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Abstract

The presence of sagebrush (Artemisia tridentata) in rangelands has declined due to the invasion of annual grasses such as
cheatgrass (Bromus tectorum) and the feedback between these flammable grasses and wildfire frequency. Monitoring the change
and distribution of suitable habitat and fuel loads is an important aspect of sagebrush management, particularly under future
climate conditions. Assessments of sagebrush biomass are used to monitor habitat for critical wildlife species, determine fire
risk, and quantify carbon storage. Field techniques such as destructive and point-intercept sampling have been used to determine
sagebrush biomass, but both of these techniques can be expensive and time consuming to implement. Light detection and
ranging techniques, including airborne laser scanning and terrestrial laser scanning (TLS) have potential for rapidly assessing
biomass in sagebrush steppe. This study used TLS to estimate biomass of 29 sagebrush plants in Reynolds Creek Experimental
Watershed, Idaho. Biomass was estimated using TLS-derived volume, then compared with destructive samples to assess the
estimation accuracy. This accuracy level was then contrasted with the estimates obtained using point-intercept sampling of the
same plants. The TLS approach (R2¼0.90) was slightly better for predicting total biomass than point-intercept sampling
(R2¼0.85). Prediction of green biomass, or production, was more accurate using TLS-derived volume (R2¼0.86) than point-
intercept sampling (R2¼0.65). This study explores a promising new method to repeatedly monitor sagebrush biomass across
extensive landscapes. Future work should focus on making this method independent of sensor type, scan distance, scan number,
and study area.
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INTRODUCTION

Sagebrush (Artemisia tridentata) has historically been the
dominant species of vegetation in over 100 million ha of the
western United States, but that number has dropped to an
estimated 43 million ha (Rowland et al. 2006). Spread of
invasive exotic species such as cheatgrass (Bromus tectorum)
and medusahead (Taeniatherum caput-medusae) into some of
these rangelands has led to dramatic increases in wildfire
frequency in lower elevations (Mack 1981; Whisenant 1990).
In higher-elevation sagebrush-dominated rangelands, reduced
fire frequency resulting from heavy livestock grazing and active
fire suppression has led to substantial expansion of juniper
(Juniperus sp.) woodlands (Miller and Rose 1999; West 1999).
This combination of increased fire frequency in lower-elevation
rangelands and juniper encroachment in higher-elevation

rangelands has resulted in a profound decrease in sagebrush

presence relative to historical levels (Knick 1999; Miller and
Rose 1999; Wisdom et al. 2005).

Sagebrush-dominated rangelands serve as a habitat for many

animals, including sagebrush obligate species such as the
pygmy rabbit (Brachylagus idahoensis; Shipley et al. 2006),
and greater sage-grouse (Centrocercus urophasianus; Connelly

et al. 2000). Due to the high levels of habitat fragmentation the
greater sage-grouse has become a candidate for listing as a
threatened or endangered species (Storch 2007). Consequently,
the ability to rapidly inventory the distribution of sagebrush is

important for land managers and conservation agencies to
assess habitat quality for threatened wildlife.

Aboveground biomass and production can be used to

monitor or assess the condition of rangelands. Biomass is used
to approximate total carbon content (Bradley et al. 2006),
whereas production is used to track new growth in the plant

(Clark et al. 2001). Estimating sagebrush production often
involves separating new plant growth, or ‘‘green’’ biomass,
from wood, litter, and other biomass. The most accurate

method used to estimate biomass involves clipping, oven-
drying, and weighing the plant material (Bonham 1989). This
clip-and-weigh method is time- and labor-intensive, making it
expensive and impractical for application across broad scales.

Point-intercept sampling has been used as a nondestructive
surrogate method to estimate biomass over more expensive
destructive methods (Jonasson 1988; Clark et al. 2008). These

field-based methods are accurate and effective, but are not
easily scaled to the landscape scale.
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Technological advances have brought promising new meth-
ods that can be used to remotely sense and estimate vegetation
characteristics. Light detection and ranging (LiDAR) is an
active form of remote sensing that involves precise timing of the
emission and reflectance of a concentrated beam of light
directed at an object. The relative intensity of the beam that
returns is recorded as normalized reflectance and can be used
for classification purposes (Bellian et al. 2005). Ground-based
LiDAR, or terrestrial laser scanning (TLS), provides a high-
density point cloud (millions of points) that can be used to
create detailed terrain and surface models. The structural
information from the TLS point cloud has been used in forested
environments to calculate tree volume (Lefsky and McHale
2008; Moskal and Zheng 2012), and estimate leaf area index
(Hosoi and Omasa 2006; Huang and Pretzsch 2010) and
aboveground biomass (Yao et al. 2011).

Application of TLS technology to shrub-dominated land-
scapes have not been described; consequently, the present study
evaluated the efficacy of TLS for assessing sagebrush biomass.
The objectives of this study were to 1) determine whether TLS
sampling could rapidly create a high-density, three-dimensional
(3-D) model of sagebrush and extract vegetation characteristics
such as volume; 2) accurately estimate aboveground biomass
relative to estimates made by clip-and-weigh methods; and 3)
contrast this accuracy level with that of a field technique, point-
intercept sampling.

METHODS

Study Area
This study was conducted in October 2011 at Reynolds Creek
Experimental Watershed near Nancy Gulch (lat 4381002 00N,
long 116842043 00W), located 70 km southwest of Boise, Idaho.
The study site elevation ranged from 1 409 m to 1 426 m and
the average slope of the plots was 9%. Annual rainfall of 320
mm and 30-yr averages of minimum, maximum, and mean air
temperatures of 2.18C, 15.68C, and 8.98C, respectively, have
been reported (Pierson et al. 2000, Hanson et al. 2001).
Previously mapped soil components consisted of well-drained
gravelly and silt loams, and were a complex of Willhill-Cottle-
Longcreek at two subsites and Arbidge-Owsel-Gariper com-
plex at the remaining subsites (Soil Survey Staff 2013).
Vegetation was dominated by big sagebrush, bluebunch

wheatgrass (Pseudoroegneria spicata), and Sandberg bluegrass
(Poa secunda).

Sampling
Three representative sites, about 2 km apart, were located
within the study area. At each site, two plots (25 m2)
containing five sagebrush (Artemisia tridentata subsp. wyo-
mingensis) each were selected to capture the maximum range
of variation in shrub volume found within the site (n¼30). A
Riegl VZ-1000 TLS instrument (Fig. 1A) was used to scan
each plot from two opposite sides at a distance of 5 m from
the nearest sampled sagebrush plant (Riegl Laser Measure-
ment Systems 2012). Four reflective targets were placed at
strategic positions within each study site to assist with
registering the two scans together. Each scan was completed
in about 30 min, for a total of 1 h per plot. After scanning the
plots, each sagebrush plant was point-intercept sampled using
methods adopted from Clark et al. (2008). A pin was pushed
through the canopy along a 5-cm-spaced grid and any hits on
woody or green plant material were recorded. The point-
intercept hits were assumed to approximately represent
sampled shrub structure. The average time spent point-
intercept sampling per sagebrush was 34 min, or 170 min
per plot. After the sagebrush plants were scanned by the TLS
and sampled with the point-intercept method, the individual
sagebrush plants were cut at ground level. The harvested
sagebrush plants were collected in plastic bags for later
sorting. In the laboratory, the leaves and green stems were
separated from the woody material and oven-dried at 658C for
48 h or until a constant dry weight was reached and recorded.
On average, each sagebrush plant took 4 h to clip, sort, and
weigh, or 20 h per plot.

Data Analysis
All TLS processing was performed using the RiSCAN Pro
software package (Riegl, Horn, Austria). The two scans for
each plot were registered with one another using the reflector
location information. In order to estimate production, or
green biomass, the scan points were classified as green or
woody using a threshold TLS reflectance intensity value
(recorded in decibels by the Riegl sensor). The threshold value
of �4.5 dB was based on the histogram distribution of the
vegetation (Fig. 1B). The points were filtered by dividing the
3-D model space into 1-cm3 cubes (voxels) and only retaining

Figure 1. Flowchart detailing A, data collection using the Riegl VZ-1000 TLS unit creating a three-dimensional model of the sagebrush; B, classification
into green and woody subsets using laser reflectance; and C, calculation of voxel volume.
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a single point within each voxel. Voxels containing a point

counted as vegetation present (1) and voxels with no points

counted as vegetation absent (0). Summing the total number

of voxels provided a total volume estimate (Fig. 1C), whereas

the voxels representing the green subset provided a green

volume estimate.

Linear regression analyses were performed comparing TLS-

derived volume (X; cm3) and point-intercept (X; intercepts) for

estimating total and green biomass (Y; g; Table 1). During

analysis, it was discovered that one of the largest sampled

sagebrush plants was not scanned in its entirety due to being on
the outer edge of a plot. This erroneous sample was removed
and statistical analyses were completed on 29 rather than 30
sagebrush plants.

RESULTS

Predictions of total sagebrush biomass (Figs. 2A and 2B) were
slightly more accurate using TLS-derived volume (R2¼0.89)
than using the point-intercept method (R2¼0.86). For green
biomass (Figs. 2C and 2D), TLS-derived volume was a much
better predictor (R2¼0.86) than the point-intercept method
(R2¼0.65). Point-intercept sampling had higher root mean
square error, of 1 023 g for total biomass and 76 g for green
biomass, compared to 817 g and 48 g for TLS-derived volume
(Table 1).

DISCUSSION

TLS is a promising technology for rapidly and accurately
estimating sagebrush biomass. The accuracy of TLS is
comparable to point-intercept sampling, but TLS is more
efficient and provides a comprehensive dataset that can be used

Table 1. Descriptive statistics (n, ȳ, x̄), regression model parameters for
intercept (b0) and slope (b1), coefficient of determination (R2), and root
mean square error (RMSE) for linear regression between biomass (Y), and
voxel volume in cm3 or point-intercept hits (X).

n ȳ(g) x̄ b0 b1 R2 RMSE (g)

Total biomass (Y)

Voxel volume 29 2 881 30 858 �890.0 0.1222 0.9029 817

Point-intercept 29 2 881 61.7 �149.2 49.08 0.8476 1 023

Green biomass (Y)

Voxel volume 29 150 26 153 �32.30 0.006983 0.8594 48

Point-intercept 29 150 26.1 35.80 4.382 0.6546 76

Figure 2. Linear regression relationships with 95% prediction intervals (dashed lines) for predicting total biomass with A, voxel volume and B, point-
intercept hits and predicting green biomass with C, voxel volume and D, point-intercept hits for 29 sagebrush plants sampled in Reynolds Creek
Experimental Watershed in October 2011.
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for other measurements (e.g., height). A single plot of 100 m2

can be scanned in less than an hour (with two scans), whereas
point-intercept sampling over the same area can take many
times longer depending on the number of sagebrush plants
sampled. Additionally, TLS captures thousands of points per
shrub, while point-intercept sampling captures on the order of
10 to 100 points. Larger and denser plots, however, may
require more than two scans to provide a complete 3-D model
of each sampled sagebrush plant. The number of scans needed
to limit occlusion can be decreased by choosing optimal scan
positions from high ground or spreading scans out equally
across the study site.

This TLS-derived voxel method can be used to monitor
change and distribution of sagebrush over time by repeat
scanning the same area, yearly or seasonally. Despite these
benefits, more work is needed to scale this method to the
landscape level. The allometric equations for estimating
sagebrush biomass using the voxel-based method are dependent
on the instrument (Riegl VZ-1000), scan distance, scan
number, and study area. Other instruments have design
specifications with different pulse rates and scan densities,
which result in different voxel volume estimates than those
derived from the instrument used in this study. Scans from
farther away would increasingly be plagued by occlusion, or
physical blocking resulting in no laser penetration beyond the
blocking object, relative to short scan distances. Accuracy and
efficiency trade-offs come into play with each additional scan
applied to fill in data gaps. Thus, additional validation is
necessary to quantify the effect of shrub location relative to
scan position on voxel volume. Climatic differences between
study areas could result in morphological differences in the
sagebrush that may or may not appear in the TLS scan,
resulting in study area dependencies.

A surface-wrapping method such as the one described by
Kato et al. (2009) using radial basis functions, or even a more
simple convex hull calculation would help eliminate the
dependency on the instrument, scan distance, and scan number.
However, these methods would result in retaining less detail by
treating the sagebrush as a solid object and not allowing for
empty spaces within the canopy, resulting in an overestimation
of the volume. Sampling across both time and space would help
eliminate and/or quantify study area dependencies.

MANAGEMENT IMPLICATIONS

TLS can be used to assess vegetation characteristics in shrub-
dominated rangelands. The ability to rapidly and accurately
estimate sagebrush biomass and track changes in its composi-
tion (i.e., green vs. woody) and distribution over space and time
should allow resource managers and conservation agencies to
better monitor critical habitat and food resources for sagebrush
obligate species (e.g., sage sparrow [Artemisiospiza belli],
pygmy rabbit, greater sage-grouse). Concerns about accurately
estimating carbon storage in sagebrush-dominated rangelands
could be addressed by this new TLS methodology. More
accurate and timely fuel assessments could be conducted using
TLS in high risk areas such as wildland–urban interfaces. There
are certainly many more situations where destructive, clip-dry-
weigh sampling is too time-consuming, and/or too costly per

unit area to be practical and effective. The return on investment
from the purchase of a TLS sensor could be high through a
cooperative purchase between partners and by generating field-
sampling savings. Remote-sensing methods, including TLS, can
be paired with destructive sampling in a double-sampling
approach to limit the amount of destructive samples required.
This emerging TLS method may be aptly suited where rapid,
accurate, repeat, and extensive sagebrush biomass estimates are
needed.
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