scope of this review, no distinction is made between the 
technologies used for acquiring the remote sensing data, but 
rather the focus is on highlighting vegetative spectral sensi-
tivities which have been used to detect plant water stress. The 
ground-based techniques reviewed are based on measurements 
of predawn leaf water potential (Dixon, 1914), leaf chlorophyll 
fluorescence (Muller, 1874), leaf water content (Weatherley, 
1950) and leaf pigment concentrations (Lichtenthaler, 1987).  

Detection of plant water stress using remote 
sensing 

The application of remote sensing technologies for plant and 
environmental studies became widespread during the 1980s.  
These studies made use of low spatial and spectral resolu-
tion (60 m to 80 m and 4 spectral bands) multispectral data. 
Multispectral remote sensing data commonly consist of 4 to 
7 broad spectral bands in the visible (VIS) and near infrared 
(NIR) regions of the electromagnetic spectrum.  These data-
sets were acquired using airborne, satellite and ground-based 
spectrometers. Early airborne systems consisted of a multispec-
tral camera mounted on board a light aircraft. Spectrometers at 
this time were bulky, heavy instruments which were not easily 
transportable in the field; therefore most measurements were 
taken in laboratories. 

Remote sensing technologies have advanced signifi-
cantly over the past 10 to 15 years. With the development of 
hyperspectral remote sensing technologies, researchers have 
benefited from significant improvements in the spectral and 
spatial properties of the data, allowing for more detailed plant 
and environmental studies.  These technologies acquire many 
hundreds of spectral bands across the spectrum from 400 nm 
to 2 500 nm, using satellite, airborne or hand-held devices. The 
Casi or Hymap airborne imagers are examples of commonly 
used hyperspectral imagers which acquire high spectral and 
spatial resolution images. A distinct advantage of most air-
borne imagers is their capability to acquire at least 200 or more 
spectral bands at less than 5 m spatial resolution. Advances in 
spectrometry have also resulted in state-of-the-art portable field 
instruments which allow for the collection of hand-held hyper-
spectral signatures. The Hyperion sensor is currently the only 
hyperspectral satellite system available for research. 

In recent years, there has been an expanding body of 
literature concerning the relationship between the spectral 

reflectance properties of vegetation and the structural charac-
teristics of vegetation and pigment concentration in leaves. The 
spectral characteristics of vegetation are governed primarily 
by scattering and absorption characteristics of the leaf inter-
nal structure and biochemical constituents, such as pigments, 
water, nitrogen, cellulose and lignin (Asner, 1998; Coops et 
al., 2002).  Pigments are the main determinants controlling 
the spectral responses of leaves in the visible wavelengths 
(Gaussman, 1977).  Chlorophyll pigment content, in particular, 
is directly associated with photosynthetic capacity and produc-
tivity (Gaussman, 1977; Curran et al., 1992). Reduced concen-
trations of chlorophyll are indicative of plant stress (Curran 
et al., 1992). On the other hand, cellular structure and water 
content of leaves are the main determinants in the near- and 
mid-infrared wavelengths as shown in Fig. 1.

A summary of important findings since the early 1980s 
which highlights specific regions of the electromagnetic 
spectrum and their relation to vegetation spectral reflectance 
properties is presented in Table 1. Many of the earlier stud-
ies focused on broad spectral bands such as the VIS and NIR 
regions (350 nm to 1 300 nm), which could be used in vegeta-
tion studies. More recent work has highlighted the importance 
of more specific narrow-band regions such as the red edge 
(maximum slope of vegetation reflectance from 690 nm to 740 
nm) for predicting plant stress (Clay et al., 2006; Fitzgerald et 
al., 2006; Blackburn, 2007; Campbell et al., 2007). The extent 
of the literature is indicative of the importance of relation-
ships between plant stress and both plant chlorophyll and water 
content.  Plant chlorophyll and water content have thus been 
used as ‘surrogates’ of plant stress, under the assumption that 
decreases in chlorophyll and water content are indicative of 
plant stress.  Numerous individual spectral bands and vegeta-
tion spectral reflectance indices have been identified for use in 
predicting plant chlorophyll content and water content.

Spectral indicators of plant chlorophyll content

In stressed vegetation, leaf chlorophyll content decreases, 
thereby changing the proportion of light-absorbing pig-
ments, leading to a reduction in the overall absorption of light 
(Murtha, 1982; Zarco-Tejada et al., 2000). These changes affect 
the spectral reflectance signatures of plants through a reduction 
in green reflection and an increase in red and blue reflections, 
resulting in changes in the normal spectral reflectance pat-
terns of plants (Murtha, 1982; Zarco-Tejada et al., 2000). Thus, 
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Figure 1
Typical reflectance sensitivities as controlled by leaf pigments, 

cell structure and water content (adapted from Gaussman, 1977)
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Table 1 
Some milestones in the historical development of understanding of vegetation spectral reflectance 

characteristics in specific regions of the electromagnetic spectrum
Region of the spectrum Vegetation spectral reflectance characteristics Author(s)
VIS, NIR and MIR Pigments, cellular structure and water content of leaves Gaussman (1977)
1 550 to 1 750 nm Correlation of MIR reflectance to leaf water contents Tucker (1980)
SWIR (1 400 to 2 500 nm) Reflectance is influenced by liquid water in plant tissue Tucker (1980)  

Ceccato et al. (2001) 

VIS Changes in red, green and blue reflectance due to chloroplast 
deterioration

Murtha (1982)

Red Edge Movement of red edge towards shorter wavelengths during senescence 
or stress induced chlorosis

Collins et al. (1983)
Rock et al. (1988);
 Milton and Mouat (1989) 

Red Edge Red edge defined from 690 to 740 nm is also sensitive to chlorophyll 
content

Horler et al. (1983) 
Curran et al. (1990) 
Blackburn (1999)

Red Wavelengths Displacement in the slope of the red wavelengths towards longer wave-
lengths as chlorophyll content increases

Horler et al. (1983)

Thematic Band 5 to 7 
(1 550 to 1 750 nm and 
2 080 to 2 350 nm)

Ratio of Band 5 to 7 highly correlated with water content of soils and 
vegetation

Musick and Pelletier (1986; 1988)

VIS and NIR Estimated chlorophyll a, b and total carotenoid content using equations 
and specific extinction coefficients

Lichtenthaler (1987)

Red Edge Increase in the relative proportion of chlorophyll a will result in move-
ment of red edge towards longer wavelengths, independent of total chlo-
rophyll content and vice versa

Guyot and Baret (1988)

NIR (700 to 1300 nm) and MIR (1 
300 to 2 500 nm)

Detection of plant water stress in oak, sweetgum and conifers Hunt and Rock (1989)

820 and 1 600 nm Significant relationship between the equivalent water thickness and a 
moisture stress index between reflectance value measured at 1 600 nm 
and reflectance value measured at 820 nm

Hunt and Rock (1989)

550 and 700 nm Maximum sensitivity to a wide range of chlorophyll contents Curran et al. (1990) 
Gitelson and Merzlyak (1996) 
Lichtenthaler et al. (1996) 
Datt (1999)

Red Edge Chlorophyll content of branches of slash pine (Pinus elliottii engelm) 
predicted using red edge

Curran et al. (1990)

VIS (491 to 575 nm); Red (647 to 
760 nm)

Increased reflectance in response to plant stress regardless of the stress 
agent

Carter (1993)

NIR plateau Weak water absorption features at 1 000 and 1 200 nm
Deepening of the 2 water-absorption features as leaf area index 
increased

Gao (1995)
Asner (1998)

860 nm and 1240 nm Normalised difference water index as an estimate of vegetation water 
content

Gao (1995)

550, 700 and longer than 750 nm Specific wavelengths sensitive to pigment variations and chlorophyll 
assessment at leaf level for maple and chestnut leaves

Gitelson and Merzlyak (1996)

Reflectance at 550 and 700 nm, and 
500 and 670 nm

Highly correlated in yellow-green to dark green leaves Gitelson and Merzlyak (1996)

Maximum reflectance at 750 nm, 
lowest reflectance between 400 to 
500 nm.

Highly correlated in chestnut leaves Gitelson and Merzlyak (1996)

670 to 680 nm Reflectance at 670 to 680 nm was insensitive to chlorophyll a above 70 
mg∙m-2 in tobacco leaves (Nicotiana tabacum L.) due to saturation of the 
relationship between light absorption and pigment concentration.

Lichtenthaler et al. (1996)

VIS, NIR Reflectance at wavelengths with high absorption coefficients should be 
more sensitive to low concentrations of chlorophyll a, while spectral 
regions with low absorption should be more sensitive to higher chloro-
phyll a concentrations

Lichtenthaler et al. (1996) 
Blackburn (1999)

550, 700 and 750 nm The reflectance indices (R750/ R700 and R750/ R550) were identified as 
having strong linear relationships with total chlorophyll concentration 
at the leaf scale in horse chestnut (Aesculus hippocastanum L.) and 
Norway maple (Acer platanoides L.) leaves

Lichtenthaler et al. (1996)
Gitelson and Merzlyak (1996)
Gitelson et al. (2002)
Blackburn (1999)

SWIR (1530 and 1720 nm) Reflectance is influenced by liquid water in plant tissue and can be used 
as an estimate for vegetation water content

Foutry and Baret (1997) 
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VIS, NIR, SWIR Variability in tissue optical properties is wavelength dependent
Green foliage lowest variation in VIS, highest NIR
Standing litter minimum variation in VIS and NIR, highest in SWIR 
Woody stems lowest variation in SWIR, highest in NIR

Asner (1998)

1 700 nm, 2 000 nm, 2 200 nm Features associated with lignin and other organic compounds Asner (1998)
650, 635, and 470 nm Concentrations of chlorophyll a, chlorophyll b, and carotenoids were 

best correlated with reflectance indices (R650, R635, and R470), respec-
tively in the leaves of 4 deciduous tree species at different stages of 
senescence

Blackburn (1998a) 

676 and 810 nm Chlorophyll a and chlorophyll b concentrations were strongly correlated 
with reflectance index (R676) in the visible wavelengths and reflectance 
index (R810) in the near-infrared on bracken (Pteridium aquilinum) 
canopies. Possible correlation to canopy structural development which 
has a direct influence on near-infrared reflectance.

Blackburn (1998b)

740 to 820 nm; 680 and 760 nm Higher reflectance values between 740 to 820 nm; and more pro-
nounced maximum slope between 680 and 760 nm (red edge) is related 
to vegetation with healthier green leaf development, i.e. higher biomass 
and leaf area index

Lelong et al. (1998)
Jacquemoud (1993)
Baret and Jacquemoud (1994)
Baret et al. (1994)
Filella and Penuelas (1994)

Red and NIR Relation between water deficiency (stress) to spectral features in the 
740 to 820 nm and red edge range in wheat

Lelong et al. (1998)

Red Edge The first derivative of pseudoabsorbance, d(Log 1/Reflectance), was 
highly correlated with canopy pigment concentration per unit area in 
the red edge region. Canopy and leaf scale concentrations per unit mass 
of chlorophyll a, chlorophyll b, and carotenoids were strongly related 
to d(Log 1/Reflectance) and the second derivative of pseudoabsorbance 
(dd(Log 1/Reflectance), but different wavelengths were optimal at each 
scale.

Blackburn (1999)

VIS Moderately correlated to chlorophyll concentration Blackburn (1999)
VIS (Green) and NIR Ratio indices highly correlated to chlorophyll concentration Blackburn (1999)
Red Edge Wavelength position of red edge related to chlorophyll concentration, 

and characteristics of the amplitude of the 1st  and 2nd derivatives of 
reflectance and pseudo absorbance were more strongly correlated with 
chlorophyll

Blackburn (1999)

Red, NIR 
(850 nm, 710 nm, 680 nm)

Vegetation indices used to predict chlorophyll content of eucalypt veg-
etation at the leaf and crown scale

Datt (1999)

850, 710 and 680 nm 850, 710 and 680 nm wavelengths produced the highest correlations 
with leaf chlorophyll content

Datt (1999)

Red Edge With decreasing chlorophyll content, senescence or stressed induced 
chlorosis the red edge moves to shorter wavelengths, and is due to a 
reduction in the depth and breadth of the chlorophyll absorption feature

Stone et al. (2001) Rock et al. 
(1988)
Datt (1999)

VIS, NIR Relationships between spectral reflectance properties of Eucalyptus 
vegetation and a range of physiological and morphological parameters. 
Results indicate a shift of red edge towards shorter wavelengths with 
decreasing chlorophyll content.

Stone et al. (2001)

900 and 970 nm Water index is derived from the ratio between reflectance measured at 
900 nm and 970 nm and used as a measure of plant water content

Champagne et al. (2003)

NIR, Red Edge Canopy level spectral and thermal estimation of water status and nitro-
gen content using spectral and thermal indices

Fitzgerald et al. (2006)

NIR and VIS Degree of water stress strongly correlated to spectral bands from VIS 
and NIR regions viz. 686, 811, 860, 850 bands using hyperspectral and 
multispectral data

De Tar et al. (2006)

Thermal bands Detection of water stress using thermal remote sensing imagery Sepulcre-Cantó et al. (2006)
NIR and SWIR Indices formulated from the weaker NIR liquid water absorption bands 

(980 and 1200) are linear in response to moisture fluctuations, and are 
strongly correlated to hydrological measures. Could be used to esti-
mates near-surface and surface wetness at the landscape scale.

Harris et al. (2006)

Red Edge Detection of plant water stress using wavelengths associated with red 
edge

Clay et al. (2006)
Blackburn (2007) 
Campbell et al. (2007)

VIS = Visible; NIR = Near Infrared; MIR = Middle Infrared; SWIR = Shortwave Infrared

detecting changes from the normal (unstressed) spectral reflect-
ance patterns is the key to interpreting plant stress.

Specific reflectance wavelengths in the red and near infrared 
region of the spectrum, which are sensitive to plant chlorophyll 
pigment variation, have been identified. Reflectance from 550 nm 

and 700 nm shows maximum sensitivity to a wide range of chlo-
rophyll contents (Curran et al., 1990; Carter, 1993; Gitelson and 
Merzlyak, 1996; Lichtenthaler et al., 1996, Datt, 1999). However, 
there is little agreement on the optimum wavelengths to be used 
in the remote assessment of plant chlorophyll content.
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Indices have been derived using a combination of specific 
reflectance wavelengths for the remote assessment of chloro-
phyll content (Curran et al., 1990; Jacquemoud, 1993; Baret 
and Jacquemoud, 1994; Baret et al., 1994; Filella and Penuelas, 
1994; Gitelson and Merzylak, 1996; Lichtenthaler et al., 1996; 
Blackburn, 1998a; Blackburn, 1998b; Lelong et al., (1998); 
Blackburn, 1999; Datt, 1999; Stone et al., 2001; Coops et al., 
2003). These indices have been typically derived through cor-
relations between leaf reflectance and leaf chlorophyll content, 
and are often developed for a single species with constant leaf 
size and shape, leaf surface and internal structure (Datt, 1999). 
However, the relationship between chlorophyll content and leaf 
or canopy reflectance is not necessarily generic and caution 
needs to be taken when applying these indices over different 
vegetation types or biomes for the prediction of plant water 
stress (Coops et al., 2003).  

In the remote assessment of plant water stress, total chlo-
rophyll and chlorophyll a content have been identified as key 
spectral indicators. Chlorophyll a absorbs strongly in the red 
wavelengths because of electron transitions of the chlorophyll 
molecules. As the chlorophyll concentration increases, there 
is an apparent displacement in the slope of the spectral curve 
in the red wavelengths towards longer wavelengths (Horler et 
al., 1983). However, in a stressed plant there is a shift towards 
shorter wavelengths, often reported as the ‘blue shift’ (Carter, 
1993).

The interdependence of chlorophyll a and total chlorophyll 
provide an appropriate measure of changes in spectral reflect-
ance due to plant water stress. If the relative proportion of 
chlorophyll a were to increase there would be a movement of 
the red edge to longer wavelengths, independent of total chlo-
rophyll content. Likewise, a decrease in the relative proportion 
of chlorophyll a would result in a movement of the red edge to 
shorter wavelengths, also independent of total chlorophyll con-
tent. However, the effect of a changing chlorophyll a/chlorophyll b ratio 
on the red edge is likely to be minor and has proved difficult to 
observe compared to the effect of the total chlorophyll content 
(Guyot and Baret, 1988). Therefore, red reflectance is consid-
ered a reliable metric for total chlorophyll content and changes 
in leaf pigments (Horler et al., 1983). 

When chlorophyll content is used as a measure of plant 
water stress, the placement and shape of the spectral red edge 
are important indicators of plant water stress (Horler et al., 
1983, Curran et al., 1990, Blackburn, 1999; Blackburn, 2007). 
This relationship is used to explain the movement of the red 
edge to shorter wavelengths during different expressions of 
plant water stress, such as senescence or stress-induced chlo-
rosis (Collins et al., 1983; Rock et al., 1988; Milton and Mouat, 
1989; Clay et al., 2006; Campbell et al., 2007). 

Spectral indicators of plant water content

Plant water content at the leaf and canopy scales is often 
estimated using specific spectral reflectance bands and spectral 
reflectance indices from near infrared, middle infrared (MIR) 
and short-wave infrared (SWIR) regions of the electromagnetic 
spectrum (Tucker, 1980; Hunt and Rock, 1989; Gao, 1995; 
Zarco-Tejada et al., 2003; Jackson et al., 2004; Shen et al., 
2005; Chun-Jiang et al., 2006). 

NIR and MIR spectral bands are highly correlated to water 
content of vegetation and soils (Tucker, 1980; Hunt and Rock, 
1989; Musick and Pelletier, 1986; 1988). Spectral bands from 
these regions have been used to delineate stressed trees from 
non-stressed trees (Tucker, 1980; Hunt and Rock, 1989; Musick 

and Pelletier, 1986; 1988). In these regions of the electromag-
netic spectrum, leaf water content has been remotely assessed 
using bands 1 550 nm to 1 750 nm (Tucker, 1980), as well as the 
ratio of spectral bands 1 550 nm to 1 750 nm and 2 080 to 2 350 
nm (Musick and Pelletier, 1986; 1988). However, in laboratory 
experiments a good relationship was identified between water 
content, leaf area, and the spectral index derived using 820 
nm and 1 600 nm spectral reflectance bands (Hunt and Rock, 
1989). In these experiments MIR reflectance increased with 
decreasing leaf water content in California oak, blue spruce, 
soybean and sweetgum (Hunt and Rock, 1989). 

In the SWIR region (1 400 nm to 2 500 nm), field meas-
urements have shown significant changes to this region of the 
spectrum resulting from changes in the water content of plants 
(Tucker, 1980; Ceccato et al., 2001). Several relationships have 
been identified between specific spectral bands in the SWIR 
region and different ground-based measurements of plant water 
stress such as relative water content, leaf water potential, sto-
matal conductance, and cell wall elasticity (Foutry and Baret, 
1997; Pu et al., 2003). In particular, Foutry and Baret (1997) 
reported that the spectral wavelengths at 1 530 nm and 1 720 
nm are most appropriate for assessing plant water content in 
both woody and herbaceous plant species. 

Several spectral indices have been derived to detect 
changes in plant water content for the remote assessment of 
plant water stress. The sensitivity of such spectral indices to 
changes in plant water content is influenced by the internal leaf 
structure. Therefore, some spectral indices may not be suitable 
for the detection of low or moderate levels of plant water stress 
(Eitel et al., 2006). Two spectral indices that have been suc-
cessfully used are the normalised difference water index (Gao, 
1995) and water band index (Penuelas et al., 1995). 

The normalised difference water index (Gao, 1995) is 
commonly used and accepted as an accurate estimate of plant 
water content. This index consists of the ratio of the difference 
between reflectance measured at 860 nm and 1 240 nm, and the 
sum of reflectance measured at 860 nm and 1 240 nm respec-
tively (Gao, 1995). At these narrowband wavelengths, vegeta-
tion canopies have similar radiation-scattering properties, but 
slightly different liquid water absorption properties. Therefore, 
this index has been successfully applied to remotely detect 
plant water content for various tree species (Gao, 1995; Jackson 
et al., 2004; Stimson et al., 2005; Eitel et al., 2006).  

The water band index is derived from the ratio of reflect-
ance measured at 900 nm and 970 nm (Penuelas et al., 1995). 
This spectral index has been correlated with ground-based 
measurements of plant water content at both the leaf and 
canopy scales. It is, however, more sensitive to leaf water con-
tent than the water content of the whole plant.  This is advanta-
geous in agricultural applications, where leaf water content 
changes more noticeably in response to drought conditions than 
the water content of the entire plant foliage (Champagne et al., 
2003).

Factors affecting spectral reflectance from leaf 
to canopy scales 

The levels of spectral reflectance from a plant leaf or canopy 
are determined by a variety of factors.  The factors that play 
a role in the spectral reflectance from a plant leaf or canopy 
include: species, site, age or maturity of plants or foliage, nutri-
ent status, and leaf orientation, effects of variable irradiance, 
variable background, and the geometrical arrangement of the 
object/scene, sensor, and surface, orientation of the ground 
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surface in relation to the location of the sun and remote sensing 
device and meteorological conditions (Asner, 1998; Coops et 
al., 2003). Their individual or combined effects are relevant for 
measurements with ground-based field spectrometers, airborne 
and satellite remote sensing technologies.

Remote sensors differ extensively in their ability to dis-
criminate targets. Spatial resolution varies from less than a 
metre to several kilometres, with some models requiring input 
parameters from various data sources with different spatial 
resolutions (Chen, 1999). Furthermore, vegetation cover can be 
spatially highly heterogeneous, and variability within a pixel is 
likely to introduce uncertainties when processing and applying 
remote sensing imagery at different spatial resolutions (Jiang et 
al., 2006).

Spectral data collected at the leaf scale usually contain the 
least amount of variability and are most easily correlated to 
ground-truthing experiments at the same spatial scale. Ground-
truthing in conjunction with remote sensing surveys is often 
undertaken at the leaf scale, due to the complexity of ground-
truthing at larger spatial scales, and the difficulty in accounting 
for the significant variability in canopy reflectance. Therefore, 
spectral features and relationships which have been identified 
at the leaf scale in such studies have often also been applied 
generically at canopy and landscape scales (Mohammed et al., 
1997; Datt, 1999; Zarco-Tejada et al., 2000; Coops et al., 2003). 

Despite the difficulty in reproducing canopy reflectance, 
attempts have been made by stacking leaves on top of each other 
for below-canopy spectral measurements (Blackburn, 1999; Datt, 
1999; Coops et al., 2003). The disadvantage of the leaf-stacking 
method is that it is unable to represent the absolute radiation 
interactions which occur at the canopy scale. It also fails to 
replicate, for example, canopy architecture, leaf angle distribu-
tion, the reflectance of trunks and branches, and the contribu-
tion of the wider canopy outside of the instrument field of view. 
Thus, its use is limited. It does, however, assist in controlling the 
impact of variables such as background reflectance, irradiation 
levels and sun-target-sensor geometry which do affect spectral 
reflectance measurements of the canopy scale. 

The removal of atmospheric and background interferences 
is necessary when processing remote sensing data. Various 
types of calibration models can be applied depending upon the 
quantity and quality of calibration data recorded during the 
remote sensing acquisition surveys. Alternatively, the removal 
of atmospheric and background interferences could be omitted 
when vegetation spectral reflectance indices, which account 
for differences in atmospheric and background effects, were 
applied in sparsely vegetated environments (Giannico, 2004). 
Furthermore, the magnitude of atmospheric and background 
interferences is greater as spatial resolution decreases from 
ground to stand and canopy levels; and spectral resolution 
increases from multispectral to hyperspectral data.

Detection of plant water stress using ground-
based measurements 

Simple and quick ground-truthing methods which utilise port-
able instruments are needed for the measurement of plant water 
stress. Commonly used techniques address aspects of the plant 
water status and plant pigment concentration.

Predawn leaf water potential

Predawn leaf water potential measurements, often undertaken 
with a pressure chamber, are useful for determining plant water 

stress. At predawn, xylem water potential has equilibrated with 
soil water potential after a night of negligible transpiration. At 
this time, plant water potential is usually at its minimum for the 
day (Cleary and Zaerr, 1984). 

The pressure chamber is most commonly used for estimat-
ing leaf water potential, having the advantage of simplicity, 
reliability, instantaneous measurements, low capital cost and 
portability (Scholander et al., 1965; Boyer, 1968; Ritchie and 
Hinckley, 1975). The equipment design has not changed sig-
nificantly over the past 4 decades since Scholander et al. (1965) 
used this technique to measure the water relations of trees and 
shrubs. Manual operation is still required, therefore this tech-
nique is considered slow and time-consuming for any commer-
cial or operational applications (Jones, 2004). 

Measurement of predawn leaf water potential has gained 
wide acceptance among researchers. It is commonly used as 
a plant water stress indicator (Aranda et al., 2005; Nortes et 
al., 2005; Intrigliolo and Castel, 2006; Pellegrino et al., 2006) 
and has also been used to describe the water status of different 
species within a habitat (Scholander et al., 1965; Lamont and 
Witkowski, 1995). Predawn leaf water potentials have been 
shown to differ among species in the same habitat (Witkowski 
et al., 1992; Lamont and Witkowski, 1995), within a species 
across different habitats, and with leaf age (Witkowski et al., 
1992) and within a species across different plant sizes (Lamont 
et al., 1994). Typical plant water potential measurements of 
unstressed plants range from -0.15 MPa for plants under satu-
rated soil conditions and low atmospheric demand (Cleary and 
Zaerr, 1984) to -2.0 MPa for ‘tank’ plants such as cactus, which 
can store water (Scholander et al., 1965). Conversely, stressed 
plants such as creosote bush and juniper growing in more 
arid regions could achieve plant water potentials of -8.0 MPa 
(Scholander et al., 1965), while for desert plants it can be much 
higher. Predawn leaf water potential measurements have also 
been successfully used in agricultural applications to evaluate 
plant water stress. Such applications have included estimates of 
transpiration of soil water and assessments of crop water stress 
resulting from irrigation scheduling of grapevine field sites and 
fruit orchards (Intrigliolo and Castel, 2006; Pellegrino et al., 
2006). Predawn leaf water potentials have also been coupled 
with stem water potential measurements and fluctuations in 
trunk diameters to quantify water stress of young almond trees 
for irrigation management (Nortes et al., 2005). 

Despite the wide application of predawn pressure chamber 
measurements, numerous sources of error and measurement 
problems have been identified (Ritchie and Hinckley, 1975). 
These need to be minimised in order to ensure accurate read-
ings, and can be grouped into 4 categories, viz. speed of meas-
urement in the field; appropriate selection and processing of 
samples; reduction in pressurisation problems with the cham-
ber; and correct identification of the end point. 

In the field, speed of measurement is of major importance. 
Moisture loss between time of sampling and measurement 
must be minimised (Ritchie and Hinckley, 1975; Turner, 1988; 
Campbell, 1990; Hsiao, 1990; Smith and Prichard, 2003). 
Measurements should take place directly after excision of 
the plant sample. If this is not possible, samples should be 
enclosed in plastic bags immediately after cutting and stored 
in a cool dark place until required. However, if time-delays 
occur between predawn sampling and actual measurements, 
this could result in inaccurate measurements (Clear and Zaerr, 
1984; Turner, 1988).

Great care should be taken in selecting and processing 
samples. It is important to standardise the sampling process 
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with respect to leaf age and development stages when making 
a comparison between plant species (Witkowski et al., 1992). 
Damaged samples (crushed leaf petiole or torn leaf blades) and 
re-cutting of sample stems (Scholander et al., 1965), lead to 
a break in the tension in the xylem water, and should thus be 
avoided (Clear and Zaerr, 1984; Turner, 1988). Furthermore, the 
portion of the leaf or stem external to the seal in the pressure 
chamber unit must be minimised to reduce exclusion errors 
(Miller and Hansen, 1975; Hsiao, 1990). 

Several technical guidelines must be adhered to in order to 
reduce pressurisation problems within the chamber. Failure to 
achieve pressure equilibrium should be addressed by ensuring 
that the seal used in the pressure chamber is made of rubber 
that is sufficiently elastic to fill the indentations of irregularly 
shaped petioles, but not so soft that it disintegrates under 
pressure. For very irregular petioles, a quick-setting silicon 
compound can be used.  However, this slows down the number 
of leaves that can be measured (Turner, 1988). High-pressure 
grease or a silicon adhesive compound should be used on 
the stopper to prevent or reduce leakage and to prevent leaf 
damage.  Studies on the optimal rates of pressurisation of the 
chamber and the effects of rapid pressure and heat build-up 
within the chamber have shown that fast rates of pressurisa-
tion can lead to both underestimates or overestimates of water 
potential depending on the gradients of water potential in the 
sample (Waring and Cleary, 1967; Blum et al., 1973; Tyree and 
Dainty, 1973; Turner, 1981). Therefore, Turner (1981) suggested 
an average pressurisation rate of 0.025 MPa∙s-1. Furthermore, 
caution must be taken in the use of the compressed gas within 
the pressure chamber. Pressure-release valves protect the 
pressure gauges and also help prevent over-pressurisation of 
the chamber (Turner, 1988). A binocular microscope or safety 
glasses should be used to protect the operator’s eyes if any 
material is forced out through the seal during pressurisation 
(Turner, 1988). 

Correct identification of the endpoint, when the xylem sap 
just returns to the cut surface of the xylem, is critical for accu-
rate estimation of the water potential (Ritchie and Hinckley, 
1975; Turner, 1988; Campbell, 1990; Hsiao, 1990; Smith and 
Prichard, 2003). Use of a binocular microscope or magnifying 
glass may be necessary to minimise poor endpoint recognition.

Field equipment required for leaf water potential measure-
ments is relatively easy to set up within a specific location, but 
can be cumbersome when there are many sample sites which 
are not in close proximity to each other. When accounting for 
the time required for setting up of the instrument, gathering of 
samples and the actual measurement at predawn, only a limited 
number of measurements is possible within this timeframe. 
Therefore, from a practical view point this method would be 
more appropriate for localised measurements, as compared to 
large-scale measurements. 

Leaf chlorophyll fluorescence

Over the past decade, chlorophyll fluorescence kinetics has 
been used more extensively to provide considerable informa-
tion on the organisation and function of the photosynthetic 
apparatus (Govindjee et al., 1981). Information is gathered more 
readily and repeatedly outside the laboratory using portable 
optical systems and compact chlorophyll fluorescence meters.

The functioning of the photosynthetic apparatus is depend-
ent on the process of photosynthesis, whereby light energy 
is absorbed and converted into organic compounds. Several 
environmental factors, including water, light and nutrients, 

affect this process and may lead to plant stress. Therefore, 
the photosynthetic apparatus has been recognised as being a 
good indicator of stress and stress adaptation of a plant and is 
associated with the measurement of chlorophyll fluorescence 
(Salisbury and Ross, 1992; Strasser and Tsmilli-Michael, 2001; 
Strasser et al., 2001).  Also, because changes in chlorophyll 
fluorescence may occur before any physical signs of tissue or 
chlorophyll deterioration are manifested in the plant, stress can 
be detected before the onset of physical damage (Lichtenthaler 
et al., 2007).

Chlorophyll fluorescence measurements can be described 
using the typical phases of a temporary fluorescence signal 
or transient. During a typical fluorescence transient, the fluo-
rescence rises rapidly from a ground state, O (or Fo) initial or 
minimal fluorescence, when all electron acceptors are fully 
oxidised, or open, to a maximum level, P (or Fm), when all 
electron acceptors are highly reduced, or closed and are unable 
to accept and transfer electrons (Rolando and Little, 2003).  
Various parameters representing subsequent phases in a typi-
cal fluorescence transient can yield information on how stress 
affects the functioning of the photosynthetic system (Strasser et 
al., 2001; Rolando and Little, 2003). Photochemical efficiency 
is a common parameter used to assess the effect of environ-
mental stresses on the photosynthetic mechanism (Strasser 
and Tsmilli-Michael, 2001). The photochemical efficiency 
of Photosystem II (PSII) is estimated by Fv/Fm, which is the 
ratio of variable fluorescence (Fv) to maximum fluorescence 
(Fm). Most healthy plants exhibit Fv/Fm values of around 0.8 
(Peterson et al., 2001).

In most studies on the applications of chlorophyll fluores-
cence, the Fv/Fm ratio is used as an indicator of water stress 
(Govindjee et al., 1981; Havaux and Lannoye, 1983; Ögren, 
1990; Van Rensburg et al., 1996; Van der Mescht et al., 1997; 
Lu and Zhang, 1999; Peterson et al., 2001; Rolando and Little, 
2003; Cifre et al., 2005). In these studies, it has been well docu-
mented that at the chloroplast level, the function of the thyla-
koid membrane is sensitive to environmental stress (Öquist, 
1987). Studies which have focused on deep-rooted exotic 
tree species have suggested that a decrease in Fv/Fm is due to 
drought-induced injury to the thylakoid structures affecting 
photosynthetic electron transport (Van Rensburg et al., 1996; 
Van der Mescht et al., 1997; Lu and Zhang, 1999). These results 
indicated that Fv/Fm of drought-stressed trees was lower than 
the control trees, especially in the more drought-intolerant 
trees. Van Rensburg et al. (1996) found that the decrease in 
Fv/Fm was due largely to an increase in Fo, an indication of 
permanent damage to the PSII. PSII appears to be particularly 
sensitive to a number of stress factors including freezing tem-
peratures and drought (Öquist and Wass, 1988). Rolando and 
Little (2003) also showed a decrease in Fv/Fm of water-stressed 
Eucalyptus grandis seedlings, resulting from a rise in Fo and a 
decrease in Fm. Since this ratio is a reflection of the maximum 
yield of primary photochemistry, Fv/Fm is also used as an indi-
cator of tree or seedling vigour.

Water stress leads to several other changes in the photo-
synthetic apparatus of plants. Low water potential has been 
observed to cause a decrease in the quantum yield of O2 
evolution in chloroplasts and leaves from sunflower plants; 
a decrease in the ability of the coupling factor isolated from 
spinach leaves to bind fluorescent nucleotides; and a decrease 
in the ratio of the maximum to the minimum fluorescence in 
the red algae Porphyrs sanjuanesis (Govindjee et al., 1981). 
Data presented on the relationship between maximum to mini-
mum fluorescence ratios and the water potential of leaves of 
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Nerium oleander, Atriplex triangularis and Tolmiea menziesii, 
suggest that water stress blocks electron flow to the reaction 
centre chlorophyll a of PSII (Govindjee et al. (1981). It was 
clear from these results that the ratio of maximum to minimum 
fluorescence decreases from a high value of 4.0 in well-watered 
Nerium oleander plants (water potential -0.8 MPa) to a low 
value of 1.1 in a severely stressed plant (water potential -3.9 
MPa). In all cases examined, the ratio decreased as the water 
potential decreased. Because of these results, Govindjee et al. 
(1981) concluded that water stress inhibited electron flow of 
PSII in the 3 species examined, and that this ratio serves as a 
qualitative indicator of leaf water potential.

The use of chlorophyll fluorescence ratios as an index of 
plant water stress has gained increasing acceptance in recent 
years, and is commonly measured using hand-held relatively 
low-cost portable instruments which are simple, rapid and non-
destructive (Peterson et al., 2001; Strasser et al., 2001; Strasser 
and Tsmilli-Michael, 2001; Rolando and Little, 2003; Cifre 
et al., 2005; Lichtenthaler et al., 2007). With the development 
of an internal saturating light source in portable field fluores-
cence meters, chlorophyll fluorescence measurements can now 
be undertaken at any time of the day, from shaded or sunlit 
samples.

Chlorophyll fluorescence measurements can be used in 
conjunction with other techniques as a relatively quick initial 
screening method for assessing plant stress within a localised 
area. There have also been significant advances in the applica-
tion of chlorophyll fluorescence at larger spatial scales over the 
past decade, allowing for spatial detection of chlorophyll fluo-
rescence parameters using laser-based fluorometers (Ounis et 
al., 2001; Cifre et al., 2005). Such technological improvements 
in chlorophyll fluorescence measurements would complement 
the ground-truthing of remote sensing imagery. However, fur-
ther investigations are needed to establish its applicability for 
different crops under different conditions (Cifre et al., 2005). 
A disadvantage is that these instruments have not yet been 
designed for commercial or operational use.

Chlorophyll and carotenoid pigment concentration

Plant pigment concentrations vary with species, ecotype and 
phenology, and are also affected by season and various kinds 
of natural and anthropogenic stresses (Gitelson and Merzylak, 
1997). Healthy plants, those capable of maximum growth, are 
generally expected to have higher chlorophyll pigment concen-
trations than unhealthy plants. Reduced chlorophyll concentra-
tions are often associated with stressed plants, with variations 
in total chlorophyll to carotenoid ratios used as stress indicators 
(Netto et al., 2005; Lichtenthaler et al., 2007). Carotenoids play 
an important role in protecting the photosynthetic apparatus, 
and regulate the flow of energy into and out of the photosyn-
thetic system (Sims and Gamon, 2002; Netto et al., 2005). Two 
commonly used approaches have been adopted to quantify 
chlorophyll and carotenoid pigment concentrations in plants, 
viz. conventional chemical methods and field chlorophyll 
meters. Conventional chemical methods of pigment quanti-
fication require destructive sampling and time-consuming 
laboratory analyses, whereas chlorophyll meters are simple, 
portable field instruments which permit rapid non-destructive 
measurements. 

Conventional analytical chemistry methods used for 
estimating chlorophyll and carotenoid pigment concentrations 
are seen to be most accurate, provided that correct sampling 
and laboratory procedures are followed. These methods make 

use of spectrophotometry to estimate pigment concentrations 
in plant extractions from the linear absorption characteristics 
of these pigments in polar extractants at specific wavelengths.  
Concentrations are calculated taking cognisance of the extract-
ant and the specific extinction coefficients as described in 
Lichtenthaler (1987). Two precautions are recommended when 
sampling and during laboratory analysis: rapid and efficient 
collection of samples which must be immediately frozen using 
liquid nitrogen to prevent pigment deterioration, and mini-
mal loss of pigment during laboratory extraction and dilution 
procedures in order to reduce the variability of the results. If 
the research is taking place in remote areas, liquid nitrogen can 
be substituted with sufficient dry ice or ice packs (Curran et al., 
1990; Datt, 1998; Pinkard et al., 2006). 

Chlorophyll meters are portable field instruments that allow 
for non-destructive repetitive sampling; they have successfully 
been used to estimate the chlorophyll content of many plant 
species (Schaper and Chacko, 1991; Netto et al., 2005; Pinkard 
et al., 2006). A chlorophyll index derived from two peak 
reflectance wavelengths, 650 nm and 940 nm, is used to esti-
mate the observed chlorophyll content in a sample. However, 
several factors such as different plant species, leaf weight, 
leaf age and growing conditions may affect the relationship 
between the chlorophyll index and actual chlorophyll concen-
tration. Therefore, calibration curves are required for many 
species, site and experimental conditions (Pinkard et al., 2006).

Leaf-water content

Relative leaf water content is an indirect and gross estimate 
of the changes in the water content in leaves (Canny and 
Huang, 2006). Most water in leaves resides in mesophyll cells. 
Volumetric changes in these cells occur as the balance shifts 
between the rate of evaporation from leaves and the rate of 
water supply to the leaves. Volumetric changes in the leaves of 
plants affect many internal plant conditions such as tension in 
the cell walls, exchange of water and carbon dioxide across cell 
membranes, osmotic pressure of vacuole contents, cell and tis-
sue turgor, cell-to-cell contact and transport of water. 

Measurements of the relative water content of leaf tissue 
are commonly used to assess the water status of plants (Barrs 
and Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 1985; 
Yamasaki and Dillenburg, 1999; Shen et al., 2005; Canny and 
Huang, 2006). Relative leaf water content is expressed as the 
ratio of three weight determinations viz. fresh weight; dry 
weight and turgid weight of the leaf sample. It is calculated 
as the ratio of fresh weight minus dry weight to turgid weight 
minus dry weight. 

It is mportant that sampling procedures are meticulous 
to prevent evaporative losses of water from the leaf samples 
(Barrs and Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 
1985; Yamasaki and Dillenburg, 1999; Shen et al., 2005; Canny 
and Huang, 2006). Samples must be stored immediately in 
plastic bags and kept in a cool, dark place to reduce moisture 
loss prior to fresh weight measurements. Furthermore, the 
validity of relative water content measurements depends on the 
precision of the three weight determinations; a reliable estimate 
of turgid weight being the most critical (Joly, 1985).

A typical water absorption curve for a leaf shows a high 
initial rate of absorption, followed by a prolonged period of 
slow absorption (Yamasaki and Dillenburg, 1999). The amount 
of water initially absorbed has been commonly interpreted as 
being the amount of water needed to compensate for the water 
deficit of the plant tissue. Further water absorption is driven 
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by cell expansion, so that mass changes occurring during 
this phase are not used in the estimation of the relative water 
content of the sample. Therefore, an accurate measurement of 
turgid weight should be determined at the end of the first initial 
phase of water absorption (Yamasaki and Dillenburg, 1999). 

Water absorption periods usually recommended for coni-
fers range from 12 to 48 hours, which is much longer than the 
4 hour period usually required for most broad leaved plants 
(Yamasaki and Dillenburg, 1999). To reduce water absorption 
periods, smaller leaf disks which absorb water more quickly 
are commonly used instead of larger whole leaves (Barrs and 
Weatherley, 1962). This method may however, also allow more 
water infiltration through intercellular spaces, thereby result-
ing in a greater water absorption per unit of leaf mass, when 
compared to absorption in whole leave (Barrs and Weatherley, 
1962; Joly, 1985).

Measuring the relative leaf water content of plants is a 
simple yet time-consuming process. Comparative measure-
ments between stressed and unstressed plants should be under-
taken during the morning when differences in water potentials 
between plants are greatest (Cleary and Zaerr, 1984). Due to 
these time constraints this method is most appropriate for local-
ised ground-truthing measurements.  

Comparison of ground-based measurement 
techniques for measuring plant water stress

It has been suggested in this review that all 4 ground-based 
measurements, viz. predawn leaf water potentials, chlorophyll 
fluorescence, chlorophyll and carotenoid pigment concentra-
tions and leaf water content can be used successfully to meas-
ure or assess plant water stress. However, these 4 methods are 
not suitable for large spatial scale sampling, and would be most 

useful for localised studies or for localised ground-truthing of 
remote sensing applications. Sampling protocols for ground-
truthing applications are dependent upon the spatial scales at 
which the remote sensing studies are being undertaken, viz. 
leaf, canopy, stand or landscape scale and, hence sample sizes 
will differ accordingly. A summary of some of the advantages 
and disadvantages of each ground-based method is listed in 
Table 2.

These 4 ground-based measurements vary in their practi-
cal use as well as in the physiological processes measured. 
Differences in these methods as well as the processes meas-
ured may be affected by different sources of variability, which 
in turn may affect the strength of the relationship to spectral 
indices (Stimson et al., 2005). As a result, strong relationships 
may exist between certain ground measurements and spectral 
indices, while others may be poorer for a specific plant spe-
cies. For example the water band index derived by Gao (1995) 
focused on water content of vegetation and therefore could be 
more strongly correlated to leaf water content measurements 
than plant pigment concentrations and vice versa. 

Different ground-based measurements of plant water stress 
may be preferred depending upon the research conditions under 
which a particular method is being applied. For airborne and 
satellite remote sensing vegetation studies, ground-truthing 
techniques which are cost effective, efficient and reliable and 
can be applied over localised ground-truthing regions within a 
reasonable time-frame of acquiring the remote sensing images 
would be preferred. Under such research conditions measure-
ments of chlorophyll fluorescence or leaf water content would 
be more suited.  On the other hand, measurements of predawn 
leaf water potential or chlorophyll pigment concentrations 
could be used for smaller-scale intensive sampling. However, 
should costs be constraining factor predawn leaf water 

Table 2
Advantages and disadvantages of 4 ground-based methods for measuring plant water stress

Ground-based 
method for 
measuring plant 
water stress

Advantages Disadvantages

Predawn leaf water 
potential

Simple, reliable, instantaneous measurement, low capital 
cost, portable, direct indication of plant water stress.
All parts of plant at predawn should be at same water 
potential.

Slow and time-consuming for landscape-
scale measurements; not suitable for use over 
large spatial scales; can be cumbersome when 
sampling sites are not in close proximity to 
each other; destructive sampling.
Pre-dawn sampling is inconvenient.

Leaf chlorophyll 
fluorescence

Hand-held portable, lightweight field instruments, simple, 
rapid non-destructive sampling, relatively low capital cost, 
internal saturating light source present in latest models, 
measurements can be taken at any time of the day, technol-
ogy advances for remote sensing applications using laser-
based fluorometers.

Not designed for use over large spatial scales.

Chlorophyll and 
carotenoid pigment 
concentrations

a. Conventional analytical chemistry methods
Foundations in well-researched methodologies of 
spectrophotometry.

b. Chlorophyll meter 
Simple, portable, non-destructive sampling, allows for 
repeated measurements on the same sample over time, 
instantaneous measurement

Problem in keeping leaves fresh to avoid 
chlorophyll degradation.
Destructive sampling, time consuming.
Calibration required to obtain actual chloro-
phyll concentrations for different species and 
environments.

Leaf water content Simple, no capital costs, low precision analytical 
measurements

Validity dependent on precision of weight 
determinations, time-consuming, destructive 
sampling
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potential measurements would be preferred over laboratory 
analyses of plant chlorophyll pigment concentrations. 

In summary it is recommended that a more complete but 
practical approach to assessing plant water stress is adopted. 
At least one ground-based technique such as plant pigment 
concentrations, chlorophyll fluorescence or relative leaf water 
content should be used for localised ground-truthing measure-
ments to identify gradients in plant water stress, followed by 
intensive predawn leaf water potential measurements along 
these gradients to identify the extremes in plant water stress. 

Concluding remarks

This review demonstrates that there has been extensive 
research on the detection and measurement of plant water 
stress using ground-based and remote sensing technologies. 
Ground-based techniques are more suited for localised meas-
urements and for ground-truthing of remotely sensed data. 
Remote sensing research has identified several individual 
spectral bands and vegetation spectral reflectance indices 
which have been used to detect plant water stress. Many of 
the earlier studies have focused on broad spectral bandwidths 
and it is recommended that plant stress researchers utilise 
the spectral findings to further investigate the potential of 
narrow hyperspectral bandwidths to detect and interpret 
patterns of plant stress. Furthermore, the importance of the 
red edge defined as the region between 690 and 740 nm has 
gained increasingly more attention over the years, and is seen 
as one of the most important regions of the spectrum when 
investigating plant stress. It is also recommended that the 
results from hyperspectral studies should be incorporated in 
multispectral technologies through modified imaging sys-
tems or spectral filters to allow for specialised high spectral 
resolution investigations to be undertaken with reduced data 
volumes in a cost-effective manner. Most spectral indices 
have been derived for a single species with constant leaf size 
and shape, leaf surface and internal structure, implying that 
their usefulness varies with respect to species and site condi-
tions. Therefore, the most commonly used indices reported in 
the literature must be evaluated against ground-truthing data. 
Ground-truthing of remote sensing data is not an easy task 
especially when considering different temporal and spatial 
scales. Depending upon the scale at which an investigation is 
being undertaken, it is recommended that a practical approach 
to assessing plant water stress is adopted through the use 
of at least one ground-based measurement, viz. plant pig-
ment concentrations, chlorophyll fluorescence or relative leaf 
water content to identify gradients in plant stress, and to then 
undertake predawn leaf water potential measurements along 
this gradient, specifically to identify the extremes in plant 
water stress.
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