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In this paper, we carried out a laboratory experiment to study changes in canopy reflectance of Tamarugo
plants under controlled water stress. Tamarugo (Prosopis tamarugo Phil.) is an endemic and endangered
tree species adapted to the hyper-arid conditions of the Atacama Desert, Northern Chile. Observed vari-
ation in reflectance during the day (due to leaf movements) as well as changes over the experimental
period (due to water stress) were successfully modelled by using the Soil-Leaf-Canopy (SLC) radiative
transfer model. Empirical canopy reflectance changes were mostly explained by the parameters leaf area
index (LAI), leaf inclination distribution function (LIDF) and equivalent water thickness (EWT) as shown
by the SLC simulations. Diurnal leaf movements observed in Tamarugo plants (as adaptation to decrease
direct solar irradiation at the hottest time of the day) had an important effect on canopy reflectance and
were explained by the LIDF parameter. The results suggest that remote sensing based assessment of this
desert tree should consider LAl and canopy water content (CWC) as water stress indicators. Consequently,
we tested fifteen different vegetation indices and spectral absorption features proposed in literature for
detecting changes of LAl and CWC, considering the effect of LIDF variations. A sensitivity analysis was
carried out using SLC simulations with a broad range of LAI, LIDF and EWT values. The Water Index was
the most sensitive remote sensing feature for estimating CWC for values less than 0.036 g/cm?2, while
the area under the curve for the spectral range 910-1070 nm was most sensitive for values higher than
0.036 g/cm?. The red-edge chlorophyll index (Clieg-eqge) Performed the best for estimating LAI Diurnal
leaf movements had an effect on all remote sensing features tested, particularly on those for detecting
changes in CWC.
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1. Introduction

Remote sensing (RS) has become an important tool to quan-
titatively assess and monitor water stress of vegetation, a key
input for water management in arid regions. Water stress in plants
activates a series of physiological mechanisms to maintain the
water balance of the plant and to keep its vital functions, such
as photosynthesis and respiration, while dehydrating (Taiz and
Zeiger, 2010). Early stages of water stress are often related to
loss of foliage water while late stages are related to loss in leaf
pigments, loss of biomass (leaves, branches) and finally plants die
(Baret et al., 2007; Taiz and Zeiger, 2010). These changes modify
the light reflection and absorption properties of the vegetation
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canopy, which can be accurately registered by multispectral and
hyperspectral instruments (Karnieli and Dall’Olmo, 2003).
Primary effects of water stress (dehydration) on vegetation
spectral reflectance are associated with an increment of reflected
radiation in the range of 1300-2500nm solely because of less
absorption by water (Carter, 1991; Zarco-Tejada et al., 2003).
Secondary effects are associated with an increment of spectral
reflectance in the range 400-1300 nm due to more cell wall-air
interfaces within the leaf tissue as well as the effect of dehydration
on the absorption properties of pigments (Carter, 1991; Knipling,
1970). Another secondary effect of water stress is the “blue shift”
of the red edge (the steep slope of the vegetation spectral sig-
nature occurring at 680-750nm) towards shorter wavelengths
(Boochs et al., 1990; Carter, 1993; Filella and Penuelas, 1994; Horler
et al., 1983). Although the spectral reflectance in the NIR region
(700-1300 nm) initially increases (Clevers et al., 2010; Hunt and
Rock, 1989), in late stages of water stress it decreases as a conse-
quence of the deterioration of cell walls (Knipling, 1970) and loss of
leaves (Asner, 1998). Furthermore, use of narrow spectral bands has
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enabled the identification of small spectral features also associated
to water stress such as the right slope of the vegetation absorp-
tion feature at 970 nm (Clevers et al., 2010, 2008) related to canopy
water content or the tiny jump in reflectance around 760 nm due to
chlorophyll fluorescence (Pérez-Priego et al., 2005), which is a good
indicator of stomatal conductance, CO, assimilation (Flexas et al.,
2000, 2002) and water potential (Pérez-Priego et al., 2005). For a
detailed summary of the sensitivity of different spectral regions to
water stress and to other stress factors refer to Baret et al. (2007),
Carter and Knapp (2001) and Govender et al. (2009).

Based on this knowledge, a considerable number of remote
sensing based algorithms have been designed and implemented to
quantitatively estimate and map important parameters related to
plant water condition, such as leaf area index (LAI), leaf chlorophyll
concentration and equivalent water thickness (EWT) (see Section
2.6).

Nevertheless, the application of remote sensing for assessing
water condition of vegetation in hyper-arid ecosystems or “true
deserts” is mainly conditioned by (i) the rather small size of the
target objects (isolated trees, shrubs or grass patches), (ii) the
knowledge on the response of desert species to water stress and
potential effects on canopy spectral reflectance that are commonly
unknown, and (iii) the species phenological cycles which have an
important effect on the proportion of green and brown vegetation
material during the year (Asner et al., 2000).

The low vegetation fractional cover and small size of vegeta-
tion units in deserts causes a high proportion of mixed pixels in
most of the available RS datasets (i.e. Landsat, MODIS, SPOT, MERIS,
RapidEye) (Asner and Heidebrecht, 2002). Recent improvements in
spatial resolution of satellites such as Quickbird2, WorldView2 and
GeoEye make it possible to obtain “comparatively pure” pixels of
desert small trees and shrubs for more focused analysis on vege-
tation properties. Spectral resolution has also improved from the
four standard bands of sub-metric satellites to up to eight bands
in the visible and near infrared regions of WorldView?2. All these
improvements open new possibilities for remote sensing studies
of desert vegetation, but also a need for better understanding of
the canopy spectral properties of desert species.

Assessing water stress of vegetation adapted to hyper-arid con-
ditions is not a straightforward process. Desert plant species have
developed different mechanisms to tolerate dry conditions, either
by controlling water content (via regulation of transpiration rates)
or by drying up (partially or completely) and remaining latent until
water supply conditions are again favourable (Alpert and Oliver,
2002). Therefore their natural dynamics and responses to external
disturbances can significantly vary between different species and
sites. These adaptations can radically influence vegetation canopy
reflectance and absorption properties, and therefore a good under-
standing of this interaction is crucial for a reliable remote sensing
based assessment.

In this study we aim to improve our understanding of the spec-
tral response of the desert species Prosopis tamarugo Phil to water
stress. Tamarugo is an endemic tree species, highly adapted to
the hyper-arid conditions of the Atacama Desert, Northern Chile.
Its geographic distribution is limited to the Atacama Desert and
the trees are completely dependent on ground water (Altamirano,
2006; Mooney et al., 1980). Although most of the Tamarugo pop-
ulation is under official protection, the species is under threat due
to ground water extraction for human consumption and mining
(Rojas and Dassargues, 2007), and therefore, quantitative tools for
assessing the forest water condition are needed for environmental
policy making and monitoring.

Tamarugo tree response to water stress and the use of remote
sensing to monitor this process has not been studied. In order to
provide basic knowledge for a remote sensing based assessment
of Tamarugo, we conducted a laboratory experiment to study the

response of Tamarugo plants to controlled water stress. Specifically,
through this experiment we aim to (1) describe the physiologi-
cal and spectral response of Tamarugo plants to water stress, (2)
define appropriate canopy variables for assessing water stress for
this species, (3) model the spectral response of a Tamarugo canopy
to water stress using the radiative transfer theory and (4) test the
sensitivity of different indices and spectral features to detect water
stress using a range of simulated scenarios.

2. Materials and methods
2.1. Species description

Tamarugo (P. tamarugo Phil.) is a xerofitic tree species highly
adapted to the extreme arid conditions of the Atacama Desert,
Northern Chile (Fig. 1). This hyper-arid environment is charac-
terized by practically null precipitation, high temperatures and
high potential evapotranspiration (Houston, 2006; Houston and
Hartley, 2003) and it is considered one of the most extreme envi-
ronments for life on Earth (McKay et al., 2003; Navarro-Gonzalez
etal., 2003). The presence of Tamarugo is explained by the existence
of a shallow groundwater table (Mooney et al., 1980), occurring
in just two hydrological systems: Pampa del Tamarugal aquifer
and Llamara aquifer, where practically all remaining Tamarugo
population is distributed. Studies have shown that natural and arti-
ficial (pumping) discharges in the Pampa del Tamarugal aquifer
have been twice as large as natural recharges since 1986 (Rojas
and Dassargues, 2007). Consequently, groundwater gradually has
depleted threatening Tamarugo water supply. Between 1965 and
1970 a big effort for Tamarugo’s conservation was promoted by the
Chilean government and around 13,800 ha were planted (Aguirre
and Wrann, 1985; CONAF, 1997).

Tamarugos are thorny phreatophyc trees and reach heights up
to 25m, crown size up to 20 m and stems up to 2m in diameter
(Altamirano, 2006; Riedemann et al., 2006). Tamarugo is a semi-
caducifolious tree, keeping a considerable part of its foliage during
the winter (Sudzuki, 1985). Its vegetative period covers all year with
apeakoccurring between September and December (Acevedo et al.,
2007). The branches are arched and gnarled, twigs are flexuose and
thorns in pairs are stipular in origin of 0.5-3.8 cm (Trobok, 1985).
Leaves are often bipinnate with 6-15 pairs of folioles (Fig. 1b and
c).

2.2. Experimental setup

A total of nine plants, about 30 cm in height, were placed in a cli-
mate chamber with no water supply for 15 days. Plants were grown
under greenhouse conditions and keptin the original black contain-
ers and substrate during the whole experiment. The plants were
arranged in a matrix of 3 x 3 in such a way that a continuous canopy
(including leaves, stems and soil) was available for nadir spectral
measurements. The climate chamber was deprived of sunlight and
artificial light was provided by an ASD Pro lamp. This is a 14.5V
50W lamp especially designed for laboratory diffuse reflectance
measurements over the region 400-2500 nm. The applied light reg-
imen consisted of 14 h light from 7:00 h till 21:00 h followed by 10 h
of darkness and the temperature was set at 30°C (£5 °C), similar
to Tamarugo’s natural conditions during summer (Houston, 2006;
Mooney et al., 1980). A spectroradiometer instrument (ASD Field-
Spec Pro) was installed above the plants in order to measure spec-
tral reflectance in the range 400-2500 nm. A foreoptic with instan-
taneous field of view (IFOV) of 25° was used and placed in nadir
position 15 cm above the top of the canopy. This setup gave a circu-
lar measurement area of green plants of approximately 35 cm?. No
laboratory background was within the [FOV of the ASD instrument.
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Fig. 1. Anatomic characteristics of Prosopis tamarugo Phil. (a) Adult tree; (b) Twig; and (c) composed bipinnate leaf.

2.3. Spectral sampling

Spectral sampling was performed hourly, starting at 8:00 h and
ending at 20:00h (13 samples per day), in order to study the
course of spectral reflectance during the day. This was repeated
for 14 days in order to investigate the spectral response to water
stress. The last spectral sampling was done on day 15 at 8:00h.
Each sample corresponded to a spectral signature in the range
400-2500nm obtained as an average of 50scans. White refer-
ence measurements (spectralon) were used to obtain bi-conical
reflectance factor measurements according to the nomenclature
proposed by Schaepman-Strub et al. (2006). White reference cal-
ibrations were carried out at the beginning of the experiment as
well as on day 5 and day 10. Previous tests showed a good stability
of the ASD measurements within the chamber, so calibrations were
minimized to avoid disturbing the experiment.

2.4. Physiological sampling

Physiological sampling was carried out daily at 8:30 h during 15
days. The physiological measurements included equivalent water
thickness (EWT) in g/cm?, leaf chlorophyll concentration (a, b and
total) in pg/cm? and leaf carotenoids concentration in pg/cm?.
Leaves from the lower third of the plants were used for labora-
tory determinations. No leaf sampling was carried out within the
IFOV of the ASD instrument.

Leaf samples for chlorophyll and carotenoid determinations
were spectro-photometrically analysed using leaf extracts dis-
solved in 80% acetone. Absorbance measured at 663 nm was utilised
to determine chlorophyll a, at 646 nm for chlorophyll b and at
479 nm for carotenoids.

Equivalent water thickness (EWT) was measured using the fol-
lowing formula:

(fresh leaf weight — dry leaf weight)
fresh leaf area

EWT = (1)

The fresh weight was measured immediately after cutting the
leaves using a digital balance of 0.0001 g precision. Dry weight was
obtained by drying the samples in an oven at 75°C until getting
constant dry weight.

2.5. Spectral absorption feature analysis

Continuum removal is a useful spectral processing methodology
for studying the relationship between spectral absorption features
and the biochemical composition and water content of a vegeta-
tion canopy (Huang et al., 2004; Huber et al.,, 2008; Kokaly and
Clark, 1999), which both are indicators of water stress. Further-
more, continuum removal minimizes the undesired effects of soil
background and atmospheric absorptions on the spectral analysis
(Kokaly and Clark, 1999). Features of interest in spectral absorp-
tion feature analysis are the maximum band depth (MBD), the
area under the curve (AUC) and the MBD normalized by the AUC
(MBD/AUC) (Curranetal.,2001). An example of continuum removal
applied to the canopy spectral signature of Tamarugo is given in
Fig. 2. Typically, the chlorophyll absorption feature in the visible
part of the spectrum has been described as occurring approxi-
mately between 550 and 750 nm (Curran, 1989; Huber et al., 2008;
Kokaly et al., 2003). Furthermore, there are two absorption fea-
tures associated with the presence of water in plant foliage: the first
around 970 nm and the second one around 1200 nm (Curran, 1989).
There are also water absorption features at 1400 and 1900 nm, but
they are not of interest for remote sensing applications since they
are strongly affected by atmospheric water vapour (Clevers et al.,
2008).

In this study continuum removal was applied to analyse changes
in the chlorophyll absorption feature (at 670 nm) and water absorp-
tion features (at 970 and 1200 nm) due to water stress. Spectral
signatures measured daily at 8:00 h during the 15 days of the lab-
oratory experiment were used.

2.6. Remote sensing features for assessing water stress

In this study we explore the sensitivity of different RS based
approaches to detect water stress in Tamarugos. Empirical models
as well as physical models have been used to remotely retrieve LAI,
chlorophyll concentration and EWT, main symptoms of plant stress
(Baret et al., 2007). Radiative transfer models use physical laws
to describe the interaction between light, the vegetation canopy
and background (Jacquemoud et al.,, 2009). They establish an
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Fig. 2. Example of continuum removal applied to a Tamarugo spectral signature. (a)
Original spectrum and (b) continuum removed spectrum.

explicit linkage between the canopy reflectance and biochemical
and structural properties of the scattering elements of vegetation.
Radiative transfer models can be used in the “forward” way to
simulate different scenarios of canopy reflectance when vegetation
properties vary (this study). They can also be used in the “inverse”
way (from canopy reflectance to vegetation properties) to estimate
vegetation parameters from remotely sensed or ground measured
canopy reflectance (Colombo et al., 2008; Jacquemoud et al., 2009;
Laurent et al., 2011a; Vohland et al., 2010; Zarco-Tejada et al.,
2003). This inversion process can be complex due to the large
amount of parameters involved in the models and therefore the
use of prior information or constraints is necessary for a successful
estimation (Combal et al., 2003).

Empirical models establish statistical relationships between
specific reflectance features of the vegetation spectra and vege-
tation parameters. Widely used empirical models are the so-called
vegetation indices (VIs) which combine a limited amount of spec-
tral information through a numerical indicator that is statistically
correlated with specific vegetation parameters. Examples of indices
to assess loss in LAI are the Ratio Vegetation Index (RVI) (Jordan,
1969), the widely used Normalized Difference Vegetation Index
(NDVI) (Tucker, 1979) and the Wide Dynamic Range Vegetation
Index (WDRVI) (Gitelson, 2004). The sharp slope of the vegetation
spectral signature occurring at 680-750 nm, the red-edge, has been
described to be very sensitive to changes in LAI and leaf chloro-
phyll (Boochs et al., 1990; Filella and Penuelas, 1994) and the Red
Edge Position (REP) has been used to retrieve LAl with even better
results than using NDVI (Danson and Plummer, 1995; Herrmann
et al,, 2011). Furthermore, VIs like the red-edge Chlorophyll Index
(Clred-edge) and red-edge Normalized Difference Vegetation Index
(red-edge NDVI) have been developed to retrieve specifically leaf
chlorophyll content (Gitelson and Merzlyak, 1994; Gitelson et al.,
2006), but they also have been utilised for retrieving LAI (Vifia et al.,
2011). For assessing water stress in terms of EWT or canopy water
content (CWC=EWT x LAI), VIs like the Water Index (WI) (Pefiuelas
et al,, 1997), the Normalized Difference Water Index (NDWI) (Gao,

1996) and more recently the derivative [1015-1050 nm] (Clevers
et al., 2010) can be used. These indices are based on the water
absorption features at 970 nm and 1200 nm and use specific narrow
bands.

In this study, the spectral and physiological changes observed
during the experiment (Sections 3.1 and 3.2) as well as the spectral
absorption feature analysis (Section 3.3) were used as a base for
identifying suitable canopy variables and remote sensing methods
to assess water stress of Tamarugo (Table 1). A sensitivity analy-
sis was carried out by using a broad range of simulated scenarios
using the radiative transfer model Soil-Leaf-Canopy (see Section
2.7) and the noise equivalent (NE) statistic as sensitivity indicator
(see Section 2.8).

2.7. SLC model calibration and simulations

The Soil-Leaf-Canopy (SLC) model (Verhoef and Bach, 2007) sim-
ulates top of canopy reflectance using as inputs leaf, canopy and soil
parameters (Table 2).

The SLC version used in this study is the result of coupling the
following models:

® PROSPECT3 (Jacquemoud and Baret, 1990) was modified to
include the effects of brown pigments (Verhoef and Bach, 2003)
and it delivers simulations at 10 nm spectral resolution.
4SAIL2 (Verhoef and Bach, 2007) is an improved version of the
canopy radiative transfer model SAIL (Verhoef, 1984). Among the
new features, this 2-layer version includes the effects of crown
clumping and the effects of the abundance and distribution of
green and brown elements within the two canopy layers (Verhoef
and Bach, 2007), which allows a more realistic representation of
the canopy and thus gives improved simulations.
¢ SOIL4 (Hapke, 1981; Verhoef and Bach, 2007) includes the hotspot
effect and the soil moisture spectral effect. In this study a mea-
sured background was used for calibrations and simulations, and
therefore soil reflectance was fixed.

Physiological and spectral measurements carried out on day 1
at 8:00 h were used to calibrate the SLC model. The parameters LAI,
LIDFa, and LIDFb (Table 2) were optimized by minimizing the dif-
ferences between measured and simulated reflectance values. In
this optimization procedure, the parameters measured at the lab-
oratory (Cabgreen, EWTgreen, and Cdmgreen) were considered fixed.
For the other parameters the default values of the SLC model were
used as indicated in Table 2. The parameters of the 4SAIL2 second
layer (brown elements, i.e. stems and twigs) were optimized using
the spectral reflectance measured at the end of the experiment,
when no green leaves were present. A similar methodology often
has been used for assessing radiative transfer model simulations
using measured spectra; examples can be found in Darvishzadeh
etal. (2011) and Laurent et al. (2011a,b).

Once calibrated, the SLC model was used to simulate spectral
reflectance for a wide range of water stress scenarios. These outputs
were used to test the sensitivity of RS features indicated in Table 1.

2.8. Sensitivity of remote sensing features for assessing water
stress

For the sensitivity analysis a total of 528 simulations were car-
ried out by varying the equivalent water thickness (EWT), leaf area
index (LAI) and the parameter a (slope parameter) of the leaf incli-
nation distribution function (LIDF) as shown in Table 3. The whole
range of observed water stress conditions was simulated. LAI val-
ues ranging from 0 to 2 were used for the simulations considering
LAI measurements made by the authors in the field.
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Table 1
Remote sensing features tested for assessing water stress of Tamarugo plants in terms of LAl and CWC.

Remote sensing feature Formula and spectral regions used in this study References

For assessing CWC
Water Index (WI)
Normalized Difference Water Index (NDWI)
Derivative [1015, 1050]

Ro00/Ra70
(Rsso — R1240)/(Rseo + R1240)
(R1015 — R1050)/35

Pefiuelas et al. (1997)
Gao (1996)
Clevers et al. (2010)

Water absorption feature [910-1070 nm]
MBD
AUC
MBD/AUC

Clark and Roush (1984)

Water absorption feature [1100-1280 nm]
MBD
AUC
MBD/AUC

Clark and Roush (1984)

For assessing LAI
Normalized Difference Vegetation Index (NDVI)
Red-edge Chlorophyll Index (Clged-edge)
Red-edge NDVI

(Rsoo — Rs70)/(Rsoo + Re70)
R780/R710 — 1
(R780 — R710)/(R780 + R710)

Tucker (1979)
Gitelson et al. (2006)
Gitelson and Merzlyak (1994)

Ratio Vegetation Index (RVI) Rso0/Res70 Jordan (1969)
Chlorophyll absorption feature [550-750 nm] Clark and Roush (1984)

MBD

AUC

MBD, maximum band depth; AUC, area under the curve.

Using this simulated dataset, the relationship between the RS Equivalent (NE) ACWC and NEALAI were used (Vifia and Gitelson,

Soil
Soil background

Measured values

Measured values

Measured values

Measured values

features and CWC or LAI was analysed by using the best-fit func- 2005).
tions. CWC was calculated as follow: RMSE(RSfeat cwa)
eature vs.
NEACWC = 3)
CWC = EWT x LAI (2) Abs{d(RSfeature)/d(CWC)}
In order to compare the different RS features, which present  Npapa] = RWSE(RSfeature vs. LAl (4)
different scales and dynamic ranges, the absolute value of the Noise Abs{d(RSfeature)/d(LAI)}
Table 2
Soil-Leaf-Canopy (SLC) model input parameters.
SLC inputs Day 1 - 8.00 Day 1 - 20.00 Day 14 - 8.00 Day 14 - 20.00 Source
Leaves (green material)
Chlorophyll ab content (pg/cm) Cabgreen 42 42 42 42 Lab. measurement
Water content (g/cm?) EWTgeen 0.023 0.023 0.013 0.013 Lab. measurement
Dry matter content (g/cm?) Cdmgyeen 0.0003 0.0003 0.0003 0.0003 Lab. measurement
Senescent material (no units) CSgreen 0 0 0 0 From experiment
Mesophyll structure (no units) Ngreen 1.5 15 1.5 1.5 SLC default
Twigs and stems (brown material)
Chlorophyll ab content (pg/cm) Cabprown 5 5 5 5 SLC default
Water content (g/cm?) EWTprown  0.01 0.01 0.01 0.01 Optimized
Dry matter content (g/cm?) Cdmpgown  0.005 0.005 0.005 0.005 SLC default
Senescent material (no units) CSprown 1 1 1 1 SLC default
Mesophyll structure (no units) Nbrown 2 2 2 2 SLC default
Canopy
Plant area index® (m?/m?) PAI 1.27 1.27 1.12 1.12 Optimized
Leaf area index (m?2/m?) LAI 1.00 1.00 0.85 0.85 Optimized
Brown area index (m?/m?) BAI 0.27 0.27 0.27 0.27 Optimized
Leaf inclination distribution function a® [-1,+1]  LIDFa -0.30 -0.45 0.10 0.02 Optimized
Leaf inclination distribution function b¢ [-1,+1]  LIDFb -0.15 -0.15 -0.15 -0.15 SLC default
Hot spot effect parameterd Hot 0.05 0.05 0.05 0.05 SLC default
Fraction brown PAI [0,1] fb 0.21 0.21 0.24 0.24 Optimized
Dissociation factor [0,1] D 0.8 0.8 0.8 0.8 SLC default
Vertical crown coverage [0,1] Cv% 100 100 100 100 From experiment
Tree shape factor® Zeta 0.5 0.5 0.5 0.5 From experiment
Solar zenith angle (degrees) sza 30 30 30 30 From experiment
Viewing zenith angle (degrees) vza 0 0 0 0 From experiment
Sun-view azimuth difference (degrees) azi 0 0 0 0 From experiment

Lab. measurement

Leaf slope indicator.
Bimodality parameter.

" an T oo

Diameter/height.

PAI=LAI+BAL PAI and fb change because LAI change.

Estimated as the ratio of the average leaf width and the canopy height.
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Table 3
Soil-Leaf-Canopy (SLC) parameter range and intervals used for simulations.
SLC parameters Min Max Step # Values
CWgreen 0.005 0.03 0.005 6
LAI 0 2 0.20 11
LIDFa —-0.50 0.20 0.10 8

where RMSE is the root mean squared error of the best-fit func-
tion of the relationship between the RS feature and LAI or CWC,
respectively, and d(RSfeature)/d(CWC) and d(RSfeature)/d(LAI) are
the corresponding first derivatives of the best-fit functions. Small
values for NEACWC and NEALAI indicate strong sensitivity for
CWC and LA, respectively.

3. Results
3.1. Physiological response of Tamarugo plants under water stress

The results of the physiological sampling in terms of equivalent
water thickness, leaf chlorophyll and leaf carotenoid concentration
are depicted in Fig. 3.

No evident symptoms of stress were observed in the leaf sam-
ples until day 11 when the EWT started to drop from values of
0.025 g/cm? down to values of 0.005g/cm? on day 15 (Fig. 3a).
Average EWT during the first ten days was 0.023 g/cm?. There was
not a clear trend in the observed values of leaf chlorophyll con-
centration and carotenoid concentration. During the experiment,
it was observed that the plants were gradually drying some leaves
while keeping the remaining leaves healthy. From day 10 onwards
the amount of dry leaves increased rapidly. However, due to the
absence of natural disturbances (like wind) most of the dry leaves
remained on the twigs. At day 15 there were few remaining green
leaves.

Average values of leaf chlorophyll concentrations for the whole
period were 15.9 pg/cm? for chlorophyll a, 26.0 pg/cm? for chloro-
phyll b and 42 pg/cm? for total chlorophyll. Leaf carotenoid
concentration was rather constant with an average value of
1529 pg/cm?.

3.2. Spectral response of Tamarugo plants under water stress

3.2.1. Changes in diurnal reflectance

In the absence of water stress, it was observed that plants mod-
ified the incidence angle of light on the leaves by changing the
orientation of the folioles (Fig. 4). As a matter of fact, the orientation
of the folioles changed towards a more erectophile leaf distribution
(parallel to incoming light rays) after midday. This means leaves
avoided to face direct irradiation past noon.

Consequently, reflectance decreased from midday onwards
(Fig. 5a). Changes occurred despite the angle of illumination (ASD
lamp) was fixed at 30° from nadir. Observations made on Tamarugo
leaves suggest the presence of a pulvinus, a thickening in the
leaf base, which often is the structure responsible for leaf move-
ments (Fig. 1c). Pulvinar movements have been described for other
species with composed leaves (Barchuk and Valiente-Banuet, 2006;
Ezcurra et al., 1992; Liu et al., 2007) and they are associated with
contraction-expansion mechanisms driven by cell turgor changes
(Taiz and Zeiger, 2010). Therefore, Tamarugo leaf movement can be
affected by water stress. Under water stress, leaf cells may have run
out of water and, as a consequence, folioles were less able to change
the leaf angle. Hence, reflection became more constant throughout
the day and the difference between morning and afternoon became
smaller (Fig. 5b and c). The ability of Tamarugo plants to adjust the
leaf angle is a good example of how some adaptations of desert
species can influence reflectance properties. For this reason, remote

sensing approaches should take into account the biology of arid
species to accurately assess the water condition of vegetation in
arid environments. More insight is needed to understand the influ-
ence of leaf movement of the Tamarugo plant on canopy reflectance
under natural conditions, where the incoming solar irradiation is
changing (position and intensity) throughout the day. This will be
subject for further research.

3.2.2. Reflectance changes over the experimental period

Besides the morning-evening changes in spectral reflectance,
more changes can be observed when comparing the spectra of days
1-3 (Fig. 5b, no stress) with, e.g., days 12-14 (Fig. 5c, under stress).
Reflectance over the infrared region increased as a consequence of
the dehydration process. This is due to the larger number of cell
wall-air interfaces within the leaf tissue, caused by the absence of
water, which produces an increment of internal multiple reflections
of NIR radiation (Carter, 1991; Knipling, 1970).

Furthermore, the water absorption at 1400 and 1900 nm
decreased, which is a clear indication of the dehydration process
(Carter, 1991; Hunt and Rock, 1989). The water absorption features
at 970 and 1200 nm were too small for visual inspection and for
this reason continual removal was applied to quantitatively study
changes due to water stress (Section 3.3).

Despite senescence, leaves hardly fell during the experiment
because within the climate chamber there were no natural dis-
turbances such as wind and decrease in LAI was limited. After
measuring spectral and physiological variables on day 15 at 8:00h,
plants were shaken and dry leaves immediately fell down. Then the
spectral reflectance was measured. Subsequently, all green leaves
were cut off and the spectral signature was measured again. This
way the effects of losing dry and green leaves on spectral reflectance
were registered as shown in Fig. 5d.

3.3. Chlorophyll and water absorption features

The continuum removal analysis carried out for the chlorophyll
absorption feature showed that both MBD and AUC were progres-
sively decreasing over the days (Fig. 6a and b), while the ratio
MBD/AUC was slightly increasing in time (Fig. 6¢). These results
differ from the chlorophyll measurements for single leaves (Fig. 3),
which showed slight differences of chlorophyll concentration over
time. Therefore, it can be inferred that changes in the chlorophyll
absorption feature are due to LAl decrease rather than degradation
or relocation of leaf chlorophyll. This is in line with the SLC sim-
ulations performed and described in Section 3.4. The fact that the
MBD decreased in time suggests that ratio vegetation indices using
the NIR spectral region (760-900 nm) and the red (630-690 nm)
or the NIR and the red-edge region (680-750 nm) can be used for
assessing water stress in terms of LAl loss. MBD, AUC and MBD/AUC
also can be used for estimating changes in LAI.

Water absorption features of healthy Tamarugo plants occurred
at 973 nm and 1165 nm. MBD, AUC and MBD/AUC of both absorp-
tion features decreased over the days, showing a linear trend
(Fig. 6). This differs from the trend observed for EWT measurements
for single leaves (Fig. 3a), where the effects of water stress were
observed from day 11 onwards, and could be explained by the fact
that the ASD instrument is measuring a surface of stacked leaves
rather than single leaves. Therefore, the measured spectral signa-
ture is an integrative measure of the water status of the complete
canopy within the ASD IFOV. For this reason, the variable canopy
water content (CWC) defined as the product between LAl and EWT
is often used in vegetation studies.

These results suggest that ratio vegetation indices using the
spectral regions where the water absorption features occur, such as
WI and NDWI, can be used for estimating changes in CWC (Table 1).
Another interesting feature is the change on the right slope of the
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Fig. 3. Physiological parameters measured during the experiment. (a) Equivalent water thickness, (b) leaf chlorophyll concentration and (c) leaf carotenoids concentration.

absorption feature at 973 nm, which recently has been proposed
and tested as a good indicator of canopy water content (Clevers
etal., 2010, 2008).

3.4. SLC calibration and simulations

The calibration of the SLC model was performed using the spec-
tral values measured on day 1 at 8:00 h and physiological values
measured during the experiment. The correspondence between
simulated and measured spectra was good over the full spectral
range (Fig. 7a) with an RMSE of 0.006 when comparing simulated
and measured spectral reflectance.

Subsequently, the slope parameter of the leaf angle distribution
function (LIDFa) was optimized to fit the measured spectrum at
20:00 h. This parameter controls the average leaf slope and ranges
from —1 to 1 (Verhoef and Bach, 2007). Values of LIDFa close to 1
correspond to a planophile distribution, values close to 0 to a uni-
form (random) distribution and values close to —1 to an erectophile
distribution (Verhoef and Bach, 2007). Results of the optimization
procedure showed that the LIDFa parameter by itself explained the
changes in reflectance observed during the day (Fig. 7a). Matching

simulated reflectance curves were obtained by varying the LIDFa
parameter from —0.30 at 8:00 h to —0.45 at 20:00 h. So, changing
this parameter towards more negative values is reproducing the
leaf movement observed during the experiment: leaves changing
towards a more erectophile leaf distribution after midday (Fig. 4).

The SLC parameters LAI and LIDFa were then tuned to fit the
measured reflectance spectrum of day 14 when the plants were
under water stress (measured EWT value of 0.013 was used, see
Table 2). Correspondence between simulated and measured spectra
was good (Fig. 7b) with an RMSE of 0.008 for the spectral reflectance
at 8:00h and 0.009 for the spectral reflectance at 20:00 h. Once
again, reflectance changes between morning and evening on day
14 were explained by the LIDFa parameter, while changes from
day 1 to 14 were explained mainly by decreasing LAl and EWT
(Table 2, bold values). This time LIDFa values for both morning and
evening were close to zero (0.10 and 0.02), which corresponds to a
more uniform distribution, resembling a canopy where leaf slope
is randomly distributed. This change in LIDF can be interpreted as
an effect of water stress on the pulvinar movement of Tamarugo
plants, and consequently, on their ability to move the leaves over
the day.

Fig. 4. Folioles orientation changing throughout day 1.
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Fig. 5. Canopy spectral reflectance measured under laboratory conditions. (a) Diurnal changes from 9:00 to 20:00 h of day 1, (b) Morning-evening differences for days 1-3
(no water stress), (c) Morning-evening differences for days 12-14 (under water stress) and (d) changes due to defoliation.

3.5. Evaluation of remote sensing features for assessing water
stress

3.5.1. Remote sensing features for detecting changes in canopy
water content

Fig. 8 summarizes the relationship between nine remote sensing
features analysed and canopy water content (CWC). The analysis
showed an asymptotic relationship for all ratio RS features, i.e. WI,
NDWI, MBD/AUC [910-1070] and MBD/AUC [1100-1280], which
means they become less sensitive for high values of CWC. The
derivative [1015-1050], MBD and AUC for both [910-1070 nm]
and [1015-1050 nm] water absorption features showed a linear
relationship, but different scatter around the fitted line. The deriva-
tive [1015-1050] showed the largest scatter, which is increasing
concurrently with CWC values. Daily changes of leaf slope (LIDFa)
observed for Tamarugo plants (Fig. 4) induced changes in the right
slope of the water absorption feature at 970 nm affecting the pre-
diction capability of this RS feature.

A comparison of the tested RS features for estimating changes in
CWC was performed by means of the NEACWC (Eq. (3)). Low val-
ues of NEACWC indicate high sensitivity to changes in CWC. The
sensitivity analysis (Fig. 9) showed that most of the indices lose sen-
sitivity when CWCincreases, especially the MBD/AUC[1100-1280].
The most sensitive RS feature for detecting changes in CWC was the
WI for the CWC range from 0.01 to 0.036 g/cm?. For estimating CWC
values larger than 0.036 g/cm? the AUC [910-1070] was the most
sensitive feature while for values lower than 0.01 the NDWI was
the most sensitive.

3.5.2. Remote sensing features for detecting changes in leaf area
index

Fig. 10 summarizes the relationship between six remote sensing
features analysed and leaf area index (LAI). The indices NDVI, red-
edge NDVI as well as the MBD [550-750] and AUC [550-750]
showed an asymptotic relationship with LAl with high sensitivities
for LAI values less than 1. In the case of RVI the relationship was
linear; however, it exhibited increasing scatter for high LAI values.
This can be explained by the error introduced by varying the LIDFa
parameter in the SLC simulation, which is simulating the observed
changes in the leaf slope. Clieg.eqge Showed a relationship with LAI
close to linear showing a high sensitivity to changes in LAI for the
whole range.

Finally, a multiple comparison of all RS features is presented
in Fig. 11 by means of the NEALAIL Except for the Ratio Vege-
tation Index (RVI), all the tested RS features were very sensitive
(low NEALAI values) to changes in LAI in the range from 0 to 0.5.
From this value onwards, the sensitivity of MBD [550-750], AUC
[550-750] and NDVI decreased exponentially. The sensitivity of the
RVIwas constant over the whole LAl range, constituting a good pre-
dictor for LAI in the range from 1 to 2 and the most sensitive for
values >1.6. Overall, the most sensitive RS feature considering the
whole range of LAl values was the Clied-edge-

4. Discussion and conclusions

This experiment showed that Tamarugo plants are able to adjust
the leaf slope to avoid direct irradiation past noon, an adaptation
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which has an important effect on the spectral reflectance over the
whole 400-2500 nm range. This leaf movement, technically known
as heliotropism or sun tracking (Raven et al., 2005), is most likely
controlled by a pulvinar structure present on the folioles base of
Tamarugo plants (Fig. 1c) and it is known as a common ability of
the Leguminosae plants to avoid photoinhibition (Liu et al., 2007;
Pastenes et al., 2004, 2005). Measurements done with an ASD spec-
troradiometer showed that daily canopy reflectance, under the
non-stress scenario, decreased from midday onwards as a conse-
quence of this leaf movement. This is likely to be a process con-
trolled by changes in cell turgor of the pulvinus and therefore can
be affected by water stress. Under water stress, leaves dehydrated
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and consequently folioles were not able to change the incidence
angle of light on their leaves anymore. Therefore, reflection during
the day became more constant and the difference between morning
and afternoon smaller. From day 11 onwards, plants responded to
water stress by drying out some leaves while keeping the remaining
leaves green. When this occurred, dry leaves have a bigger chance
to fall down (dehiscent). As a consequence of the resulting loss in
water content, spectral reflectance increased over the whole spec-
trum and the chlorophyll absorption feature at 670 nm as well as
the water absorption features at 970 nm and 1200 nm decreased.
Changes in reflectance during the day as well as changes along
the experimental period were successfully modelled by using the
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Fig. 7. Canopy spectral reflectance of a) day 1 (no water stress), and b) day 14 (under water stress). Continuous lines correspond to ASD measurements and dashed lines to

SLC simulations.
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Fig. 8. Relationship between different remote sensing features and canopy water content (CWC). Lines correspond to the best fit functions.

SLC model. Simulations using SLC showed that changes in canopy
reflectance due to water stress were mostly explained by leaf
area index (LAI), leaf slope (LIDFa) and equivalent water thick-
ness (EWT). We conclude that suitable target variables for remote
sensing based assessment of water stress are LAl and canopy water
content (CWC), which is defined as EWT x LAL

Once calibrated, we used the SLC model to analyse the sensitiv-
ity of different indices and spectral absorption features to detect
water stress in Tamarugo, six for detecting changes in LAl (ALAI)
and nine for detecting changes in canopy water content (ACWC).
The sensitivity analysis showed that the Water Index was the most
sensitive RS feature to ACWC for low values of CWC (<0.036 g/cm?),
but its sensitivity decreased towards higher CWC values. From
0.036 g/cm? onwards AUC [910-1070] was the most sensitive.
Derivative [1015, 1050] was the most influenced RS feature by
changes in LIDFa, presenting an increasing scatter around the fit-
ted curve for high values of CWC. RS features for detecting changes
in LAI were generally asymptotic, showing a decreasing sensitiv-
ity to ALAI for LAI values higher than 1. The RVI showed a linear
relationship with LAI, but also the highest sensitivity to changes in

leaf slope. Considering the whole range of LA the Clied_edge PeI-
formed the best, which is in agreement with results obtained by
Herrmann et al. (2011) in wheat and Vifia et al. (2011) in maize and
soybean.

This study proved that the adaptation of Tamarugo to adjust the
incidence angle for light by leaf movement can influence the results
of RS based assessments. The diurnal patterns of leaf movement
must be taken into consideration when using remote sensing tools
for water stress assessments of this species.

Remote sensing approaches for detecting CWC changes in
Tamarugo trees are limited to the hyperspectral domain, since
narrow bands are needed to calculate most of the spectral fea-
tures and indices proposed in literature and tested in this study.
Such data can be obtained from satellite sensors like Hyperion,
and airborne sensors like AVIRIS and HyMap, which are hardly
ever available for this geographic area. The exception is the NDWI
which can be calculated using the broad bands of the MODIS sen-
sor at 860 and 1240 nm. However, the spatial resolution of these
bands is very low (500 m), making an assessments at tree level
impossible.
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The new generation of very high spatial resolution (VHSR) satel-
lites seems to be very promising for detecting LAI changes in single
Tamarugo trees, since they include a red-edge band at 2 m pixel
resolution (WorldView2) or less (1.2m pixel resolution for the
WorldViews3 satellite, expected to be launched in 2014), allowing
the calculation of red-edge based vegetation indices. The World-
View3 sensor is expected to deliver also 8 bands in the SWIR region
at 3.7 m pixel resolution (1195-2365 nm), opening new perspec-
tives for canopy water estimations.

Nevertheless, due to the high cost of VHSR imagery, sensors
with moderate spatial resolution like Landsat (30m) and low
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Fig. 11. Sensitivity analysis of different remote sensing features for detecting water
stress in terms of changes in LAL The sensitivity analysis was performed using the
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spatial resolution like MODIS (250/500 m) are also a good alter-
native and indices like NDVI and RVI can be used considering the
above mentioned limitations and scale constraints. These sensors
are also interesting since they provide a long and consistent time
series of images to study temporal dynamics and trends of vegeta-
tion. Akey issue for assessing arid vegetation using moderate to low
spatial resolution imagery is to estimate the spectral contribution
of non-photosynthetic material and bare soil to the mixed pixel,
since foliar spectral properties of desert plants seem to be very sta-
ble along environmental gradients (Asner et al., 2000). Therefore,
species like Tamarugo would resolve water scarcity via controlling
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biomass production rather than adjusting foliar properties, thus the
green canopy fraction would be a good water stress indicator at the
stand level. This would be matter for further research.
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