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Abstract : Remote sensing technology is rapidly maturing. Applications for range management
continue to develop and are dependent upon three requirements: (1) continued remote

edge of the rangeland ecosystems to be managed; and (3) a continuing improvement in
the arid land/rangeland knowledge base consisting of information on vegetation, soils, climate,
water, fauna, etc., for the area to be managed and monitored. In addition, the rapidly
developing computer infrastructure and the significant potential contributions of Geographic
Information Systems, Global Positioning Systems now place remote sensing in a premier
place among the possible techniques or new science -available to assist range managers

in their work.
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Remote sensing along with the related tech-
nology of Geographic Information System (GIS)
and Global Positioning System (GPS) provide
new opportunities for intensive analytical ex-
amination of rangelands. Range management can
certainly be improved by these new technologies,
but will be realized only when range professionals
are able to couple this technology to important
rangeland resource management problems.

Remote sensing is initself an art and a science.
The science is provided mostly by physicists who
along with engineers have increased our abilities
to exploit information inherent in various regions
or wavebands of the electromagnetic spectrum.
The science also involves studies and their in-
terpretation by various rangeland scientists.
Aerial photography, in the wake of newer digitally
oriented remote sensing and geographic infor-
mation systems, is in some ways, almost a forgotten
resource.

Semi-arid landscapes are found throughout
the world. Resources management in arid regions
where many rangelands are found, is complicated
by characteristics such as sparse vegetation, low
biomass, low leaf area indices, little greenness
in the vegetation, often bright soils, considerable

. bare ground, shadows cast by shrubs, various

soil and rock colors, often cloud-free weather,
high air and surface temperatures, high evapora-
tion rates and generally poor spectral response
of the shrubs in the near infrared (Tueller, 1987).

Mapping from either aerial photography or
digital images is complicated by the sparsity of
the vegetation, the diversity of geomorphic sur-
faces, water erosion patterns, shadows cast by
shrubs and soil and rock color variations common
to desert and many range landscapes. The
perspective offered by remotely sensed data gives
opportunity to look at large land areas where
extensive rather than intensive management is
often required. This synoptic view or approach
offers the possibility of providing data and un-
derstanding that will lead to better or, at least,
enlightened management of rangeland resources
throughout the world.

sensing technology development; (2) application scientists and managers with optimum knowl-

Research into pixel modelling (a quantitative
assessment of the proportion of rock, soil, litter,
plant species or species groups inherent in in-
dividual pixels) will eventually lead to the ability
to routinely assess arid land livestock and wildlife
management concerns such as forage and browse
productivity, suitability for class of grazer or brow-
ser, carrying capacity, forage utilization and the

monitoring of vegetation and soil surface changes
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resulting from the level and kind of management
or the lack of management applied to the range
landscapes. Successional changes related to the
management process can also be measured.

Monitoring rangeland vegetation and soil con-
ditions is an essential requirement. Because of
limited funds and personnel for monitoring large
expanses of arid landscapes, ground-based moni-
toring is rarely possible on a regular basis and
remote sensing is often thought of as a tool
for accomplishing such monitoring. For adequate
remote sensing there must be sufficient under-
standing of the ecology/synecology and spectral
characteristics of the natural rangeland vegeta-
tion. Below I discuss many of these concepts
in greater detail.

Remote Sensing Techniques

 Range managers have several sources of image
or remote sensing information for resource in-
terpretation, including panchromatic, color and
color-infrared (CIR) aerial photographs; satellite
images and dxgltal data products and aerial video
data, all in various wavelengths, and radar data.
~ Aerial photographs as a form of remote sensing
provide the highest resolution and capture the
 spatial and textural essence of the scene with
greater. fidelity than any other procedure. Dis-
advantages include the cost of repeated coverage
for.change detection, including the costs of film
and processing, and the limited spectral sensitivity
of conventional photography (Tueller, 1989).

" Aerial photography still provndes the highest
resolution and most detailed information depend-
‘ing ‘upon the scale (ratio between the distance
on the photo and the corresponding distance
- on the ground). Resolution is usually considered
in two ways, first as effective ground resolution
which can be defined as the size an object must
2 be. before it can just be identified on an aerial
photograph or -image Or as the number of line
pairs per mtlhmeter that can be differentiated
from a ground target. The term image is used
in remote sensing to refer both to conventional
aerlal photographs as well as to photographic
products for which the data were gathered by
sensing in various wavebands of the spectrum

and then combining these wavebands to produce
a product similar to an aerial photograph but
derived in an altogether different way.

The concepts of stereoscopy and stereo view-
ing based on stereoscopic parallax allow greater
detailed interpretation along with the time
honored principles of photo interpretation: color,
tone, texture, pattern, shadow, size, shape and
convergence of evidence (several different but
related characteristics when combined lead to
correct interpretations). During photo interpreta-
tion the human mind acts as the master
manipulator and integrator of information leading
to a correct interpretation. For many rangeland
uses this approach is still the most useful and
cost effective.

Large scale (1:600 - 1:1,500) color and color-
infrared photography in 70 and 35 mm formats
are useful for arid vegetation analysis, including
monitoring. Considerable technology has
developed around these small format cameras
with either 35 mm or 70 mm format (Carneggie
and Reppert, 1969; Reppert and Driscoll, 1970;
Carneggie et al., 1971; Poulton et al., 1975; Heintz
et al., 1978; Tueller, 1978; Waller et al., 1978;
Everitt et al., 1980; Meyer et al., 1982; Everitt,
1985; Tueller, 1987b and Tueller et al., 1988).
These cameras provide photographic scales from
1:500 to 1:2,000 or smaller and are useful for
identifying many species and making detailed
measurements. However, since the format is small
and the scales large, limited area coverage re-
quires creative sampling to provide adequate data
and make valid projections concerning rangeland
areas of interest. Species identification procedures
using small formats and large scales have been
developed along with methods to -quantify the
vegetation (Tueller, 1978). This technology still
has potential usefulness because of the vcry high
resolution of the images.

Among the spacecraf[ providing remote sens-
ing data are the Landsat Multispectral Scanner
(MSS) which has four spectral channels, two
in the visible and two in the near infrared; the
Landsat Thematic Mapper (TM) which has seven
channels, three in the visible part, one in the
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near infrared, two in the mid infrared or water
absorption region and a thermal channel, the
SPOT (Systeme Pour 'Observation de la Terre)
satellite which has three channels, two in the
visible and one in the near infrared; and the
AVHRR (Advaniced Very High Resolution
Radiometer) with five channels, one in the visible,
one in the near infrared, one in the mid infrared

and two thermal channels. Numerous other satel- \

lite systems are coming along.

MSS data has picture elements (pixels) ap-
proximately 80 m on a side and the TM pixels
are 30 m on a side. SPOT data from the French
Satellite has 20 m pixels. In addition, SPOT has
a single panchromatic black and white band with
10m resolution. The imagery from these two sys-
tems can be co-registered, giving effective 10m
resolution of color and color infrared products.
Orbital characteristics of the spacecraft result
in repeat coverage of the same ground area at
regular intervals, thus making such data potentially
very useful for monitoring.

The NOAA weather satellites (AVHRR) have
an approximate scale of 1:10,000,000 and pixels
that vary from 1.1 to 8 km depending upon whether
the instrument is in Local Area Coverage (LAC)
or Global Area Coverage (GAC) mode.
AVHRR data have been used to study deser-
tification in the Sahel (Tucker and Justice, 1983;
Tucker et al., 1985). An advantage is the daily
data, a disadvantage is low resolution. These
data are useful where daily synoptic views are
required for monitoring over very large land mas-
ses. More detailed analysis of pixel details will
be useful for determining the speed with which
desertification is occurring and just what kind
of changes are taking place.

Microwave systems have potential for ran-
geland monitoring and include both Side Looking
Airborne Radar (SLAR) and Synthetic Aperture
Radar (SAR). These systems are useful because
they are not constrained by either night (darkness)
or cloud cover. Green (1986) used Shuttle Imaging
Radar-A (SIR-A) data and found that during
periods when most of the vegetation in a shrub
rangeland in South Australia was non-vigorous

and spectrally homogeneous, the SIR-A data,
as a surrogate measure of shrub cover, allowed
the reflectance due to shrubs in Landsat data
to be separated from the reflectance due to the
intervening ground. Radar has potential to
measure and monitor soil moisture as well as
other parameters on arid lands and may be used
in conjunction with other forms of remote sensing
as supplemental information for rangeland
monitoring.

Several valuable instruments have been
developed to be flown as multispectral scanners
from aircraft. One such instrument is the Thermal
Infrared Multispectral Scanner (TIMS), an
aircraft-borne scanner providing six-channel
spectral capability in the thermal infrared (8.2-
11.7 um) or that portion of the infrared that
has thermal or emitted heat sensitivity. The
added feature of measuring surface temperature
has been used to map soils in arid regions (Miller
et al., 1986). There appears to be some potential
for discriminating soil textural features because
of the ability of the system to identify emissivity
minima for silicate minerals (Kahle and Goetz,
1983).

Video remote sensing systems have several
attractive attributes potentially useful for monitor-
ing, the most prominent of which is the near-
real-time availability of imagery and relatively
low cost. These factors can be very important
whenever the application is very time-sensitive
or when film and film processing are not available
such as is the case in many developing countries
(Everitt and Escobar, 1989). Another advantage
is the capability of obtaining imagery in very
narrow spectral bands (0.05 - 0.10 #m) and in
the near and mid-infrared bands. The main
disadvantage is low resolution relative to aerial
photographs. New digital video systems are now
coming on line. These may well be the remote
sensing tool of choice for rangeland applications
in the future. Digital airborne multispectral video

. systems, circumventing the use of a VCR, have
. considerable potential for rapid data accumula-

tion and analysis, both by image processing sys-
tems and by Geographic Information Systems
in the future.
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High spectral resolution systems (hyper-
spectral remote sensing) now being evaluated
include AIS, AVIRIS and HIRIS developed at
NASA'’s Jet Propulsion Laboratory. AIS (Air-
borne Imaging Spectrometer) is an instrument
that images 32 cross-track pixels simultaneously,
each in 128 spectral bands in the 1.2 to 2.4
umregion (Vaneet al., 1984). No data are acquired
in the visible part of the spectrum. Preliminary
arid land vegetation studies with AIS indicated
that brightness was reduced by the vegetation
primarily due to shadowing. At periods of peak
growth, saltbush and Great Basin sagebrush com-
munities were found to have unique spectral cur-
ves (Ustin et al., 1985). The AVIRIS (Airborne
Visible and Infrared Imaging Spectrometer) in-
strument covers the spectral region from 0.41
to 2.45 um using bands 10-nm wide. This in-
strument consists of four spectrometers that scan
the test site from an aircraft. At any one moment
the spectrometers are viewing a 20 metre square
pixel. This pixel is viewed simultaneously in 224
spectral bands (Porter and Enmark, 1987).

HIRIS (High-Resolution Imaging
Spectrometer), planned for the 1990’s will acquire
simultaneous images in 192 spectral bands in
the dominant wavelengths of the solar spectrum,
0.4 to 2.5 micrometers, at a spectral sampling
interval of 10 nanometres. The ground instan-
taneous field-of-view (GIFOV) will be 30 metres
over a 30-kilometre track. In addition a pointing
capability will allow image acquisition up to +60
degrees/-30 degrees down-track and plus or minus
24 degrees cross-track (NASA, 1987). This latter
feature may someday be very important to range
managers interested in evaluating rangeland
vegetation for suitability, phenology, carrying
capacity and range readiness since the cross-track
* pointing will also allow multiple viewing oppor-
tunities during one orbital revisit cycle, nominally
16 days.

High spectral resolution data from aircraft
may potentially be used to measure lignin, nitrogen
and both green and non-green (dry leaves, dry
reproductive structures, bark, and wood) plant
materials (Elvidge, 1990). The future may see
high resolution remote sensing systems used to

routinely gather spectral data concerning several
species on a rangeland site and provide an instant
analysis of the quality, quantity and condition
of rangeland forage. The utility of certain narrow
band widths and their combinations useful for
monitoring changes on rangelands are yet to be
determined.

Now we must also include GIS and GPS

" systems as part of the remote sensing technology.

Range management is a land based science and
requires that we routinely display spatial informa-
tion. This spatial information must have many
dimensions or layers and attribute data concerning
the polygons, points and lines must be at the
fingertips of the land manager. Thus the need
for GIS. In order to always know exactly where
the data applies the range manager must know
where the features and their attributes are with
respect to the rest of the world. Thus the need <
for GPS where we now have the potential to
provide latitude, longitude and elevation at any
point on the globe within only a few meters.
Use and improvement of these techniques is grow-
ing at spectacular rates.

Spectral Characterization of Rangelands

Prior to successful application of remote sens-
ing/GIS for rangeland application there is a re-
quirement to reach a high level of understanding
of the spectral characteristics of the components
in any given scene. Without such knowledge the
interpretations tend to be rather general, even
superficial and based on very subjective evalua-
tions. In some cases this is sufficient. However,
when there is need for a greater understanding
of what the remotely sensed data is telling us
about a feature, e.g., during the monitoring
process, then an understanding of the spectral
characteristics becomes extremely important.

As one examines or analyzes a set of mul-
tispectral data, what do specific bands or indices,
based on mathematical manipulations of specific
band data, tell us about certain important char-
acteristics of the scene? This must be viewed
or considered in the context of single pixels one
at a time. Would a simple Digital Number (DN)
in the near infrared provide us sufficient informa- -
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tion about the productivity of the natural vegeta-
tion in a rangeland scene? Probably not. Would
the modified normalized vegetation index provide
the necessary information? Also probably not,
although a bit more information would be added.
Would some combination of bands evaluated in
some other fashion provide the data? Would
a complete spectroradiometric trace of the scene
from AVIRIS data (Vane, 1987) provide the
answer? Can such information be quantified?
Can data sets derived in this way provide serious
information on
productivity, species composition, utilization,
plant vigor and other factors for which we require
a rapid accumulation of data over large land
areas?

Spectral response from any land area (in-
cluding arid lands) and any sensor depends on
numerous variables that must be evaluated alone
and in various combinations. These characteristics
include such things as: a) vegetation cover by
species, b) total vegetation cover, c) species or
vegetation structure or geometry, d) leaf geometry,
e) bare ground percentage, f) amount of shadow,
g) cryptogam cover on the bare soil, h) lichen
cover on soils and rocks, i) algal mats, j) microbial
desert crusts, k) gravel and/or pavement, 1) stand-
ing dead vegetation and m) topography (Tueller,
1989). These factors along with such factors
as season, time of day, solar zenith angle (Singh,
1988), soil moisture, soil and foliage color, and
vegetation maturity all contribute noise to vegeta-
tion indices.

To understand these vgriables there is a recog-
nized need to carefully examine the spectral char-
acteristics of various rangeland scenes and
components of those scenes. For example, Asrar
et al. (1985) found that burned and unburned
tallgrass prairie grass canopies showed distinctly
different, diurnal and seasonal, spectral reflec-
tance characteristics in the visible and infrared
regions of the spectrum. Musick (1984) found
that|green vegetation indices tended to remove
the influence of shrubs in New Mexico mes-
quite/grass vegetation that was green in June,
giving an estimate of grass cover. Tueller and
Oleson (1989) described fluctuations in radiance

range vegetation biomass,

values of pixels in arid shrubland vegetation
depending upon differences in ground target,
latitude, time of year and time of day.
Radiometric corrections based on linear regres-
sion models are usually required because of atmos-
pheric variations and must be developed for each
region and for the date the imagery was acquired.

An important approach to this problem is
the use of what I choose to call pixel modelling
- any procedure whereby the spectral mixture
inherent in an individual pixel can be separated
into various known components (Tueller, 1989).
Improved procedures for evaluating individual
pixels can lead to improved applications of remote
sensing for rangeland management problems. An
example is the potential to monitor changes in
aridland resource attributes, either in terms of
changes in accumulated biomass, level of produc-
tivity, degree of use or changes in the composition
of dominant species that can be indicative of
range trend. We model pixels to determine if
the spectral information can give a clear picture
of the relative proportions of green woody vege-
tation, = green non-woody vegetation, standing
dead vegetation, litter, bare ground, gravel, rock
and other parameters that are related to ecological
conditions and trend.

The factor analytic model (Huete, 1986) is”
one promising model for separating vegetation
and soil spectra. The model uses factor analysis,
a multivariate statistical approach, which hope-
fully can be further analyzed in combination with
a multiple linear regression model to provide
reliable estimates of various ground components.
Adams et al. (1986) and Smith et al. (1990) have
used spectral mixture analysis to transform
radiance data into fractions of a few dominant
endmember spectra which correspond to scene
components.

Litter/soil mixtures may also influence the
soil spectra signature and be an indicator of
erosion, an important parameter for rangeland
monitoring. Soil/litter targets possess no green
phytomass and ideally would not produce a sig-
nature. However Huete and Jackson (1987) found
that dead grass material reduces the ability to
discriminate green vegetation. The presence of
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litter and senesced grass material significantly
altered the spectral behavior of background soils
and amplified the range of GVI values not at-
_tributed to green grass. Litter influences were
minimal with the RVI and NDVI

Separating vegetation and soil spectra is a
vital step in the approach to erosion detection.
Vegetation spectral responses can vary with
amount of soil exposed, soil color, soil water,
and cultural practices. The influence of soil type
is critical in many aridland sites where numerous
soils are often present in complex spatial patterns
and vegetation densities are low. Therefore, there
is a need to isolate vegetation from soil back-
ground. Most of the variability of bare soil sig-
natures is due to brightness (Huete et al., 1984).

The soil line concept has become widely ac-
cepted. Although the soil line may shift with
atmospheric conditions and Landsat calibration
factors, many have assumed that there exists one
unique soil line encompassing a wide range of
soil types and soil surface conditions (Kauth and
Thomas, 1976). Jackson et al. (1980) reported
deviations from linearity when a wide spectral
range of soils were plotted. Also some have sug-
gested that the soil line is not a plane in the
Landsat MSS or TM data space but more a
broad band. The soil line location can vary sub-
stantially with soil color, making vegetation as-
sessment difficult in scenes with a range of soil
colors (Schweyen and Tueller, 1991). It has also
been suggested that the soil line is more of a
vegetation cover line in the red-infrared data
space (Graetz et al., 1988).

Improved procedures for evaluating individual
pixels can lead to improved applications of remote
sensing for rangeland management problems. An
example is the potential to monitor changes in
rangeland resource attributes either in terms of
changes in accumulated biomass, level of produc-
tivity, degree of use or changes in the composition
of dominant species that can be indicative of
range trend. We model pixels to determine if
the spectral information can give a clear picture
of the relative proportions of green woody vegeta-
tion, green non-woody vegetation, standing dead
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vegetation, litter, bareground, gravel, rock and
other parameters that are related to ecological
conditions and trend. When only a few days
pass between dates the variations are not sig-
nificant (Gupta, 1992).

Vegetation Indices

For live vegetation there is a significant dif-
ferential in reflectance and absorption of
electromagnetic radiation when going from visible
to near or mid infrared wavelengths (Tucker,
1979). These differences have led to the develop-
ment of several multispectral band ratios and
indices that involve both the red/infrared dif-
ferences and coefficients derived from several
bands. Only certain ones of them now appear
to be useful on arid rangeland sites with sparse
vegetation. These ratios and indices are indicative
of the quantity and quality of green and senescent
vegetation. On rangelands, especially arid and
semi-arid rangelands, soil background conditions
and shadows often influence the signal received
by a multispectral scanner which acts to compli-
cate the use of these indices for evaluating vegeta-
tion on rangelands (Tueller, 1987a). .

An ideal vegetation index for use on arid
lands would be highly sensitive to vegetation,
insensitive ‘to soil background changes and only
slightly influenced by atmospheric path radiance
(Jackson et al., 1983). On rangelands the ideal
index would have the capability of sorting out
the influence of shadow and the influence of
the great variety of leaf reflectances among the
many species and species groups found as well
as the standing dead vegetation and litter. It
would also account for the variety of soils found
in arid regions (Tueller, 1987a).

The multispectral or n-space indices origi-
nated from Kauth and Thomas (1976) who

~ proposed a transformation that used linear com-

binations of four Landsat MSS bands to produce

four indices: brightness, greenness, yellowness,
and nonsuch. The soil spectra in four-dimen-
sional Landsat MSS signal space was found to
be distributed along a plane, known as the plane

- of soils. It is sometimes referred to as a soil

baseline in two-dimensional digital space. This
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observation led to the soil brightness index (SBI)
which established the data plane for soils. The
Soil Brightness Index (SBI) is measured as the
vector distance in the direction of the soil baseline.
The greenness vegetation index (GVI) is defined
as the measured distance perpendicular (orthogo-
nal) to the soil baseline towards a point of all
vegetation (Kauth and Thomas, 1976).

The perpendicular vegetation index (PVI) is
a combination of infrared and red bands
(Richardson and Wiegand, 1977). This two-
dimensional n-space equivalent of the GVI has
been defined as the orthogonal distance of a
given spectral point from the soil baseline. The
PVI responds to changes in both the quality
and quantity of vegetation. The PVI, unlike ratio-
based indices, minimizes the influence of the
soil background for the assessment of green
biomass (Elvidge and Lyon, 1985). This index
is proving to be particularly useful for arid land
applications.

Ratio based indices include the ratio vegeta-
tion index where, RVI = NIR/red, and the nor-
malized difference vegetation index (NDVI)
where, ND = (NIR + red)/(NIR - red). The
ND increases as the vegetation becomes greener
or more dense. A modified normalized difference
(MND) is a ratio based index where, MND =
(NIR -(1.2*red))/(NIR + red). Tucker (1979)
and Jackson ef al. (1983) gave thorough descrip-
tions of ratio-based indices. Paltridge and Barber
(1988), in a study of arid lands in Australia
produced the MND' by modifying the NDVI to
include the slope of the best-fit line for lands
with low vegetation cover. The MND maximizes
the contrast in “greenness” whlle assigning a
value of zero for no vegetation or dry vegetation.
Huete’s (1988) soil-adjusted vegetation index
(SAVI) is a similar modification of the NVDI.
A constant of 0.5 was recommended for sites
with intermediate amounts of vegetation. Ratio-
based indices are relatively independent of il-
lumination intensity and eliminate the irradiance
measurements required for the calculation of
reflectances (Pinter et al., 1983). A constant of
1.2 may be most suitable for arid lands with
very sparse vegetation.

Interpretation of Rangeland Soils

Soil scientists, hydrologists, range ecologists
and others have been concerned with water, soil
and nutrient movement and vegetation changes
on arid lands. This concern has been plagued
with difficulties in predicting soil erosion, evaluat-
ing long term site stability, measuring vegetation
succession over large land areas, determination
of nutrient flow patterns, measuring vegetation,
litter and rock cover, and with associated sampling
problems.

Soil spectra vary with water and organic matter
content, litter cover, particle size distribution,
soil mineralogy, soil structure, surface roughness,
and the presence of soil particle coatings and
shadows (Huete et al., 1984). Desert varnish is
an example of a dark amorphous coating of clays
and ferromanganese oxides found on stable sur-
faces in the desert. It has a dark signature which
creates spectral ambiguity. The shade of darkness
from.the desert varnish or desert pavement and
bedrock is a function of physical weathering,
the relative age of the surface and soil surface
particle size distribution (Shih and Schowengerdt,
1983). Rocks of varying lithologies but with a
coating of desert varnish may display the same
spectral signature.

Kauth and Thomas (1976) determined that
data space distribution of soil reflectance variation
in Landsat data was confined to a line in 2-
dimensional space or plane in 3-dimensional
space. Reflectance variations of developing
vegetation grow perpendicular out of this plane
of soils. Kauth’s plane of soils in bands 5 and
7 consists of overlapping soil brightness levels
including clouds and cloud shadows along the
best-fit line. The slope of the best-fit line appears
relatively constant. Further investigation is neces-
sary to determine whether the plane of soil shifts
significantly from one study site to another and
from date to date (Richardson and Wiegand,
1977). :

Sun angle effects have a profound influence
on the soil background line. The greater the
sun elevation, the higher a point plots on the
soil background line. An increase in vegetation
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density is displaced furthest from the line. Water
points deviate from the line but on the opposite
side from the vegetation points. This may be
a useful factor for water body monitoring. Ben-
Dor and Banin (1994) used a near-infrared
analysis to predict soil chemical constituents from
soil reflectance curves. Others have used remote
sensing data to model daytime average
evapotranspiration fluxes from rangeland soil sur-
faces (Kustas et al., 1994) and the measurement
of surface temperatures for monitoring
evapotranspiration rates and crop water use
(Seguin et al., 1994).

After the soil-vegetation spectral signatures
have been separated, several approaches may
be applied to isolate erosional components of
the land. Robinove et al. (1981) studied deser-
tification from albedo images. Degradation, in
general, increases light reflectance from land due
to exposure of subsoils. However, if the land
is covered by annuals with a density greater than
the previously existing vegetation, then reflectance
may remain constant or decrease.

Ratioing is another possible approach to
monitoring erosion. A TM 5/7 ratio will increase
with clay content due to a hydroxyl absorption
band near 2.2 gm. A ratio of TM 3/1 is a useful
indicator of redness. The response to iron-oxide
is dependent on the soil particle size distribution.
The degree of redness increases more slowly
with iron oxide content in soils with high clays
and will thus change the PVI

Band ratios are used for ground interpretation
because they partially normalize data for factors
such as variations in sun angle, haze, topography,
and system-generated noise. They also minimize
albedo differences between soil and rock surfaces
but enhance subtle differences in reflectance be-
tween bands that are diagnostic of variations
in surface material. Infrared to visible ratios dis-
tinguish between vegetation and dry vegetation
and soil. The 4/5 ratio separates rock from the
most severe erosion.

Combinations of band ratios provide increased
differentiation; a 4/6 or 4/7 ratio plotted against

the 5/6 or 5/7 ratio separates depositional stable
and erosional surfaces. Plotting 4/6 and 5/6 values
will indicate extreme erosion. Extreme erosion
plots closest to the upper limit and as erosion
severity increases, the distribution of points shifts
slightly to the right. A mixed soil-vegetation signal
has a consequent shift away from the upper line
(Plckup and Nelson, 1984).

Monitoring the status of the soil is a very
important part of rangeland quality evaluation.
The number and distribution of cattle and sheep
is a major consideration for allotments with slopes
susceptible to degradation. Soil degradation can
evolve through several often interacting processes:
water erosion, wind erosion, salinization, chemical
and biological degradation. Gad and Daels (1986)
assessed soil degradation in an arid region in

Egypt and found that aerial photographs were

useful in determining slope, soil texture, vegetation
cover, topographic and human impact. The cal-
culations were then used to evaluate existing and
potential degradation caused from the above-
stated erosion processes.

Economic Considerations

Many remote sensing costs are reasonable
unless there is a need for repeat data which
might be required for arid land monitoring. For
example, a recent air photo job that I contracted
was approximately $4,000 to provide 70 exposed
and processed positive infrared transparencies
at a scale of 1:12,000. Costs included aircraft
mobilization costs, cameraman, pilot, aircraft
(including climb and descent times), color film
and film processing. These 200 frames could cover

a large or small area depending upon the length .

of the lens and flight altitude.

The cost for digital data is another matter.
A single scene for a single date (7 Landsat TM
bands) is, as of this writing, $ 4600 which can
become costly if multiple dates of imagery are
required for a range management application.
Even a 512 by 512 pixel portion of a scene down-
loaded to a floppy disk for use on a PC is
remarkably expensive at $600 for the 7 bands
if available. One must be careful in sampling
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and know precisely the areas one needs to study
or evaluate before purchasing either digital,
photographic image or satellite computer com-
patible tapes, disks or CDs.

This leaves video as possibly the least costly
remotely sensed data for rangeland management.
The principal cost for a video system, once the
initial capital expenditure for equipment, in-
cluding camera, recorder, etc., has been met,
is for the plane and pilot. A multispectral video
camera system can be obtained for twenty to
thirty thousand dollars (J.H. Everitt, personal
communication). New digital airborne multi-
spectral video systems are now available off-the-
shelf for between $ 60 and $ 150 thousand.

Training and Education

The value of remote sensing to the solution
of range management problems will have to await
the further training of individuals in both remote
sensing and range management. It is important
to provide continuity of personnel capable in
remote sensing for monitoring. Emphasis must
be given to range management, vegetation science,
plant ecology, soils and vegetation-landform-soil
relationships. If understanding of these basic ele-
ments is lacking, the monitoring job simply doesn’t
get done.

An impediment to rapid application of remote
sensing science to resource management in arid
lands is the lack of individual workers educated
in both .remote sensing and arid land ecology.
For example, very few range management profes-
sionals receive training in remote sensing (Tueller,
1983). Those that have such training often do
something else rather than remote sensing when
employed.

One solution would be to provide in-service
education to arid land conservationists or scien-
tists already working in the field. Another ap-
proach would be to provide range students with
a working knowledge of photo interpretation,
remote sensing and GIS while they are still in
school although this might entail a program going
beyond the traditional 4 years. Those who require
the information should use the remote sensing

procedures themselves to obtain the data which
they will then interpret based on sound ecological
and range management experience and familiarity
with the field problems and locations involved.

Vegetation Mapping

While remote sensing cannot provide all of
the data and management input to these various
rangeland activities, in many instances a con-
siderable part of the required information can
be provided. The first and perhaps the most
important place to begin is by the process of
using remote sensing to assist in the classification
and mapping of natural rangeland vegetation.

Vegetation mapping using digital image
processing has been attempted on rangelands
with variable success (Maxwell, 1976; Everitt et
al., 1981; Tueller, 1983; Pando et al., 1992).
Several researchers have studied the feasibility
of using image processing approaches to map
rangeland ecosystems, habitat types, plant com-
munities, range sites, ecological sites or whatever
classification unit is presently in vogue. There
are three basic methods used in creating spectral
class statistics for vegetation mapping: supervised,
unsupervised and an approach referred to as
guided clustering. In a supervised approach,
training windows consisting of a group of pixels
that are known to represent a range plant com-
munity or ecological site, based on field obser-
vations, are selected and related to ground data.
Statistics describing these windows are generated
by the computer (mean and standard deviation)
and then extrapolated over the entire area being
mapped and a classification and map are derived.
This procedure has proved most useful in agricul-
tural areas and for other landscapes where the
mapping units are already known and are relatively
homogeneous. However, for heterogeneous ran-
gelands there are usually a significant number
of pixels that are not classified because it is
difficult to locate and identify homogeneous graz-
ing sites for all important rangeland plant com-
munities or ecological sites.

In an unsupervised approach, a clustering al-
gorithm is used to group all pixels into clusters
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with similar spectral response. Spectral response
limits to define classes which can be controlled
by setting maximum standard deviations, min-
imum distance between cluster centres, and
specifying a minimum number of pixels allowed
in a cluster. This latter idea is similar to specifying
a minimal mapping unit. This approach allows
most pixels to be included in a class. Then it
is up to the range manager to determine exactly
what information classes (e.g., plant communities
or ecological sites) are represented by one or
more spectral classes (Tueller, 1983). Pando et
al. (1992) constructed a quantitative key to identify
community types by their Landsat reflectivities.

Guided clustering is a combination of these
two approaches. Training sets can be utilized
to define certain homogeneous classes such as
meadowlands, seedings and then an unsupervised
analysis of the remaining pixels will, in effect,
map the area into several interpretable spectral
classes. Classification accuracy in most previous
attempts has been quite variable. McGraw and
Tueller (1983) working in the sagebrush/grass
vegetation were able to show approximately 80
percent mapping accuracy. This is similar to other
reported attempts to map rangeland vegetation.
The problem, however, is that the mapping was
accomplished for one scene and one date for
one season. Multidate data sets only improve
classification accuracy slightly. Even the addition
of topographic information does not significantly
improve classification accuracy. With the added
power of GPS and GIS the value of these pro-
cedures will be improved in the future.

The real problem with using remote sensing
classification tools to map is that the results are
difficult to extrapolate to other cases. Often the
signatures used to depict a specific plant com-
munity do not hold up when attempts are made
to use a similar classification during a different
season, year or even moving to a different moun-
tain range or changing latitude. The signatures
simply do not give the same information under
these different conditions. What can be done
to improve extrapolation of results and to allow
more refined information requirements to be ful-

filled? By more refined data requirements 1 am
referring to a gradient of difficulty of analysis
by remote sensing for range management ap-
plications. Moving from least to most difficult
in such a gradient would be approximately as
follows: mapping relatively homogeneous ecologi-
cal sites, mapping relatively heterogeneous
ecological sites, measuring vegetation change or
range trend, measuring vegetation utilization or
range rcadiness, measuring species vigor or
physiological state. The vegetation map is often
one of the first tools used by the range manager
as he begins the process of management. Up-
dating of maps and the resources they represent
is important. Computer aided mapping of ran-
geland resource feature such as ecological sites,
coupled with use of powerful geographic infor-
mation systems will be the wave of the future.
Geographic information systems will be discussed
later in this paper.

Rangeland Monitoring

The management of rangelands must be based
on sound vegetation science principles. Without
an understanding of the plant species and com-
munities that characterize the world’s rangelands
we would not be able to manage these vegetation
resources. Analysis of the vegetation as a collective
resource, consisting of numerous species forming
a specific composition, plays a pivotal role in
determining the successes and failures of ran-
geland management. Considerable effort and
thoughtful interpretation must go into monitoring
this fundamental part of the biomass.

Vegetation succession is a predictable process.
Monitoring of the vegetation presupposes that
managers can describe and predict series based
upon species reactions to specific natural es-man-

caused disturbances. Many methods have been

dé#eloped. A large number of them are both

conceptually and statistically very sound while

others lack soundness. Some are subjeetive and
some are objective. The cost for objectivity is
high while the cost for subjectivity is lower. There-
fore, vegetation mopitoring must be a practical
trade off beWge . cost and subjectivity.
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Management -

Measurements of vegetation must be based
on key .areas and key species just because of
the objectivity Vs. subjectivity and cost question.
Repeatability is likewise an important question.
Any monitoring method must be repeatable within
a reasonable probability of error or variance,
~ since monitoring, of necessity, occurs over time
and people with different skills and experience
come and go. Rangelands are either monitored
over the short-term or long-term. Short term
monitoring involves actual use records, interpreta-
tion of weather data, utilization, evaluation and
use mapping. The purpose of short-term monitor-
ing is to evaluate and alter management on
an annual or seasonal basis to improve distribution
and obtain proper use over the managed ran-
geland.

Long-term monitoring is accomplished to
measure changes over several years or even
decades. Succession (species composition/soil
surface) changes are measured. One useful and
highly repeatable procedure is sampling for
species frequency using appropriate frame sizes.
Both the short-term and long-term procedures,
including the frequency sampling procedure, may
be useful under conditions found in many parts
of the world. The challenge is to find an objective,
repeatable method of following long-term vegeta-
tion change. Procedures should emphasize repeat-
ability and objectivity. Minimum standards can
be developed and then supplemented to solve
unique site specific monitoring sampling
problems. ;

Many of the ground-based vegetation sampling
techniques can provide useful monitoring data.
They must be sensitive to changes in parameters
of interest to range managers. With respect to
remote sensing the ground sampling can and
should be used to calibrate the failure or success
of various remote sensing techniques to detect
these changes. The interpretation of the data,
once again, requires trained range ecologists. The
second important challenge then is to interpret
‘the data and make decision as to what manage-
ment changes should be brought to the landscape.

The permanent record provided by the remote
sensing products becomes an important element
in range condition and monitoring studies
(Tueller, 1978).

Vegetation productivity and biomass levels
are of great interest to range managers. Using
Landsat MSS data McDaniel and Haas (1982)
found that the GVI was highly correlated with
wet green yield, dry green yield and cured vegeta-
tion cover on mesquite-grass vegetation. They
concluded that quantitative measurements of ran-
geland vegetation condition can be made from
Landsat MSS data. Monitoring vegetation and
soil conditions is an essential element of good
range management. Because of limited funds and
personnel for monitoring large expanses, ground-
based monitoring is rarely possible on a regular
basis. Multitemporal aerial photographs or
processed images can provide an efficient means
of recording both long and short-term changes.
Monitoring provides a permanent record of the
region and may be short-termed (daily or

. seasonal) or long-termed (such as years) (Car-

neggie et al., 1983).

The permanent record provided by the
photographs becomes an important element in
range condition studies (Tueller, 1978). Ran-
geland condition refers to a set of characteristics
defined by ecological site which includes soil
type, topography, hydrology and a specific plant
species composition. Although remote sensing
evaluations of rangeland condition may not be
totally successful, photographs or digital products
provide a media for mapping the extent and

~ severity of stressed areas. It is possible to deter-

mine the extent of many “invader” species, the
nature of the dominant vegetation and the amount
of bare ground on a site. The extent of severely
impacted areas of vegetation, such as in “sacrifice
areas” around stock watering facilities or perhaps
the level of forage use, soil influence on nomadic
grazing sites, can be monitored even with satellite
images.

Evaluation of non-forage species can indicate
the condition of the range vegetation. For example,
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open tree stands in savannas may contain large
amount of useable forage; denser stands usually
contain very little useable understory. On many
arid shrub-dominated rangelands the understory
is often closely regulated by the overstory. The
interpreter can often make accurate assessment
of the potential understory without actually view-
ing the understory on the aerial photograph.

Measurements of changes in biomass ac-
cumulation over time (productivity) may be the
most desirable procedure to follow. However,
this measurement is not often used because of
both high cost and high variability expressed from
year to year, leading to difficulties in interpreta-
tion. Therefore, range scientists and managers
often look to other procedures involving cover
(either foliar projection, basal cover, canopy
cover, arcal list procedures or even volumetric
or allometric measurements), density (individuals
by species per unit area), height and vigor or
frequency of occurrence. These kinds of vegeta-
tion data then are interpreted by skilled range
conservationists and range scientists with the in-
terpretations tempered by ancillary data on animal
use, climate, soil, erosion and microtopography,
microbiota, actual use data and other factors.

There is no one best answer to the sampling
question. The rule should be that it is necessary
to obtain some measure of vegetation amount
and vigor by species on key or representative
areas. The question of vigor is related to seed
production, reproduction and growth rates of
site species. In addition, the key area concept
is not without its pitfalls. Range ecologists often
argue long and hard on this subject and then
only agree to disagree relative to what a key
area really represents. This issue must be resolved
before scientifically accurate and-useful moni-
toring can be done.

i If a procedure or method is finally agreed
upon then repeated measures of the vegetation
over time can be documented often with high
statistical accuracy and precision. It becomes a
matter of interpretation as to what amount of
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change is important and justifies a management
alteration. Questions arise as to what alterations
are justified and what will be the influence of
an alteration in management on the vegetation,
if any, over time.

Vascular plants are usually considered to be
the principal component of the range landscape
for monitoring purposes. An assessment of gully,
rill and interrill erosion is often a close number
two in the quest for attributes to monitor in
order to determine the health of the rangeland.
The microbiota has been generally overlooked
in previous rangeland monitoring programs.
However, microorganisms are certainly important
in the development and sustainability of rangeland
ecosystems and therefore should be monitored.

On rangelands the consideration of microbiota
is related to the structure and function of
microphytic soil crusts. The kinds of organisms
that can be involved in microphytic crusts are
very diversc and are of two broad groups: 1)

~ those visible with the unaided human eye (mosses,

lichens and liverworts), which could be termed
“thallophytic” crusts and 2) those parts of crusts
whose individuals are visible only microscopically
(algae, fungi and bacteria), which would be termed
“microscopic” crusts (N.E. West, Personal com-
munication, 1992).

Potential monitoring of these organisms, both
as crusts and as they occur in the rhizosphere,
is complicated by the fact that the taxonpmy
of many of these groups is only poorly known;
not many researchers have worked onthe
microbiota, and they are quite difficult to work
with. Microbiota in the rangeland ecosystem, are
related to erosion, interception and inﬁltraqion
nutrient cycling and other factors unportant to
continued ecosystem functioning. Both migro-
scopic and thallophytic crusts may have heen
reduced by intense grazing use on rangelands.

Rangeland Applications

Management suggests that we are working
to achieve some sort of a dynamic equilibrium
where a balance is reached between disturbance
and recovery. This concept is attractive because
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it provides some sense of stability even in the
presence of constant change. Of critical concern
for proper interpretation is whether or not there
are long-term trends over one or several decades
that may be unrelated to many of the attributes
that are often measured when monitoring. In
other words, is the noise of short-term change
capable of masking long-term trends in vegetation
equilibrium, particularly as measured by remote
sensing techniques? And if this is so, how can
these changes be excluded from the changes at-
tributable to management?

Answers to these questions of interpretation
will only come over time in an empirical
framework. Only experience with specific kinds
of vegetation will lead to appropriate answers
to management questions based on rangeland
vegetation monitoring and analysis. Vegetation
monitoring interpretation problems are con-
founded by questions of climax, equilibrium situa-
tions, potential natural vegetation and other real
and conceptual considerations. The answer ac-
tually lies in the interpretation of vegetation chan-
ges based on site potential for producing biomass,
either for forage or general ground cover and
the creation of a ‘situation which will be inter-
pretable by land users and conservationists alike.
Satisfaction of both management goals and
conservation/biodiversity issues must be forth-
coming, particularly in developed countries.

Now, what about some practical aspects of
using remote sensing in range management?
Based on field experience we can use aerial
photographs to identify features, judge their sig-
nificance, measure their number or extent (in-
ventory) and determine over time using
subsequent photographs whether or not sig-
nificant changes have taken place (monitoring).
Unfortunately, there have been very few examples
where aerial photography has been used routinely
to assist in ongoing rangeland management opera-
tions.

However, very large scale aerial photographs
(1:600 - 1:2500) can be used to estimate livestock

carrying capacity by identifying characteristics
such as vegetation density, grazing or browsing
quality of the species, and forage production.
Soil surface features such as cattle droppings
and rodent disturbance from some species of
small mammals can be identified on large scale
photographs and related to range utilization, con-
dition, and carrying capacity (Tueller, 1978). For
example, counting harvester ant mounds formed
partly by removal of surrounding vegetation would
provide an estimation of either increased or
decreased forage productivity that may result
from the activities of these animals. Both
scenarios are possible. For many years vertical
aerial photography has been available for ran-
geland interpretation purposes.

After rangeland resources have been mapped
and resources inventoried, we must then either
analyze and interpret the remote sensing product
from which the inventory data was derived or
providé new data from one or more remote sensing
devices in order to acquire additional information
that will be important to management. For ex-
ample, the manager might select the Perpen-
dicular Vegetation Index (PVI), some other
vegetation index or even lasér profiling to measure
shrub cover for key areas within each allotment.
Riparian zone sites may be adaptable to the
Normalized Difference Vegetation Index
(NDVI), the Modified Normalized Differgnce
Vegetation Index (MODNDVI) the Kauth and
Thomas Greenness Index gp—some other index
that has greater sensitivity’ tg bright green highly
reflective vegetation such as found in a willow-
bank, a stand of aspen or a mountain meadow.

In some cases, real-time Tpformation might
be desirable (floods and fires for example)
wherein the data acquisition and interpretation
must go on almost simultaneously. In this situation
airborne multispectral video would be the tech-
nology of choice. The real-time capability and
increasing resolution of new digital video systems
may make airborne video systems the remote
sensing technology choice for the future (Everitt
and Escobar, 1989).
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Reference must be continually made to the
timeliness of data acquisition (multitemporal),
to the use of various band widths (multispectral)
and to the use of different scales each with their
inherent resolution. Multitemporal, multispectral
and multiscale data sets are important in any
rangeland management scenario. Spectral infor-
mation from one band may be most important
to describe one parameter, whereas, data from
another band may supply the optimum infor-
mation about another parameter. Or the best
course of action will be to examine several dif-
ferent bands and combine the data in various
mechanistic or mathematical ways to provide data
useful for answering a posed question. And finally,
the scale must correspond with the potential or
lack of potential to extract the desired information
required for the making of specified management
decisions.

Many of the parameters of interest can now
be obtained from digital data derived from satellite
data or from airborne video systems. For example,
we -have been able to use a linear regression
model based on Landsat TM data to extract
various range ecosystem cover components.
Scheweyen and Tueller (1991) found a high cor-
relation between the PVI and plant cover (R
squared = 0.91) for 15 shrub dominated range
sites. In another study, bare ground was estimated
using the PV, SAVI, TSAVI indices (R squared
= 0.88). Total woody ground cover required
both satellite data in the form of the NDVI
as well as the shrub ground reflectance in band
TM2 and TM4 (R squared = 0.90).

Both new and improved systems will come
along that will provide the required management
data (e.g.,, carrying capacity, utilization levels,
vegetation trend) in even more timely and useful
ways. Along with this will come improved
capabilities to remotely measure the parameters
of interest to arid land management. Perhaps
these will be related to some of the new high
spectral resolution systems such as AIS, AVIRIS
and HIRIS or to improved space flown scanners,
or to new radar systems and other combinations

of sensors and data. Also, as one further considers
the emerging of ever new technologies range
managers may be able to assess and understand
rangeland ecosystems within the framework of
Computer Aided Design (CAD) technology and
the examination of land resources in three dimen-
sions. Together these several methodologies will
provide the means of determining what is hap-
pening on our rangelands that will in future assist
in the process of successful rangeland resources.

Management requirements for rangelands in-
clude inventory and classification of rangeland
vegetation, the determination of carrying capacity
and site productivity, the determination of the
condition and trend of rangeland vegetation,
evaluations of utilization and range readiness,
counts of the kind, class, and breed of livestock
or other species of large animals, the protection
of soils, the maintenance of wildlife population
and habitats, assessment of recreational uses on
rangelands, determining improvement potential
for rangelands and associated wildlife habitats
on rangelands and the development, implemen-
tation and evaluation of grazing management sys-
tems (Tueller, 1983). ;

A late 90’s view of rangeland remote sensing
will almost certainly see a much closer tie between
remote sensing and GIS. Data manipulation will
be accomplished almost exclusively within a GIS
format with queries designed to answer remote
sensing management questions. At the same time,
GPS will allow range managers to locate field
sites and critical areas with unprecedented accura-
¢y. A Remote Sensing/GIS/GPS framework, pos-
sibly aided by some form of expert system based
on artificial intelligence, will certainly assist range
managers as they try to analyze and interpret
the extensive and, in some cases, intensive data
sets in the future. The beauty of it will be that
the considerable data formerly held in scattered
field offices or by other agencies and organizations
can become almost instantly available and brought
to bear on specific management questions. This
of course will be a result of the continuing buildup
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of computer infrastructure by those doing range
management.
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