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Canopy Reflectance Characteristics of
Succulent and Nonsucculent
Rangeland Plant Species

ABSTRACT: Spectroradiometric canopy light reflectance measurements of four succulent and
eight nonsucculent rangeland plant species differing in canopy architecture were made in
the visible (0.55- and 0.65-fLm), near-infrared (0.85-fLm), and mid-infrared (1.65- and 2.20
fLm) spectral regions to determine if succulents could be distinguished from nonsucculents.
Reflectance measurements were made in both June and September, 1984. Discriminant anal
ysis using reflectance measurements in all wavelengths showed that succulent and nonsuc
culent rangeland plant species could be spectrally differentiated on both dates. Factor analysis
of the September reflectance data showed that the three principal components of the total
variation were partitioned among the visible (49 percent), the mid-infrared (29 percent), and
the near-infrared (21 percent) wavelengths. Simple correlation analysis for both June and
September showed that the visible, mid-infrared, and near-infrared wavelength regions were
independent. Also, reflectance measurements in the mid-infrared wavelengths were found
to be significantly correlated to plant water content. The 1.65 f.l.m wavelength was better
correlated to plant water content than was the 2.2 f.l.m wavelength. These findings indicate
that the visible, near-infrared, and mid-infrared spectral regions are independently important
for differentiating between succulent and nonsucculent range plants.
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Johnston, 1970; Weniger, 1970). The lack of basic
information on the canopy reflectance characteris
tics of succulent plant species and for rangeland
species in general prompted further research in this
area. Our objective was to characterize the canopy
reflectance characteristics of 12 rangeland plant spe
cies (four succulent, eight nonsucculent) found on
southwestern rangelands and to determine whether
the succulent species could be distinguished from
the nonsucculent species. This information would
be beneficial to resource personnel using remote
sensing imagery for mapping plant communities and
identifying plant species of arid environments.

MATERIALS AND METHODS

We selected 12 plant species comprised of four
succulents and eight nonsucculents commonly found
in south and west Texas. The succulent species were
tasajillo (Opuntia leptocaulis), strawberry cactus
(Echinocereus enneacanthus), Texas varilla (Varilla tex
ana), and guapilla (Hechtia glomerata). The four suc
culent species had gelatinous water-storage tissue
in their leaves and/or stems (Fahn, 1967). Nonsuc
culent species included wax euphorbia (Euphorbia
antisyphilitica), creosote bush (Larrea tridentata), coy
otillo (Karwinskia humboldtiana), coma (Bumelia celas
trina), Berlandier acacia (Acacia berlandieri), cenizo
(Leucophyllum !riltescens), allthorn (Koeberlinia spi
nosa), and threadleaf snakeweed (Gutierrezia micro
cephala). Tasajillo and strawberry cactus are abundant
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PAST RESEARCH has shown that water in plant
leaves is a strong absorber of infrared radiation

over the 1.35- to 2.5-fLm mid-infrared water absorp
tion region (Gates et aI., 1965; Knipling, 1970; Allen
et aI., 1970; Thomas et aI., 1971; Woolley, 1971). Suc
culent plants have water-storage tissue developed
in their leaf mesophyll (Fahn, 1967). Consequently,
they have higher water content and absorb more
radiation in the mid-infrared region than nonsuc
culent plants (Allen et aI., 1970; Gausman et al., 1977;
Gausman et aI., 1978).

Gausman et al. (1978) conducted a study on ten
plant species (six succulent, four nonsucculent) and
reported that the succulent species could be distin
guished from the nonsucculent species based on
spectral response in the 1.35- to 2.5-fLm interval.
Their results were based primarily on laboratory leaf
spectra; however, field spectroradiometric plant
canopy reflectance measurements were conducted
on three of the species (one succulent, two nonsuc
culent) and these results substantiated the labora
tory findings. Little other information is available
on the spectral characteristics of succulent versus
nonsucculent plant species.

Many succulent plant species occur in rangeland
areas, particularly the arid and semi-arid rangelands
of the southwestern United States where numerous
species of cacti and other succulent halophytes (plants
of salty or alkaline soils) are found (Correll and
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cactus species found on rangelands, whereas Texas
varilla and guapilla are common succulent halo
phytes. Creosote bush, coyotillo, coma, berlandier
acacia, cenizo, and allthorn are common shrub spe
cies found on rangelands. Wax euphorbia and
threadleaf snakeweed are abundant subshrubs (par
tially woody).

Plant canopy reflectance measurements were made
on the 12 species in early June and late September
of 1984. Reflectance measurements of cresote bush
and threadleaf snakeweed were made near Laredo,
Texas. Measurements of coyotillo, strawberry cac
tus, Texas varilla, guapilla, and wax euphorbia were
made near Roma, Texas, while measurements of
coma, allthorn, and Berlandier acacia were made
near Sullivan City, Texas. Cenizo and tasajillo mea
surements were made near Edinburg, Texas. The
study areas had mostly sandy soil surfaces that var
ied in color from light brown to grayish brown. Re
flected radiation of seven randomly selected plant
canopies of each species were measured with an
Exotech* Model 20 (Leamer et aI., 1973) spectrora
diometer from 0.45- to 2.45-"",m wavelength range.
The sensor had a 15 degree field-of-view and was
placed about 2 m above each of the plant canopies
(0.2 m2 view of canopy top). All measurements were
made under dry ground surface conditions. Mea
surements taken in June were made between 1100
and 1300 and 1400 and 1500 hours. Measurements
were not made between 1300 and 1400 hours be
cause the sensor platform shadow was cast over the
plant canopies. September measurements, how
ever, were taken between 1100 and 1400 hours be
cause there were no shadow problems. Reflectance
data were studied at five wavelengths: 0.55, 0.65,
0.85, 1.65, and 2.20 "",m, representing, respectively,
the green light reflectance (0.50 to 0.60 "",m) peak,
red light reflectance (0.60 to 0.70 "",m) chlorophyll
absorption band, a point on the near-infrared pla
teau (0.70 to 1.35 "",m), the 1.65-"",m peak of the 1.55
to 1.75-"",m mid-infrared water absorption region,
and the 2.20-"",m peak of the 2.10- to 2.35-"",m mid
infrared water absorption region. To obtain percent
reflectance from field spectral data, radiant energy
is converted into an analog signal in the range of 1
to 5 volts for both incoming and reflected light. Per
cent reflectance is then calculated by ratioing the
incoming and reflected light multiplied by percent
transmission of a diffusing plate. Overhead photo
graphs were taken of the various species to help
interpret canopy reflectance data.

Water content was determined at the time of re
flectance measurements by sampling one mature leaf
or stem from each of ten randomly selected plants
of each species. Stems were sampled from straw-

• Mention of company name or trademark is included
for the reader's benefit and does not constitute endorse
ment of a particular product by the U. S. Department of
Agriculture over others that may be commercially avail
able.

berry cactus, tasajillo, wax euphorbia, and all thorn
because these species produce rudimentary leaves
that are present for only a short period of time in
spring and follOWing rainfall or do not produce leaves
at all. Leaves or stems were wrapped immediately
in plastic wrap, stored on ice to minimize dehydra
tion, and transferred to the laboratory for measure
ments. Water content was determined on an oven
dry weight basis (68°C for 72 hours) and cooling in
a desiccator before final weighing.

Canopy cover, plant height, and leaf or stem an
gle measurements were made on the 12 species in
June 1985 at the same locations and on the same
plant populations where canopy reflectance mea
surements were made in June and September 1984.
Plant species were at approximately the same phen
ological stages in June 1985 as in June 1984. Percent
canopy cover and plant height were taken on 15
randomly selected plants of each species. Canopy
cover was determined by the line transect method
(Canfield, 1941). Leaf or stem angle measurements
were made on one leaf or stem from each of 20
randomly selected plants of each species. Leaves or
stems were measured from the plane parallel to the
horizon with a gravity protractor. Leaves of several
species drooped downward or curved upward at
approximately the middle of the leaf. Consequently,
angle measurements were made separately from the
petiole to mid-leaf and from mid-leaf to the leaf tip,
and the two measurements were averaged to give
a mean leaf angle for each leaf.

Simple correlation analysis as well as discriminant
and factor analysis techniques were used to char
acterize water content, structure, and reflectance
variables. Discriminant analysis was used to test se
parability between succulent and nonsucculent plant
species. Factor analysis was used to characterize the
principal components of variability in terms of the
first two dominant original data variable eigenvec
tor weighting factors (Dixon and Brown, 1979). Sim
ple correlation matrices were developed to study
the interaction among water content, structure, and
reflectance measurements (Steel and Torrie, 1960).

RESULTS AND DISCUSSION

Table 1 presents the means and standard devia
tions for plant water content and structure varia
bles. Table 2 presents the reflectance data (means
and standard deviations) for the four succulent and
eight nonsucculent plant species. Tables 3 and 4
present the discriminant, factor, and correlation
analysis results based on the data in Tables 1 and
2.

Discriminant analysis showed wax euphorbia was
misclassified as a succulent plant based on plant
water content (Table 3). The relatively high water
content of wax euphorbia probably contributed
greatly to its misclassification (Table 1). Otherwise,
classification results based on water content were
good. The June and September water content mea-



TABLE 1. MEAN AND STANDARD DEVIATIONS FOR PLANT STRUCTURE VARIABLES AND WATER CONTENT.

Structureb

CANOPY REFLECTANCE CHARACTERISTICS 1893

June Sept.
1984 1984

Water Content ('!'o)

87.7 ± 1.7 86.1 ± 1.6
87.1 ± 1.1 85.7 ± 1.1
87.0 ± 1.3 84.3 ± 1.7
85.6 ± 1.6 84.9 ± 0.4
72.2 ± 2.5 72.1 ± 1.7
62.8 ± 2.9 65.8 ± 2.2
52.3 ± 0.8 64.6 ± 2.0
51.7 ± 2.7 57.2 ± 4.3
50.1 ± 1.5 52.4 ± 1.7
48.8 ± 2.9 48.3 ± 2.9
47.4 ± 2.7 51.4 ± 1.5
42.0 ± 2.2 41.5 ± 2.9

66 ± 12
64 ± 7
8 ± 7

55 ± 23
86 ± 3
36 ± 19
10 ± 9
74 ± 5
44 ± 23
37 ± 10

6 ± 9
26 ± 29

Leaf or
stem angle
(degrees)

measurements. Even though leaf or stem angle and
plant cover were the most important plant structure
measurements, it appears that all three measure
ments are important to plant structure characteri
zation.

Plant reflectance in both June and September dis
tinguished between succulent and nonsucculent
plants with no classification errors (Table 3). How
ever, the classification probabilities were less than
0.9 for both tasajillo and wax euphorbia. Their lower
classification probabilities may be due to differences
in soil background at the measurement locations.

In September, the visible wavelengths (0.55 and
0.65 /lorn) were the dominant eigenvector weighting
factors of the first principal component that ac
counted for 49 percent of the total variation. The
mid-infrared wavelengths (1.65 and 2.20 /lorn) were
the dominant eigenvector weighting factors of the
second principal component and accounted for 29
percent more of the total variation. Last, the near
infrared wavelength (0.85 /lorn) was the dominant
eigenvector weighting factor of the third principal
component, accounting for an additional 21 percent
of the total variation. These three principal com
ponents (accounting for 99 percent of the total var
iance) can be attributed to the visible, mid-infrared,
and near-infrared spectral regions.

The ordering of the eigenvector weighting factors
was not as systematic in the June factor analysis as
those in September, perhaps due to changes in phe
nology among the species between the two dates.
For example, color varied from whitish (cenizo) and
light green (guapilla and cresote bush) to darker
green (coyotillo, berlandier acacia, allthom, and wax
euphorbia), and some species changed slightly in
color between the two sampling dates. Several spe
cies exhibited new growth following rainfall and
cooler temperature in September, while other spe
cies were in fruit. These phenological changes may
have decreased the amount of exposed soil back-

Height
(cm)

18 ± 4
18 ± 5
31 ± 8

105 ± 32
47 ± 6
92 ± 20
65 ± 14
50 ± 8

103 ± 24
106 ± 27
117 ± 22
105 ± 21

Canopy
Cover

('!'o)

62 ± 12
78 ± 6
89 ± 5
68 ± 7
47 ± 10
75 ± 7
84 ± 6
64 ± 7
59 ± 9
58 ± 11
86 ± 6
54 ± 10

a S = Succulent; NS = Nonsucculent.
b Plant structure data collected in June 1985.

Plant Speciesa

Strawberry cactus (S)
Texas varilla (S)
Guapilla (S)
Tasajillo (S)
Wax euphorbia (NS)
Cenizo (NS)
CoyotiIlo (NS)
Threadleaf snakeweed (NS)
Coma (NS)
Creosote bush (NS)
Berlandier acacia (NS)
Allthorn (NS)

surement transformation coefficients used to com
pute the two principal components of variation were
equal. The first principal component explained 97
percent of the variation based on plant water con
tent, indicating that water content in June and in
September was highly correlated. As shown in Ta
ble 1, the measured water content changed very
little.

A knowledge of vegetation geometry is needed
to understand canopy reflectance among plants.
Overhead views of the 12 species in both June and
September 1984 showed that guapilla, Berlandier
acacia, and coyotillo had fewer gaps in their cano
pies than did the other species. All three species
had greater plant cover and lower leaf angles than
did the other species. Conversely, wax euphorbia
had more gaps in its canopy than did the other spe
cies. Wax euphorbia's more open canopy was at
tributed to its lower vegetative cover and higher
stem elevation angle. Wax euphorbia and threadleaf
snakeweed had primarily erectophile (high leaf or
stem elevation angle) canopies and the other species
had either planophile (horizontal leaves and/or stems)
or intermediate (mixed) canopy structures (Allen et
aI., 1975). Mean canopy cover, plant height, and leaf
or stem angle measurements in June 1985 generally
support the physical observations made on the plant
species in 1984 (Table 1). However, discrimination
analysis indicate that plant structure variables (Ta
ble 3) alone cannot be used to discriminate between
succulent and nonsucculent plants.

Among plant structure variables, leaf angle and
plant cover were the dominant eigenvector weight
ing factors in the first principal component that ex
plained 58 percent of the total variation (Table 3).
Height and cover were dominant for the second
principal component that explained an additional 37
percent of the variation. Only two out of three pos
sible principal components were needed to explain
95 percent of all variation based on plant structure
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Discriminant analysis using field spectroradiome
tric canopy reflectance measurements at five wave
lengths (0.55, 0.65, 0.85, 1.65, and 2.2 f.lm) showed
that succulent and nonsucculent rangeland plant
species could be spectrally differentiated. These re
sults are in agreement with the leaf and canopy re
flectance data reported for succulent and
nonsucculent plant species by Gausman et al. (1978).
Reflectance data for the two mid-infrared water ab-

CONCLUSIONS

ground (Satterwhite and Henley, 1982; Miller et aI.,
1984), and the decreasing solar elevation angle
(Richardson et al., 1975) may have increased the
amount of plant shading between June and Septem
ber.

Table 4 presents the correlation matrix of respec
tive pair-wise relations among water content, cover,
height, leaf or stem angle, and reflectance at 0.55,
0.65, 0.85, 1.65, and 2.20 f.lm for June and for Sep
tember, 1984. Between date correlations were not
done. Plant water content was found to be inversely
correlated to the mid-infrared spectral reflectance
wavelengths (1.65 and 2.20 f.lm) (Thomas et aI., 1971;
Woolley, 1971). Water content was better correlated
with reflectance at the 1.65-f.lm wavelength than at
2.20 f.lm in both June and September. Ripple et al.
(1986) found that the water content of desert shrubs
was better correlated with reflectance at the 2.20
f.lm wavelength than at 1.65 f.lm. Both studies show
that the mid-infrared wavelengths are better corre
lated to water content of plants than either the vis
ible or near-infrared wavelengths. Height was
inversely correlated to plant water content; succu
lent plants tended to be shorter than nonsucculent
plants. Reflectance in the visible wavelengths (0.55
and 0.65 f.lm) was not related to either plant water
content or structure because spectral reflectance re
sponds mainly to plant pigment in the visible spec
tral region (Myers et aI., 1983). Near-infrared
reflectance (0.85 f.lm) was directly correlated to plant
cover and inversely correlated to leaf or stem ele
vation angle (Wiegand et aI., 1974). These results
indicate that near-infrared reflectance is higher for
leaves or stems with low elevation angles (plano
phile) and lower for leaves or stems with high ele
vation angles (erectophile). These findings are in
agreement with those of Everitt et al. (1984). Plant
cover was found to be inversely correlated to leaf
or stem elevation angle, indicating that cover tends
to be higher for range plants with low elevation leaf
angles (planophile) and lower for plants with high
elevation leaf angles (erectophile). The two visible
wavelengths (0.55 and 0.65 f.lm) and two mid-in
frared wavelengths (1.65 and 2.20 f.lm) were directly
related. Correlations among the visible, near-in
frared, and mid-infrared spectral regions were not
significant, indicating that information in each of
these regions is different and independent of the
other regions.
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TABLE 3. DISCRIMINANT AND FACTOR ANALYSIS OF FOUR SUCCULENT AND EIGHT NONSUCCULENT RANGELAND SPECIES BY PLANT WATER, WATER CONTENT,

STRUCTURE, AND REFLECTANCE MEASUREMENTS.

DISCRIMINANT ANALYSIS

Water Reflectance

Plant Actual
Content Structureb

June September

Species" Class Class Prob Class Prob Class Prob Class Prob n
;J>

Strawberry Cactus S S 0.99 S 0.80 S 0.99 S 1.00 Z
Texas varilla S S 0.99 S 0.95 S 0.95 S 0.99 0

'"Guapilla S S 0.99 S 0.86 S 1.00 S 1.00 -<
Tasajillo S S 0.99 NS 0.76 S 0.69 S 0.99 :;d

tTl

Wax euphorbia NS S 0.79 NS 0.60 NS 0.91 NS 1.00
'Tl
r
tTl

Cenizo NS NS 0.99 NS 0.66 NS 0.91 NS 1.00 n
Coyotillo NS NS 1.00 S 0.57 NS 1.00 NS 1.00

....,
;J>

Threadleaf snakeweed NS NS 1.00 S 0.69 NS 1.00 NS 1.00 Z
Coma NS NS 1.00 NS 0.91 NS 1.00 NS 1.00 n

tTl
Creosote NS NS 1.00 NS 0.94 NS 1.00 NS 1.00 n
Berlandier acacia NS NS 1.00 NS 0.79 NS 1.00 NS 1.00 ::r::
Allthorn NS NS 1.00 NS 0.97 NS 0.97 NS .99

;J>

FACTOR ANALYSIS ~n
TC TC TC

....,
tTl

Vectors" % TC % 1 2 % 1 2 % 1 2 Cl
(Jl

1 97 equal 58 Ang, Cov 55 220, 65 49 65, 55
....,
n

2 100 equal 95 Hgt, Cov 79 85, 65 78 220, 165 (Jl

3 100 Ang. Cov 99 85, 65 99 85, 65
4 99 65, 55 99 165, 220
5 100 220, 165 100 65, 55

" S = Succulent; NS = Nonsucculent.
b See text for plant structure variables.
" For the columns in factor analysis section: % = percent of total variation associated with each eigen value - eigenvector pain; TC = (transfor-

mation coefficient) designates variable with largest element (weight) in given eigenvector; Ang = angle; Cov = cover; Hgt = height. For each
factor analysis, the variables given are those in the columns under Discriminant Analysis. Wavelengths are given in micrometers.

......
(X)

'"Ul
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TABLE 4. CORRELATION MATRIX OF PLANT AND SPECTRAL VARIABLES OBTAINED FROM TABLES 1 AND 2. THE TABLE IS SPLIT

INTO UPPER AND LOWER SECTIONS ALONG THE DIAGONAL FOR THE JUNE AND SEPTEMBER RESULTS, RESPECTIVELY.

Water
Content Cover Height Angle 0.55fLm 0. 65 fLm 0.85fLm 1.65fLm 2.2O fLm

JUNE
Water
Content 0.20 -0.60* 0.36 0.15 0.11 0.06 -0.75** -0.67*
Cover 0.30 -0.13 -0.66* 0.36 0.04 0.96** 0.12 -0.13
Height -0.70* -0.13 -0.42 -0.08 -0.16 0.02 0.47 0.44
Angle 0.32 -0.66** -0.42 -0.25 -0.01 - 0.73** -0.34 -0.15
0.55 0.25 0.49 -0.27 -0.25 0.90** 0.38 0.31 0.40
0.65 0.21 0.13 -0.22 -0.01 0.86** 0.01 0.33 0.51
0.85 0.03 0.90" 0.10 -0.77** 0.35 0.06 0.21 -0.03
1.65 -0.69" 0.16 0.54 -0.40 0.27 0.25 0.27 0.94**
2.20 -0.56** -0.19 0.47 -0.10 0.32 0.43 -0.06 0.88**

SEPTEMBER

* Significant at 0.05 probability level.
** Significant at 0.01 probability level.

sorption wavelengths (1.65 and 2.20 f.Lm) were sig
nificantly correlated to plant water content with
correlation at 1.65 f.Lm better than at 2.20 f.Lm. Our
findings are in general agreement with those of
Tucker (1980), who reported that the 1.55- to 1.75
f.Lm region was the best-suited wavelength for mon
itoring plant canopy water status.
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In the Errata on page 832 of the June 1986 issue of PE&RS, which were meant to correct errors in the
September 1985 issue, a further error was found. On page 1413 of the article by Malaret et al. (Sept. 1985
issue) Equation 6 should read


