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Abstract:
Forage allocation models are used to allocate forage resources in areas where multiple ungulate species
share the same range. In the Garvin Basin, south central Montana, forage allocation models were
created to determine the number of cattle and elk that could be supported in the Garvin Basin.
Allocation models were based on forage consumption, forage availability, and species distribution in
the basin. To estimate the amount of forage available in the basin, 2 techniques were employed: 1) the
Landsat 5 TM-based method and 2) the conventional exclosure-based method. There was no significant
difference in the estimates for the entire basin obtained using either method for total or shrub biomass
(total using Landsat-based =14 million kg ± 2 million kg, total using exclosure-based =15 million kg ±
439 thousand kg) (shrub using Landsat-based = 6 million kg ± 3 million kg, shrub using exclosure
based = 4 million kg ± 1 million kg). However, there was a significant difference in the 2 estimates of
herbaceous biomass with Landsat producing lower herbaceous biomass (herb using Landsat-based = 4
million kg ± 2 million kg, herb using exclosure-based =11 million ± 2 million kg). Estimates of
biomass were used in forage allocation models to estimate a year-long carrying capacity for ungulates
in the basin. The model that best represented the system of the basin estimated 2,979 elk at the current
cattle stocking rate of 1,725 AUMs using the Landsat-based technique and 3,571 elk at 1,725 cattle
AUMs using the exclosure-based method. Considering the elk population is exploited, I recommended
that the population be maintained at an “intermediate level” from 1,000 to 1,800 elk at 1,725 catttle
AUMs where recruitment should be the highest in the elk population. 
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ABSTRACT

Forage allocation models are used to allocate forage resources in areas where 
multiple ungulate species share the same range. In the Garvin Basin, south central 
Montana, forage allocation models were created to determine the number of cattle and elk 
that could be supported in the Garvin Basin. Allocation models were based on forage 
consumption, forage availability, and species distribution in the basin. To estimate the 
amount of forage available in the basin, 2 techniques were employed: I) the Landsat 5 
TM-based method and 2) the conventional exclosure-based method. There was no 
significant difference in the estimates for the entire basin obtained using either method for 
total or shrub biomass (total using Landsat-based =14 million kg ± 2 million kg, total 
using exclosure-based =15 million kg ± 439 thousand kg) (shrub using Landsat-based = 6 
million kg± 3 million kg, shrub using exclosure based = 4 million kg ± I million kg). 
However, there was a significant difference in the 2 estimates of herbaceous biomass with 
Landsat producing lower herbaceous biomass (herb using Landsat-based = 4 million kg ± 
2 million kg, herb using exclosure-based =11 million ± 2 million kg). Estimates of 
biomass were used in forage allocation models to estimate a year-long carrying capacity 
for ungulates in the basin. The model that best represented the system of the basin 
estimated 2,979 elk at the current cattle stocking rate of 1,725 AUMs using the Landsat- 
based technique and 3,571 elk at 1,725 cattle AUMs using the exclosure-based method. 
Considering the elk population is exploited, I recommended that the population be 
maintained at an “intermediate level” from 1,000 to 1,800 elk at 1,725 catttle AUMs 
where recruitment should be the highest in the elk population.
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INTRODUCTION

Background

Ungulates are generally large, long-lived herbivores that have low reproductive 

rates and high maternal investment (McCullough 1999). In temperate regions, free 

ranging ungulates adjust their diets according to the season (Feldhamer 1999), often 

migrating to energy- and nutrient-rich, seasonally available areas for growth and the 

accumulation of energy reserves (Houston 1982). In mountainous regions, wild ungulates 

often migrate between high elevation summer ranges and lower elevation winter ranges 

(Feldhamer 1999). This strategy affords full utilization of all suitable range (Houston 

1982). In contrast, domesticated ungulates, such as cattle, only make major changes in 

seasonal ranges when managers allow them to do so (Kie et al. 1996). If ungulate herds, 

domestic or wild, become too abundant they have the potential to destroy natural forage 

plants on these ranges (Schmidt and Gilbert 1943). Consequently, managers seek to 

balance wild and domestic ungulate numbers with available forage resources (Schmidt and 

Gilbert 1943) by estimating a carrying capacity, i.e., the number of animals a habitat can 

sustain (Bailey 1934), and limiting herbivore numbers accordingly. Forage allocation 

models are used to allocate forage resources in areas where multiple ungulate species 

share the same range (Westfall et al. 1993). Through the use of these models managers 

can determine how many animals a system can support based on the available forage and 

forage requirements for each species.
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The evaluation of habitat elements critical to sustaining populations and 

maintaining or increasing carrying capacity is essential to any estimate of carrying capacity 

(Lubbering et al. 1991). Data on vegetation density, cover, and biomass are often 

required by wildlife and land managers because such measures can be associated with 

forage availability and habitat carrying capacity (Riggings et al. 1996). Available forage 

biomass in the Garvin Basin, south central Montana, has been evaluated expressly for 

domesticated livestock (BIA 1969), and the number of cattle animal unit months (AUMs) 

allotted for the basin was derived with no consideration for the forage requirements of elk 

that winter in the basin (BIA 1969). For this study, an assessment of available forage 

biomass was completed and used to estimate the number of cattle AUMs and the number 

of elk that could be supported in the basin.

One method of directly estimating forage biomass is by clipping all the vegetation 

to ground level in sample plots of known area, and then weighing the wet or dry 

vegetation removed (Pearson et al. 1976, Cox and Waithaka 1989, Higgins et al. 1996). 

Mean biomass per unit area may then be estimated as the product of average biomass per 

plant and mean density of plants (Higgins et al. 1996). A standard for measuring the 

amount of forage biomass available for harvest by ungulates is the exclosure method, Le., 

comparisons of vegetation amounts obtained from paired grazed and ungrazed plots 

(Litvaitis et al. 1996). These paired plots, selected for similarity in species composition 

and production, are established prior to the growing season. Vegetation in both plots is 

clipped at the end of the growing season, and biomass is recorded (Litvaitis et al. 1996). 

The mean from ungrazed plots will be multiplied by the number of units in the study area



3

i.e., number of hectares, to estimate the total amount of forage biomass available. Means 

for grazed plots provide estimates of residual biomass; the difference in means is 

interpreted as the amount of biomass removed by ungulates. Commonly, such exclosure 

methods can be costly, time-intensive, and have large errors (Litvaitis et al. 1996). 

Furthermore, this method may inadequately estimate biomass for large areas because 

sample units are usually small (Porwal et al. 1996), representing a minuscule percentage of 

the pasture and may be subject to variance within the sample related to the time required 

for sampling rather than herbivore use.

Alternatively, satellite spectral data and conversions of these data have been 

employed to examine and derive biophysical attributes of earth surfaces (Yang et al.

1998). When electromagnetic energy strikes the earth’s surface, 3 interaction results are 

possible: reflectance, absorption, or transmittance of energy (Lillesand and Kiefer 1999). 

Reflectance data of different wavelength bands can then be used to distinguish among soil, 

water, and vegetation (Lillesand and Kiefer 1999). Satellite image interpretation has been 

used to estimate biological variables such as vegetation cover, leaf area index, and biomass 

(Kasturirangan 1996, Hurcom and Harrison 1998, Lawrence and Ripple 1998).

Vegetation indices have been developed from reflectance data used to estimate forage 

biomass (Lillesand and Kiefer 1999). Although these indices have been successfully 

applied at many locations, they have been problematic in semiarid and low-vegetation 

areas (Elvidge and Lyon 1985, Paruelo et al. 1997, Lawrence and Ripple 1998, Muldavin 

et al. 2001). Lawrence and Ripple (1998) demonstrated that bandwise multiple regression 

preformed better than vegetation indices in the low vegetation Mount St. Helens region.
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They explained more variability in vegetation cover through decoupling because this 

allowed for the analysis and manipulation of individuals bands, whereas vegetation indices 

do not.

Ground-based reflectance measurements can be coupled with satellite reflectance 

data to assess vegetation biomass over a large scale in a short time period (Kasturirangan 

1996, Hurcom and Harrison 1998, Elmore et al. 2000, Wylie et al. 2002). Multispectral 

radiometers (MSR) are used to collect ground-based spectral data associated with earth 

surfaces, including vegetation. The MSR measures radiation in different bands as it 

measures incident radiation in these bands. The ratio of these gives percent reflectance 

(Cropscan 2002). Finally, MSR reflectance measurements are used to estimate biomass. 

These biomass estimates are then regressed against satellite reflectance to assess the 

correlation between the two. By using this 2 step process, biomass measured directly 

from plots can be correlated to satellite reflectance values through the use of the MSR unit 

used to collect ground reflectance. If significantly correlated, satellite reflectance data can 

be used to estimate biomass on a “landscape scale” (Wylie et al. 2002).

Remotely sensed data present a number of advantages over other methods of 

forage biomass estimation. Satellite images can provide information about large tracts of 

land at less expense than required for the collection of other types of data, and digital data 

can be input directly into computers, thereby allowing rapid investigation and manipulation 

(Mack et al. 1997). Finally, this sampling technique may reduce the need for destructive 

vegetation sampling (Pearson et al. 1976, Wylie et al. 2002).

In my study, bandwise regression and vegetation indices were compared to obtain
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the strongest correlation between ground-based reflectance measurements and dry forage 

biomass clipped from circular plots. Next, bandwise regression and vegetation indices 

were used to test which method provided the strongest correlation between biomass 

estimates for “ground pixels” and satellite reflectance data for those pixels. I hypothesized 

that bandwise regression would explain more of the variation in forage biomass than 

vegetation indices because of the ability to analyze and manipulate individual band data.

Allocation models were created for the Garvin Basin using forage biomass 

estimates obtained through 2 techniques; I) the conventional exclosure method and 2) 

combining ground-based reflectance measurements with satellite reflectance data. I tested 

the null hypothesis that forage biomass estimates derived from each method would not be 

statistically different. The model results were then used to establish an estimate of 

carrying capacity for ungulates in the Garvin Basin and to provide management 

recommendations to the Crow Tribal Game and Fish Department.

Objectives

The goal of my study was to estimate a year-long carrying capacity for ungulates 

in the Garvin Basin. The first objective was to compare forage biomass in the basin, 

estimated using exclosure plots and Landsat TM. My second objective was to create 

forage allocation models based on the estimates acquired for comparison.
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STUDY AREA

The Garvin Basin, a nearly !inaccessible, semiarid sagebrush grassland between the 

Bighorn and Pryor Mountain ranges of south Central Montana, is located 40 km southeast 

of Billings, Montana (Fig. I). The study area is approximately 17,749 ha, and elevations 

range from 1,177 to 1,829 m. The basin is roughly triangular in shape with the apex on 

the north where Big Bull Elk Ridge meets the Bighorn River. The east boundary is the 

west escarpment of the Big Bull Elk Ridge; the west boundary is the HO to 171 m high 

escarpment at the east edge of the Yellowtail Reservoir; and the south boundary is Devils 

Canyon (BIA 1969). There are 3 semipermanent streams that drain the basin; Twenty 

Mile and Gyp Creek at the north end of the basin and Trout Creek in the extreme southern 

end (BIA 1969). The Garvin Basin is predominantly blanketed by big sagebrush 

{Artemisia tridentata) and silver sage {Artemisia cana) with a grass understory, while 

some of the steep ridges and slopes are covered by juniper {Juniperus scopulorum). The 

graminiod species of major importance within the basin are bluebunch wheatgrass 

(Agropyron spicatum), needle and thread {Stipa comata), Junegrass {Koeleria 

pyramidata), and western wheatgrass {Agropyron smithii). Soils range from deep to very 

shallow, silty clay to sandy loams, but only 2% of the area is occupied by deep permeable 

soils and 12% by moderately permeable soils (BIA 1969). The climate of the basin is 

characterized by warm summers and cold winters. The daily temperatures ranges from - 

26°C to over 38°C (Anderson et al. 1987). Annual precipitation in the basin ranges from
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20 cm to 30 cm (NRIS 2002).

In the fall, as many as 1,200 elk (Cervuselaphus) migrate annually into the basin 

and remain there until early spring (Cobell 2001). The current cattle AUM allocation is 

1,725, and grazing is allowed between May and October (Hanley pers. commun.). The 

actual AUMs have varied over the past 3 decades. No cattle were grazed in the basin 

during the study period (2000-2001) and the only domestic livestock in the basin observed 

during my study were 5 trespass horses. Fewer than 80 mule deer (Odocoileus heminous) 

were seen in the basin in March of 2000 (Roybal 2000) and less than 10 in February of 

2001 (Comeau, unpubl. data 2001).
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Montana
Study Area

kilometers

Wyoming

Figure I . The Garvin Basin located in South central Montana, between the Bighorn River 
and Bighorn Mountains. Gyp Creek and Twenty Mile Creek are semipermanent and 
Trout Creek is permanent. Bighorn Canyon National Recreation Area (BCNRA) is west 
of the basin.
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METHODS

Multispectral Radiometer Methods

In this study, a Cropscan multispectral radiometer (MSR5) (Cropscan Corp., 

Rochester, MN) was used to measure reflectance of vegetation biomass from the ground. 

Ground data were collected in the Garvin Basin and the Bighorn Canyon National 

Recreation Area (BCNRA), Montana. Although not in the primary study area, the soils, 

vegetation, and climate of BCNRA are similar to those of the Garvin Basin (Anderson et 

al. 1987). The BCNRA is located approximately 9 km west of the basin, and both areas 

are in the same Landsat 5 TM scene (row 36 path 29).

In June 2001, a MSR5 was used to measure percent reflectance for 9 0.75 m2 

circular plots in the BCNRA and 3 in the Garvin Basin. Plots were chosen to capture a 

wide range of biomass and proportions of cover by herbaceous and woody plants 

(Appendix, Table 16). Reflectance was obtained for the blue (450-520 pm), green (520- 

600 pm), red (630-690 pm), near infrared (760-900 pm), and mid-infrared (1550-1750 

pm) bands. Three separate readings were made for each plot. After the measurements 

were made, a wire ring was used to delimit the boundary of the 0.75 m2 circular plots. 

The percent cover of herbaceous and woody vegetation within the plot were visually 

estimated and recorded. All standing herbaceous plant material within the plot was 

removed by clipping with scissors, approximately ground level (13 mm). Materials were
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separated into live (actively photosynthesizing) and dead (nonphotosynthetic) biomass and 

stored in numbered paper bags. Shrub leaves were hand-stripped from stems and stored in 

numbered paper bags. The samples were then taken to Montana State University, oven 

dried at 60° C for 48 hours, and weighed on an Ohaus electronic scale (± .01 g).

The MSR5 was also used to take reflectance measurements on 45 x 45 m plots, 7 

in the BCNRA and 5 in the Garvin Basin, placed in areas that ranged from low to high 

productivity and with various combinations of herbaceous and shrub cover. The comers 

of each plot were located using a Satloc GPS receiver (OmniSTAR, ± 3 m) (Scottsdale, 

AZ), the first reflectance measurement was taken 2.5 m in and down from the northwest 

comer of the plot. The person operating the MSR5 then moved systematically eastward, 

taking readings at 5-m intervals. Subsequent lines of readings (5 m apart) were taken 

(west to east then east to west) in a consistent pattern so that the position of each reading 

in the plot could be identified. A single MSR5 reading was taken at each location, and 

percent shrub coverage was estimated and recorded. A total of 81 reflectance readings 

were recorded per plot.

Remote Sensing Methods

Satellite data for the basin were extracted from a Landsat 5 Thematic Mapper 

scene (path 36, row 29) acquired June 10, 2001. The data were rectified to a Universal 

Transverse Mercator (UTM) grid using a cubic convolution resampling method and 

terrain corrected. Separate data files containing information on the blue, green, red, near
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infrared, mid-infrared, and thermal infrared bands, were imported into program IMAGINE 

(ERDAS, Atlanta, GA), and stacked to create a single image. Although the satellite scene 

was originally projected to Zone 13, the study area is located in Zone 12, thus the image 

was reprojected to NAD 83, Zone 12 to match the coordinates of the GPS points 

collected at the sample sites. Digital Ortho Quadrangles were overlaid on the Landsat 

image to check the accuracy of the reprojected image.

Although the Garvin Basin was located in the satellite scene, most of the image 

was not in the study area. Since the study objective was to estimate forage biomass in the 

basin, a subset of the scene was created that centered on the study area. Next, an “Area of 

Interest” (AOI) layer was created to exclude any part of the subset image that was not in 

the study area, as well as riparian areas. Riparian areas were excluded because no ground 

data were collected for these areas; therefore they could not be coupled with satellite data 

for biomass estimation. Although, much of the Rocky Mountainjuniper (Juniper 

scopulorum) is located in riparian areas and was excluded with the creation of the AOI, 

any juniper not located in riparian areas was included in biomass estimation. Forested 

areas (Douglas-fir, Pseudotsuga menziesii) where also excluded within the AOI because I 

was unable to collect reliable data for calibrating tree-leaf biomass with the MSR5. An 

additional GIS layer was created excluding pixels greater than 1.6 km from water (the 

main water sources are Gyp Creek and 2 springs in the northern part of the basin), because 

in some models I assumed that distance to water would affect the distribution of cattle in 

the basin and they would not graze >1.6 km from these 3 water sources (Stoddart and

Smith 1955).
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Exclosure Methods

In July, 2000, 56 paired sites were marked in the basin for construction of 

exclosure cages. A stratified random sample design was used to determine placement; 

stratification was based on productivity (an index to productivity = low elevation = low 

productivity) and ungulate use. I selected 4 strata in which to place paired plots: (I) high 

productivity (1676 m to 1756 m) less than 1.6 km from water (accessible to cattle and 

elk); (2) low productivity (1231 m to 1591 m) (accessible to cattle and elk); (3) high 

productivity greater than 1.6 km to water (accessible to elk); and (4) low productivity 

greater than 1.6 km from water (accessible to elk). Cattle accessibility was estimated 

based on distance to water, while elk accessibility in the basin was determined using 

telemetry and aerial survey data collected from 1998 to 2001 (Cobell 2000, Comeau, 

unpubl. data 2001).

Motorized movement within the basin is difficult and time consuming because of 

rugged terrain; consequently, cages were placed near roadways within each stratum. Once 

a starting point was determined, a coin was flipped to determine if the plots would be 

located to the left or right of the road. Next, a random numbers table was used to 

determine the number of paces from the road the plots would be located (minimum of 11 

paces; a maximum 100 paces). After pacing the distance from the road, a plot was located 

where the last step occurred. A wire ring was used to designate the 0.33 m2 plot; 

vegetation within the plot was classified as herbaceous or shrub, and species and percent



13

cover were determined and recorded. A second plot with approximately the same species 

and percent cover was established a minimum of 3 m from the first. A coin was flipped to 

determine which plot would be caged and which plot would be exposed to grazing.

Circular cages were constructed enclosing an area of I m2. They were constructed of 

15 x 15 cm mesh fencing; 2 steel posts and rebar stakes were used to anchor the cages to 

the ground. The steel post closest to the grazed exclosure was numbered and located 

using a Garmin GPS receiver (± 10m). Distance and direction from the numbered steel 

post to the grazed plot was determined using a compass and meter tape and recorded; a 1- 

inch nail painted orange was used to mark the plot. Cages were separated by at least 0.16 

km and strata by 0.64 km.

Fifteen exclosures were placed in the high productivity stratum that was accessible 

to cattle and elk, 15 in the low productivity stratum that was accessible to cattle and elk,

15 in the high productivity stratum that was accessible to elk, and 11 in the low 

productivity stratum that was accessible to elk. In June, 2001, the grazed and ungrazed 

plots were relocated, and all standing plant material within the plots was clipped 

(herbaceous plants) or stripped (leaves from shrubs) and handled as described previously 

(see page 10).

Statistical Analysis

All statistical analyses were conducted using the Number Cruncher Statistical 

System (NCSS 2001). All statistical tests were considered significant if alpha error levels
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were <0.05.

MSR and Landsat 5 TM data

The biomass for each clipped plot was converted to g/m2. Although reflectance 

data for red and near infrared band have been used to estimate biomass, it is a function of 

the amount of chlororphyll and spongy mesophyll (Lillesand and Kiefer, 2000), and, 

therefore, should not be influenced by the species or growth form of the plants. However, 

imperical studies have shown that different plants and plant growth forms do reflect bands 

differently and can be used to develop models for prediction of herbaceous and shrub 

biomass relatively independent of models for total biomass (Olenicki pers. commun., 

Norland pers. commun). In order to maximize the utility of my forage allocation models 

herbaceous, shrub, and total weights were treated separately as response variables in 

multiple regression analysis. The 3 reflectance measurements collected for the circular 

plots were averaged, and these values were used as predictor variables in bandwise 

regression and vegetation indices regression. Because 2 sites were used to collect MSR 

data, a “dummy” variable was included to designate each site and added to bandwise 

regression analysis. Indices used for regression analysis were Simple Ratio (SR) and 

Normalized Difference Vegetation Index (NDVI). “All possible regression” analysis 

(NCSS 2001) was used to obtain the best predictors for measuring herbaceous plant, 

shrub, and total forage biomass, while multiple regression was used to test significance of 

variables and the model. Bandwise regression results were compared to vegetation indices



15

to test which method provided the best predictors of forage biomass clipped from the 12 

0.75 m2 circular plots. The best predictors were determined based on adjusted 

Coefficients of Determination (R2).

Residual plots for bandwise regression suggested a curvilinear relationship 

between herbaceous biomass and MSR reflectance measurements (Appendix Fig. 7); 

therefore, the squares and cubes of predictor variables were added as potential variables in 

the regression analyses. Once the best equations were obtained for herbaceous, shrub, and 

total biomass, the predicted biomass values were compared to the actual biomass values 

for each plot.

Next, the resulting regression equations were used to estimate the mean and 

standard error of forage biomass for the 12 45 x 45 m plots. To do this, the MSR 

reflectance measurements for the 45 x 45 m plots were entered into the regression 

equations to estimate biomass for all 81 points within the plots. The biomass estimates 

were then averaged, and the standard error was calculated for each plot.

A second regression was done in which the Landsat reflectance data was regressed 

against the biomass estimates in 45 x 45 m plots. The plot estimates were the response 

variable and the average satellite reflectance values for each plot were the predictor 

variables. To extract Landsat reflectance data for the 12 45 x 45 m plots, an Excel file 

was created containing the GPS coordinates associated with each MSR reading taken 

inside the plots. This Excel file was saved in text format as a data file, then the pixel to 

ASCII command in IMAGINE was used to obtain the satellite reflectance data attributed 

to each GPS coordinate. The resulting ASCII file contained coordinate and reflectance
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data for each point inside a given plot. Finally, the ASCII file was imported into Excel to 

calculate an average reflectance value for all plots.

“All possible” regression analysis was used to determine the best model, and 

multiple regression analysis was used to test significance. Because residual plots 

suggested a curvilinear relationship between the MSR herbaceous biomass estimates and 

Landsat reflectance data, I added higher order polynomials to the analysis. Three 

regression equations were created; one for herbaceous vegetation, one for shrub 

vegetation, and one for total biomass. Regression equations were applied separately to 

the AOI layer, using the Spatial Modeler feature in IMAGINE, to get herbaceous, shrub, 

and total biomass estimates for each satellite pixel, as well as an average measurement for 

the study area. The values for each pixel were imported into Excel for analysis, converted 

to kg/pixel, then added to get an estimate of forage biomass for the Garvin Basin.

To create a 95 % confidence interval for the forage biomass, an estimate of 

variance was calculated for the average biomass values. Because there is no established 

criterion for doing this, I created a pooled standard error from: I) the regression equation 

standard error for circular plots; 2) the average standard error for the 45 x 45 m plots; and 

3) the regression equation standard error for forage biomass in the basin, i.e., biomass SE 

= V 16.872 + 39.8 2 kg/ha + 37.622 = 57.31. This standard error was used to compute the 

coefficients of variation and confidence intervals for the forage biomass values , i.e.,

CV = (57.31* 1.96)/679.86 = 0.17. The percent was multiplied by the biomass value for 

each pixel, summed and averaged, converted to kg/pixel, then subtracted or added to the 

biomass estimate for the basin to yield a 95% confidence interval.
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Grazing Exclosure Method

A paired t-test was used to detect differences in standing biomass between 

ungrazed and grazed plots and among strata. Distributions of shrub weights were non

normal and violated the assumptions of kurtosis (Appendix Figure 8 and 9), distributions 

of herbaceous weights were also non-normal and violated the assumptions of skewness, 

kurtosis, and omnibus (Appendix Figure 10, 11, 12, and 13) so I used a square root 

transformation on weights of shrub leaves and dead plant material and a natural log 

transformation on weights of the live herbaceous.

I used biomass clipped from plots to calculate an estimate of forage biomass for 

the Garvin Basin. Biomass measurements from ungrazed plots were used to calculate the 

average kg/ha of forage, standard error, and coefficient of variation. The mean was 

multiplied by the number of hectares in the AOI to get an estimate of total, shrub, and 

herbaceous biomass in the basin. A similar approach was used to estimate biomass within 

1.6 km of a water source, but only cages within 1.6 km of water were included in the 

estimate. The coefficient of variation (standard error divided by mean and multiplied by 

100) for the estimate of forage within the study area was also calculated using the same 

process described above using the mean and standard error estimates from the plots.
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Comparison of Techniques

A comparison of techniques used to estimate forage biomass was done at 2 scales. 

In the small-scale comparison, I used a paired t-test to test for differences in means 

between biomass in grazed (unfenced) plots and biomass estimates for pixels associated 

with those plots. Biomass estimates were retrieved using the pixel to ASCII procedure in 

IMAGINE (see page 14).

. In the landscape-scale comparison, I built 95% confidence intervals for biomass 

estimates of the entire study area obtained using each method. Confidence intervals were 

created using the procedure described previously (see page 15). If the confidence 

intervals did not overlap, I assumed the estimates were significantly different.

Forage Allocation Models

I utilized forage estimates from reflectance data and exclosure measurements to 

develop 5 models for forage allocation between cattle and elk. Models were based on 

numbers of cattle, daily forage requirements for each species, the number of days spent in 

the basin by each species, allowable forage offtake, and the distribution of cattle and elk in 

the basin. The cattle stocking rates were allowed to vary from 0 to 2,000 AUM’s for each 

model. The amount of forage consumed by cattle and elk while in the basin was 

calculated by multiplying the daily forage requirement by the number of days spent in the
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basin. Models differed in assumptions on: I) food habits of cattle and elk; 2) forage 

available from areas with no tree cover; 3) allowable forage consumption (50%-70%); and 

4) the distribution of cattle and elk within the basin. The allowable offtake (the percent of 

available forage that ungulates were “allowed” to take) was set at 50% for cattle. The 

amount consumed by cattle was subtracted from the amount of forage available to 

calculate the amount of forage remaining. The number of elk that could be supported was 

determined by dividing the remaining forage by the amount of forage required by I elk 

while in the basin (Appendix Table 17).

Daily forage requirements for cattle (2784.2 kg/da) and elk (841.54 kg/da), 

allowable offtake (50% - 70%), and forage patterns were determined from literature on 

elk and cattle (Smith and Staddart 1965, Oluas 1951, and Norland et al., 1996). In each 

model, available forage was determined using both the exclosure and remote sensing 

methods. The number of days cattle spent in the basin was fixed based on timing 

determined by the BIA Land Operations Division. For models in which cattle distribution 

was limited, I excluded all pixels >1.6 km from the 3 reliable water sources in calibration 

of forage available to cattle. The number of days elk spent in the basin and their 

distribution were determined using telemetry data (Cobell 2001).
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RESULTS

MSR Reflectance

Circular Plots

Total biomass weights in 12 0.75 m2 plots clipped to calibrate the MSR ranged 

from 26 g/m2 to 201 g/m2; with an average value of 63 g/m2 (Table I). Shrub weights 

ranged from 0 g/m2 to 187 g/m2; with an average value of 46 g/m2, and herbaceous 

biomass weights ranged from 5 g/m2 to 32 g/m2 with an average weight of 19 g/m2. The 

predictor variables regressed against biomass included MSR spectral bands, the dummy 

variable, and polynomial terms. The final predictor variables included in vegetation index 

regressions were SR values and NDVI values. Bandwise regressions explained more of 

the variability in total, shrub, and herbaceous biomass than vegetation indices (Table 2). 

The best bandwise regression model for total biomass had an adjusted R2 value of 0.90. 

The shrub biomass model had an adjusted R2 value of 0.88. Only I model for herbaceous 

vegetation indicated a significant difference between predictors and biomass, and it had an 

adjusted R2 of 0.51. The addition of the higher order polynomials improved the ability to 

predict herbaceous biomass. Although 2 of the bandwise regression models fitted for 

shrub biomass had similar R2 values, 0.88 and 0.87, the model that included red, near- 

infrared, and sample site was chosen because the literature indicates that these 2 bands are
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significantly correlated to vegetation biomass (Tucker 1979). The SR index had an 

adjusted R2 value of 0.79 when total biomass was used as the response variable, while no 

index was significantly correlated to shrub or herbaceous biomass. The largest 

discrepancies between predictors and measured biomass occurred with shrubs, and the 

smallest discrepancies occurred with herbaceous vegetation (Table 3).

Table I. Total, shrub, and herbaceous biomass, and spectral band reflectance 
measurements for the twelve 0.75 m2 circular plots. Biomass weights are after drying.

Plot

Total
Biomass

(g/m2)

Shrub
Biomass
(g/m2)

Herbaceous
Biomass
(g/m2)

blue

Percent Reflectance 

green red nir mid-ir

I 30.9 0.0 30.9 9.80 14.19 19.59 27.15 37.29

2 110.1 99.1 11.1 7.80 10.77 14.18 22.16 29.72

3 33.3 16.3 17.1 9.68 13.71 19.00 25.81 36.11

4 201.3 186.9 14.4 6.10 7.56 8.94 16.71 20.17

5 89.5 81.6 7.9 10.61 10.61 13.91 20.78 28.85

6 98.9 74.3 24.8 8.65 8.65 10.57 16.75 23.35

7 43.1 16.1 26.9 9.96 9.96 13.17 18.56 28.31

8 32.0 0.0 32.0 10.02 10.11 12.96 17.3 27.18

9 25.5 24.0 21.3 10.59 10.60 13.52 18.45 27.70

10 32.1 27.1 5.1 7.91 7.91 9.91 14.78 20.94

11 26.0 6.5 19.5 11.80 11.80 15.38 21.50 26.91

12 31.9 15.2 16.7 8.82 8.82 10.91 17.02 22.88
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Landscape-scale Plots

The average biomass, based on 81 estimates, and standard error predicted for each 

45 x 45 m plot using the bandwise regression equatiqns appear in Table 4. The average 

total biomass for the 12 45 x 45m plots was 77 g/m2 ± 4. Shrub biomass averaged 68 

g/m2 ± 4, and herbaceous biomass averaged 64 g/m2 ±4. I used these standard error 

estimates in the equations for estimating the standard error of total biomass, shrub 

biomass, and herbaceous biomass within satellite pixels (Appendix Table 18). When I 

regressed Landsat 5 TM reflectance data for the 45 x 45 m plots against the predicted 

biomass values for the 12 plots, bandwise regression performed only marginally better than 

indices in explaining the variation in total and shrub biomass (Table 5). Bandwise 

regression was better able to explain the variation in herbaceous biomass than indices 

(Table 5). The bandwise regression model, SR, and NDVI had an adjusted R2 value of 

0.84 for total biomass, but the bandwise regression model was chosen to predict total 

biomass to maintain consistency across different estimation scales.

Exclosure Plots

There was no significant difference in shrub biomass between the grazed and 

ungrazed plots (t = 0.0012, df = 55, p-value = 0.99 ); however, mean live (t = 1.80, df = 

SSj p-value = 0.04) and mean dead (t = 1.86, df = 55, p-value = 0.03) herbaceous
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vegetation were greater in the ungrazed plots (Table 6). On average, live herbaceous 

material in ungrazed plots was 7% greater and dead herbaceous was 2% greater than 

herbaceous vegetation in grazed plots. There was no significant difference in shrub (t = 

<0.001, df = 25, p-value = 0.47) or dead herbaceous (t = 0.04, df =25, p-value = 0.97) 

biomass with change in elevation for all plots. There was a 36% increase in live 

herbaceous vegetation with an increase in elevation (t = 2.83, df = 25, p = 0.005) (Table 

6).

Forage Biomass for the Study Area

Landsat 5 TM Estimates

Bandwise regression was used to predict total, shrub, and herbaceous biomass for 

the Garvin Basin. Total biomass per hectare was estimated to be 680 kg for the whole 

basin (Table I). When I calculated biomass for the sites <1.6 km from water sources, the 

value was higher than site >1.6 km from water, as expected (1080 kg/ha). Standard errors 

were generally < 20% of the means.

Exclosure Plot Estimates

The average biomass estimates and estimated standard errors based on expansion

of values from clipped plots protected from grazing for the Garvin Basin and for areas
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< 1.6 km from a water source appear in Table 8. At the hectare scale, areas < 1.6 km 

from water had slightly lower total vegetation estimates (844 kg v 776 kg) and slightly 

higher herbaceous vegetation totals (702 v 617 kg) than the estimates for the whole basin. 

Deletion of pixels >1.6 km from water reduced total vegetation by a factor of 4 (15 

million kg v 4 million kg). Standard errors ranged from 7% to 15% of the means.

Comparison of Techniques

There was a significant difference in mean biomass clipped from the grazed plots 

and the biomass values estimated for the pixels associated with each plot. The predicted 

average values for total (t = 6.25, df = 44, p-value = <0.001) and shrub (t =19.19, df = 44, 

p-value = <0.001) biomass were higher using the Landsat method than the exclosure 

method, while estimates for herbaceous vegetation were lower for the exclosure method (t 

= 10.39 , df = 44, p-value = <0.001) (Table 9). When I used each method to calculate 

total and shrub biomass for the entire study area, means for each method fell within the 

95% confidence interval for the other method (Table 10), an indication of no significant 

differences. The total biomass estimated was 14 or 15 million kg for open areas in the 

Garvin Basin using either method (Table 10). For shrub biomass, the estimate using 

Landsat was 5.6 million kg and the estimated using clipped plots was 4 million kg (Table 

10). There was a significant difference in the estimates of the 2 methods for herbaceous 

biomass. The clipped plots provided a much higher estimate (11 million kg) compared to 

Landsat (3 million kg). When I compared open areas < 1.6 km from water, a similar
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pattern emerged (Table 10).

Table 2. Bandwise regression and vegetation indices results for MSR data against 12 
0.75 m2 circular plot biomass. G = green MSR band, R = red MSR band, NIR = near 
infrared MSR band, MIR = mid-infrared MSR band, SS = sample site, SR = Simple Ratio 
Index, NDVI = Normalized Difference Vegetation Index. Adjusted R2 (R2), degrees of 
freedom (df), F-values, and P-values are given in the table.

Number
of

Predictors
Model R2 df F* , P-value

Total biomass

2 = 132.583 - 70.693 (G) + 33.651 (NIR) 0.71 2,11 14.46 =0.002

2 = -12.151 - 46.998 (R) + 35.915 (NIR) 0.76 2,11 18.73 <0.002

2 = - 140.830 + 1061.187 (NDVI) 0.75 2,12 18.88 < 0.0002

2 = - 416.362 + 322.642 (SR) 0.78 2,12 21.68 <0.001

3 = 173.902 - 66.352 (G) + 29.816 (NIR) 
- 42.578 (SS)

0.83 3,11 19.07 <0.002

3 = 38.195 - 44.425 (R) + 32.161 (NIR) 
-43.631 (SS)*

0.90 3,11 34.00 <0.001

Shrub biomass

2 = 128.236 - 73.368 (G) + 34.403 (NIR) 0.72 2,11 15.15 =0.001

2 = -21.871 - 48.739 (R) + 36.721 (NIR) 0.77 2,11 19.57 <0.0001

3 = 23.823 - 46.404 (R) + 33.316 (NIR) 
-39.604 (SS)*

0.87 3,11 25.28 =0.0002

3 = 264.771 + 27.770 (NIR) - 26.948 (MlR) 
-104.914 (SS)

0.88 3,11 28.03 =0.0001

Herbaceous biomass

3 = -1326.549 + 200.984 (NIR) - 9.828 (NIR2) 
+ 0.157 (NIR3)*

0.51 3,11 4.82 =0.03
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Table 3. Predicted total, shrub, and herbaceous biomass for 12 0.75 plots from bandwise 
regression equations versus the measured dry biomass clipped from the plots.

Plot Total Biomass (g/m2) Shrub Biomass (g/m2) Herb Biomass (g/m2)

Predicted Measured Predicted Measured Predicted Measured

I 46.2 30.9 11.3 0.0 31.5 30.9

2 104.9 110.1 77.3 99.1 11.4 11.1

3 34.6 33.3 5.8 16.3 16.3 17.1

4 192.8 201.3 183.8 186.9 21.0 14.4

5 79.9 89.5 62.4 81.6 16.4 7.9

6 106.8 98.9 99.3 74.3 21.2 24.8

7 47.6 43.1 15.5 16.1 23.1 26.9

8 21.1 32.0 13.5 0.0 23.0 32.0

9 30.9 25.5 29.1 24.0 23.2 21.3

10 30.2 32.1 4.8 27.1 4.7 5.1

11 3.6 26.0 29.8 6.5 13.7 19.5

12 56J 31.9 14.2 15.2 22.1 16.7
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Table 4. Average and standard error estimates of forage biomass in 45 x 45 m plots 
regressed against Landsat bands._________________________________________

Landsat 5 TM Bands

Plot
Total

Biomass
(g/m2)

Shrub
Biomass
(g/m2)

Herb
Biomass

(g/m2)
blue green red nir mid-ir

I 29.2 ±4.6 14.0 ± 1.9 18.5 ± 2.2 118.7 55.2 81.4 79.6 186.8

2 205.0 ±5.5 193.1 ±3.5 21.2 ± 1.8 104.5 44.7 60.5 8.2 170.7

3 61.0 ± 6.6 45.4 ± 4.6 18.5 ±4.3 • 111.9 52.5 79.3 79.7 181.8

4 32.7 ± 6.6 23.9 ± 4.6 65.5 ± 8.4 119.0 58.9 95.0 3.6 203.4

5 5.0 ±4.1 2.8 ± 1.3 124.5 ± 
7.9

137.9 70.1 110.0 105.0 225.3

6 0.0 ±0.0 0.0 ± 0.0 335.8 ± 
11.0

158.6 79.7 122.5 113.7 227.2

7 22.5 ±6.4 16.3 ± 3.8 84.6 ± 8.7 142.1 71.7 114.6 206.8 222.6

8 59.0 ±5.1 46.6 ± 3.0 20.5 ± 1.8 114.1 53.0 77.1 7.0 171.1

9 43.1 ± 4.2 30.56 ±2.0 21.1 ± 1.8 105.8 47.9 66.3 69.6 158.8

10 19.4 ±4.0 9.3 ± 1.3 18.0 ± 1.9 106.5 48.8 69.7 2.5 163.1

11 133.9 ± 
8.0

125.2 ±7.4 15.3 ±2.7 94.8 39.8 51.9 2.7 133.6

12 314.7 ± 
10.4

313.9 ±12.6 18.9 ± 2.3 96.0 39.2 49.0 2.3 136.6
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Table 5. Bandwise regression results for Landsat band data against biomass estimates for 
the 45 x 45 m plots. B = blue band, G = green band, R = red band, NIR = near-infrared 
band, MIR = mid-infrared, SS = sample site, SR = Simple Ratio Index, NDVI = 
Normalized Difference Vegetation Index. Adjusted R2 (R2), degrees of freedom (df), F- 
values, and P-values are given in the table._________________________

Number
of

Predictors
Model R2 df p* P-value

Total biomass

I = 437.588- 1.978 (MIR) 0.40 1,11 8.430 =0.020

I = 360.468- 5.141 (G) 0.43 1,11 9.323 =0.010

I = 305.808 - 2.808 (R) 0.47 1,11 10.79 =0.008

2 = - 83,091 -12.190 (R) + 13.825 (NIR)* 0.84 2,11 30.66 <0.001

2 = 42.743 + 1351.535 (NDVI)* 0.84 2,12 32.63 <0,001

2 = -529.127+ 573.545 (SR)* 0.84 2,12 33.33 <0.001

Shrub biomass

2 = 194.626 - 20.209 (G) + 11.845 (NIR) 0.63 2,11 10.55 =0.004

2 , = 21.088 + 1018.193 (NDVI) 0.84 2,12 32.79 <0.002

2 = -419.810+ 439.478 (SR)* 0.85 2,12 35.17 <0.001

2 = -128.6127 - 12.834 (R) + 14.895 (NIR)* 0.85 2,11 33.02 <0.001

Herbaceous biomass

I = -259.412 + 5.859 (G) 0.63 LU 19.61 =0.001

I = - 413.272 + 4.058 (B) 0.70 1,11 26.79 <0.001

I = - 52.415 +0.297 (R*NIR) 0.75 1,11 33.67 =0.002

2 = 1168.432 - 30.039 (NIR) + 0.194 (NIR2)* 0.79 2,11 21.99 <0.001
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Table 6. Average and standard error of biomass estimates for grazed and ungrazed plots 
used in exclosure study._____________________________ ______________________

Forage Biomass Ungrazed plot Grazed plot
average biomass (g/m2) ± SE average biomass (g/m2) ± SE

All plots

Shrub 22.7 ± 3.4 22.7 ± 3.4

Live herbaceous 50.0 ± 5.4 43.2 ± 5.6

Dead herbaceous 11.7 ± 1.0 10.1 ± 0.9

Low production stratum

Shrub 20.8 ± 5.1 18.2 ± 4.2

Live herbaceous 36.2 ± 3.0 30.1 ± 2.7

Dead herbaceous 11.4 ± 1.4 3.8 ± 1.4

Hish production 
stratum

Shrub 26.4 ± 5.2 28.14 ± 5.90

Live herbaceous 67.4 ± 10.2 55.91 ± 6.22

Dead herbaceous 12.2 ± 1.5 9.99 ±1.51
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Table 7. Average and total biomass estimates for the study area; estimated based on 
Landsat 5 TM imagery._________________________________________

Forage Biomass Average biomass (kg/hectare) ± SE Total biomass (kg) ± Cl

Garvin Basin

Total 679.9 ± 57.3 13,828,305 ±
1,991,276

Shrub 306.8 ± 72.7 5,670,257 ± 2,665,021

Herbaceous 211.6 ± 55.4 3,773,794 ± 2,000,111

Areas <1.6 km from 
water

Total 1080.0 ± 57.0 4,298,614 ± 524,221

Shrub 589.0 ± 73.0 2,289,936 ±  693,585

Herbaceous 267.0 ± 55.0 1,275,870 ± 535,866

Table 8. Average and standard error from the exclosure method used to calculate total 
biomass in the Garvin Basin. Only vegetation clipped from plots protected from grazing 
was used to develop estimates.______________________________________________

Forage
Biomass

Average biomass (kg/hectare) ± SE Total biomass (kg) ± Cl

All nlots

Total 843.8 ± 62.1 14,976,251 ±  4,394,65

Shrub 227.4 ± 34.2 4,035,590 ± 1,170,369

Herbaceous 616.6 ±57.0 10,944,744 ± 1,969,252

Plots <1.6 km of water

Total 776.0 ± 104.3 3,807,475 ± 364,752

Shrub 260.4 ± 44.5 1,275,700 ± 434,327 '

Herbaceous 701.5 ± 107.2 3,441,742 ± 1,030,373
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Table 9. The average and standard error estimates (kg/ha) for Landsat pixels versus 45 
grazed plots.___________________________________________________________

Landsat Pixel Grazed Plot

Forage
Biomass

Average 
± SE

Lower
Cd.

Upper
Cd.

Average 
± SE

Lower
Cd.

Upper
Cd.

Total 1,192.0 ± 
82.1

1,109.9 1,274.1 767.7 ± 
48.9

718.8 816.6

Shrub 1,218.5 ± 
23.8

1,194.7 1,242.3 252.7 ± 
39.7

213.0 292.4

Herbaceous 181.23 ± 
15.2

166.0 196.4 515.0 ± 
38.4

476.6 553.4

Forage Allocation Models

Model I

This model had the fewest restrictions on cattle distribution and food habits in the 

Garvin Basin and ignored forage available in areas with tree cover. The assumptions 

were: I) cattle and elk would eat both herbaceous and shrubby vegetation; 2) cattle and 

elk would feed in all open areas within the basin; 3) cattle and elk were allowed to 

consume 50% of available herbaceous and shrubby forage; and 4) both species would use 

only non-forested areas in the basin. Forage, whether estimated using Landsat or by 

exclosures, would support over 8,000 elk in the basin over winter with no cattle use. At 

stocking rates in the current livestock management plan (1,725 AUMs), both estimates 

indicated > 2,500 elk could be accommodated (Table 11, Fig. 2). Excess forage for elk
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remained when the highest cattle stocking rate was included.

Table 10. Forage biomass (kg) estimates obtained using protected plot (ungrazed plot) 
clippings and Landsat imagery.

Landsat estimate Ungrazed plot estimate

Forage
Biomass
Category

biomass 
± variance

Lower
Cd.

Upper
Cd.

biomass
^variance

Lower
Cd.

Upper
Cd.

Garvin Basin

Total
13,828,305 

± 1,901,276 11,837,029 15,819,581
14,976,251 
± 439,465 14,536,786 15,415,716

Shrub
' 5,670,257 
± 2,665,021 3,005,236 8,335,278

4,035,590
±1,170,369 2,865,221 5,205,959

Herbaceous
3,773,794

±2,000,111 1,773,683 5,773,905
10,944,744
± 1,969,252 .8,975,492 12,913,996

Areas <1.6 km from water

Total 4,298,614 
± 524,221 3,774,393 4,822,835

3,807,475 
± 364,752 3,442,723 4,172,227

Shrub
2 ,289,936
± 693,585 1,596,351 2,983,521

1,275,700 
± 434,327 841,373 1,710,027

Herbaceous
1,275,870 
± 535,866 740,004 1,811,736

3,441,742 
± 1,030,373 2 ,411,369 4,472,115
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Model 2

In Model 2 ,1 restricted cattle food habitats and allowed elk to consume a higher 

proportion of cured standing forage in.the winter. The assumptions of Model 2 were: I) 

cattle consume herbaceous vegetation only, while elk consume herbaceous vegetation and 

shrubs; 2) only areas without trees were used in estimating available forage; 3) cattle are 

allowed to consume 50% of available forage, while elk are allowed to consume 70% of 

available forage; and 4) the distribution throughout the basin is the same for both species. 

Estimates of elk based on Landsat data behaved differently than estimates based on 

exclosure data in this model. The Landsat derived estimates declined at a constant rate 

until reaching 2,358 elk where it stabilized (Table 12, Fig. 3A), indicating elk exhausted 

allowable forage with as few as 750 AUMs reserved for cattle. The exclosure-based 

estimate of forage indicated a linear decline in elk numbers as cattle AUMs increased (Fig, 

3B).

Model 3

In this model, I tried to introduce more realistic cattle and elk diets, and I based 

forage selection on the season each species occupied the basin. The assumptions of 

Model 3 were: I) cattle diets were composed of 90% herbaceous forage and 10% shrub 

forage, while elk diets were composed of 70% shrub forage and 30% herbaceous forage;
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2) non-forested areas were used in estimating available forage; 3) cattle were allowed to 

consume 70% of available forage; and 4) the distribution throughout the basin was the 

same for both species. Both methods of forage estimation showed a steady decline in the 

number of elk as cattle AUMs increased (Table 13, Fig. 4). Under these assumptions, 

2,100 (Landsat estimate) to 2,500 (exclosure estimate) elk should be able to winter in the 

basin with no cattle grazing. At the authorized stocking rate (1,725 AUMs) enough 

forage should remain to feed 1,182 (exclosure-based estimate) or 1,371 (Landsat-based 

estimate) wintering elk.

Table 11. Model I (elk and cattle eat all vegetation classes, non-forested areas only, 50% 
allowable forage offtake available to cattle and elk) estimates of cattle AUMs and elk for 
the Garvin Basin, using the Landsat estimate and exclosure estimate. Confidence intervals 
for Landsat-based estimates were calculated from combined standard errors for 2 
calibration regressions and estimates of standard errors for all pixels included in the model 
for the Landsat estimate. Confidence intervals for the exclosure-based estimates were 
based on standard errors from 56 0.33 m2 plots.__________________________________

Landsat-based estimates Exclosure-based estimates

Cattle
AUMs

Elk Lower
C.I.

Upper
Cd.

Elk Lower
Cd.

Upper
Cd.

0 8216 7033 9399 8898 8637 9159

200 7553 6371 8737 8236 7975 8498

500 6561 5379 7745 7244 6983 7505

750 5734 4552 6918 6417 6156 6678

1000 4937 3742 6091 5590 5329 5851

1500 3253 2070 4436 3935 3674 4197

1725* 2509 1326 3692 ■ 3191 2930 3452

2000 1599 416 2782 2281 2020 2542
* Cattle use designated for the Garvin basin in BIA grazing management plan.
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Figure 2. Forage Allocation Model I. The number of cattle and elk estimated using the
forage biomass estimates obtained using exclosure (ungrazed) and Landsat data (A =
estimates derived using Landsat reflectance data); (B = derived from ungrazed plots).
Constrains in the model are given in the text.
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Table 12. Model 2 (cattle consume herbaceous only, elk consume herbaceous and shrub, 
estimates are from non-forested areas only, 50% allowable offtake for cattle and 70% for 
elk, distribution in basin was the same) estimates of cattle AUMs and elk for the Garvin 
Basin, using the Landsat and difference method. Confidence intervals for Landsat-based 
estimates were calculated from combined standard errors for 2 calibration regressions and 
estimates of standard errors for all pixels included in the model for the Landsat estimate. 
Confidence intervals for the exclosure-based estimates were based on standard errors from 
56 0.33 m2 plots.__________________________________________________________

Landsat-based estimates Exclosure-based estimates

Cattle
AUMs

Elk Lower
C.I.

Upper
Cd.

Elk Lower
Cd.

Upper
Cd.

0 3928 1988 5868 4552 3733 5371

200 3465 1524 5405 4166 3347 4985

500 2770 1250 4710 3587 2768 4406

750 2358 1250 4131 3105 2286 3924

1000 2358 1250 3552 2622 1803 3441

1500 2358 1250 3467 1657 838 2476

1725* 2358 1250 3467 1223 0 2042

2000 2358 1250 3467 692 0 1511

* BIA recommended cattle AUMs from grazing plans.



37

A.

Forage Allocation- Model 2

11000

Cattle AUMs

B.

Forage Allocation- Model 2

11000

5000

Cattle AUMs

Figure 3. Forage Allocation Model 2. The number of cattle and elk estimated using the
forage biomass estimates obtained using exclosure (ungrazed) and Landsat data (A =
estimates derived using Landsat reflectance data); (B = derived from ungrazed plots).
Constraints of the model are given in the text.
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Model 4

In Model 4 ,1 introduced spatial limits on cattle distribution based on water 

availability. The assumptions of Model 4 were: I) cattle consume 90% herbaceous 

vegetation while elk consume herbaceous plants (30%) and shrubs (70%); 2) non-forested 

areas were used in estimating available forage; 3) cattle were allowed to consume 50% of 

available forage while elk were allowed to consume 70% of available forage; and 4) cattle 

do not graze farther than 1.6 km from water while elk can graze throughout the basin. 

Estimates of forage derived from satellite imagery predicted a decline in elk numbers as 

AUMs for cattle increased to 500 then stabilized (>5,800 elk) thereafter (Table 14, Fig.

5). Estimates derived from clipped plots allowed a similar pattern in stability of elk 

(> 9,000) reached at 750 cattle AUMs.

Model 5

Model 5 was likely the most realistic model I developed. It included a plausible 

estimate of diets and a restriction on cattle use of areas removed from water. The 

assumptions of Model 5 were: I) cattle diets were composed of 90% herbaceous forage 

and 10% shrub forage, while elk diets was composed of 70% shrub forage and 30% 

herbaceous forage; 2) non-forested areas were used in estimating available forage; 3) 

cattle were allowed to consume 50% of available summer forage, while elk were allowed
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to consume 70% available winter forage; and 4) cattle were not allowed to graze farther 

than 1.6 km from water, while elk graze throughout the basin. This model suggested that 

3,400 (Landsat-based estimate) or 4,300 (exclosure-based estimate) elk could winter in 

the Garvin Basin with no cattle grazing and 3,000 (Landsat-based estimate) or 3,600 

(exclosure-based estimate) elk would find sufficient forage during winter with 1,725 

AUMs of summer grazing (Table 15, Fig. 6).

Comparison of Forage Allocation Models

Overall, forage estimates based on ungrazed plots indicated that more elk could be 

supported in the basin than did forage biomass estimates obtained using Landsat imagery. 

IfI considered differences significant when the 95% confidence interval of one estimate 

did not include the average for the other, Models 2 and 4 had a significant difference in 

estimates of elk resulting from different methods of estimating forage. In Model 2, the 

mean number of elk estimated using the Landsat method was 2,358 at 1,725 AUMs versus 

1,223 using the exclosure method (Table 12). In Model 4, the mean number of elk 

estimated using the exclosure method was 8,668 at 1,725 AUMs while the Landsat 

estimate was 5,841 (Table 14). The confidence intervals calculated using the Landsat 

estimate were consistently wider than those of the exclosure method primarily because 3 

errors were combined to yield standard errors.
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Table 13. Model 3 (cattle consume herbaceous (90%) and shrub (10%), elk consume 
herbaceous (30%) and shrub (70%), estimates are from non-forested areas only, 50% 
allowable offtake for cattle and 70% for elk, distribution in basin was the same) estimates 
of cattle AUMs and elk for the Garvin Basin, using the Landsat and difference method. 
Confidence intervals for Landsat-based estimates were calculated from combined standard 
errors for 2 calibration regressions and estimates of standard errors for all pixels included 
in the model for the Landsat estimate. Confidence intervals for the exclosure-based 
estimates were based on standard errors from 56 0.33 m2 plots.______________________

Landsat-based estimate Exclosure-based estimate

Cattle Elk Lower Upper Elk Lower Upper

AUMs C.I. Cd. Cd. Cd.

0 2122 1096 3147 2540 1954 3127

200 1964 939 2990 2383 1797 2969

500 1728 794 2753 2146 1560 2733

750 1531 753 2557 1950 1363 2536

1000 1489 713 2360 1753 1167 2340

1500 1408 632 2183 1359 773 1946

1725* 1371 595 2147 1182 596 1769

2000 1327 551 2102 966 510 1552

* BIA recommended cattle AUMs from grazing plans.
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Figure 4. Forage Allocation Model 3. The number of cattle and elk estimated using the
forage biomass estimates obtained using exclosure (ungrazed) and Landsat data (A =
estimates derived using Landsat reflectance data); (B = derived from ungrazed plots).
Constraints of the model are given in the text.
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Table 14. Model 4 (cattle consume herbaceous vegetation only, elk consume herbaceous 
(30%) and shrub (70%), estimates are from non-forested areas only, 50% allowable offtake 
for cattle and 70% for elk, cattle distribution affected by distance to water and elk 
distributed throughout basin) estimates of cattle AUMs and elk for the Garvin Basin, using 
the Landsat and difference method. Confidence intervals for Landsat-based estimates were 
calculated from combined standard errors for 2 calibration regressions and estimates of 
standard errors for all pixels included in the model for the Landsat estimate. Confidence 
intervals for the exclosure-based estimates were based on standard errors from 56 0.33 m2 
plots.________________________________________________ ___________________

Landsat-based estimate Exclosure-based estimate

Cattle
AUMs

Elk Lower
Cd.

Upper
Cd.

Elk Lower
Cd.

Upper
Cd.

0 6372 2589 8842 10499 8496 10986

200 5909 2496 8703 10082 8079 10861

500 5842 2496 8616 9457 7493 10673

750 5842 2496 8616 9067 7493 10517

1000 5842 2496 8616 9067 7493 . 10428

1500 5842 2496 8616 9067 7493 10428

1725* 5842 2496 8616 9067 7493 10428

2000 5842 2496 8616 9067 7493 10428
* BIA recommended cattle AUMs from grazing plans.
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Figure 5. Forage Allocation Model 4 . The number of cattle and elk estimated using the
forage biomass estimates obtained using exclosure (ungrazed) and Landsat data (A =
estimates derived using Landsat reflectance data); (B = derived from ungrazed plots).
Constraints of the model are given in the text.
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Table 15. Model 5 (cattle consume herbaceous (90%) and shrub (10%), elk consume 
herbaceous (30%) and shrub (70%), estimates are from non-forested areas only, 50% 
allowable offtake for cattle and 70% for elk, cattle distribution affected by distance to 
water and elk distributed throughout basin) estimates of cattle AUMs and elk for the 
Garvin Basin, using the Landsat and difference method. Confidence intervals for Landsat- 
based estimates were calculated from combined standard errors for 2 calibration 
regressions and estimates of standard errors for all pixels included in the model for the 
Landsat estimate. Confidence intervals for the exclosure-based estimates were based on 
standard errors from 56 0.33 m2 plots.__________________________________________

Landsat-based estimate Exclosure-based estimate

Cattle
AUMs

Elk Lower
CL

Upper
Cl.

Elk Lower
C.I.

Upper
C.I.

0 3417 1635 5200. 4280 3362 5198

200 3260 1511 5042 4123 3205 5041

500 3177 1462 4892 3886 2980 4804

750 3137 1421 4852 3729 2940 4607

1000 3096 1381 4811 3689 2899 4478

1500 3015 1300 4730 3608 2816 4397

1725* 2979 ' 1263 4694 3571 2816 4360

2000 2934 1219 4649 3526 2816 4316

* BIA recommended cattle AUMs from grazing plans.
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Figure 6. Forage Allocation Model 5. The number of cattle and elk estimated using the
forage biomass estimates obtained using exclosure (ungrazed) and Landsat data (A =
estimates derived using Landsat reflectance data); (B = derived from ungrazed plots).
Constraints of model are given in text.
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DISCUSSION

Biomass estimates

This study compared forage biomass amounts estimated using the conventional 

exclosure method and estimates based on reflectance values from Landsat 5 TM imagery. 

Each method had advantages and disadvantages in use and interpretation. The advantage 

of the exclosure method is that measured weights were used to estimate biomass for the 

study area (Riggings 1996). Mean and standard error values were calculated directly from 

oven-dried plant material that was clipped from plots in the Garvin Basin. The primary 

disadvantage was that the area I sampled within the basin (only a total of 37 m2 were 

clipped) was small relative to the size of the basin, 17,749 ha. This method is also time and 

labor intensive. My crew and I needed 4 days to put the 56 cages in the basin, 4 days to 

clip the vegetation in the plots, and 3 weeks to dry, sort, and weigh the vegetation samples. 

This effort gave us a sample of 0.0006% of the vegetation in the basin. With a limited crew 

size, I could not have increased the sample too much without encountering problems with 

changes in biomass due to growth/senescence changes in the sample units. Vegetation is 

dynamic and a sampling period of much more then a week can lead to significant difference 

between the early and late samples. Another disadvantage, in this study, was limited 

mobility in the basin. This prevented adequate distribution of my sampling units, 

particularly sampling of the lowest biomass areas in the southeast section of the basin.
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The primary advantage of using Landsat imagery to estimate biomass was that 

reflectance data could be obtained for the entire basin at I period in time (Mack 1997). 

Also, this method of data collection is less time and labor intensive. I was able to collect 

the ground data I needed to interpret the imagery in a 2-day period, and I was able to 

integrate ground and image data to obtain a biomass estimate from the Landsat image in 

approximately I week. This method had 3 disadvantages: I) all estimates were indirect, 2) 

I was unable to directly calculate a measure of precision for the biomass estimate, 3) I was 

unable to accurately exclude juniper not located in riparian areas, and 4) controversy over 

the use of reflectance data to separately estimate shrub and herbaceous biomass. A 

standard error had to be estimated from 3 sources: the MSR calibration regression 

equation, internal variance in 45 x 45 m plots, and the variance associated with the 

regression equation used to estimate biomass from Landsat imagery. Additionally, 

estimates of biomass in low vegetation areas can be erroneous due to the influences of 

rocks and soil (Eldvidge 1985). The inability to eliminate juniper from pixels not along 

riparian areas may have caused overestimation of shrub biomass for the basin while 

excluding pixels in riparian areas prevented the estimation of herbaceous biomass for those 

pixels.

I was able to evaluate the relative efficiency of vegetation indices and bandwise 

regression in predicting vegetation biomass in dry steppe vegetation. Although vegetation 

indices such as SR and NDVI have proved useful in estimating biomass in many areas, 

there can be problems in areas with low vegetation density (Lawrence and Ripple 1998). 

Bandwise regression allows for the analysis and manipulation of individual bands, which
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allows a researcher to fit models that best work for specific time periods, areas, and/or 

vegetation types (Lawrence and Ripple 1998). In this study, bandwise regression was able 

to explain more of the variation in total, shrub, and herbaceous biomass clipped from 

circular plots than indices. When I used the Cropscan MSR5 to estimate biomass in pixel

sized plots for comparison with reflectance readings from Landsat, bandwise regression 

performed only marginally better than vegetation indices at predicting total and shrub 

biomass. As other studies have demonstrated (Tucker 1979, Anderson et ah, 1993, 

Kasturirangan 1996, and Lillesand and Kiefer 1999), the red and near-infrared bands, which 

are used in vegetation indices, were the best predictors total and shrub biomass for the 

bandwise regression model used in this study, this might be the reason why the coefficients 

of variation were essentially the same. Bandwise regression was better able to predict 

herbaceous biomass at this scale because SR and NDVI were not correlated to herbaceous 

biomass.

Direct comparison of biomass estimates produced by conventional clipped plot 

methodology and estimates based on satellite imagery was not feasible because of 

difference in scale of measurements, but I did find a significant difference in the biomass 

measured from the grazed plots and the Landsat biomass estimates for pixels associated 

with these plots. Estimates of total biomass and shrub biomass obtained from exclosures 

were lower than those from Landsat imagery, while the herbaceous measurements were 

higher. Some of the differences between the 2 methods could be due to presence of 

juniper. I had to eliminate 11 outliers from paired t-test, but some pixels containing smaller 

amounts of Rocky Mountain juniper (Juniper scopulorum) may have still been included in
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the paired t-test.

The difference between the 2 techniques may also have been due to the placement 

of paired-plots. I tried to randomize placement within strata, but unconscious decisions on 

the feasability of driving posts or ease of pacing could have biased paired plots to sites with 

fewer rocks or less dense shrubs, which might well have had more herbaceous vegetation. 

In tests of clipped plots against the pixels where the plots were located, confidence 

intervals obtained from the Landsat biomass estimates were much wider than those for 

clipped-plots despite equal sample size. The method I used to estimate variance for 

satellite image data (pooled variance from 2 regressions and an average 45 x 45 m plot 

biomass variance estimate) was likely responsible for this effect.

When I contrasted biomass estimates obtained from the 2 methodologies at 

landscape scales, total biomass and shrub biomass estimates were similar, but estimates of 

herbaceous biomass were 3 times higher for-clipped plots then for Landsat imagery. The 

difference might be due to underestimates of herbaceous vegetation in sparsely vegetated 

pixels using the Landsat-based method, overestimation in herbaceous biomass due to small 

sample size or non-random placement of plots using the exclosure-based method, or simply 

unreliable estimates from the 2 different methodologies. Both methods produced forage 

estimates within the range of published data for the area or similar habitat type (Singer and 

Schoenecker 2000, Mueggler and Stewart 1980). The studies that could resolve the 

question of which method was the best would have to be much more intensive than I had

resources to undertake.
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Forage Allocation

Estimates of forage biomass have been used to estimate the number of animals that 

could be supported by a given environment (Norland et ah, 1985, Westfall et ah, 1993, Irby 

et ah, 2002). I tested 5 variants of a simple forage allocation model to illustrate how 

ground-based reflectance data could be combined with satellite reflectance data to estimate 

forage and to illustrate how forage allocation based on imagery compared to forage 

allocation based on clipping. Model I was the simplest model constructed. It was a basic 

tradeoff model that imposed few restrictions on cattle or elk, and it provided a baseline 

model against which more complex models could be compared.

Estimates of elk numbers that could be supported through winter given varying 

stocking rates for cattle were reasonably similar for forage estimates based on Landsat and 

exclosure plots for Models 1,3, and 5. There were significant differences between Landsat 

and exclosure-based estimates in Models 2 and 4. Both of these models included the 

assumption that cattle consumed predominately herbaceous vegetation while elk consumed 

more shrubs than herbaceous plants. The 2 methods I used to estimate forage produced 

very different estimates of herbaceous biomass, so it is no surprise that the number of elk 

that could be supported in the basin predicted by the forage estimates was also very 

different. The exclosure method produced higher estimates of herbaceous forage and as a 

result higher estimates of elk. Model 2, with forage estimated from Landsat imagery, 

predicted that the basin would be able to support 2,358 elk at a cattle stocking rate of 750
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AUMs; beyond this the cattle consume all available herbaceous forage and elk would be 

sustained on shrub forage. In Model 2, based on exclosure data 1,223 elk could be 

supported at the authorized stocking rate (1725 AUMs) and elk numbers declined at a 

steady rate as more cattle AUMs were added. The Landsat forage estimate for Model 4 

predicted 6,091 elk at cattle stocking rates of 500 AUMs, after which no herbaceous 

forage would be available to elk and they would consume entirely shrub vegetation 

supporting 5,842 elk. The exclosure-based model predicted 9,067 elk at cattle stocking 

rate of 750 AUMs and >9,000 elk thereafter consuming solely shrub vegetation. Both 

versions of the model imply that cattle exhaust allowable herbaceous biomass, indicating 

elk would have to consume entirely shrub vegetation to be sustained in the basin.

I believe that Models 3 and 5 are the best representation of the Garvin Basin 

system. Both models included more realistic dietary constraints on cattle and elk (Smith 

and Stoddart 1965, Westfall et ah, 1993, Schmidt and Gilbert 1943) than the other models, 

and neither model predicted stability in allowable elk numbers within the range of cattle 

AUMs. They only differed in cattle distribution; Model 3 allowed cattle to used the whole 

basin and Model 5 restricted cattle the areas within 1.6 km of water. I believe that Model 5 

is the better of the 2 because of its restriction on cattle distribution, but Model 3 would be 

more appropriate if additional water Sources were to be developed. By assuming that 

cattle will not graze further than 1.6 km from a water source (Smith and Stoddart 1965), 

up to 2,300 additional elk could be supported in the basin.

Deciding which of the 2 versions of Model 5 (Landsat-based or exclosure-based 

method) to use for recommended grazing allocation was difficult. Biomass estimation
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studies conducted in western Montana calculated herbaceous biomass to be between 311 ± 

54 kg/ha and 478 ± 45 kg/ha for the Artemisia tridentata/Agropyron spicatum habitat type 

(Mueggler and Stewart 1980), the same habitat type found in the higher elevations of the 

Garvin Basin. Additionally, a study conducted in the arid grass-shrub steppe BCNRA wild 

horse range, located west of the Garvin Basin, estimated herbaceous biomass at 437 kg/ha 

and 576 kg/ha (Singer and Schoenecker 2000) in a dry and wet year, respectively. The 

herbaceous biomass estimation calculated using clipped plots in this study was 616 kg/ha ± 

57, indicating that the exclosure-based method may have more accurately measured 

herbaceous biomass than the Landsat-based method (which produced an estimate of 212 

kg/ha). The forage estimates based on exclosure data may have been better than the 

Landsat reflectance estimates in this case because the correlation between Landsat 

reflectance data and herbaceous biomass was somewhat weak, confidence intervals were 

wide, and other studies have suggested that estimates based on reflectance are likely to be 

weak in areas with low vegetation cover (Elvidge and Lyon 1985, Paruelo et al. 1997, 

Lawrence and Ripple 1998, Muldavin et al. 2001).

Based on the conditions in the basin for the years 2000 and 2001, Model 5 (using 

exclosure-based estimates) indicated that 3,751 elk could be supported following cattle 

stocking at 1,725 AUMs. The current population of elk in the Garvin Basin during winter 

is approximately 1,100 elk (Roybal 2000, Comeau, unpubl. data 2001), less than half of 

what Model 5 predicated the basin could support. Maintaining the elk population below 

forage imposed limits is a reasonable management goal. The elk population wintering in 

the Garvin Basin is exploited, and maintaining the population at an ‘intermediate’ density
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should maximize the rate of net recruitment (Begon et al., 1996, Lubow et al., 1996). 

Management of exploited ungulates at medium densities is the most common resource 

management strategy used by wildlife management agencies (Begon et al., 1996).

Trend data indicate that the elk population in the Garvin Basin has varied between 

600 and 1,200 elk over the past decade (Sawyer and Lindsey 1997). My study indicates 

that winter forage is not a limiting factor for this population. Hunting, summer range 

forage limitations, or both may be keeping the population below carrying capacity. While 

my model suggests ample room for population increases, my model is at best a crude 

approximation of reality. It is not a valid substitute for monitoring elk population numbers 

and habitat conditions.

Recommendations

In order to make the best use of this information I collected in this study, the Crow 

Tribe should consider the following recommendations:

1. The forage allocation model developed for this project should be considered a flexible 

management tool that was based on information gathered during a drought cycle. 

Precipitation amounts during the study period were 50% below normal for this region 

(NRIS 2002). The amount of forage biomass in the basin could increase if precipitation 

returns to average levels; thus the number of elk that could be supported in the basin would 

also increase.

2. The tribe should monitor available forage as well as elk population numbers at least
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eveiy 3 years, and the tribe should be prepared to reevaluate model parameters if habitat 

characteristics or elk numbers change significantly. To monitor forage biomass availability, 

herbaceous and shrub forage could be clipped from temporary I m2 plots in each stratum (a 

minimum of 20 plots in each) toward the end of the cattle grazing season, and IOm line 

transects could be used to measure percent coverage of vegetation types. These sample 

sites should be located with a GPS receiver and mapped to allow field personnel to relocate 

sites so changes in vegetation in the basin through time can be estimated.

3. The elk population can be maintained between approximately 1,000 and 1,800 animals 

with low likelihood of habitat damage if cattle are stocked at BIA-recommended levels 

(1,725 AUMs).

4. Although I chose the exclosure-based forage allocation model for this study, Landsat 

estimates of forage biomass could be used in allocation models and applied in areas where 

low amounts of herbaceous vegetation and high amounts of shrub vegetation are not an 

issue (Anderson et al. 1993, Wylie et al., 2002).
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Table 16. Percent cover herbaceous and shrub vegetation in 0.75 m2 circular plots. 
Plots 1 - 9  were measured in the Bighorn Canyon Recreation Area and 10-12 were 
measured in the Garvin Basin.

Plot
Number

Percent
Herbaceous

Cover

Dominant
Herbaceous

Species

Percent
Shrub
Cover

Dominant
Shrub

Species
I 15 Agropyron spicatum 0 none
2 5 Agropyron spicatum, 35 Artemisia tridentata

Stipa comata
3 10 Agropyron spicatum 5 Artemisia tridentata
4 5 Agropyron spicatum 85 Artemisia tridentata
5 2 Agropyron spicatum 20 Artemisia tridentata
6 15 Agropyron spicatum 20 Artemisia tridentata
7 10 Agropyron spicatum 5 Artemisia tridentata
8 15 Agropyron spicatum 0 none

9 10 Agropyron spicatum 10 Artemisia tridentata
10 5 Koeleria pyramidata 50 Artemisia cana
11 15 Stipa viridula 5 Artemisia cana
12 10 Stipa comata 50 Artemisia cana

Table 17. Spread sheet with forage values used in model using Landsat imagery 
forage biomass estimates.

Cattle AUMs Forage
consumed

Allowable 
forage available

Forage
remaining

Number of Elk

0 0 6914152 6914152 8216

200 556840 6914152 6357312 7553

500 1392100 6914152 5522052 6561

750 2088150 6914152 4826002 5734

1000 2784200 6914152 4129952 4907

1500 4176300 6914152 2737852 3253

1725* 4802745 6914152 2111407 2509

2000 5568400 6914152 1345752 1599
*BIA recommended cattle grazing allocation



Table 18. Data used to calculate the standard error of biomass estimates for Landsat 
pixels. To get the final error term, the 3 error terms were added then the square root 
of the sum was calculated. All 45 x 45 m values were converted to kg/ha for 
calculations.

62

Standard
Error

SE of the MSR 
regression equation

Average SE of the 45 x 45 m 
plots estimates

SE of the Landsat 
regression equation

Total (16.87)" (39.8)" (37.63)"

Shrub (52.63)" (34.02)" (36.80)"

Herbaceous O U
l

C3 (35.26)" (42.16)"
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APPENDIX B

STATISTICAL FIGURES
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N o r m a l  P r o b a b i l i t y  P l o t  o f  R e s i d u a l s  o f  h e r b  b i o m
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Figure 7. Residual plot for herbaceous material clipped from 56 0.75 m2 circular 
plots.
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Figure 8. Distribution o f shrub weights measured from ungrazed plots.
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50.On
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Figure 10. Distribution of live herbaceous weights measured from ungrazed plots.
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Figure 11. Distribution of live herbaceous weights measured from grazed plots.
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Figure 12. Distribution of dead herbaceous weights measured from ungrazed plots.
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25.0n

16.7-

0.0 11.7 23.3 35.0
dead herbaceous weights in grams per meter squar

ire 13. Distribution of dead herbaceous weights measured from grazed plots.

120 . 0-1
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- 20 . 0 - shrubjjngrazed shrub_grazed

Figure 14. Shrub weights box plot for ungrazed vs. grazed plots. Boxes represent 
where the majority of the weight occurred, bars represent tails, and dots represent 
outliers.
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Figure 15. Live herbaceous weights box plot for ungrazed vs. grazed plots. Boxes 
represent where the majority of the weight occurred, bars represent tails, and dots 
represent outliers.
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Figure 16. Dead herbaceous weights box plot for ungrazed vs. grazed plots. Boxes 
represent where the majority of the weight occurred, bars represent tails, and dots 
represent outliers.
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