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ABSTRACT

Research funded by the U.S. Department of Defense (DoD), U.S. Department of Energy (DOE), and the U.S.
Environmental Protection Agency as part of the Strategic Environmental Research and Development Program
(SERDP) evaluated novel techniques for collecting and processing high-resolution images in the Mojave Desert. 
Several camera types, lens, films, and digital processing techniques were evaluated on the basis of their ability to
correctly estimate canopy cover of shrubs.  A high degree of accuracy was obtained with photo scales of 1:1000 to
1:4000 and flatbed scanning rates from films or prints of 300 lines per inch or larger.  Smaller scale images were of
value in detecting retrospective changes in cover of large shrubs, but failed to detect smaller shrubs.  New image-
processing software, typically used in light microscopy, forensics, and industrial engineering, make it possible to
accurately measure areas for total cover of up to four dominant shrub species in minutes compared to hours or days
of field work. Canopy cover and individual shrub parameters such as width, length, circumference, and shape factors
can be readily measured yielding size distribution histograms and other statistical data on plant community structure. 
These novel techniques are being evaluated in a four-year study of military training impacts at Fort Irwin, California. 
Results will be compared among the new and conventional imagery and processing, including 1-meter (m) pixel
IKONOS images.  The new processes create georectified color-coded contour maps of shrub cover for use with
Geographic Information System (GIS) software.  The technique is a valuable new emerging tool to accurately assess
vegetation structure and landscape changes due to military or other land-use disturbances.

INTRODUCTION

Approximately 70 percent of all U.S. military training lands are located in arid areas.  Disturbance caused by off-
road driving, military training, and or other types of soil disturbance in arid and semiarid lands effects plant
communities in several ways (Lovich and Bainbridge, 1999).  Effects may be direct, such as the crushing of foliage,
stems or seedling, and fire started by artillery or exhaust pipes.  Other effects may be indirect and cumulative over
several years such as the compaction of soil, reductions in soil organic matter or fertility, reduced percolation,
alteration of surface runoff, increases in soil erosion (both water and wind), and introduction of exotic plant species. 
Because perturbations occur frequently throughout the year (often daily), it is desirable to monitor impacts in a
timely and cost-effective manner.  The objectives of the study were to develop and test image collection and
processing diagnostic techniques for rapidly characterizing vegetative parameters needed to distinguish between
sustainable and nonsustainable impacts of military training and testing.

The focus of our research was to develop techniques that bridge the gap between the labor-intensive and costly
ground collection techniques and remote sensing techniques using satellite imagery which are less expensive, yet
less precise in detecting vegetation change.  This research was a cooperative effort between the DOE (Bechtel
Nevada), the DoD (Fort Irwin and Charis Corporation) and selected university scientists (California State University
Dominguez Hills).  It was funded by the U.S. Department of Defense, U.S. Department of Energy, and the U.S.
Environmental Protection Agency as part of SERDP over a four-year period beginning in 1999.  The study area was
located in the Mojave Desert, primarily at the U.S. Army’s National Training Center (NTC) at Fort Irwin, California,
and the U.S. Department of Energy’s  Nevada Test Site (NTS), Nevada, although results are applicable to most arid
and semiarid lands.  



An essential component of monitoring to determine the spatial extent and degree of military impact is the ability
to accurately assess site changes through time as training areas undergo normal use under varying climatic
conditions.  Historically, monitoring techniques have been primarily limited to expensive, labor-intensive ground
collection of data such as plant canopy cover by line-point or line-intersect methods and plant density by quadrat
sampling techniques (Tazik et al., 1992).  Additionally, accessibility to the training range by field biologists has been
limited at many sites to only one week each month due to intensive military training exercises, making it difficult to
obtain sufficient field data during narrow windows of opportunity.

Alternatives to ground-based monitoring techniques are those that focus on remote sensing.  Traditionally,
these techniques have used satellite imagery as a means of capturing and assessing vegetation conditions at a
landscape-size area or scale.  Pixel size for most satellite images ranges from 10 meters to 30  meters, which further2 2

restricts the usefulness of this technique because most shrubs are often less than 1 square meter (m  ) in size.  Large-2

scale ecoregion management approaches have relied upon satellite imagery such as LANDSAT multispectral and
thematic mapper (TM), and SPOT (Satellite pour l’Observation de la Terre) panchromatic/multispectral images
(Verbyla, 1995; Falkner, 1995).  For example, at Fort Irwin, California, the use of this approach has been successful in
identifying broad disturbance patterns attributed to military training impacts over time (Lee, 1995).  Despite the
usefulness of conventional remote sensing techniques, data deficiencies still exist in applying these techniques to
assess the sustainability of training impacts.  The deficiencies are associated with the inability to obtain additional
levels of detail needed to determine essential characteristics of the vegetation such as shrub cover, density, and
species composition.  These parameters are needed to establish recovery thresholds where increasing costs and
rest-rotational use patterns may restrict short-term use in order to sustain long-term testing and training.

Important Plant Parameters 
Among the most important parameters used to describe vegetation are plant biomass and plant cover.  These

parameters are important for describing plant dominance, community structure, and wildlife habitat.  They are used to
estimate animal forage, protection of the soil from erosion, and ecosystem functions such as transpiration rates.
Plant cover is usually highly correlated with plant biomass and generally much easier to measure.   Historically, plant
cover has been  considered the vertical projection of vegetation parts onto the ground or the amount of ground
covered or shaded by a plant.  Perturbations to the plant community or changes in the ecosystem often result in
changes in plant cover; therefore, changes in vegetative cover can be thought of as an indication or measure of
perturbation.

Vegetation in the Mojave Desert is often sparse and interplant spacings are large.  Plant cover in the desert is
low (usually less than 30%), dynamic, and can change suddenly and dramatically through the growing season. 
Plants respond favorably to soil moisture following precipitation events by producing new leaves and branches
which increase plant cover.  With the loss of soil moisture by evapotranspiration, plants begin to shed leaves to
obtain a more favorable shoot-to-root ratio and plant cover is reduced.  Shallow-rooted species are forced to adjust
to drying soils before more deeply-rooted species because of the lack of available soil moisture near the soil surface. 
Prolonged drought, up to several years in duration, may result in reductions in plant cover and die back of most
above-ground perennial plant biomass.  It may also result in the death of many individual plants.  In extreme cases,
perennial species may be replaced by annual species that are capable of avoiding unusually dry soil conditions for
up to several decades.

Methods for Measuring Plant Parameters
Measures of plant cover have included semi-quantitative and quantitative methods (Bonham, 1989; Kent and

Coker, 1992).  Considerable effort has been made in the past to compare methods for accuracy and to identify which
techniques work best on different vegetation types.  At the very heart of these efforts is the need to obtain the most
accurate information for the least cost and effort.  Typically, a high degree of accuracy and precision are costly, both
in terms of time and expertise needed to collect such data. Selection of the right method for the right vegetation is
thus imperative to achieve the desired study objectives cost-effectively.

The sparseness of vegetation in deserts makes line-intercept methods preferred over point-interecept methods
where large amounts of time can be consumed recording bare ground.  The line-intercept method consists of
measuring the intercept of each plant under a line.  The measured intercept is the distance across from one edge of
the projected plant canopy to the other edge along the line.  The accuracy of the methods depends largely on the
accuracy of the vertical projection along the line.  Steel or fiberglass measuring tapes are pulled taut and anchored
by steel pins driven into the ground.  Parker and Savage (1944) reported statistical differences (significant at the 
1% probability level) among lines and among observers using line-intercept methods, and Bonham (1989) concluded
that data were reproducible by the same observer but differed among observers.  Potential sources of error or bias
were in determining where the edge of the plant canopy begins and ends along the line.  Disadvantages of using the



line-intercept method are that it is time consuming, generally requires two workers, and measures only a small portion
of the total area being assessed.  

Attempts to reduce the amount of field time needed to conduct line-intercept measurements have been made by
photographing the vegetation at various scales (usually aerial photographs) during periods of optimal cover 
(e.g., during the spring when cover is near maximum and species identification is facilitated) and then overlaying
measuring rulers or tapes to measure the interecept on the photograph or a 35 millimeter (mm) slide projected onto a
wall or screen (Chambers and Brown, 1983).  This provided the additional advantage of being able to measure more
than one intercept line within a community and makes validation of prior measurements possible. 

One of the first reported applications of using image processing to measure vegetative cover was carried out at
the Nevada Test Site in Nevada.  Rhoads (1974) reported the development of a technique for estimating vegetation
cover using aerial photographs of vegetation on land contaminated by a plutonium.  The technique was developed
primarily because of restricted ground access in surface-contaminated areas.  The scale of the photos was 1:1000. 
Imagery was in the form of black and white, infrared, and infrared false color in 12.7 centimeters (cm) X 17.8 cm and
22.9 cm X 22.9 cm (5 inches (in) X 7 in and 9 in X 9 in) size transparencies.  A Datacolor Isodensitomer System
(Spatial Data Systems, Goleta, California) was used to scan the transparency.   Rhoads reported that the operation
was “somewhat art rather than science” referring to the trial and error method for accurately establishing thresholds
of color and gray boundaries of objects in the images, but concluded that “the error will probably not be any larger
than those inherent in measuring shrub size on the ground by conventional field methods.”  Beverly and Iersel
(1998) tested the Mocha Image Analysis software by Jandel Scientific (a precursor to the current Sigma Scan® Pro
software) using filter papers of known diameter and pieces of wire cut to known lengths that were analyzed for area
and length.  They concluded that the system would be “a versatile and powerful tool in plant research and
management.”  Their only caution was that users be aware that there is some subjective judgement in selecting
threshold levels, although when calculating percent coverage, the mean values were not statistically (p<0.0001)
different than mean values measured by hand and results compared favorably with results from leaf area meters
(R =0.96).2

APPROACH

Rapid Assessment of Vegetative Structures
A new technique for measuring plant structures and parameters from digital images was initially founded on a

need to accurately measure leaf area for the purposes of estimating rates of photosynthesis and transpiration per
unit area of leaf.  The area had previously been estimated by tracing or photocopying the leaves, cutting out the leaf
silhouette, and weighing the pieces.  Instruments were soon developed that calculated the area of a leaf passed
through a leaf area meter that would emit light through a grid of dozens of light-emitting diodes.  The pattern of
transmitted and blocked light was converted to a percentage of the total area.  With the development of flatbed
scanners, new DOS software such as Delta-T® Scan was written in the mid 1990s that would accept scanned images
and perform sophisticated calculations on black and white Tagged Image File Format (TIFF) images.  The software
was accurate enough to measure root lengths, leaf area, and even grade wool, based on the thickness of hairs.  At
1,200 dots per inch (dpi), the dot of the letter “i” of Times New Roman 12-point font contains approximately 250
pixels, sufficient to determine the common textural classes of soil particles.  The potential for measuring dark shrubs
on a light soil background, as occurs on aerial photographs, was quickly recognized.

The technology of image processing has grown rapidly since that time providing several sophisticated
Microsoft® Windows compatible software packages.  Application of the software has been primarily for
measurement of cell characteristics captured by camera and video.  Other disciplines were quick to adopt the new
technology for applications such as forensics and process engineering.  Applications of the technology for
measurement of plant structures at the community or landscape level have lagged.  The development of a technique
for rapidly assessing vegetative structures (RAVS) presented in this paper uses new image processing software to
analyze digital images from satellite, aerial, and ground-level images to measure plant cover.  The technique analyzes
individual pixels within an image.  Pixels with color values equaling or exceeding a threshold value, often displayed
using the color red (Figure 1), are then used to calculate parameters such as area, length, width, perimeter, etc.  The
technique is analogous to using a line intercept each 4 cm (1.7 in) on the ground (or a pixel size of 
4 cm ) to estimate plant canopy cover (this assumes a photo scale of 1:2000 scanned at 1,200 dpi).  With higher2

resolution images, it is also possible to differentiate some plant species on the basis of differences in  spectral
reflectance differences or area (size) of individual plants.  The limitations and range of requirements for accurately
using this technique are presented.



Figure 1.  Upper portion of image shows an aerial photograph of a
1:500 scale;  the bottom portion shows the same area but with a red
mask to indicate pixels included within the threshold (red) of  the
histogram in the center of the image (SigmaScan® 
Pro 5.0 software).

Image Collection
In order to evaluate new diagnostic

techniques photographic images were
collected at several altitudes using satellite
imagery, fixed-wing aircraft, helicopters, and
other airborne means to provide images with
variable scales.  The latter consisted of
digital images and photographs.  The films
and prints were scanned using 1,200 dpi
flatbed and 2,400 dpi film scanners.  Scanning
resolution on prints ranged from 150 dpi to
1200 dpi and on films from  300 dpi to 2,400
dpi and followed suggestions by Fulton
(2000).  Satellite imagery included scenes of
Fort Irwin and Twenty-Nine Palms training
areas in California in LANDSAT, SPOT, and
IKONOS panchromatic geoTIFF formats and
were evaluated using techniques reported by
others (Lee, 1995; Prigge et al., 1998).  

Aerial photography consisted of 1996
imagery recorded on Aerochrome IRNP 9-in
film using an RC30 camera from a fix-wing
aircraft of Mojave Desert vegetation in the
Frenchman Flat area on the NTS with overlapping photo scales of 1:2000, 1:4000, 1:8000, 1:1600, and 1:24000.  High-
resolution aerial photographs were taken from Bell and Black Hawk helicopters using Nikon and Hasselblad 35-mm
cameras, and Nikon and Olympus® 
460 digital cameras.  Image altitudes were 45.2 (m) (150 feet [ft]), 76.2 m (250 ft), 106.7 m (350 ft), and 
152.4 m (500 ft) using normal (50-mm) and wide angle (35-mm) lenses.  Commercial resolution test patterns were used
to help determine resolving capability of the recorded imagery.  Additionally, imagery was acquired using helium-
filled blimps and aerial photography using kites at altitudes less than 152.4 m (500 ft, the U.S. Federal Aviation
Administration’s (FAA’s) upper limit for tethered balloons and kites), and hand-held telescoping poles to extend
camera perspective to about 6 m (20 ft) above the ground surface.

Image Processing
Digital images were processed using several commercial image editing and processing software packages

including:  Adobe Photoshop® 6, Corel Photo-Paint™ 8, SigmaScan®Pro 5.0 and Image-Pro® Plus 4.1, 
Surfer® 7,  ArcView® 3.1, ArcView® Image Analysis, and Imagine® software.  Selected areas within images were
cropped to reduce files size from the original digital image and archived for further analyses.  Under conditions of
detectable vignetting, images were corrected using gradient filters included in Adobe Photoshop® 6 software. 
Measurements were made using calibrated images and data were stored in Microsoft ® Excel 97 spreadsheet. 
Statistical analyses were made using Minitab® 12.1.

Field Techniques
Field data were collected using DoD’s  Land Condition-Trend Analysis (LCTA) methods (Tazik et al., 1992). 

Plant canopy cover data were taken using the line-intercept, line-point, and point-centered quarter method (Bonham,
1989).



Figure 2.  Relationship of percent shrub cover and image
scale showing an exponential relationship.

RESULTS

Satellite Imagery
Both LANDSAT and SPOT  imagery (panchromatic and multispectral) were evaluated at Fort Irwin, California. 

Imagery is generally available for most desert areas and cloud cover problems are considered only minor due to the
abundance of cloudless days.  IKONOS 2 (GeoTIFF 1-m) imagery was evaluated at Twenty-Nine Palms, California,
and is currently somewhat restrictive in cost and availability, although this is expected to change in the future. 
These images were effectively used to identify major soil disturbance such as scrapes, roads, and bare soils on
military training lands; however, LANDSAT and SPOT were not effective at accurately  identifying shrubs in
sparsely vegetated areas where canopy cover was often less than 5%.  Statistical correlations of data from 64 
500-m X 500-m (1,640-ft X 1,640-ft) grid cells in the Central Valley Corridor at the NTC using SPOT data and 1:24000
scale aerial photographs, indicated that only about 8% of the variation (R  = 7.5) was accounted for in the correlation2

of percent shrub cover in 1999 by new RAVS high resolution techniques (Sigma Scan® Pro) developed as part of
this study and percent of the same scene area classified as having the low disruption levels as determined using
merged multispectral and panchromatic SPOT satellite imagery and conventional image-processing techniques (Lee,
1995).  It was concluded that this poor correlation was due to the fact that the reflected signal from the shrub cover
was extremely low compared to the reflected signal from soils despite attempts to find band values or band ratios
that provided a better indication of shrub cover.  On the other hand, the amount of variation accounted for in
correlations between RAVS and the ground-sampling technique of LCTA was 89% (R  =89.3).  Confidence in the2

data developed from the new RAVS technique lends itself to field validation in several ways.  First, each shrub’s
silhouette is verifiable on the ground including relative size and position.  Second, there is a high correlation with
data collected on the ground.  The new geoTIFF imagery from IKONOS, available from CARTERRA™, with a 
1-m panchromatic image at Twenty-Nine Palms Marine Training area captured sufficient shrub detail (at least for
larger shrubs) that it could be used as a data source for digital image to be analyzed by RAVS.  Results of this use is
explained later in this paper.  Cost for conventional satellite imagery is moderate and coverage is reasonable.  The
use of  these new higher resolution IKONOS images is encouraging.  Costs are expected to drop and availability
increase as newer satellites with comparable
resolutions provide alternative data sources.

High-Resolution Aerial Photography
Analyses of aerial photographs scanned at

1,200 dpi reveal that the detection of shrub
canopy cover using RAVS was less accurate as
the scale of the photo decreased in size.  At higher
photo scales (e.g., 1:2000), cover was estimated at
approximately 19% (close to the estimated values
for ground measurements); however, as the photo
scale decreased to smaller values (e.g., 1:24000),
detectable shrub cover dropped to 5.5%,
suggesting that only large shrubs are clearly
discernible at this scale.  Each scale photograph
was then scanned at various scanning resolutions
to determine the optimal scanning resolution and
to determine if scanning at higher resolution rates
could compensate for having a lower resolution
(scale) photographs.  Scanning resolutions tested were 1,200, 590, 425, 300, 210, and 150 dpi.

Evaluation of cover values suggested that mean cover estimates were indistinguishable at scanning resolutions
of greater than 300 dpi.  Only at the lower scanning resolution of 210 and 150 were mean cover values significantly
different and considered unacceptable.  Deterioration in image quality due to light scattering of the camera lens,
enlarger, and flatbed scanner results in image degradation and suggests that scanning at excessively high scanning
rates does not result in more accurate estimates of shrub cover and only serves to increase file size and processing
time.  Good images at a photo scale of 1:1000 to 1:2000, scanned at a modest scanning resolution of 300 to 400 dpi,
provided the greatest accuracy and smallest image sizes.  Photographs with scales of about 1:24000 were considered
marginal and should only be used to provide relative indices of plant cover for shrublands in the Mojave Desert.
Photos with such resolutions may be appropriate for evaluating landscape-level patterns in areas with large shrubs
or small trees (e.g., creosote bush, pinyon-juniper, or mesquite plant communities).



Several high-resolution image collection methods were tested.  The best high-resolution photographs were
those obtained by commercial photography using large format cameras from fixed-wing aircraft specially designed
for such work.  The best time of the year and day was determined to be spring (April-May) when vegetative cover
was near maximum between 3 hours after sunrise to 3 hours before sunset; however, photographs taken at solar
noon when the sun was nearly overhead often resulted in aircraft shadows and light halos.  This created errors in
thresholding that were difficult to correct, especially at lower resolutions scales.  Areas within the photo had to be
excluded from analyses.  Side overlapping of photos was recommended (Falkner, 1995) to overcome some of these
problems.

Secondly, photographs taken by hand-held cameras from helicopters was next most desirous.  Global
positioning systems within the helicopter made it relatively easy to find the general location of the targets on the
ground.  Additionally, 1-m  white targets on the ground were useful in marking the center of a plot and during2

analyses for calibrating dimensions of objects within the photograph.  Blackhawk military helicopters had best photo
access through the cargo-hook door, while other helicopters had best photo access from the side of the aircraft with
the door removed to facilitate positioning of the camera.  Landing skids were frequently in the way and a constant
problem existed in obtaining unobstructed nadir (straight down) views.  An extended hand-held camera mount with
release cable is helpful for extended views.  Sixteen-channel digital, radio-controlled (e.g., The Pocket Wizard™ by
Bogen) shutter releases were also helpful for remotely triggering the camera shutter.  The preferred lens was a 28-mm
wide-angle lens.  The lens should be as fast as commercially available (e.g., f/2.0) to reduce blurring caused by
helicopter vibrations and to increase depth of field.  Focus should be set to manual and preset to avoid autofocusing
ambiguities common under conditions of air motion.  A fast-speed film is desirable (e.g., ASA 200 to 400, although
the 400 speed film is a bit grainy).  The new 35-mm fine-grained Kodak™ Royal Gold film was found to be superior in
resolution to other films tested.  Film can be scanned at 2,400 dpi or printed to 20 cm X 25 cm (8 in X 10 in) prints and
then scanned at 300 dpi for better results.  The disadvantages of using helicopters were:  1) winds created by the
helicopter when it was close to the ground (<164 ft or <50 m) caused movement in dust and vegetation creating some
blurring of the image, 2) obtaining photographs with a true nadir was often difficult because photos had to be taken
from the window or through the cargo hook door, 3) photography was usually not the primary purpose for the flight
and photo sessions were therefore not always optimal, 4) motor and flight vibrations and lack of detailed ground
features created focusing problems for some digital cameras, and 5) heights above 152 m (500 ft) have to be well
coordinated with the U.S. Air Force in advance to avoid conflict with their aircraft.

Helium-filled blimps and kites were also tested.  They have their best application for small sampling areas less
than 1 hectare (2.47 acres) in size.  The tapered blimp design adds greater stability than a round balloon and costs
about $1,000 for a size capable of lifting a camera and remote radio-controlled shutter release mechanism.  Use of the
blimp is limited to calm weather.  Under windy conditions, the tethered blimp is forced too low to the ground and
back and forth movement create conditions that make good photography difficult.  The camera needs to be light
weight which usually means digital.  The disadvantages of using blimps are:  1)  a trailer or truck is needed to carry
the blimp between sites, 2) two people are usually required to maneuver the blimp and take the pictures, 3) it is
difficult to tell when you are directly over the target, and 4) about one (approximately $100 per tank) to two bottles of
helium is required each time the blimp is filled.  Several commercial companies provide aerial photography services
and can be found by searching the Internet.  Large kites have been developed that support aerial photography. 
Advocates and users groups are numerous on the Internet and can be found by searching “Kite Aerial
Photography.”  Results are quite remarkable and costs are relatively low (<$800) to get started.  The disadvantages
of the technique for image collection are:  1) weather at the site must be breezy, but not too windy (kite size can be
adjusted to match the wind)--calm weather is a detriment; 2) the camera is at risk of damage if wind forces the camera
to the ground; 3) it is difficult to orient the kite over the target; and 4) it usually requires two people to manage the
system.  Both the blimp and the kite must be used at altitudes less than 152 m (500 ft) (this restricts the photo area to
about 100 m X 100 m [328 ft X 328 ft] using a 28-mm wide-angle lens) due to FAA restrictions--the tether above 46 m
(150 ft) must be flagged at frequent intervals for pilots to see.  Photo scales range from 1:992 
(46 m [150 ft] altitude with a 50-mm lens) to 1:5154 (152 m [500 ft] altitude) with a 28-mm lens using these techniques.

Ground-level or near ground-level images may be desired for estimating the leaf area of individual plants or the
foliar density of leafy branches.  The camera can be held by hand or attached to a telescoping pole with a 1/4 inch
thread SE screw, bolts, and washers to hold the camera.  Heights of up 6 m (20 ft) are possible.  For objects being
scanned on a flatbed scanner, a white (e.g., seeds) or black (soil particles) background is preferred.  Neutral gray
colors should be avoided as these backgrounds tend to included in threshold values.  Close-up images may be
useful for analyzing seeds (e.g., calculating the number of seeds per pound), soil particles (e.g., sand, silt and clay),
leaf area, current year’s growth of new leaves, or for estimating foliar density that is needed in military models for
calculating wind-caused soil erosion.



Figure 3.  Image-Pro® Plus 4.1 classifies shrubs in to size classes (4 colors) and presents sophisticated
support information such as percent cover (per-area) and mean diameter and mean area for each class.

Image Processing
The more sophisticated image-processing software include SigmaScan®Pro 5.0 and Image-Pro® Plus 4.1.  These

software packages are among the best evaluated and new software packages are emerging yearly.  Also, each
software package continues to undergo improvements and enhancements.  The SigmaScan®Pro 5.0 is a relatively
low-priced software package that is complemented by a variety of other statistical software packages developed by
SPSS, Inc.  It is greatest strength is that it will analyze very large file sizes with up to 64,000 objects, a feature not
shared by most of the other packages at the time of this paper.  It also provides very nice export of mask files to
separate Tiff files (unlike Image-Pro® Plus 4.1 that uses a screen-capture technique and thereby loses resolution). 
SigmaScan®Pro 5.0 does not have all of the bells and whistles of Image-Pro® Plus 4.1 but is significantly less
expensive and is an effective tool for processing large images.

Image-Pro® Plus 4.1 (Figure 3) supports a variety of enhanced features such as classification of objects by user-
defined size classes, per-area measurements which permit the immediate calculation of percent shrub cover,
alternative methods of thresholding objects of interest (e.g., automatic and manual methods with color-cube based
and a histogram-based segmentation), classification of objects based on user-defined classes (e.g., size classes of
shrubs), and facilitated transfer of statistical data via direct data exchange to Microsoft® Excel  97. 

 It provides the most sophisticated and user-friendly set of tools, but  is priced considerably higher than
SigmaScan®Pro 5.0.  Image-Pro® Plus 4.1 is expected to be merged with Optimas™ (also owned by Media
Cybernetics) in the spring of 2002 to provide an even more powerful set of new image-processing features.  



Figure 4.  SERDP Image Converter overlays a grid on a digital
image and counts the number of non-white pixels.  It outputs
them as an array with the Z values as percent cover (non-white
pixels per total area of the grid).

Currently, image-processing software provides an effective way to measure plant canopy cover of selected sampling
areas.  They can also provide more than 50 other useful measures such as length, width, mean diameter, perimeter,
mean feret, density, classes, center of mass, major axis, and minor axis of every object in the area of interest. 
Statistics for these data are displayed in a quick and effective manner.  One of the challenges of providing
landscape-scale information is that of automatically determining boundaries between shrub cover classes and
representing this information in a geospatially correct manner.  One manual approach is to attempt to visually
distinguish  areas with similar plant cover and transfer boundaries to a geospatially corrected image.  One can
approximate this by judging areas with similar cover and textures of threshold values representing plant silhouettes
and then digitizing polygons around these areas.  The polygons can then be cut out with the assistance of image
editing tools and plant cover calculated.  Estimates of shrub cover, measured manually, can then be entered into the
polygon-associated ArcView® attribute tables to provide a basis for displaying data geospatially and performing
additional data queries and calculations.  However, this method is labor-intensive and time-consuming.  An
alternative to this method was  developed by using a combination of custom-built gridding and commercial two-
dimensional (2-D)/three-dimensional (3-D) graphing software (SERDP Image Converter and Surfer® 7, respectively).

New software was developed to read  data from a TIFF image of shrub silhouettes (black pixels on a white
background, created by SigmaScan®Pro or Image-Pro® Plus 4.1 as a mask overlay).  It then overlays a user-defined
adjustable grid (Figure 4) (e.g., 10 pixels X 10 pixels), determines the amount of plant cover (number of pixels) in the
grid, and exports the extracted data into a tabular format or form:  X, Y, and Z, where X is the horizontal scale (e.g.,
number of pixels or meters Easting), Y is the vertical scale (e.g., number of pixels or meters Northing) and Z is the
percent of the grid with non-white pixels 
(i.e., percent shrub cover).  The software program was named “SERDP Image Converter” and is available from the
authors.  With the SERDP Image Converter
software even accept images from  editing
software such as Adobe Photoshop®6 and
Corel Photo-Paint™ 8 have the ability to
select solid or almost solid combinations of
colors using the “Magic Wand Tool” (click
magic wand on tool bar, then Select, Similar)
or “Magic Wand Mask Tool” (click Mask,
Shape, Similar), respectively.  The selection
can then be copied and pasted onto a white
background and used to calculate percent
cover using additional software.  The
disadvantage of using this software is that it
does not provide the advanced level of
control needed to set an exact threshold or to
immediately see results of subtle adjustments
of threshold values on the screen.

 The tabular data produced by the
SERDP Image Converter software can then be
used with Surfer® 7 software, which is
designed to produce 2-D and 3-D contour
graphs of topographic and geological data. 
The strength of this graphing software is that
it uses widely accepted statistical (e.g.,
kriging) and mathematical algorithms 
(e.g., minimum curvature and nearest neighbor) to find the best fit for contour lines that represent the vegetative
cover values.  Resulting 2-D images created in Surfer® 7 are then customized according to desired percent cover
values and exported (with polygon boundary lines removed) into TIFF images that can be georectified with
ArcView® Image Analysis or ERDAS’s  Imagine® software and converted to shape files that can be queried using
GIS software such as ArcView® 3.1.  The process has been tested successfully as depicted in images derived from
IKONOS geoTIFF orthorectified  images (Figures 5 through 7). This series of image-processing steps can also be
performed using aerial photographs.  Figure 8 shows a 3-image sequence at Fort Irwin applying the RAVS technique.



Figure 5.  Enhanced image made from IKONOS
panchromatic geoTIFF image at Twenty-Nine Palms
Marine Training Area.

Figure 6.  Threshold mask from SigmaScan®
Pro 5.0 showing dark shrub silhouettes extracted
from the image shown in Figure 5.

Figure 7.  Two-dimensional image created with Surfer® 7 software using data
from SERDP Image Converter software.  Percent shrub cover is shown in
increasing intensities of green; white areas indicate high disruption due to

military training. 



Figure 8.  Image at the left is an aerial photograph (1:24000 scale) at Fort Irwin.  Image in the center is a threshold
mask of the same area.  The image on the right is a product of SERDP Image Converter and Surfer® 7 software. 
Note that the image is exported without lines around polygons so that the image can be properly classified and
incorporated into a GIS system using ArcView® Image Analysis or Imagine®.  Percent shrub cover ranges from 0

to 20% as indicated by increasing levels of green (each square image is approximately 2000 m X 2000 m in size). 

Figure 9.  Aerial photograph taken by helicopter and digital
camera is in the upper image.  The red areas of the lower image
show vegetation (2.47% cover) thresholded to eliminate shadows
and rocks.

CONCLUSIONS

Commercial aerial photographs at a scale of 1:2000 provide the best scale for RAVS.  When only relative indicies
of plant canopy cover are required, then 1:24000 scale aerial photographs or IKONOS satellite images are also useful
for plant communities where large shrubs (i.e., >1 meter in diameter) constitute most of the plant cover.  Fixed-wing
aerial photographs or IKONOS geoTIFF orthorectified  panchromatic imagery are preferred.  Hand-held photographs
from helicopters provide useful images for evaluation of localized areas.  

A rule of thumb is that an acceptable scale for vegetation is one that provides details in the photographs to
clearly distinguish the boundaries of individual
plants from the background soils.  The reason
such details are important is that the threshold
level is set visually. Having the boundaries
clearly distinguishable helps ensure the integrity
and accuracy of the measurements.  Thresholds
should be set so that as many of the plants are
clearly delineated within the threshold as
possible, but not increased to the point that
soils around the plants are included in the plant
canopy mask.  Small areas of known false
signals (e.g., shadows, basalt, asphalt, or
occasionally rocks) can be edited out of the
scene after the mask is saved using image
editors or coded in subsequent processing as
areas where values are not clearly discernible 
(e.g., mountain masks, or values in excess of
known maximum values).   Alternatively,
thresholding can attempt to focus more closely
on the color of the vegetation, thereby avoiding
both shadows and rocks (Figure 9).

Because conditions in the military training
area change frequently throughout the year, it
should be recognized that imagery be selected in
timeframes that provide meaningful evaluations. 
Areas that are not changing may not require
reevaluation except once every three to five years.  Other areas that are changing rapidly may need to be reevaluated
annually or perhaps even quarterly to keep pace with the changes in vegetative cover.  A combination of
photographic scales are recommended--small scales (1:24000) to provide relative cover values over large areas and
larger scales (1:2000) for smaller and more selective areas.



Figure 10.  Aerial photograph of vegetation on the NTS
(1:2000) scale is shown in the upper image.  The same area
identifies creosote bush (red), white burrobush (green),
Joshua tree (yellow), and galleta grass (blue).

Accurate identification of plant species is best when plants are green in color or at a phenological stage that is
rather unique and provide the largest difference between species of concern.  Straw-colored grasses with standing
litter from prior years were the most difficult to accurately detect.  Gray-colored shrubs also made it difficult to
properly adjust threshold values that included the margins of the plants, although shadowing within the plant
sometimes helped better define these plants from background soils.  With higher resolution scales (1:2000), it is
possible to distinguish vegetation from
shadows, rocks, and other soil surface features. 
Vegetation on volcanic basalt soils was difficult
to properly threshold due to the extremely dark
color of the soil, especially if the volcanic soils
were intermixed in mosaics of lighter-colored
soils.  Color infra-red or false color infra-red were
better images to differentiate plant species than
were images in natural color.  This is because
most desert soils are light tan in color and
seldom red like the vegetation and, therefore, are
easily distinguishable, whereas, natural color
often had little difference between cryptic-
colored vegetation (browns and grays) than the
background soils.  Using the RAVS technique, it
is possible to differentiate species on the basis
of color, although this is rather crude at
accurately identifying boundaries (Figure 10),
and only provides relative cover value
differences.  Not all areas within the canopy are
filled or recognized.  Differentiation of plant
species appears to be done more accurately on
the basis of size.  The RAVS technique of
measuring plant cover in arid and semiarid lands
appears promising, especially on DoD and DOE
lands where ground access is limited and ground
conditions are changing rapidly.  While it has yet
to be tested in more mesic environment, it appears to have potential for a variety of natural  resource applications.
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