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Summary

L. The study of a desert landscape consisting of C, shrublands and C, grasslands
demonstrated the feasibility of mapping desertification processes on a regional scale
using time-series satellite images, and demonstrated the potential for monitoring
desertification processes through time.

2. Fifteen meteorological satellite images of southern New Mexico, spread over the
growing season of 1989, were processed to yield images of normalized difference
vegetation indices. Computer classification of these images and comparison with
extensive ground measurements confirmed the identification of the major classes of
shrubland, grassland and mixed shrub and grass areas.

3. Our high-resolution temporal approach is shown to permit the accurate identi-
fication of vegetation types even under conditions of sparse vegetation cover. The
phenologies of grassland and shrubland were revealed in the time series of satellite
images. We used this feature of the data to overcome the tendency of the strong
radiation signal from bare soil to mask the biomass signal.

4. Comprehensive comparisons with ground measurements confirmed the accuracy
of the biomass identification for local areas within the Jornada Experimental Range,

and justified extrapolation of the classification to a larger adjacent area.
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Introduction

The primary focus of our research is the use of a
sequence of single-date AVHRR (Advanced Very
High Resolution Radiometer) images to derive infor-
mation on growth characteristics and phenology of
vegetation in a semi-arid area of southern New
Mexico. The measure used for estimating vegetation
photosynthetic activity is the normalized difference
vegetation index (NDVI), (NIR - VIS)/(NIR + VIS),
where NIR is the reflectance radiated in the near infra-
red waveband and VIS is the reflectance radiated in
the visible red waveband of the radiometer.

We studied an area where the amount of cover in
native plant communities, consisting of desert grass-
land and desert shrub, is often less than 40% (Peters
et al. 1993). At such low percentages of biomass cover
previous investigators have had difficulty interpreting
satellite-derived vegetation indices (Elvidge & Lyon

1985; Frank 1985 Huete & Jackson 1987). Our
approach provides a technique to overcome this
difficulty. Our methodology is based on a vegetation
‘signal’ derived from mapping polygons that are care-
fully co-registered throughout the time series of
imagery, thus normalizing the soil background
response. This vegetation signal would not be dis-
cernible in a single date of imagery, but does provide
meaningful information when a carefully controlled
time series of imagery is prepared for an entire grow-
ing season, and the area of measuremens remains con-
stant for each sample (Peters & Eve 1995). This
approach increases our ability to estimate vegetation
cover, composition and physiological status into land-
scape models at the regional scale, and could enhance
our understanding of status and trends in biodiversity
by identifying changes in the shape, size and condition
of habitats (US Environmental Protection Agency

+ 1994). Our methods offer the potential of a simple



419
A.J. Peters et al.

© 1997 British
Ecological Society.
Journaj of Applied
Ecology 34, 418-432

‘real-time’ indicator of landscape dynamics through
the mechanism of satellite-derived pixel changes on
a temporal scale. Detected changes could represent
landscape modification or degradation through time
periods of significance to land managers.

The AVHRR is commonly accepted as preferred
over the LANDSAT and SPOT radiometers for tem-
poral studies of vegetation because the latter instru-
ments image a given area too infrequently, especially
when cloud cover problems are taken into account.
Even with the daily pass of AVHRR over the study
area, steps are normally taken to mitigate the effect of
cloud cover. This is routinely accomplished by using
a week’s data (or more) to produce a composite image
consisting of the brightest NDVI values of each pixel
of the geographically registered set of images (Holben
1986). It is assumed that this value represents a cloud-
free signal. In this way Goward, Tucker & Dye (1985),
Justice et al. (1985) and Tucker, Townshend & Goff
(1985) have used AVHRR data at a global resolution
scale of 4 km to study the vegetation patterns of North
America, the entire globe and Africa, respectively.
Tucker & Choudhury (1987) produced cloud-free
NDVI single date images by using AVHRR thermal
radiation as a cloud mask. The resulting images were
used to study drought conditions in the Sahel. Mill-
ington et al. (1994a) have conducted a comprehensive
study of land cover for the entire continent of Africa
south of the Sahara, emphasizing the presence of
woody biomass. They used global vegetation index
data (AVHRR-NDVI) at 8-km resolution.

AVHRR data have been used to study vegetation
conditions in 17 western states of the USA in 1989
(Eidenshink & Haas 1992). Daily data were combined
into biweekly data sets throughout the growing
season. The results led to the conclusion that temporal
NDVI derived from AVHRR data is a useful tool for
monitoring the dynamics of natural resource areas on
a regional basis. Tucker & Choudhury (1987) have
also used composite AVHRR data. They studied
drought in northern Africa in the period 1984-86 and
showed that the composite data revealed the effects
of drought by detecting reductions in photosynthetic
activity during the growing season.

Millington ef al. (1994b) have used a core zone
approach to identify land cover classes in Pakistan in
a study of AVHRR-NDVI and moisture availability
relationships. Millington & Pye (1994) have emphas-
ized the importance of combining ground-based and
satellite observations in the study of dry land sites.

We have been successful in retaining the accuracy
of single-date images by restricting our study to a
more local area which, more often than not, produced
cloud-free images. In the minority of cases where
clouds were present we followed Tucker & Choudhury
(1987) in using data from the thermal channel to pro-
vide a cloud mask which was then used to screen the
NDVI image.

Lambin & Strahler (1994) have also taken the

approach of using a temporal sequence of AVHRR
images and analysing the differences between them.
This is described as change vector analysis. They show
that this approach captures the maximum detail con-
tained in the time trajectory of the indicator NDVI.
They applied the technique to the Sahel of west Africa
in the period 1987-89, and they used image com-
positing to remove most cloud formations. In
contrast, other researchers have used Landsat MSS
data to develop models and describe conditions on
the rangelands of arid Australia (Pickup & Chewings
1994; Pickup 1994; Pickup 1995), and found that
because of the relatively large pixel size (1-1km),
AVHRR data are not suitable for grazing impact stud-
ies (Bastin, Pickup & Pearce 1995).

Turner (1989) shows that spatial patterns of
biomass affect many ecological processes and that the
long-term maintenance of biodiversity requires the
preservation of appropriate spatial patterns of
biomass and habitat. Therefore such studies of veg-
etation patterns as we report here make a contribution
to these issues of environmental concern.

In our study, we did not attempt to quantify any
vegetation properties on the basis of the satellite-
derived vegetation indices, but rather analysed relative
differences in the composition of dominant groups of
species from phenological patterns, discernable from
satellite coverage. The study of these differences in
dominant species is a useful tool in monitoring arid
ecosystems. Because our emphasis is on the behaviour
of dominant species, rainfall and soil spatial varia-
bility were not considered in our analysis. Com-
putation of a normalized vegetation index and the
implementation of standardized analysis polygons
throughout the time-series data adequately accounted
for soil colour differences found throughout the study
area.

The potential for separating the dominant veg-
etation using AVHRR data rests on an unsupervised
image classification strategy that is based on time-
series differences in the phenology of native plant spec-
ies. This method is similar to the usual use of unsuper-
vised image classification strategies ‘which use clus-
tering within feature space on multiple wavebands. In
southern New Mexico, the dominant native shrubs
are Prosopis glandulosa Torr. (mesquite). Larrea tri-
dentata (DC.) Cov. (creosotebush) and Flourensia
cernua (DC.) Comp. (tarbush). Prosopis glandulosa is
a winter deciduous shrub that initiates leaf and stem
growth between late April and late May depending
upon landscape position. Most leaf production in P.
glandulosa in the Chihuahuan desert occurs at nodes
that are more than 1 year old (W. G. Whitford, unpub-
lished data). In a study of the phenology of P. glan-
dulosa, Nilsen et al. (1987) found two leaf cohorts per
year, with the second only a fraction of the first. Most
feaf production (80-90%) occurred on nodes older
than | year and in general the seasonal progress of
growth was unrelated to seasonal fluctuations in pre-
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cipitation and temperature. Larrea tridentata is an
evergreen shrub that attains maximum growth in the
cool months of April-May and October-November
(Fisher et al. 1988). Both P. glandulosa and L. tri-
dentata produce new leaves during the spring; the
amount of winter—spring rainfall influences the
amount of foliage produced but not the timing (Fisher
et al. 1988; W. G. Whitford, unpublished data). The
timing of spring leaf production in F. cernua, a winter
deciduous C; shrub, is dependent upon the distri-
bution and amount of winter-spring precipitation.
The dominant perennial grasses of the Chihuahuan
Desert are C, species that require relatively high night-
time temperatures to produce new growth. The timing
of green-up and maximum growth of these grasses is
primarily a function of water availability (Stephens &
Whitford 1993). Grasses are primarily Hilaria mutica
(Buckl.) Benth. (tobosa grass), several species of
Bouteloua spp. (grama), Aristida spp. (three-awns),
Sporobolus spp. (dropseeds), Scleropogon brevifolius
Phil. (Gram.) (burrograss) and several species of
Muglenbergia spp. (muhly). Differences in pheno-
logical patterns of the most abundant C, shrubs and
the C, grasses provide an opportunity to identify and
separate pixels representing areas with high grass
cover from pixels representing areas with one or other
of the C, shrubs using time-series based unsupervised
image classification 'techniques. The differences across
the landscape are likely to be greatest in a year when
winter and spring rainfall is insufficient to support
spring growth of annual plants. This means that a
modest spring green-up attributable mainly to C,
shrubs is expected, whereas after the monsoon late
summer rains the green-up will be mainly due to C,
grasses. We therefore chose satellite imagery for a year
characterized by a dry winter and spring, 1989, to
optimize the likelihood of validating our approach
to semi-arid biomass characterization using satellite
multitemporal imagery. The general validity of our
approach awaits a further study using multi-year data.

Materials and methods

STUDY AREA

The study area included a portion of the northern
Chihuahuan Desert of southern New Mexico, USA
(Fig. 1). This region lies within the Basin and Range
physiographic province of the south-western USA and
is characterized by very rugged, often conifer-clad,
mountains surrounded by gently sloping inter-
mountain basins. It extends from the Black Range in
the west to the Sacramento Mountains in the east,
and is bisected by the Sierra Oscura-San Andres
Mountains and the Rio Grande. Two additional
mountain ranges, the San Mateo and Magdalenas, are
located in the north-western corner. Elevations are
approximately 1250 m aslin the relatively flat to gently
rolling non-mountainous areas.

The climate is typical of a desert region with annual
rainfall of 230 mm or less. Monsoonal moisture, often
associated with violent summer thunderstorms during
the mid-July-mid-September period, provides most of
the annual rainfall. Annual average temperatures are
approximately 24-7°C, and the warmest daily high
temperatures occur in June (34-4 “C). Potential evap-
oration can be as much as 10 times the annual pre-
cipitation in the area (Paulsen & Ares 1962).

We focused the project on a field calibration area
within the south-western portion of the Jornada
Experimental Range (JER), which was historically a
grassland basin (Buffington & Herbal 1965) (Fig. 1).
The JER has been operated as a rangeland research
facility of the US Department of Agriculture since
1912. We chose the JER because of its: (i) network
of rain gauges; (ii) records of management for large
pastures; (ii) historical database of vegetation, soils
and land-use patterns; and (iv) recent survey data on
composition and cover of vegetation. An additional
field extrapolation area was established to the west
of the JER to test the capability to extrapolate our
information to a regional scale (Fig. 1).

COVER AND COMPOSITION OF THE FIELD
CALIBRATION AREA

Cover and composition for each vegetation class were
obtained by the line intercept method (Canfield 1941;
Buell & Cantlon 1950). Four 90-m lines were read in
each land area. The first line was chosen at random
by an odometer reading from a road adjacent to or
traversing the mapped vegetation class. A random
compass heading was chosen and the origin of the first
line was established by pacing between 100 and 200 m
from the road location. Subsequent lines were located
by a random compass heading and random number
of paces between 100 and 200 m. The canopy inter-
cepted by the line was recorded to the nearest cm. It
was found that each of the classes that were measured
on the Jornada represented a unique composition of
plant species. Our field measurements were not
intended to demonstrate statistical significance, but
only to verify the mix of vegetation within each class
and for qualitative comparison with the satellite
NDVI measurements.

AVHRR DATA CHARACTERISTICS

Operational weather satellites carry optical sensors
that provide the ability to monitor fluctuations and
changes in land surface conditions systematically over
areas of regional and global scale (NOAA 1991:
Tucker, Dregne & Newcomb 1991; Eidenshink &
Hass 1992).

Data from the NOAA-10 satellite using mul-
tispectral  high-resolution  picture  transmission
(HRPT) were obtained for the 1989 growing season.
Data from the HRPT mode are transmitted con-
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Fig. 1. Location and detail of the study area within the state of New Mexico, USA.

tinuously in real time, and have a spatial resolution
of 1100 by 1100 metres at satellite nadir. Additional
characteristics of the AVHRR include its daily cover-
age, relatively low cost of $100 US per scene, high
radiometric resolution (1024 gray-levels) and synoptic
view (2400 km). The morning overpass of NOAA-10
occurs at 07-30 on the equator and at 07-20 local time
in our study area (NOAA 1991). We requested data
from the early morning overpass at 15 dates during
the growing season. Usually, morning-acquired data
minimize cloud contamination and atmospheric dust
compared with afternoon data, when thermal heating
increases wind and accompanying dust and also cloud
cover. We were aware of the likelihood of strong
anisotropic reflectance effects due to low sun angles
in the early morning satellite overpass. We minimized
these effects by utilizing only near-nadir imagery and
by keeping our ground study area in the backscatter
portion of the image. Additionally, our processing
algorithm adjusted for changes in solar angle across
each scan line.

We purchased 15 dates of raw HRPT data from the
EROS data centre in Sioux Falls, South Dakota. Our
criteria for image selection were: (i) near nadir acqui-
sition within 7-5 degrees of the study area; (ii) mini-
mum cloud contamination; and (iii) temporal dis-

tribution as uniform as possible throughout the
growing season. We acquired single-date imagery
because we wanted to maintain control over the above
variables and ensure near-nadir viewing geometry.

AVHRR IMAGE PREPROCESSING

The original 10-bit radiometric resolution of the data
was retained throughout the analysis. A one-step algo-
rithm combining georeferencing and radiometric cali-
bration, and normalization for solar irradiance vari-
ation due to. sun angle, using calibration parameters
provided in the data sets was implemented (Di &
Rundquist 1994) (Fig. 2). Each pixel in the raw data
represented variable land areas due to the curvature of
the earth and the off-nadir scan angles of the satellite
sensor. This causes features to appear geometrically
distorted on the raw image. An image-processing step
adjusts for this distortion by georeferencing the raw
data to a latitude and longitude co-ordinate system.
Each 1-1 km pixel was calculated to be the equivalent
of 0-00992 degrees of latitude (Y) and 0-01177 degrees
of longitude (X), based on the coordinates for the
location of the study area in southern New Mexico.
Nearest-neighbour pixel resampling was utilized in
the georeferencing process to maintain the greatest
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Fig. 2. Steps involved in delineation of general land cover types on satellite data.

possible spatial accuracy (Jensen 1995). Each date of
imagery was then precisely co-registered across the
study area.

CLOUD MASKING

Clouds were present in five dates of imagery and were
eliminated through a masking technique (Tucker &
Choudhury 1987) (Fig. 3). We accomplished this with
visual analysis of the thermal channel from the
AVHRR sensor (10-3—11-7 jum), which responded to

clouds by registering much cooler temperatures than
that typical of the land surfaces. A binary cloud mask
was produced for each date of imagery, with every
pixel contaminated by a cloud converted to zero and
all other pixels given a value of one. Multiplication
of the imagery by the cloud mask converted cloud-
obscured pixels to a value of zero, thus eliminating
them from the analysis. Atmospheric attenuation cor-
rections were accomplished using histogram min-
imization techniques which reduced and normalized
path radiance (Jensen 1995).



423
A.J. Peters et al.

© 1997 British
Ecological Society.
Journal of Applied
Ecology, 34, 418-432

Second Level Delineation l

|_Symboi Legend ]|

Inputs
and
Outputs

1989 NDVI
Images

l Cloud MaskingJ

Ten Cloud-Free

Five 1989 Images

With Clouds
From Fig. 2

Separate
Machine Phenoiogical
Processes
c'l‘:::';’:sf' 1dentify
Cloud Affected
Analyst Areas
Input

Grass

Dominated Areas
See Fig. 2

-

Grassland
Unsupervised
Classification

10 Temporally
Unique Grass
Classes

Mixed

Grass-Shrub
Areas-See Fig. 2 Eliminate
J Cloud Affected

Areas

Grass/Shrub Mix
Unsupervised
Classification

Eliminate
Non-Desert
Areas-See Fig. 2

10 Temporally
Unique Grass/
Shrub Classes

Five 1989 NDVI
Images Clouds
and Deserts
Eliminated

Combine all 15
Dates of NDV!
in Date Order

Combine all 15
- Dates-of NDVE-{-
in Date Order

Select Sites for
Ciass Analysis
on Jomada
Exp. Range

Select Sites for
Class Analysis
on Jomada
Exp. Range

0 0] 5] @] (@] () (o) ) o]

Fig. 3. Steps involved in delineation of specific plant communities used in analysis of satellite data.

VEGETATION INDEX

Typically, successful vegetation discrimination on the
basis of a satellite image depends upon the contrast in
spectral radiance between vegetation and the sur-
rounding soil background. Maximum contrast 1s usu-
ally observed in the red- and near-infra-red wave-
lengths. As leaf cover increases. chlorophyll absorbs
an increasing fraction of red light. Near-infra-red is

strongly reflected due to the structural properties of

leaves and resulting high degree of scattering in the
plant canopy (Tucker 1979).

A mathematical quantity referred to as the nor-
malized difference vegetation index (NDVI) is rou-
tinely calculated from AVHRR data due to its sen-
sitivity to the presence and condition of green
vegetation (Huete & Jackson 1987; Lillesand & Kiefer
1994). The formulation for this index is: NDVI
= (NIR - RED)/(NIR + RED), where NIR refers to

near-infra-red reflected energy (0-725-110 nm) and
RED refers to red-reflected energy (0-58—0-68 nm).
Calculation of the NDVI results in pixels with a theor-
etical index value between --1-0 and + 1-0. Vegetated
areas will generally yield high index values, water will
yield negative values, and bare soil will resultin values
near zero (Lillesand & Kiefer 1994).

UNSUPERVISED TEMPORAL IMAGE
CLASSIFICATION USED TO MASK NON-DESERT
VEGETATION

An unsupervised classification algorithm  was
implemented on a temporal image comprising 10 dates
of co-registered cloud-free NDVI data. These cal-
culations are based on per pixel differences in the
growing season activity of vegetation as detected by

the NDVI imagery. As a result, we were able to recog-
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nize areas of forested mountain slopes, agricultural
land and riparian vegetation, all of which have a
NDVI response that is higher than that in the desert
basins. An image mask was produced which was then
implemented on all 15 images to remove non-desert
vegetation that was not of interest in our study (Figs 2
and 3). If retained, these non-desert types of ground
cover would dominate the subsequent unsupervised
classification process with irrelevant classes of veg-
etation.

DERIVATION OF PHENOLOGY OF PLANT
GROWTH

To isolate further scene variance related to the
phenology of plant growth in the desert basins during

San Mateo
Mtns.

o
o
c
3]

c 4

E 4
3]

8

4]

=

an Andres Mtn§

the growing season, we implemented an unsupervised
temporal classification algorithm on the deserts of
the entire study area on 10 dates of cloud-free
images. This resulted in 10 regions of plant activity
reflecting different development stages during the
growing season. The temporal signatures of each
region were compared and evaluated using the stat-
istical differences between them and a visual analysis
of the resulting pixel mapped areas. Field data and
existing vegetation maps were also studied and a
process of post-classification merging led to the
identification of three distinct cover classes for the
entire desert area within the study boundaries. These
were subsequently identified as the typical pheno-
phases of grass, shrub and grass/shrub mix (Figs3,
4 and 3).

Sacramento Mtns.
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Fig. 4. Location of non-desert vegetation. barren/water. shrub, mixed grass/shrub, and grass-dominated plant communities.
The rectangular polygon (lower left) is our field extrapolation area and the irregular polygon in the lower centre is the boundary
of the Jornada Experimental Range. which encloses our field extrapolation area in the south-western corner.
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Fig. 5. Satellite derived per-class average temporal normalized difference vegetation index (NDVI) values for grass. mixed
grass/shrub, and shrub-dominated vegetation classes. Thesc curves resulted from the post-classification merging of 10 temporal
classes in the entire desert of the study area. Precipitation departure from monthly normal (PDMN in mm) was derived from
the Southern Desert climatic division of New Mexico (NOAA 1989).

Results

EVALUATION OF THE GENERAL LANDCOVER
CLASSIFICATION

In 1989, southern New Mexico experienced below
average rainfall from winter through to early summer
(Table 1) (NOAA 1989). From the growth-charac-
teristic response graphs of average NDVI values for
all pixels in each class (Fig. 5), it could be noted that
spring green-up was also extremely limited due to
diminished rainfall. Also evident were decreased pho-
tosynthetic activity (or senescence) during the hot-dry
months of June—July and the green-up resulting from
the monsoon rains (July-August). Relatively homo-
geneous grasslands showed the strongest greenness
peak throughout the growing season, primarily due

Table 1. Thirty-year average monthly and annual precipi-
tation (1951--80) in comparison with monthly and monthly
departure from average for 1989 in the Southern Desert
Climatic Division of New Mexico, USA

1951-80 1989

Average Actual Departure
January 6126 1321 --3-05
February 12:95 1194 -1-01
March 1194 965 -2-29
April 559 0-25 -5-34
May 660 9-40 2-80
June 12:70 1-02 11-68
July 53-85 5791 4-06
August 5334 65-28 11-94
September 36-07 21-84 - 14-13
October 2565 18-80 685
November 1118 1-02 -10-16
December 17-53 1295 —-4-58
Total 26366 22327 -40-39

to higher percentage cover, followed by the vegetation
class of grass/shrub mix. Shrub-dominated areas had
the lowest greenness peak (Fig. 5), and the lowest per-
centage cover. After careful ground-truth analysis and
comparison with existing vegetation maps, we were
satisfied that our first-stage temporal classification
had resulted in accurate delineation of these major
desert plant communities. It also provided us with a
vegetation map from which standard areas could be
selected throughout the time series and which would
be used to normalize our analysis for soil background
colour differences through the entire sequence of the
image data. We believe that utilization of AVHRR
imagery from a year with limited spring and early
summer rainfall facilitated the use of greenness peaks
to separate grassland from shrub-dominated land
areas.

EVALUATION OF GRASS AND MIXED
GRASS/SHRUB AREAS

Our remaining analyses were conducted on the grass
and mixed grass/shrub vegetation categories. We
found that these two categories were present on the
Jornada, facilitating our ground verification efforts
(Figs 1 and 6).

First, the image data corresponding to the grassland
category were extracted from the total image data-
base. Then an unsupervised multi-temporal image
classification was performed, resulting in the identi-
fication of 10 types of grass-dominated areas within
the major category of grassland. Five of these types
(G1-GS5) were well represented within our field cali-
bration area on the JER and typical sites were ident-
ified by personal observation in the field (Fig. 6).

Secondly, the image areas corresponding to the
mixed grass/shrub areas were filtered from the data-
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Fig. 6. Location of the field calibration area on the Jornada Experimental Range. Sites used to calibrate mixed grass/shrub
communities are identified as M1-M4, and those for the grass-dominated communities as G1-GS.

base and, by a similar procedure, 10 types of the mixed
grass/shrub category were distinguished. Then typical
sites for the four best represented within our field
calibration area on the JER (M 1-M4) were identified
by personal observation in the field (Fig. 6).

FIELD CALIBRATION AND TESTING

Working maps of classes G1-GS5 and M1-M4 (Figs 7
and 8) were overlaid with road and windmill locations
for field location and reference. We conducted a field
reconnaissance survey to verify qualitatively that
classes on the maps corresponded to distinct veg-
etation conditions at our field calibration area. We
located sites for which we had available field data,
thus identifying vegctation classes where field data
were still needed.

PHENOLOGICAL CHARACTERISTICS OF THE
DOMINANT SPECIES

To interpret seasona] NDVI graphs derived from
mapped vegetation classes, it is necessary to under-

stand some of the phenological characteristics of the
dominant species. Prosopis glandulosa is a deep-
rooted, winter deciduous, C; shrub with a predictable
phenology. Prosopis glandulosa produces new leaves,
flowers and fruits in late April through to mid-June.
In years with sufficient winter—spring rainfall, P. glun-
dulosa will also produce stem elongation and
additional leaf area. Gurtierrezia sarothrae (Pursh.)
Britt. and Rusby (snakeweed), a partially winter
deciduous C, sub-shrub, produces new foliage in years
with adequate winter—spring moisture but in dry years
behaves more like a C,; grass. The other dominant
shrub of the northern Chihuahuan Desert, Flourensia
cernua is a winter deciduous C; shrub that exhibits a
temporally predictable phenology with morphological
flexibility. In years with a dry winter-spring, F. cernua
produces small scale-like leaves in May-early June.
This fohage is insufficient to contribute to a significant
NDVI spring peak. With increased moisture avail-
ability, F. cernua will shed the small leaves and replace
them with larger ones. None of the C, grasses pro-
duces new foliage in years with dry spring seasons. In
years with relatively wet springs, Sprobolus flexuosus
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Fig.7. Location of the mixed grass/shrub (M) vegetation communities best represented on the Jornada Experimental Range
field calibration area and sites used for vegetation analysis. The range of normalized difference vegetation index (NDVI) values
permits the designation of four vegetation subclasses within the mixed grass/shrub category. These are shown by distinctive
shading patterns. Note that the field calibration sites, M1-M4, are located onc in each of the four subclasses. Precipitation
was recorded on the Rabbit rain gauge (R. P. Gibbens. unpublished data).

(Thurb) Rydb. (Mesa dropseed) (Gibbens 1991) and
H. mutica will produce spring growth. While indi-
vidual species may contribute to only a small portion
of the canopy cover within a given community (Table
2), satellite observations are based on the total vege-
tative cover within the plant community (Table 3).
Differences in the temporal dynamics of the plant
communities are indicative of different mixes of plant
species between communities.

ANALYSIS OF THE MIXED GRASS:SHRUB
CLASSES

Sites within the Jornada field calibration area ident-
ified as mixed grass/shrub are shown on Fig. 7. The
species mix and cover composition of representative
sites are summarized in Tables 2 and 3. Precipitation
graphs were derived from the daily rainfall records at
the Rabbit rain gauge (location shown on Fig. 6) (R.
P. Gibbens, unpublished data).
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Fig. 8. Location of the grass (G)-dominated communities best represented on the Jornada Experimental Range field calibration
area and sites used for vegetation analysis. The range of NDVI values present in the data permits the designation of four
vegetation subclasses within the gencral grass category. These are shown by distinctive shading patterns, which should not be
confused with the similarly shaded mixed grass/shrub subclasses shown in Fig. 7. Precipitation was recorded at the Rabbit

rain gauge (R. P. Gibbens, unpublished data).

Class M1 in the mixed grass/shrub category (Fig. 7
and Table 3) was P. glandulosa coppice dunes. Veg-
etation information from the JER indicated that of
the 36% cover, over 31% was P. glandulosa with 3%
other shrubs and less than 2% cover of perennial C,
grasses (Tables 2 and 3). The seasonal NDVI pattern
of this class exhibited a strong peak in late April to
early June, which is the period of leaf set and active
growth of P. glandulosa in southern New Mexico (W.
G. Whitford, unpublished data). The typical early

summer depression of photosynthesis and subsequent
increase in photosynthetic activity in late summer
coincident with summer rains in this class failed to
reach the level of the spring peak. The failure to reach
the level of the spring peak was due to the extremely
low cover of C, grasses that could produce a summer
green peak and the small summer peak of mesquite
leaf production response to monsconal moisture
(Nilsen er al. 1987). This late-season pattern was due
to extremely low grass cover and represents primarily
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Table3. Summary of percentage plant cover by pho-
tosynthetic pathway for each vegetation type located on the
Jornada Experimental Range field calibration area

Field Cover Cycover C,cover CAM cover
site (%) (%) (%) (%)
Gt 26-64 0-62 25-31 0-53
G2 4313 2-49 3895 0-86
G3 2630 17-37 895 0-00
G4 5308 2-89 4849 1-26
G5 3130 6-22 2442 0-62
Mt 3663 3479 1-59 0-25
M2 3306 28-40 370 0-15
M3 2297 14-51 693 093
M4 62-03 3062 30-68 0.06

the response of mesquite to monsoonal moisture and
the dropping temperatures of late summer and early
autumn.

Classes M2 and M3 represent ecotonal areas
between grasslands and the P. glandulosa dunes (Fig. 7
and Table 3). Of the two classes, M3 had significantly
less cover of P. glandulosa and G. sarothrae and nearly
double the grass cover recorded in class M2 (Table 3).
Higher grass cover in class M3 largely accounted for
the higher NDVI late summer peak and lower mes-
quite cover for the lower spring NDVI peuk.

Class M4 represents an area with the shrubs F.
cernua and Lycium pallidum Miers. (Solan.) (wolf-
berry) and a high percentage cover of perennial grasses
(Tables 2 and 3). Because 1989 experienced a dry
winter-spring, this class produced a seasonal NDVI
curve characteristic of a grassland. During the
drought, photosynthetic activity of F. cernua was
minimal and leaves were small. When summer rains
began in July, F. cernua and L. paliidum produced a
new set of leaves. The high summer peak in this class
was the addition of the shrub leaf area to the green
tissue produced by the grasses listed in Table 2.

ANALYSIS OF THE GRASS-DOMINATED
CLASSES

The grass-dominated communities showing the larg-
est NDVI peaks in the summer rainy season (Gl and
G5) were areas with essentially zero C, shrub cover
(Fig. 8, Tables 2 and 3). The site within the field cali-
bration area on the JER that was classified as class
G5 had been treated with 2,4.5-T herbicide in 1988.
resulting in die-back of nearly 100% of P. glundulosa.
The 2% shrub cover of mesquite recorded in the 1994
vegetation sampling was regrowth from the root
crowns of the P. glandulosa shrubs that were defoli-
ated in 1988. The remaining C, shrub cover was G.
sarothrae, which exhibits very little if any leaf pro-
duction in dry winter-spring years. Class Gl was
dominated by S. brevifoliu and H. mutica with virtu-
ally no C; shrub cover.

Class G3 was ecotonal in its landscape position and

composition. Its plant composition and NDVI graph
characteristics were similar to class M3. The main
differences were that G3 had slightly less bare soil,
more C, grasses, and a higher monsoonal NDVI
response (Figs 7 and 8, Tables 2 and 3). The other two
grassland classes (G2 and G4) varied in C, shrub cover
and generally had high cover of B. eriopoda (Torr.)
Torr. (black grama). Despite high cover values of B.
eriopoda, the NDVI peak in the rainy season was not
as high as the burrograss and mixed grass classes. We
think this is a function of the growth habit of B.
eriopoda: most of the area of the grass clump is dead
material from previous years’ growth that gives the
clump a dark, almost black appearance. The standing
dead material in such clumps can mask the green of
the current year’s growth, resulting in a lower NDVI
signal than expected on the basis of basal cover of the
grass.

As in the case of the mixed grass/shrub category,
we found that the classes of the grassland category
derived from the unsupervised multitemporal image
classification of the corresponding subset of the sat-
ellite imagery, were very similar to distinct areas of
species cover on the JER. Thus our analysis shows
that categories of desert biomass derived from multi-
temporal satellite imagery bear a close correspondence
to the major species of plants identified from ground
observations.

EXTRAPOLATION TO FIELD TEST AREA

Vegetation classes that were measured in our JER
field calibration area were extrapolated to our larger
field extrapolation area located to the west of the JER
(Fig. 1). This location was selected because of prior
knowledge of the area, accessibility and co-operative
JER research in progress. Within the field extra-
polation area we used distances from road inter-
sections and/or topographic features to locate map
units and walked varying distances to obtain a quali-
tative assessment of the vegetation in each pixel
mapped area.

Classes M2, M3 and G4 did not.occur in readily
accessible portions of the field extrapolation area and
were not analysed. In comparing classes M1 and G1
between the JER and the extrapolation area we found
that they were very similar in cover, composition and
structure. M4 was the vegetation class on the Jornada
that comprised the largest portion of the extrapolation
area. The grass composition of class M4 was similar,
with F. cernua and L. pallidum in varying densities.
Class G2 was similar with the exception that the field
extrapolation area had significant amounts of .
mutica. Consistent with the ecotonal nature of class
G3 on the JER, the same class in the field extra-
polation area represented a mixture of different P.
glandulosa densities with less than 20% grass under-
storey. Class G5 was similar in composition but the
field extrapolation area was slightly higher in per-
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centage cover than the corresponding area on the JER.
Overall, the vegetation classes in the field extra-
polation area (Fig. 1) were very similar in plant cover
and composition to corresponding classes on the JER
field calibration area and we therefore draw the same
conclusion: that the classes derived from unsupervised
temporal classification of the satellite data correspond
to distinct cover classifications in the field extra-
polation area just as they did on the JER field cali-
bration area.

Discussion

Successful mapping of arid environments will ulti-
mately depend on the availability of appropriate tech-
nology and suitable data. We believe our methods
have demonstrated that the classification of time-
resolved satellite images. accompanied by field obser-
vations, has utility as a mapping tool. Our present
efforts are directed to the improvement of the accuracy
of vegetation classification using a refined atmo-
spheric attenuation correction and, secondly, a tech-
nique for processing soil background variability, both
on a per-pixel basis. Success in these areas will
improve our ability to calibrate biophysical par-
ameters in these areas of arid ecosystems. Plant
growth in the Chihuahuan Desert is highly variable
and dependent on moisture availability (Peters & Eve
1995). A complete evaluation of desertification pro-
cesses would require the incorporation of additional
years of data and expanded field verification. In the
meantime, we have shown that the use of seasonal
patterns of satellite-derived vegetation indices to class-
ify and analyse growth dynamics of desert vegetation
has provided a reliable map of several northern Chi-
huahuan Desert grassland and shrubland com-
munities.
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