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Abstract:
New methods for assessing rangeland forage quantity and quality are needed. These methods should
cover large areas and provide periodic coverage several times during a grazing season. This study
evaluates the Normalized Difference Vegetation Index (NDVI), derived from two radiometric sensors
(MSR16 and AVHRR), for estimating forage biomass, and nitrogen content. It also evaluates a visual
method for estimating biomass, and correlates forage quality, as measured by fecal analysis, with
AVHRR-NDVI.

Plots in seven Montana grassland study areas were sampled for change in live and dead biomass as
well as vegetation nitrogen content through the 1997 growing season. Vegetation was clipped on
bi-weekly or monthly intervals, then dried, weighed and analyzed for nitrogen content. Linear
regression of biomass components and nitrogen content on AVHRR-NDVI provides correlation
coefficients for comparison.

Clipped plots were used as a standard for testing a boom-mounted radiometer (MSR16) NDVI and a
visual technique for estimating live, dead and total above ground biomass. Clipped biomass
components and vegetation nitrogen content were regressed on MSR16-NDVI and visual estimates of
biomass components.

Fecal samples from cattle herds were collected on a biweekly basis and analyzed for crude protein,
digestible organic matter, and animal unit equivalent, which were regressed on AVHRR-NDVI pixel
values for dates and locations corresponding to fecal sample collection.

AVHRR-NDVI has a strong correlation with live biomass (r^2 = 0.637) for six grassland areas when
live biomass was below 1800 kg/ha. The strongest correlation with five biomass for an individual study
area was r^2 = 0.715. AVHRR-NDVI did not correlate well with dead biomass (r^2 = 0.206) at any
level, or vegetation nitrogen content (r^2 = 0.034).

The MSR16-NDVI and visual estimates had moderate to strong correlation with live biomass (r^2 =
0.579 and 0.825 respectively). The MSR16-NDVI estimated live biomass better when data were
grouped by month (r^2 = 0.756 for June, r^2 = 0.646 for July, and r^2 = 0.686 for August). Correlation
coefficients for the models estimating dead biomass were 0.073 and 0.663 for MSRl6-NDVI and visual
estimate respectively. The MSR16-NDVI does not correlate well with vegetation nitrogen content (r^2
= 0.042). MSR16-NDVI plot values averaged for large areas (9 km^2) correlated strongly with
AVHRR-NDVI for the corresponding area and time (r^2 = 0.845).

We found a strong relationship (r^2 = 0.62) between animal unit equivalent, determined by fecal
analysis, and AVHRR-NDVI. Crude protein content and digestible organic matter, determined by fecal
analysis, did not correlate strongly with AVHRR-NDVI. 
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ABSTRACT

New methods for assessing rangeland forage quantity and quality are needed. 
These methods should cover large areas and provide periodic coverage several times 
during a grazing season. This study evaluates the Normalized Difference Vegetation 
Index (NDVI), derived from two radiometric sensors (MSR16 and AVHRR), for 
estimating forage biomass, and nitrogen content. It also evaluates a visual method for 
estimating biomass, and correlates forage quality, as measured by fecal analysis, with 
A VHRR-ND VI.

Plots in seven Montana grassland study areas were sampled for change in live and 
dead biomass as well as vegetation nitrogen content through the 1997 growing season. 
Vegetation was clipped on bi-weekly or monthly intervals, then dried, weighed and 
analyzed for nitrogen content. Linear regression of biomass components and nitrogen 
content on AVHRR-NDVI provides correlation coefficients for comparison.

Clipped plots were used as a standard for testing a boom-mounted radiometer 
(MS R16) NDVI and a visual technique for estimating live, dead and total above ground 
biomass. Clipped biomass components and vegetation nitrogen content were regressed on 
MSR16-NDVI and visual estimates of biomass components.

Fecal samples from cattle herds were collected on a biweekly basis and analyzed 
for crude protein, digestible organic matter, and animal unit equivalent, which were 
regressed on AVHRR-NDVI pixel values for dates and locations corresponding to fecal 
sample collection.

AVHRR-NDVI has a strong correlation with live biomass (r2 = 0.637) for six 
grassland areas when live biomass was below 1800 kg/ha. The strongest correlation with 
live biomass for an individual study area was i2 = 0.715. AVHRR-NDVI did not 
correlate well with dead biomass (r2 = 0.206) at any level, or vegetation nitrogen content 
(r2 = 0.034).

The MSRl 6-ND VI and visual estimates had moderate to strong correlation with 
live biomass (r2 = 0.579 and 0.825 respectively). The MSR16-ND VI estimated live 
biomass better when data were grouped by month (r2 = 0.756 for June, r2 = 0.646 for 
July, and r2 = 0.686 for August). Correlation coefficients for the models estimating dead 
biomass were 0.073 and 0.663 for MSRl6-NDVI and visual estimate respectively. The 
MSRl 6-NDVI does not correlate well with vegetation nitrogen content (i2 = 0.042).
MSR16-ND VI plot values averaged for large areas (9 km2) correlated strongly with 
AVHRR-NDVI for the corresponding area and time (r2 = 0.845).

We found a strong relationship (r2 = 0.62) between animal unit equivalent, 
determined by fecal analysis, and AVHRR-NDVI. Crude protein content and digestible 
organic matter, determined by fecal analysis, did not correlate strongly with AVHRR-
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CHAPTER I 

INTRODUCTION

The National Aeronautic and Space Administration (NASA) and National 

Oceanographic and Atmospheric Administration (NOAA) have been providing space 

imagery of Earth features since 1972. These products have been used for mapping, urban 

planning, oceanographic and atmospheric research, as well as agriculture and 

environmental monitoring. The abundance of remotely sensed information is currently 

under-utilized and new applications await discovery and implementation. Recent efforts 

have been stepped-up to create public access to data and technology that can provide for 

more applications. Making such technology readily available to the public allows 

determination of its usefulness for resource monitoring. Remotely sensed data must first 

be accessible before it can be assessed for user needs. NASA's Mission to Planet Earth 

(MTPE) and the Fund for Rural America (FRA) help address these needs through access 

channels and applied research (Nielsen, pers. comm.). Public Access Resource Centers 

(PARC’s) are similarly designed to deliver data and applications to the public (Seielstad et 

a l, 1996).

In this work we investigate a PARC objective for using Advanced Very High 

Resolution Radiometer derived Normalized Difference Vegetation Index satellite imagery 

(AVHRR-NDVI) for monitoring rangeland resources. Our goal is to test the estimation 

capability of AVHRR-NDVI to estimate forage nitrogen content (quality) and biomass 

(quantity) on a ranch scale (1-9 km2) as it changes over a growing season.

AVHRR-NDVI has high spectral resolution, but low spatial resolution (I km2). It 

is available on a bi-weekly basis for tracking rapid natural and human induced change on



landscape or broader scales. An NDVI is calculated as a reflectance intensity ratio of near 

infrared and red electromagnetic energy. Due to its frequent availability AVHRR-NDVI 

has promise for tracking relatively rapid change in vegetation as the growing season 

progresses. It is a forerunner to more advanced remote sensing systems that will soon 

supply data at higher spatial and spectral resolution (Nelson 1997; Wanzel 1998).

Private land owners, the Natural Resource Conservation Service (NRCS), and 

other agencies are interested in rapid assessment of large areas for forage quality and 

quantity. In 1996 private ranchers and the NRCS began working together to initiate a 

fecal analysis program for forage quality assessment. We decided then to look for 

relationships between AVHRR-NDVI and results from fecal analysis to see if AVHRR- 

NDVI might be useful in areas where fecal analysis was not used.

Radiometric techniques for estimating vegetation quality and quantity may prove 

useful in determining grazing duration and stocking density in pastures, stage of range 

readiness for grazing, and year to year changes in climate (Richardson and Everitt 1992). 

These techniques could be used in grazing programs to help determine rates of biomass 

consumption then other data sources are not available.

In the process of evaluating AVHRR-ND VI for ranch-level range assessment we 

increased the sample size of data collected on the ground by double-sampling. Double

sampling involves sampling a population by two methods, one of which provides data 

directly, and another, faster method, which provides data highly correlated to that 

collected directly (Piepper 1978; Wilm et ah, 1944).

The double sampling method included use of a boom mounted spectral radiometer 

(MSRl 6) (Cropscan Inc. 1995) and visual estimates of live and dead above-ground 

biomass components. Like AVHRR-NDVI, MSR16-NDVI is calculated as a reflectance 

intensity ratio in the near infrared and visible red wave bands. The MSRl 6 is portable and 

quick for estimating vegetation parameters. We also used visual estimates for double



sampling. Neither of the double sampling approaches improved correlations between 

AVHRR-NDVI and data collected on the ground. MSRl 6-NDVI and visual estimates 

were tested independently of AVHRR-ND VI for estimating parameters of interest on 

small plot scales.

In chapter two we quantitatively investigate the ability of AVHRR-ND VI to 

estimate rangeland above-ground biomass and nitrogen content at discrete points in time 

emphasizing AVHRR-NDVI ability to detect change over time. Chapter three focuses on 

the comparisons of MSR16-NDVI, AVHRR-NDVI, and visual estimates to estimate 

biomass and nitrogen content of vegetation. Chapter four compares AVHRR-ND VI to 

beef cattle fecal analysis of forage quality.
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CHAPTER 2

AVHRR-NDVI AS A NEAR-REALTIME ESTIMATOR OF TEMPORAL 

CHANGE IN BIOMASS, AND NITROGEN CONTENT 

IN MONTANA RANGELANDS

Introduction

Need for Monitoring Tools

Determining quantity and quality of forage is important for short term management 

of grazing lands through a growing season, and long term management to control change 

in range condition and trend. Live biomass accumulation (quantity) and vegetation 

nitrogen content (quality) are a product of many environmental factors, including climate, 

duration of growing season, soils and grazing pressure. These are not easy to monitor 

because of natural variability and the large size o f areas monitored. These difficulties as 

well as limited resources often restrict frequent and comprehensive monitoring on 

rangelands. Traditional range monitoring methods are time consuming and consequently 

occur infrequently. As a result, management decisions are often based on subjective long

term experience of range managers (Cameggie et a l, 1983). Ifmore frequent and 

comprehensive monitoring of quality and quantity were possible confidence in range 

management decisions would increase and greater control of outcomes could be expected.

New methods for range management should: I) be able to cover large areas 2) 

provide periodic coverage over years as well as several times during a grazing season, and 

3) be practical and cost effective (Luckock 1997). While new methods may never 

entirely replace traditional methods, they can help increase effective area, timing and



frequency of monitoring (Cameggie et a l, 1983). Below, we examine the potential of 

AVHRR-ND VI to estimate biomass and nitrogen content of grasslands.

WhatisNnVT?

Several linear combinations of red and infrared reflectance have been shown to be 

good predictors of plant canopy biomass (Kennedy 1989; Tucker 1979). Live green plant 

leaves typically have low reflectance (10%) in the visible red region of the electromagnetic 

spectrum due to strong absorption of these wave lengths by chlorophyll. The same leaves 

have a high reflectance (40-60%) in the near-infrared region due to scattering of these 

wavelengths by leaf mesophyll (Knipling 1970). The NDVI is especially sensitive to 

characteristics of green vegetation (Box et a l, 1989; Kennedy 1989; Kremer and Running 

1993). Thus NDVI gives a measure of the absorption of red light by plant chlorophyll and 

the reflection of infrared radiation by water filled leaf cells. The absorbance of radiation 

indicates the capacity for photosynthesis enabled by energy capture, while the reflectance 

indicates surface area participating in photosynthesis. NDVI is a good measure of the 

plant's photosynthetic capacity and effective use of photosynthetically active radiation 

(PAI^) (Bennedetti and Rossini 1993; Daughtry et a l, 1992). The captured energy stored 

in above ground plant biomass is in part energy that can be utilized by grazing animals.

AVHRR-NDVI imagery is obtained from the AVHRR instrument carried on the 

NOAA-14 polar orbiting satellite that makes two passes over the United States per day. 

AVHRR-NDVI has I . Ikm2 pixel resolution for local area coverage, or 8km2 pixel 

resolution at nadir for global coverage (Smith et a l, 1997).

Unobstructed views of the Earth surface are necessary for monitoring vegetation 

change. Since a single daily NOAA-14 overpass is seldom entirely cloud free, new 

AVHRR-NDVI images are made on a bi-weekly basis in the form of Maximum Value 

Composites (MVC). ‘Compositing’ is a process that creates a new image based on the



highest NDVI value for each pixel in two weeks of multitemporal coverage (EROS Data 

Center 1996). Compositing is necessary because of variation in atmospheric attenuation 

of radiance by aerosols, water vapor and clouds. These interference factors lower NDVI 

values, so choosing the highest NDVI value for a compositing period will usually give the 

value with least interference (Justice and Hiemaux 1986). Low sun angle and off nadir 

viewing will also affect NDVI values. Composited images significantly improve image 

quality by capturing pixels from days when radiance interference is lowest, sun angle is 

highest, and view angle is closest to nadir (Holben 1986). False colors are assigned to 

NDVI values for visual interpretation that represent green at higher values (vegetated 

areas), and brown (senesced vegetation or bare ground) at lower values. The result is an 

image that approximates true ground colors.

AVHRR-NDVI imagery is registered to Lambert Azimuthal Equal Area map 

projection. Registration accuracy within one pixel between successive images in ensured
I

by using 250 ground control points for base images, and image to image correlation there 

after. Image registration accuracy is verified by the U.S. Geological Survey Earth 

Resources Observation Systems Data Center (EDC) to have a root-mean-square error less 

than one pixel (EROS Data Center 1996).

NDVI is a unitless value derived from scanned reflectance intensities in the visible 

red (VIS = 0.58-0.68pm) and very near infrared (NIR = 0.725-1.lpm) wavelengths.

NDVI = (NIR-VIS )/(NIR+VIS)

NDVI is expressed in a unitless range from -1.0 to 1.0 and rescaled to 0-200 (EROS Data 

Center 1996).

Vegetated areas on the ground which are actively photosynthesizing yield high 

NDVI values due to relatively high infrared reflectance and low visible red reflectance. 

Clouds, water, bare ground and snow yield lower NDVI values because of larger visible 

reflectance relative to infrared reflectance. NDVI values near zero indicate rock and bare



soil which have similar reflectance in both the visible and infrared wavelengths ( EROS 

Data Center 1996; Lillesand and Kiefer 1994).

AVHRR-NDVI for Rangeland Monitoring

Many types of satellite imagery including vegetation indicies from Landsat 

Multispectral Scanner (MSS) and Thematic Mapper (TM) have been used in vegetation 

studies (Merrill et al. 1993; Tucker et a l  1983). However, infrequent temporal availability 

of imagery and lack of repeated sampling throughout the growing season has limited the 

ability to estimate rapid change in forage quality and quantity through time. The Llkm2 

coarse resolution of AVHRR-NDVI imagery limits it’s usefulness for detailed spatial 

analysis of vegetation change, but its frequent temporal availability makes it well suited to 

broad scale investigations where real-time seasonal change is of interest. While both 

private and government sectors plan to make NDVI data available at resolutions as fine as 

30 m2 within the near future (Nelson 1997; Moody and Woodcock 1994), we can take 

advantage of the high temporal resolution of AVHRR-ND VI to monitor near real-time 

rangeland change although at low spatial resolution. Understanding the potential of NDVI 

for assessing range condition even at coarse resolution will aid technology transfer to 

ranch-scale applications when finer resolution imagery becomes available.

Use of AVHRR-NDVT in Rangelands

Vegetation index imagery of various types has proven to be effective at 

differentiating phonological stage of plant growth (Samson 1993), vegetation community 

type (Kroner and Running 1993), estimating biomass (Wylie et a/., 1996), and vegetation 

cover (Kennedy 1989). Workers in Washington state have shown AVHRR-NDVI is 

efficient in differentiating grassland dominated ecosystems from sagebrush dominated 

ecosystems (Kremer and Running 1993), while others have shown the relationships of
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AVHRR-NDVI to vegetation, precipitation, and soil moisture characteristics in Botswana 

(Nicholson and Farrar 1994). Wylie etal. (1996) have shown strong correlations (r2 = 

0.81 to 0.87) between live biomass and 30 m resolution SPOT derived NDVI in the 

Nebraska Sandhills. Work in the Senegalese Sahel of Africa has shown good correlation 

between both integrated AVHRR-ND VI versus end of season biomass (r2 = 0.69) and 

maximum AVHRR-NDVI versus end of season biomass (r2 = 0.64) over a 30,000 km2 

study area (Tucker et ah, 1983, Tucker and Vanparet 1985). In Tunisia strong 

correlations between AVHRR-NDVI and above ground vegetation biomass (r2 = 0.72) as 

well as vegetation cover (r2 = 0.81) exist over wide ranging vegetation, soil, topographic, 

and management conditions (Kennedy 1989).

Many of these studies took advantage of the temporal frequency of AVHRR- 

NDVI to track change in vegetation as a way to differentiate vegetation cover type and 

phenology (Bennedetti and Rossini 1993; Gutman 1991; Kremer and Running 1993; 

Samson 1993). However, those that focused on biomass estimation usually did so at 

coarse scales (1000's of km2) (Tucker et a l, 1983; Tucker and Vanparet 1985) and only at 

one time in the growing season (Kennedy 1989; Merrill et a l, 1993; Wylie et a l, 1996), 

or focused on end of growing season cumulative productivity (Tucker et a l, 1983). Work 

at small scales (ie. small areas) for temporal assessment of vegetation parameters has 

focused on cropped land (Bennedetti and Rossini 1993), overlooking ranch scale (1-9 

km2) applications.

Sampling only once during a growing season can cause problems in determining 

estimated relationships between reflectance and biomass for different times in a growing 

season. Work with hand-held radiometers show correlation coefficients decrease as more 

time intervals are included in the data set (chapter three). This indicates a unique 

calibration equation is necessary for different times during the growing season due to 

changes in phenology that change reflectance properties of vegetation.
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Few workers have studied the fit of AVHRR-ND VI with estimates of live biomass 

at discrete points in time for the purpose of tracking change in biomass through the 

growing season. Fewer still have shown correlation with vegetation nitrogen content. In 

describing what NDVI measures. Box et a l (1989) noted the temporal nature of NDVI 

being more closely related to rates of biomass accumulation or growing season totals than 

to structural features such as biomass amounts at a point in time. Hence the area under 

the NDVI seasonal profile has been shown to be an effective measure of productivity (Box 

et al., 1989; Tucker and Vanparet 1985). However, processes and biomass are not 

independent as growing season progresses. That is, as normal seasonal processes 

advance, biomass will accumulate if not heavily grazed, and NDVI should reflect this as 

abundance of green vegetation increases and decreases.

Purpose

Our intentions in this study were to determine how well AVHRR-NDVI correlates 

with above ground biomass, and how well it correlates with above ground vegetation 

nitrogen concentration and content on a ranch scale at any point in a growing season.

Methods

General Study Design

Study areas need to be sufficiently large to encompass the variability on the ground 

that is averaged into a single pixel representing that area. Additionally, due to pixel shift 

between successive images large study areas (9 km2) were established where possible. 

Both spatial differences and temporal differences in vegetation quality and quantity were 

investigated. We chose a variety of landscapes and vegetation compositions for study 

areas to make the results useful over a wide range of conditions.
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Study Area Descriptions

Seven Montana grassland study areas (Figure I) were selected to represent 

variability in biotic and abiotic factors such as species assemblage, soils, and climate. Four 

study areas were in short grass prairie, two were in foothills prairie, and one was in a large 

riparian corridor. Landscape and vegetation variability within study areas ranged from 

relatively homogenous on the glacial till plains near Chinook, Montana to complex on 

deeply incised mountain slopes near Barber Butte, Montana. Vegetation cover (live plus 

dead) of the seven study areas ranged from 48 to 87 percent. A complete description of 

the study area and a table of information pertaining to surface physical properties is in 

Appendix A and B respectively.

Four of the seven study areas were established as replicate pairs representative of 

high (1350 m) and low elevation (750 m) rangelands in the Havre, Montana vicinity.

These pairs served to test the ability of AVHRR-NDVI to discriminate gross spatial 

differences in grassland biomass. Detailed descriptions of the study areas are in Appendix 

A.
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Figure I. Location of the seven Montana Study Sites
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Premapping

We created map units for stratified random sampling within study areas based on 

repeating vegetation pattern related to landscape features (Holdorf and Donahue 1990) 

and management as recommended by workers in this field of study (To wnshend and 

Justice 1986; Tucker et a l, 1983). AU study area boundaries were delineated according to 

ownership where appropriate to minimize effects on biomass and vegetation nitrogen 

content resulting from management. The only exceptions were the Rescue Creek area, in 

Yellowstone National Park and the Mission Ranch Wet study area near the Yellowstone 

River east of Livingston, Montana. In these two areas it was necessary to delineate map 

units according to constraining natural topographic features that made these study areas 

about one fourth the size of the other five. Maps of each study area and map unit 

delineations are in Appendix C.

A combination of low elevation color infrared, true color (approximately 1:20,000) 

and black and white ortho-rectified (1:24,000) air photography and 7.5 minute 

topographic quad sheets were used to map landscape/vegetation/management units in each 

study area. Map unit delineations were drawn directly over ortho-rectified air 

photographs on mylar sheets which served as a stable base for digitizing. Prior to 

digitizing, the mylar map sheet was draped over the corresponding 7.5 minute topographic 

map to check fit with topographic breaks.

An obstacle to correlating data collected on the ground with AVHRR-ND VI 

imagery involves successive image to image registration. Since the error in image 

registration can be up to one kilometer, an area large enough to capture any pixel 

movement must be sampled on the ground. A nine km2 area for all but two study areas 

was chosen for correspondence to a three by three AVHRR-NDVI pixel cluster. This 

cluster covers all potential ground positions of a single pixel if it shifts up to one kilometer 

in any direction between successive images. Values for three by three pixel clusters of



AVHRR-ND VI imagery centered over portions of the study area were averaged for use in 

regression with weighted measures of biomass and nitrogen.' The use of relatively 

homogenous study areas when possible also offsets problems associated with geometric 

registration of satellite imagery (Benedetti and Rossini 1993). Even in non-homogenous 

conditions the mean of the nine pixel AVHRR-ND VI can estimate the central pixel

AVHRR-ND VI, if map units are sampled and weighted according to total area they 

represent.

Sampling

We wanted to determine AVHRR-NDVI capability to estimate change through a 

growing season, so we sampled each study area periodically on a bi-weekly or monthly 

basis to establish relationships with the imagery at times corresponding to sampling dates. 

Additionally, the sampling had to cover enough area to include ground variability that was 

averaged into AVHRR-NDVI pixels. So sample locations were selected at random from 

within mapping units that represented the three by three pixel cluster.

Clipping and sorting vegetation is time consuming, so few plots (5 to 30) could be 

sampled at each of the seven study areas in the periodic sampling schedule. This is 

another reason we initially placed the majority of our study locations in homogenous 

landscapes where the minimum clipping would represent the largest area.

At least two clipped plots were chosen in a pseudo random fashion (blind quadrat 

toss) within stratified map units for above ground biomass sampling. One-half m2 

quadrats (0.71 cm * 0.71 cm) were clipped at ground level on a bi-weekly or monthly 

basis for the 1997 growing season (Richardson and Everitt 1992). Live and dead 

components were separated in the field and placed in paper bags. Standing crop was 

determined as the the sum of live and dead biomass. We followed sample handling 

procedures outlined by Richardson e/ a l (1983). All units of weight are on an oven dry



basis. Percent nitrogen by weight was determined on ignition with a Leco FP-328 

combustion furnace.

Merrill et al. (1993) and Kremer and Running (1993) indicate little hope of using 

satellite derived NDVI to differentiate type of vegetation beyond shrub versus grass, hence 

separations of only live and dead were made without regard to species. Quadrat locations 

were georeferenced to the nearest 20 m on 7.5 minute topographic maps and imported to 

ARCTView- for spatial registration with map units and satellite imagery.

We measured soil temperature to a depth of ten cm at every clipped plot with a 

push-in, steel tipped thermometer. The thermometer face was kept shaded while it 

reached equilibrium for consistent readings on both cloudy and sunny days.

Processing AVHRR-ND VI Imagery

The bi-weekly composited AVHRR-NDVI imagery supplied by the EDC was 

imported to ARC/INFO™. In the five largest study areas a three by three cluster of pixels 

centered on each was extracted and averaged to determine an AVHRR-NDVI value for 

the study area corresponding to clipping dates. A single pixel AVHRR-NDVI was used in 

regression against biomass and nitrogen content for the two smaller study areas.

Data Analysis

We obtained components of biomass (live, dead and standing crop) estimates for 

map units by first averaging and then scaling up quadrat measurements (Kennedy 1989). 

Map unit biomass estimates were weighted by percent of the study area they represented 

and then summed to determine a study area biomass. Estimates of percent nitrogen were 

made in a similar manner. Standing nitrogen was calculated as the biomass component * 

percent nitrogen in each component of biomass. Analysis of variance was used to 

determine if measurable differences exist in biomass and AVHRR-ND VI between high and



low elevation sites. We used AVHRR-NDVI as the predictor and weighted estimates of 

biomass components (kg/ha) and vegetation nitrogen content (% by weight) as responses 

in linear regression. Weighted estimates of above ground biomass (kg/ha) and vegetation 

nitrogen content (% by weight) were regressed on associated AVHRR-NDVI values via 

simple linear regression. In multiple linear regression we tested the response of AVHRR- 

NDVI to observed changes in factors of biomass, temperature, and nitrogen content. We 

also investigated factor interactions for biomass*nitrogen (standing nitrogen), and 

biomass*temperature in their effects on AVHRR-NDVI. We used Mimtab-, Table Curve 

2-D™ and Quattro Pro 7.0- for statistical analysis.

Results and Discussion

Live Biomass Relationships

We found significant differences in live biomass and corresponding AVHRR- 

NDVI (Table I and Table 2) for the 1997 growing season on the replicated high and low 

elevation sites. This illustrates the ability of AVHRR-NDVI to differentiate gross 

differences in live biomass.

The higher biomass at the high elevation site is due to greater plant available water 

at those sites. This is consistent with other results showing higher AVHRR-NDVI values 

associated with higher elevations which generally have more plant available water and 

consequently higher biomass, in addition to greater variety of species (Box et al., 1989).
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Table I . Analysis of Variance for live biomass (kg/ha) at high elevation and low elevation 
sites._______________________________________ _____________ _______________

S o u r c e DF S S MS F P

Study Area I 1106959 1106959 13.91 0.003
Error 11 875272 79570
Total 12 1982231

Individual 95% CIs For Mean
Based on Pooled StDev

L e v e l M eanN SZUOV
High 7 936.8 367.0 (-------- *-------- )
Low 6 351.4 116.1 (------------------* ' ---------------,

-------- +---
Pooled StDev * 282.1 300 600 900

Table 2. Analysis of Variance for AVHRR-ND VI at high elevation and low elevation 
sites. ______

S o u r c e DF SS MS F  P
elevation I 1210.6 1210.6 33.60 0.000
Error 11 • 396.4 36.0
Total 12 1606.9

Individual 95% CIs For Mean
Based on Pooled StDev

Z tO v o l M o o n
High 7 144.86 6.47 (---- * ---)
Low 6 125.50 5.39 (------*-----)

Pooled StDev * 6.00 130 140 150

The ANOVA results indicate AVHRR-NDVI is sensitive to large differences in 

biomass at the high and low elevation sites. Since biomass changes during a growing 

season, AVHRR-ND VI may be capable of differentiating temporal differences as well. 

Additionally it may be capable of estimating biomass more accurately over large areas than 

some clipping methods. Justice and Hiemaux (1986) have noted that the minimum change 

in biomass that AVHRR-NDVI can detect is less than 250 kg/ha. The difference in mean 

biomass levels for the high and low sites is 585 kg/ha, more than twice the maximum 

estimate of minimum resolution of AVHRR-ND VI determined by Justice.

Figure 2 shows representative growing season trends in live biomass and corresponding
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AVHRR-ND VI for one of the seven study areas. This trend is representative of how 

AVHRR-NDVI tracks biomass through a growing season in semi-arid grasslands. The 

match of the two lines is quantified by the correlation coefficient obtained by linear 

regression of live biomass on AVHRR-ND VI for the corresponding time period (Figure

3).

1000 -

Biomass800 -

-135 g  -
600 - AVHRR

400 -

02/24 04/15 06/04 07/24 09/12 11/01
1997 Date

Figure 2. AVHRR-NDVI tracking live biomass estimated by clipping for the 
1997 growing season on the Mission Ranch Dry study site. The growing 
season trends represented here are typical for both AVHRR-NDVI and live 
biomass in rangelands that are not heavily grazed.
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Figure 3. Live biomass as a function of AVHRR-NDVI for the Mission Ranch 
Dry study area. The regression equation is: live = - 3386 + 29.2ndvi, sd = 
187.7, T2 =  0.715, n = 13, p-value for regression relationship = 0.00, 90% 
confidence interval for slope 19.2 to 39.3. 90% confidence intervals shown.

Estimation Range for Live Biomass

We determined that the estimation capability of AVHRR-NDVI for a combination 

of several grassland habitat types is below 1800 kg/ha. The relationship between 

AVHRR-NDVI and live biomass for all seven study areas shows a moderate positive 

relationship (Figure 4). The response curve indicates a saturation relationship, or 

asymptote, where above NDVI values of 150, correlation with live biomass weakens. 

Saturation asymptotes have been noted with other functions of vegetation such as actual 

evapotranspiration, and biomass as estimated by vegetation indicies (Box et al., 1989; 

Cameggie et al., 1983). A clear asymptote would be apparent in Figure 4 if the two 

outlying AVHRR-NDVI values were removed.

Most of the high biomass samples were collected from the Mission Ranch Wet 

study area along the flood plain of the Yellowstone River. If these data are excluded from



analysis a straight line relationship with much higher correlation and lower standard 

deviation is observed (Figure 5). This relationship has good estimation capability with low 

deviation in estimated biomass, indicating the types of rangeland vegetation where 

AVHRR-ND VI may provide reliable estimates of biomass.

Other researchers have noted a low and high threshold where satellite derived 

NDVI estimation capability breaks down. The lower limit of AVHRR NDVl to detect 

differences in live biomass over space or time is related to the strength of signal to 

background noise ratio (Gutman 1991; Justice and Hiemaux 1986). The higher the signal 

to noise ratio, the better the ability to differentiate change in either space or time. At low 

live biomass levels background reflectance from bare soil and dead biomass will result in a 

noisy signal that has little relationship to live biomass. At high biomass levels a saturation 

response occurs where after canopy closure an increase in biomass does not correspond to 

an increase in ND VI. This indicates that AVHRR-ND VI is not a good estimator of live 

biomass after canopy closure occurs in highly productive vegetation communities.

In Tunisian grasslands the low AVHRR-NDVI threshold was determined to be 

105 which corresponded to areas where soils were exposed (Kennedy 1989). Tucker and 

Vanparet (1985) reported the lower limit of sensitivity exists at about 250 kg/ha in the 

total biomass production integrated normalized difference relationship. Justice and 

Hiemaux (1986) estimated the lower limit for detecting the presence of biomass in African 

rangelands was at an AVHRR-NDVI value of 105.6. AVHRR-NDVI values this low are 

only likely to occur very early in the growing season in Montana.

Cameggie (1983) reviewed research conducted in grasslands with relatively high 

biomass and cover and found the lower and upper biomass thresholds where Landsat MSS 

derived vegetation indicies failed were 500 kg/ha, and 4000 kg/ha respectively. Box et al. 

(1989) noted an asymptote at AVHRR-NDVI= 140 for several vegetation parameters 

and AVHRR-NDVI. The results of this study agree with those of Tucker and Box.
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Grassland biomass in Montana is generally higher than in areas of Tunisia where Kennedy 

worked, and lower than in California where Cameggie worked.
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AVHRR-ND VI

Figure 4. Live biomass as a function of AVHRR-NDVI for all seven study 
areas. There is a saturation response above NDVI 145 due to canopy closure in 
the highly productive riparian area. All but one of the data points above 145 
are from the riparian area. The regression equation is: live = 45544 - 
728.5ndvi + 2.9ndvi2, sd = 875.72 r2 = 0.493, n = 48, p-value for regression 
relationship = 2.45* IO"7, linear slope coefficient p-value=8.02*10"7, quadratic 
slope coefficient p-value = 0.001, 90% confidence interval for linear slope 
coefficient -1241.6 to -215.4, 90% confidence interval for quadratic slope 
coefficient = 1.0 to 4.8. 90% confidence interval shown.

The high and low thresholds in these studies and the upper threshold in our study 

underscores the importance of using an estimation equation suited to the conditions where 

it will be applied.
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Figure 5. Live biomass as a function of AVHRR-NDVI for six of seven study 
areas sampled. Removal of the Mission Ranch Wet study site increases the 
correlation coefficient and illustrates the range in AVHRR-NDVI that give 
good estimations of live biomass in the range from 200 to 1800 (kg/ha). The 
regression equation is: live = -2860.9 + 25.8ndvi, sd = 207.0, r2 = 0.640, n = 
36, p-value for regression relationship = 0.00, 90% confidence interval for 
slope coefficient 20.2 to 31.4, 90% confidence interval shown.

Dead Biomass Relationships

AVHRR-NDVI is a poor estimator of dead biomass. The lack of a relationship 

between AVHRR-NDVI and dead biomass was consistent for all seven study areas (r2 = 

0.014, not shown). This result is expected since the NDVI is specifically designed for 

sensitivity to abundance of green biomass. The insensitivity of the equation to non-green 

biomass is due to weak absorbance of visible red and weak reflectance of near infrared 

wavelengths in non-green material (Tucker et a l, 1983).



Standing Crop

The relationship between standing crop (ie. above ground biomass) and AVHRR- 

NDVI is strong (r2 = 0.651) for six of the seven study areas (Figure 6). The study area 

excluded from this analysis is the Mission Ranch Wet area along a riparian corridor of the 

Yellowstone River. This relationship is almost equivalent to the strength of the live 

biomass versus AVHRR-NDVI relationship for the same study areas (r2 = 0.640, Figure 

5). The correlation of AVHRR-NDVI with standing crop when compared to the 

correlation with live biomass indicates that dead vegetation does not influence AVHRR’s 

ability to detect live biomass or standing crop in these study areas.

This conclusion does not agree with Stella et a l (1993) who compared Landsat 

derived vegetation indicies to clipped biomass and found significantly higher correlation 

where senesced vegetation was minimized by cattle grazing. Furthermore Stella et al. 

(1993) notes that other workers reported yellow standing dead grass mingled with green 

can decrease NDVI by up to 20-33%. Stella’s results indicate that dead vegetation plays a 

confounding role in estimating standing biomass.

The correlation of standing crop and AVHRR-ND VI is expected to be positive 

when an entire growing season is included in the sampling. In the first half of the growing 

season live and dead biomass accumulation are correlated because as live biomass 

increases some portion senesces causing dead biomass to increase concurrently. The 

result is a positive correlation between AVHRR-NDVI and dead biomass, when the 

correlation is predominantly the result of increase in green biomass. This is confirmed by 

a weak correlation between live biomass and dead biomass for the 1997 growing season 

(r2 = 0.128).

Due to the contribution of live biomass from species that mature at different stages 

in the growing season, the addition of dead biomass as the season progresses, and effects 

of grazers impacting reflectance properties of standing crop, we should be cautious in
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attempts to estimate standing crop from AVHRR-NDVI.
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Figure 6. Standing Crop as a function of AVHRR-NDVl for six of seven study 
areas. Mission Ranch Wet study site excluded. The regression equation is: 
crop = -3865 + 35.9ndvi, sd = 281.1, r2 = 0.651, n = 36, p-value for regression 
relationship = 0.00, 90% confidence interval for slope 28.3 to 43.5. 90% 
confidence intervals shown.

Sources of Error in Regression Analysis

The prominent dip in AVHRR-NDVI on September 6 (Figure 2) may be due to 

diffuse cloud cover over the study area for the two week period coinciding with satellite 

overpasses used to create the composited image plotted with clipping data collected on 

September 6. Several methods of determining outlying AVHRR-ND VI have been 

identified (Bennedetti and Rossini 1993; Box et ai, 1989). Outliers can be determined by 

large increases or decreases in AVHRR-NDVI value that do not follow NDVI trend with 

time. Outliers can then be replaced by linear interpolation. Another method of identifying 

outlying AVHRR-NDVI values is to compute standard deviation of AVHRR-NDVI



values for a large group of pixels which assumes a small value when clouds are present 

due to smoothing of pixel to pixel differences. Higher standard deviations occur when the 

image is clear of clouds due to a wide range of possible vegetation conditions (Bennedetti 

and Rossini 1993). Box (1989) used values from nearby pixels that were representative of 

the area sampled, but not outlying in NDVI value.

Methodologies for correcting outliers have merit for investigating the relationship 

between cloud free AVHRR-NDVI and vegetation parameters after data have been 

collected. However, they have limited application for tracking change in biomass during a 

growing season, since an unknown AVHRR-NDVI value in the future would be required 

to make the interpolation. Concurrent weather data will make imagery interpretable 

without the need to make corrections after its usefulness for real time applications has 

expired.

In pre-mapping for stratified sampling we used planar map projections of three 

dimensional surface conditions. This caused under estimation of map unit area in the two 

Bear s Paw mountains study sites (Thackeray, and Barber). By conservatively assuming a 

maximum slope angle of 30 degrees for all map units in each study site, a cosine 

correction indicates that weighted biomass estimates were under estimated by 13.4 

percent.

Nitrogen Content

The poor fit of trends in percent vegetation nitrogen content and corresponding 

AVHRR-NDVI is shown in Figure 7 and quantified in Figure 8 for the Mission Ranch Dry 

study area. The weak relationship between AVHRR-NDVI and percent vegetation 

nitrogen content may be due to the effects of VIS relative to NIR reflectance in 

determining a large NDVI. Chlorophyll, a large component of nitrogen in vegetation, 

strongly absorbs VIS, but since VIS is a small value in calculating NDVI relative to NIR it
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has little effect on NDVI. Hence large changes in abundance of chlorophyll will be 

required to effect change in NDVI (Richardson et a/., 1983).

% Nitrogen

AVHRR

Figure 7. AVHRR-NDVI tracking vegetation nitrogen content through the 
1997 growing season on the Mission Ranch Dry study area. The poor 
correspondence of the trends indicates that AVHRR-ND VI does not correlate 
well with live biomass nitrogen content.

135
AVHRR-ND VI

Figure 8. Live biomass nitrogen content as a function of AVHRR-NDVI for 
the Mission Ranch Dry study area. Weak correlation is a result of low visible 
red absorbance by chlorophyll relative to strong near infrared reflectance by 
leaf mesophyl. The regression equation i s : %N = 1.3 + 0.002ndvi, sd = 0.36, 
r2 = 0.003, n = 11, p-value for regression relationship = 0.871, 90% confidence 
interval for slope coefficient -0.02 to 0.02, 90 % confidence interval shown.



Multi-factor Data Analysis

We investigated potential interaction effects of soil temperature, nitrogen content, 

and live biomass to determine if these factors act to have greater influence together on 

AVHRR-NDVI than independently. Multiple linear regression with live biomass and 

percent nitrogen in live tissues (excluding Mission Ranch Wet study site) as estimators of 

AVHRR-NDVI (r2 = 0.642, not shown) showed no significant increase in correlation 

coefficient over live biomass alone as a predictor of AVHRR-NDVI (r2 = 0.640, Figure 4). 

However, standing nitrogen is strongly correlated with AVHRR-NDVI (r2 = 0.699, not 

shown). Standing nitrogen is live biomass times percent nitrogen on a weight basis. The 

strong correlation is again due more to the strong relationship of live biomass and NDVI 

than to any relationship between nitrogen content and ND VI.

Multiple linear regression with live biomass and soil temperature (degrees 

Fahrenheit) at a depth of ten cm on AVHRR-ND VI for the Mission Ranch Dry study site 

illustrates the strong correlation of AVHRR-NDVI with growing season factors. The 

regression equation is: ndvi = 99.5 + 0.01Slive + 0.485temp, r2 = 0.829, p-value for 

regression relationship = 0.00, p-value for live coefficient = 0.016, and p-value for temp 

coefficient = 0.027. Examination of mean square errors for the model with one versus 

two predictors of AVHRR-NDVI response show a significant improvement in the 

variability explained by adding a second predictor. Adding a second term is supported by 

the weak correlation of temperature and biomass (r2 = 0.479), indicating that they act 

somewhat independently in their effects on AVHRR-NDVI.

Biomass production is the result of climatic and biotic factors interacting over 

time. As such, biomass is an integration of these factors, and so including more of these 

factors in models is bound to increase correlation coefficients. This reasoning partially 

explains why many researchers have found strong correlations between AVHRR-ND VI 

and numerous vegetation parameters including leaf area index and percent vegetation



cover (Kennedy 1989), actual evapotranspiration rate and primary production (Box e ta l, 

1989).

Conclusions

The high correlation of AVHRR-NDVI with live biomass and standing crop for a 

variety of Montana grasslands indicates this imagery has promise for meeting the desirable 

requirements of a rangeland biomass monitoring system in terms of estimation capability. 

The frequent availability of AVHRR-NDVI will make it especially attractive for tracking 

rapid change.

The saturation asymptote indicates biomass levels where this imagery has strong 

and consistent estimation capability below 1800 kg/ha. Future research should attempt to 

obtain correlations in wet years and dry years to determine range of estimation capability 

with annual climate fluctuations.

The weak relationship between AVHRR-NDVI and vegetation nitrogen content 

will limit its usefulness as a tool to monitor vegetation quality. Strong relationships when 

multiple factors are included in regression models are dominantly the result of strong 

effects with live biomass. Blue or green parts of the spectrum might be useful for 

estimating the nitrogen status of rangeland vegetation.

Seldom will a perfect set of AVHRR-NDVI composited scenes be available for an 

entire growing season that do not have some problem with atmospheric interference or 

viewing geometry. Since land managers will not likely have expertise in image processing 

we believe it is more reasonable to use bi-weekly composited imagery as provided by data 

centers for management decisions in conjunction with knowledge of local weather 

conditions. Awareness of local weather conditions will aid interpretation of AVHRR- 

NDVI when unexpected values occur.

If this imagery is to become a useful tool for range biomass monitoring it needs to



be coupled with traditional methods of range assessment and tested for effectiveness in 

aiding management decisions. One way this could be effected is through using equations 

described here to estimate biomass on a near real-time basis for use in range management 

decisions.
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CHAPTER 3

ANALYSIS OF TWO RAPID ASSESSMENTS FOR BIOMASS AND A RAPID 

RADIOMETRIC ASSESSMENT FOR VEGETATION NITROGEN 

CONTENT IN MONTANA RANGELANDS

Introduction

The Challenge of Rangeland Monitoring

Rangeland biomass and nitrogen determination are integral to sound rangeland 

monitoring and management. Adequate biomass and nitrogen are important for meeting 

grazing animal nutritional requirements (Richardson et a/., 1983; Stuth 1997a; Wilm e ta l, 

1944). Biomass accumulation and vegetation nitrogen content are a function of many 

environmental variables, including climate, duration of growing season, soils and grazing 

pressure. The effects of each are difficult to assess, and the difficulty increases as area of 

interest and heterogeneity of the variables increases.

Vegetation Assessment

Techniques that have promise for measuring forage quality and quantity over large 

areas multiple times per growing season need to be developed in order to track important 

ecological changes in vegetation that result from climatic variability and grazing 

management (Tueller 1989). Radiometric sensors and visual estimates are the most 

promising tools for on-the-ground monitoring of small areas, while satellite imagery has 

the most promise for rapid large area monitoring that has consistent and accurate 

measurement capability.
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The radiometric sensors used in these experiments measure the intensity of 

reflectance in the near infrared (NIR) and visible red (VIS) wavelengths from Earth 

surfaces. Reflectance intensities in these wavelengths are used to calculate the normalized 

difference vegetation index (NDVI) which has been shown to be strongly correlated with 

vegetation characteristics at both small and large scales (Kennedy 1989; Knipling 1970; 

Olson and Cochran 1988).

NDVI is calculated from reflectance intensities centered in the visible red (VIS = 

0.660 pm) and near infrared (NIR = 0.830 pm) wavelength bands according to the 

following equation:

E q .l  NDVI = (NIR-VIS)/(NIR+VIS).

NDVI measures the ratio of near-infrared and visible red reflectance in a unitless 

range from -1.0 to 1.0. Computed NDVI values are rescaled by convention such that the 

-1.0 to I scale becomes 0 to 200 (EROS Data Center 1996). NDVI has been shown to be 

the best estimator of biomass among a number of linear wavelength combinations 

(Richardson era/., 1983; Tucker 1979).

We used a Cropscan Inc. Multi-spectral Radiometer™ (MSR16) interfaced with a 

data logger controller to rapidly (3 seconds per plot) collect percent reflectance intensities 

from one m2 plots (Cropscan Inc. 1995).

Advanced Very High Resolution Radiometer Normalized Difference Vegetation 

Index (AVHRR-NDVI) imagery provides an NDVI for large areas with pixel resolution of 

one km2. The AVHRR instrument is carried on weather satellites that scan wavelength 

intensities in the near infrared and visible red bands. For a more complete description of 

the AVHRR-NDVI imagery see chapter two.

Traditionally biomass estimation has been assessed largely by the time-consuming 

method of clipping small representative plots which are then scaled up to larger areas.

Due to the difficulty inherent in clipping, few samples are collected to represent large



areas. Efforts to improve biomass estimates often include visual double sampling where 

ocular estimates of biomass are used in conjunction with clipped biomass to increase 

sample size (Wilm et a l, 1944).

Visual estimates of biomass is a tricky proposition. Typically there is a trade-off 

between number of plots that can be clipped in a short period of time and the variability 

represented by that number of plots that must be reconciled with limits of acceptable 

accuracy. Wilm et a l (1944) noted that as many as 25 clipped plots were necessary in a 

single pasture to meet established criteria for accuracy. This number of clipped plots is 

not usually practical for management purposes, which is why double-sampling is often 

used to increase sampling of natural variability.

Beefcattle protein needs are documented by the National Research Council 

(1976). Since needs are related to availability of forage nitrogen content a quick way of 

assessing vegetation nitrogen content would aid determination of cattle nutritional 

condition. Difficulties in assessing vegetation nitrogen content due to sampling 

variability, and costly chemical analysis have precluded vegetation nitrogen determination 

for management purposes (Richardson et al, 1983).

Purpose

In this work we evaluate modem and traditional techniques for small area 

assessment of biomass and nitrogen content. Small area estimates can be expanded to 

larger areas by taking many measurements and extrapolating results. This work is part of 

our larger project that is assessing the ability of satellite remote sensing to measure 

rangeland forage quality and quantity.



32

Methods

General Study Design

In this paper we assess two methods for biomass estimation, the MSR16-NDVI, 

and visual estimation. We also assess the MSR16-NDVI for capability to determine 

vegetation nitrogen. Using a visual method of biomass estimation allows us to compare a 

traditional method of double-sampling with a new method of radiometric double-sampling 

After establishing the relationship of MSR16-NDVI to green biomass, we verified the 

relationship between live biomass and AVHRR-NDVI by correlating the small area 

MSRl6-NDVI plot values to the coarse resolution AVHRR-NDVI (Tucker et a l, 1983).

Study Area Descriptions

For the 1997 growing season we selected seven large Montana grassland study 

areas (1-9 km2) that represent variability in biotic and abiotic factors such as species 

assemblage, soils, and climate. Four study areas were in short grass prairie, two were in 

foothills prairie, and one was in a riparian area. Landscape and vegetation variability 

within study areas ranged from homogenous on the glacial till plains near Chinook, MT to 

complex on the deeply incised mountain slopes of the Barber Butte study area south of 

Havre, MT. Percent vegetation cover (live plus dead) of the seven study areas ranged 

from 43 to 86 percent, based on 30 points within every clipped plot. Detailed descriptions 

of the study areas including a table of Earth surface factors affecting reflectance are in 

Appendix A and B respectively.

Sampling

At least two plots were chosen in a pseudo random fashion (blind toss) within 

stratified map units for above ground biomass sampling. One-half m2 quadrats (0.71 cm *
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0.71 cm) were clipped at ground level on a bi-weekly or monthly basis for the 1997 

growing season, as described by Olson and Cochran (1988). Live from dead biomass was 

separated in the field and placed in paper bags. Sample handling followed procedures 

outlined by Richardson et a l (1983). Oven dry samples were ground with a Wiley tissue 

grinder to pass through a I mm sieve. Percent nitrogen by weight was determined for live 

and dead fractions with a Leco FP-328 combustion furnace.

Radiometric reflectance from each plot was measured with the MSRl 6 in the VIS 

and NIR bands, and three to four additional radiometric readings were collected from 

randomly placed plots within a 25 m radius of the clipped plot. An MSR16-NDVI was 

calculated for each plot according to Eq. I.

In situ visual estimates of live and dead biomass were made on a dry weight 

basis for each plot before clipping. Live and dead biomass estimates were calibrated by 

comparing volume of dried clipped material to dry weight in the laboratory. Visual 

estimates were initiated in June after two months of clipping and weighing dried samples. 

After two months training our sense of volume of dried material against dry weight, we 

felt prepared to start using volume of moist vegetation in the field as a proxy for dry 

weight. This method of estimating dry weight for standing moist vegetation worked well 

because plant material volume changed little on drying. The training continued through 

the growing season as samples were processed.

Data Analysis

To determine how well MSR16-NDVI correlates with biomass we regressed 

clipped biomass against MSR16-NDVI determined from the plot prior to clipping. 

Similarly, visual estimates of biomass were regressed against clipped biomass to determine 

how well visual estimation correlates with measured biomass.

The MSR16-NDVTs calculated for an entire study area were averaged and



regressed on AVHRR-NDVi’s from corresponding location and time to determine 

correlation. We also regressed weighted averages ofMSR16-NDVI for each study area 

on associated AVHRR-NDVI. The weighting procedure for MSR16-NDVI is the same as 

that used for weighting biomass in chapter I .

Clipping served as a control for comparison of biomass estimation with the visual 

and radiometric methods. Percent nitrogen determined on a dry weight basis with the 

Leco FP-328 combustion furnace served as control for comparison with the MSR16- 

ND VI.

Results and Discussion

Radiometric Estimate of Biomass

The MSR16-NDVI for the Havre study sites (Figure 9) has a positive relationship 

with live biomass that is linear at low biomass levels. The curvilinear pattern of the data 

suggests that a saturation response occurs as live biomass increases. The response curve 

shows a saturation asymptote above N D V I160 where its capability to estimate live 

biomass decreases. This curve is expected since infrared radiation is unable to penetrate 

deeply into multi-level plant canopies (Olson and Cochran 1988).
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Figure 9. Above ground live biomass as a function of MSR16-NDVI for four 
study sites near Havre. The curvilinear relationship illustrates a saturation 
asymptote at high biomass levels. The regression equation is: live = 1021.7 - 
16.5ndvi + 0.07ndvi2, sd = 59.5, r2 = 0.579, n = 101, p-value for regression 
relationship = 0.00, p-value for linear coefficient = 0.00, p-value for quadratic 
coefficient = 2.55*10"\ 90% confidence interval for linear coefficient -25.5 to - 
7.5, 90% confidence interval for quadratic coefficient 0.04 to 0.10. 90% 
confidence intervals shown.

Figures 10 through 12 illustrate the need for calibration based on phenological 

growth stage or vegetation condition when using MSRl6-NDVI to estimate live biomass. 

The correlation coefficients increase substantially when data are grouped by month (June, 

July, August). Compare correlation coefficients of Figures 10 through 12 to Figure 9.
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Figure 10. Live biomass as a function of MSR16-NDVI for the month of June. 
The strong relationship indicates that the MSR16 is capable of estimating 
rangeland biomass at these sites for the month of June. The regression 
equation is: live = -321.2 +2.69ndvi, sd = 23.3, r2 = 0.756, n = 26, p-value for 
regression relationship = 0.00, 90% confidence interval for slope 2.2 to 3.2. 
90% confidence intervals shown.

150
MSR16-NDVI

Figure 11. Live biomass as a function of MSR16-NDV1 for the month of July. 
The strong relationship indicates that the MSR16 is capable of estimating 
rangeland biomass at these sites for the month of July. The regression equation 
is: live = 1613.5 - 25.14ndvi + 0.099ndvi2, sd = 59.58, r2 = 0.646, n = 40, p- 
value for regression relationship = 0.00, linear slope coeff p-value = 1.03* 10"7, 
quadratic slope coefficient p-value = 0.001, 90% confidence interval for linear 
slope coefficient -39.5 to -10.8, 90% confidence interval for quadratic slope 
coefficient 0.05 to 0.15. 90% confidence intervals shown.
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Figure 12. Live biomass as a function of MSR16-NDVI for the month of 
August. The strong relationship indicates that the MSR16 is capable of 
estimating rangeland biomass at these sites for the month of August. The 
regression equation is: live = 1789.6 - 28.3 Indvi + 0 .1 Bndxi2, sd = 57.00, r2 = 
0.686, n = 28, p-value for regression relationship = 0.00, linear slope 
coefficient p-value = 1.06*10"*, quadratic slope coefficient p-value = 0.002, 
90% confidence interval for linear slope coefficient -51.2 to -5.4, 90% 
confidence interval for quadratic slope coefficient 0.04 to 0.19. 90% 
confidence intervals shown.

The higher correlation coefficients resulting when live biomass data is grouped by 

month indicates that vegetation phenology or physiological condition plays an important 

role in how well the MSR16-NDVI can estimate biomass. Since phenology, or condition 

is important to calibration, it follows that care must be taken when extending beyond the 

range in conditions under which the calibration was determined.

The strength of association between live biomass and MSR16-NDVI when study 

areas are grouped by elevation (not shown) does not increase significantly over that for all 

four study areas combined (Figure 9). This indicates that creating estimation equations 

based on phenology or vegetation condition is more important than creating estimation



equations by geographic location.

The saturation asymptote for July and August (Figures 11 and 12) indicate that 

multilevel plant canopies late in the growing season make radiometric determination of 

biomass difficult. The MSR16-NDVI does not provide accurate estimations when dense 

multi-level plant canopies are present.

Our data show no compelling evidence that estimation capability of MSR16-NDV1 

breaks down at low levels of live biomass for the areas and times when we sampled. The 

only exception might be during June where scatter about the regression line is greater at 

low biomass levels than in mid-range levels. Anderson and Hanson (1992) and Pearson et 

al. (1976) noted a break down in estimation capability at the low end of estimation range 

when green biomass made up less than 30% of the plant canopy which was thought to be 

at or below the level of detection.

The weak correlation between MSR16-NDVI and dead biomass (Figure 13) is 

expected as the NDVI is designed to respond to physical changes in leaf structure and 

chemistry that are due to reflection of infrared wavelengths from spongy mesophyll and 

absorbence of visible red wavelengths by chlorophyll. Deteriorated cell wall structures, 

and less chlorophyll in decayed material, results in a weak and inconsistent NDVI response 

(Tucker e/a/. 1983).

The stronger correlation of standing crop (ie. total biomass (Figure 14)) compared 

to dead biomass is due to the strong influence of live biomass that was present in all study 

areas except at the earliest and latest sampling periods. Tucker et a l (1983) found a 

strong linear relationship between standing crop and NDVI determined on small plots (r2 = 

0.75). However, he noted that the biomass sampled was predominantly green.
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Figure 13. Dead biomass as a function of MSR16-NDVL The weak 
relationship is characteristic of NDVI response to dead biomass. The 
regression equation is: dead = -45.1 + 0.66ndvi, sd = 38.95, r2 = 0.072. n = 
100, p-value for regression relationship = 0.007, 90% confidence interval for 
slope coefficient 0.26 to 1.06. 90% confidence intervals shown.
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Figure 14. Standing Crop as a function of MSR16-NDV1. The strong positive 
relationship is due to the strength of relationship between live biomass and 
NDVI. The regression equation is: crop = -530 + 4.66ndvi, sd = 85.15, r2 = 
0.448, n = 100, p-value for regression relationship = 0.000, 90% confidence 
interval for slope 3.8 to 5.5. 90% confidence intervals shown.



Radiometric Estimate o f Nitrogen Content

Our finding of poor correlation with percent nitrogen in the live and dead fraction 

(Figure 15 and 16 respectively) indicates the MSR16-NDVI will have little usefulness in 

estimating rangeland nitrogen content. Richardson et a/.(1983) used a hand-held 

radiometer in field trials with Alicia grass (Cynodon spp.) to show that the NDVl 

relationship to nitrogen was better early in the growing season when the effect of nitrogen 

fertilizer was greater. He found the correlation coefficient for nitrogen content of standing 

crop and NDVI in June was 0.83, and only 0.39 in September when the effect of fertilizer 

treatment was not as great. The significance of these findings is that NDVI is capable of 

estimating only high nitrogen levels, that are unlikely in rangeland environments.
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Figure 15. Percent nitrogen in live biomass as a function of MSR16-NDVI. 
The weak relationship indicates that the MSR16 is not capable of estimating 
rangeland nitrogen below three percent. The regression equation is: %N = - 
0.65 + 0.006ndvi, sd = 0.480, r2 = 0.043, n = 93, p-value for regression 
relationship = 0.047, 90% confidence interval for slope 0.001 to 0.011. 90% 
confidence intervals shown.



41

150
MSR16-NDV1

Figure 16. Percent nitrogen in dead biomass as a function of MSR16-NDVI. 
The weak relationship indicates that the MSRl6 is not capable of estimating 
rangeland nitrogen in dead vegetation. The regression equation is: %N = 0.95 
+ -O.OOlndvi, sd = 0.186, r2 = 0.009, n = 67, p-value for regression relationship 
= 0.452, 90% confidence interval for slope -0.003 to 0.001. 90% confidence 
intervals shown.

MSR16-NDVI and AVHRR-NDVI Correlation

Both MSR16 and AVHRR radiometric determinations of NDVI use similar wave 

bands. For this reason we expect a strong correlation between the two types of NDVI 

(Figure 17). Comparing the two types indicates that both are responding the same way to 

changes in biomass. Since the MSR16-NDVI is strongly correlated with live biomass and 

the MSR16-NDVI is strongly correlated with AVHRR-NDVI it is expected that 

AVHRR-NDVI is also correlated with live biomass (chapter two). Error in the 

correlation of the two types of NDVI is likely due to atmospheric interference, time of 

satellite overpass, and difficulty in adequately sampling natural variability of native 

rangelands with the boom-mounted radiometer.
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Figure 17. MSR16-NDVI regressed on AVHRR-NDVI. The strong 
relationship indicates that the MSR16 and the AVHRR ND V i’s are responding 
similarly to vegetation condition. This correlation makes credible the causal 
relationship between green vegetation and AVHRR-NDVI. The regression 
equation is: MSR = 6.70 + 1.00AVHRR, sd = 5.15, r2 = 0.845, n = 13, p-value 
for regression relationship = 0.000, 90% confidence interval for slope 0.77 to 
1.23. 90% confidence intervals shown.

When we weighted MSR16-NDVI by map unit and regressed on AVHRR-ND VI, 

the correlation coefficient (r2 = 0.753) decreases. This decrease indicates that our 

stratified sampling design in the Bear’s Paw mountains did not adequately represent the 

reflectance properties of the vegetation in those study areas that influence A VHRR-ND VI

Visual Estimates of Biomass

Visual estimate of live biomass is strongly correlated with clipped live biomass. 

However, visual estimate of live biomass is an inconsistent estimator of clipped biomass 

(Figure 18). This is intuitively apparent by noting the scatter about the best-fit line.

Data transformations are necessary on the visual estimates of biomass before



assumptions of linear regression are met. Variance of error terms can be stabilized 

through transformations (Netter et aL, 1990). Simple linear regression error terms are 

assumed to be independent normal random variables that sum to zero and have constant 

variance. If the variance is non-constant the implication is that the model is not a good fit 

for the data. So, we made square root transformations of the dependent and independent 

variables to account for non-constant variance of error terms. In order to use the model in 

Figure 18 for estimation purposes we would take the square root of a visual live estimate, 

calculate a fitted term, then square the fitted value to get an estimate of actual live 

biomass.

Visual estimates of dead biomass show strong correlation with clipped dead 

biomass, but inconsistent estimation capability of clipped dead biomass (Figure 19).

Again, a square root transformation is necessary to comply with the assumptions for 

regression models. The fit of the regression with dead biomass however is not as good as 

the fit with live biomass which can be seen by noting the relative scatter about the 

regression lines in Figures 18 and 19.
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Figure 18. Visual estimate of live biomass regressed on clipped live biomass. 
Square root transformation is necessary due to non-constant variance of the 
response as a function of the estimator. The strong positive relationship 
indicates the that visual estimate is strongly correlated with clipped weight, but 
is not a consistent estimator of clipped weight. The regression equation is: 
clipped = 0.71 + 1.38 visual, sd = 2 .11 ,12 = 0.825, n = 264, p-value for 
regression relationship =0.00, 90% confidence interval for slope 1.3 to 1.4. 
90% confidence intervals shown.
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Figure 19. Visual estimate of dead biomass regressed on clipped dead biomass. 
Square root transformation is necessary due to non-constant variance of the 
response as a function of the estimator. The strong positive relationship 
indicates the that visual estimate is strongly correlated to clipped weight. 
However, the visual estimate is not a consistent estimator of clipped weight.
The regression equation is: clipped = 0.67 + 0.55visual, sd = 1.19, r2 = 0.663, n 
= 264, p-value for regression relationship = 0.00, 90% confidence interval for 
slope 0.52 to 0.60. 90% confidence intervals shown.
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A strong correlation between the sum of the visual estimates of live and dead 

biomass and clipped standing crop (Figure 20) indicates promise for using the visual 

estimate of live and dead to estimate standing crop. The correlation coefficient for 

standing crop is noticeably higher than that for estimating dead only, due to inclusion of 

the live which has a better fit between estimated weight and actual dry weight. It should 

be cautioned here that the visual sum of the live and dead estimates is not the same as a 

single visual estimate of standing crop. There is reason to believe that observer bias in 

differentiating live from dead biomass would make a single visual estimate of standing 

crop quite variable during a whole growing season, and hence not as reliable as the sum of 

the live and dead estimates.

Sum o f Lrvc and Dead (g/m2)u

Figure 20. Sum of live and dead biomass estimates (standing crop) regressed 
on clipped standing crop. Square root transformation is necessary due to non
constant variance of the response as a function of the estimator. The strong 
positive relationship indicates the that visual estimate is strongly correlated 
with clipped standing crop. However the visual estimate is an inconsistent 
estimator of clipped standing crop. The regression equation is: clipped = 0.87 
+ 0.94visual, sd = 1.59, r2 = 0.780, n = 264, p-value for regression relationship 
= 0.00, 90% confidence interval for slope 0.89 to 0.99. 90% confidence 
intervals shown.
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Over a wide range of biomass levels visual estimation has a strong correlation with 

clipped biomass for live, dead, and live plus dead. Regressions on subsets of smaller 

ranges in live dry weight decreased the coefficient of determination. It is important that 

potential users of this technique be aware a large data set over a wide range of vegetation 

conditions was required to obtain these correlation coefficients. This implies that these 

equations will be most useful over a wide range of conditions when large sample numbers 

are collected.

Note the large difference in our ability to distinguish between live and dead 

biomass by comparing Figure 18 with Figure 19. Dead biomass has a higher variability in 

dry density, due to differences in abundance of woody tissue contributed from forbs, and 

degree to which all dead material is decayed. This high variability in density made 

consistent visual estimates of dry biomass difficult. Another factor that may contribute to 

variability in the two estimates is the ease of distinguishing green grass leaves amongst 

dead material, and the difficulty in distinguishing brown leaves amongst green material.

Conclusions

MSR16-NDVI can be used to estimate live biomass in rangelands if it is first 

calibrated to vegetation condition or phonological stage. It is more important to calibrate . 

by vegetation condition, or phenological stage than geographic location. The useful upper 

limit of the MSR16-NDVI does not exceed 400 g/m2 due to saturation of NDVI response 

when multilevel plant canopies are present. Users should take precautions when using the 

MSR16-NDVI in areas of high biomass such as in riparian vegetation due to problems in 

variability of biomass estimates associated with the saturation asymptote. The MSR16- 

NDVI cannot be used to estimate dead biomass or vegetation nitrogen content. If used to 

estimate standing crop it should be understood that it is primarily responding to live 

biomass.



Visual estimation is both more accurate (higher r2), and consistent (lower std. dev) 

than the MSR16-NDVI over a wide range of biomass levels, and it is useful at biomass 

levels beyond the estimation capability range of the MSR16-NDVI. The same is not true 

for small data sets of visual estimates, due to higher standard deviation of visual estimates 

when sample size is small. The visual method of estimating biomass requires larger sample 

sizes than the MSR16-NDVI method due to higher standard deviation in biomass estimate 

after correcting for transformations. Visual estimation is also useful for determining dead 

biomass, though less consistent than when estimating live biomass. Training is required, 

and users must repeatedly calibrate their estimates.

The relative advantage of either method for specific purposes will be determined 

by the time required to train technicians, the vegetation habitat types for which it will be 

used to estimate biomass, and user needs for precision of estimates.

The strong correlation between NDVI derived from the MSRl 6 and the AVHRR 

indicates that AVHRR is also a good estimator of biomass. These two radiometric 

methods provide methods for assessing biomass at two very different scales. The AVHRR 

can provide timely biomass estimates over large areas, and the MSRl 6 can provide rapid 

small area assessment for checking accuracy of the AVHRR, in addition to providing 

information on areas that are too small for the AVHRR to resolve.

Since beef cattle forage needs are known (National Research Council 1976), and 

remotely sensed data can be used to estimate rangeland forage quantity it is possible that 

remotely sensed data can be used to estimate available forage quantity, carrying capacities, 

and allowed grazing duration.
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CHAPTER 4

CORRELATION BETWEEN BEEF CATTLE FECAL NUTRITION 
PROFILING RESULTS AND AVHRR-NDVI 

SATELLITE IMAGERY

Introduction

What is Fecal Analysis?

Fecal analysis is a rapid way of assessing how well animal nutrition and energy 

needs are met by available forage. The goal of fecal analysis is to detect nutritional value 

of forage, estimate trends in that condition, and take action to guide animal nutrition in a 

positive direction while minimizing cost through supplemental feeding or animal 

movement to other pastures as necessary.

Fecal analysis is quick and relatively inexpensive, and works with NUTBAL™ 

decision support software (Ranching Systems Group 1993) to provide cost analysis for 

measures that will improve animal nutrition by recommending movements, dietary 

supplements, timing of supplements and duration of supplement feeding as needed. The 

NUTB AL™ system incorporates nutrient requirements of beef cattle and digestible organic 

matter to crude protein ratio (DOM/CP) concepts that affect digestibility and forage 

intake (Stuth 1997b). This type of comprehensive animal nutrition program allows animal 

managers to monitor, predict and control animal nutrition and weight gain.

Nutritional status of free ranging cattle has traditionally been assessed by body 

condition scoring. Body scores reflect the result of forage quality and quantity after the 

animals have been influenced by their diet, and are subject to observer bias.

Forage residence time in the digestive tract of cattle is approximately 36 hours. 

For this reason, a fecal sample will represent digested forage that was consumed no more



than 36 hours previously (Lyons and Stuth 1992). Fecal analysis of fresh fecal samples 

allows assessment of present nutritional status which can be corrected if necessary before 

stress is manifested in body morphology (Stuth 1996).

Five to ten fresh fecal samples are collected and composited for analysis from a 

herd. Compositing is necessary since herd forage needs are managed rather than 

individual animal forage needs. Fecal samples are dried, ground and spectroscopically 

analyzed with near infrared light (NIR) for characteristic absorption spectra that correlate 

to specific chemical bond structures such as those in proteins, phenols, and nitrogen 

containing compounds. These reflectance spectra from bond structures are strongly 

correlated to compounds identified in diets by conventional laboratory procedures for 

digestible organic matter (DOM) and crude protein (CP), r2 = 0.80 and 0.92 respectively 

(Lyons and Stuth 1992). Correlations based on 880 matched pairs of diet and feces 

collected from herds in Texas through Canada allow fecal material to be used for 

estimating pre-digestion dietary crude protein, and digestible organic matter (Stuth 

1997a).

Animal unit equivalent (AUE), or dry matter uptake per animal per day, is 

calculated with NUTBAL™ software based on DOM and CP as well as other factors 

including cattle breed, body condition, maturity, and environmental factors such as 

temperature, and forage availability (Stuth 1997b). One animal unit equivalent is 11.8 kg 

dry matter intake per day per animal for an idealized 454 kg cow (Matt Ricketts, pers. 

comm ). However, dry matter intake will change with DOM and CP, as well as 

physiological stage of the animal, and climatic conditions. As forage quality increases 

digestibility increases, and forage residence time in the rumen decreases, allowing animals 

to consume more. Low quality forage stays in the rumen longer for digestion, and when 

gut fill capacity is reached intake stops. So, as forage quality increases AUE will also 

generally increase. These aspects and others affecting intake are used by NUTB AL™



software in determining animal demand on the nutrient resource (ie. AUE), and the 

animal’s nutrient needs (Stuth 1997b).

Why use Fecal Analysis in Rangeland Monitoring?

A mission of the Natural Resources Conservation Service (NRCS) is to help 

private land managers assess and monitor rangeland resources and take sound economic 

and ecological management action based on the results of assessment and monitoring.

The NRCS is investigating the utility of fecal analysis to improve assessment and 

monitoring of animal nutrition and rangeland quality by directly assessing the portion of 

range forage utilized by grazing animals.

Two of the most limiting factors of forage quality in the western US. are energy 

content and protein, both of which can be measured by fecal analysis, which can be used 

as part of a comprehensive animal nutrition management plan that provides timely 

information on change in forage quality.

Differences in phenology, condition of vegetation and species distribution in range 

lands determine timing and spatial distribution of nutritional quality. Grasses generally 

have lower protein and higher lignin and cellulose content than forbs and shrubs. While 

still growing, forbs have higher protein than grasses or shrubs. However, shrub leaves are 

similar in protein content to forbs (Holechek 1984). Grazing animals are very selective in 

their foraging habits, seeking out plants and plant parts that meet their nutritional needs 

based on their digestive physiology. For instance cattle, elk, and bighorn sheep prefer a 

diet of grass, while pronghorn antelope and deer prefer forbs and shrubs and only consume 

grass when forbs and shrubs are not available (Holechek 1984). Fecal analysis offers an 

opportunity to determine how well grazing animal nutritional needs are met as forage 

nutritional value changes and animals compensate by altering their grazing habits.

Traditional methods of estimating protein and energy of forge involved hand



plucking forage in a way that emulates cattle grazing. These methods typically 

underestimate protein by 1-3%, and underestimate energy content by 8-10%. These 

problems are associated with selecting proper plants, and the right plant parts (Stuth, 

1997a).

What is AVHRR-NDVT Imagery?

The Advanced Very High Resolution Radiometer (AVHRR), carried on National 

Oceanographic and Atmospheric Administration weather satellites, determines a 

Normalized Difference Vegetation Index (NDVI) by scanning earth surface reflectance 

intensities in the infrared and visible red wavelengths. These intensities are combined in a 

ratio that is known to be highly correlated with vegetation parameters such as biomass, 

and ground cover (Kennedy 1989; Tucker 1979, chapter two).

AVHRR-NDVI imagery is made by compositing the highest pixel values from two 

weeks of daily passes into a new map that is called a bi-weekly composite. Compositing is 

necessary to eliminate pixels contaminated by cloud cover that have NDVI values lower 

than live vegetation. Images are georeferenced so that pixels can be associated with 

locations on the ground for analysis and change monitoring.

Purpose

This study is designed to determine the degree that AVHRR-NDVI imagery 

correlates with fecal profiling of forage quality. IfAVHRR-NDVT correlates highly with 

fecal profiling then AVHRR-NDXT may be useful in assessing forage quality in areas not 

actively grazed.
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Methods

General Study Design

Approximately four sections (four mi2) of the Mission Ranch were divided into 

two pastures with similar landforms, soils, and vegetation. This division is part of the rest 

rotation grazing system used by the Mission Ranch. The 445 ha southwest pasture was 

rested for the 1997 growing season. However, in order to obtain fecal samples 

representing forage in the rested pasture it was necessary to allow a small number of 

animals to graze there (23 pair). The remainder of the herd (236 pair) was put in the 514 

ha southeast pasture. Fecal samples were collected from each herd biweekly. 

Corresponding AVHRR-ND VI pixel values centered on the middle of each pasture were 

used in linear regression to determine correlation with fecal analysis results.

Study Area Description

The Mission Ranch is 15km east of Livingston, Montana just south of 

Interstate-90. The upland portion of the Mission Ranch study area is underlain by 

Cretaceous sandstones and shales mantled by thin alluvium and loess on lee slopes. 

Typical soils of the upland study are loamy-skeletal Typic Haploborolls with a Bk horizon 

20cm from the soil surface. Coarse-loamy Typic Haploborolls (Soil Survey Staff 1992) 

with no Bk horizon are found on leeward slopes where silt accumulates, and rockier soils 

are found on steep slopes above small stream channels in coulees. Surface water exists in 

two small creeks fed by spring clusters in strike valleys, paralleling bedrock outcrop 

ridges.

The vegetation range type is foothill grassland (Montana Experiment Station 

Bulletin 671 1973). The level areas are dominated by blue bunch wheatgrass (Agropyron 

spicatum), western wheatgrass {Agropyron smithii), needle-and-thread (Stipa comata),
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and Idaho fescue (Festuca idahoensis). Fringed sagewort (Artemisia frigida) and club 

moss (Selaginella densa) are also common.

The average annual precipitation is 355-406 mm, and the average annual 

temperature is 6.1 degrees Celsius (Caprio etaL, 1994).

Sampling

We collected fecal samples on the Mission Ranch from two herds representing 

grazed and ‘rested’ conditions. The grazed pasture held 236 cow/calf pairs while the 

rested pasture held 23 cow/calf pairs. Five to ten fresh fecal samples, each approximately 

a heaping table spoon, were composited from each herd three days after being turned into 

a new pasture, and then on a bi-weekly basis thereafter. We mailed samples in a freeze- 

pack via three-day priority mail to the Grazing Animal Nutrition (GAN) laboratory at 

Texas A&M University.

Data Analysis

Matt Ricketts, rangeland ecologist at the Livingston, Montana NRCS office helped 

with data analysis and interpretation using NUTBAL™ decision support system software 

(Ranching Systems Group 1993) to compute AUE from CP and DOM determined by NIR 

spectroscopy at GAN Laboratory.

We extracted single cell AVHRR-NDVI values from georeferenced bi-weekly 

composited AVHRR-NDVI scenes corresponding to dates and location of fecal sampling. 

Crude Protein, DOM, and AUE were regressed on AVHRR-NDVI value to determine 

correlation.



Results and Discussion

Crude Protein vs. AYHRR-NDVI

Trends in CP content determined from fecal analysis regressed on AVHRR-NDVI 

for rested and grazed pastures are shown in Figures 21 and 22 respectively There appear 

to be strong trends in CP content and AVHRR-NDVI as growing season progresses, but 

only the regression for the rested pasture is significant at the 90 percent confidence level 

The lack of strong regression relationships indicates that AVHRR-NDVI is not responding 

strongly to the crude protein content of available forage.

142.5
One-cell AVHRR-NDVl

147.5

Figure 21. Rested pasture %CP regressed on AVHRR-NDVI. The regression 
equation is: protein = 56.1 - 0.33avhrr, sd = 1.42, r2 = 0.621, n = 7, p-value for 
regression relationship = 0.035, 90% confidence interval for slope -0.57 to 
-0.10. 90% confidence intervals shown.
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Figure 22. Grazed pasture percent CP regressed on AVHRR-NDVI. The 
regression equation is: protein =-23.0 + 0.26avhrr, sd = 2.40, r2 = 0.422, n = 
6, p-value for regression relationship = 0.163, 90% confidence interval for 
slope -0.07 to 0.59. 90% confidence intervals shown.

Digestible Organic Matter vs. AVHRR-NDVI

Trends in DOM determined from fecal analysis regressed on AVHRR-NDVI 

indicate no relationship exists between AVHRR-NDVI and DOM based on slope 

coefficient ranges that include zero (Figures 23 and 24). The lack of a regression 

relationship indicates that AVHRR-ND VI is not responding to digestibility of forage 

consumed by grazers.
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Figure 23. Rested pasture percent DOM regressed on single-cell AVHRR- 
NDVI. The regression equation is: dom = 44.86 + 0.14avhrr, sd = 2.92, r2 = 
0.082, n = 7, p-value for regression relationship = 0.493, 90% confidence 
interval for slope -0.23 to 0.50. 90% confidence intervals shown.

AVHRR-ND VI

Figure 24. Grazed pasture percent DOM regressed on single-cell AVHRR- 
NDVI The regression equation is: dom = 52.77 + 0.07avhrr, sd = 2.52, r2 = 
0.048, n = 6, p-value for regression relationship = 0.675, 90% confidence 
interval for slope -0.27 to 0.42. 90% confidence intervals shown.
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Figure 26. Grazed pasture AUE regressed on single-cell AVHRR-NDVI. The 
regression equation is: aue = -1.62 + 0.02avhrr, sd = 0.13, r2 = 0.626, n = 6, 
p-value for regression relationship = 0.061, 90% confidence interval for slope 
0.004 to 0.040. 90% confidence intervals shown.

We can explain the relationship between AVHRR-NDVl and AUE this way. 

AVHRR-NDVI responds to vegetation conditions such as biomass and percent vegetation 

cover (chapter two, Kennedy 1989). These conditions are an integration of many factors 

during a growing season including temperature, day length, precipitation and others that 

are manifest in forage quality, such as crude protein, and plant nutrient deficiencies (Lloyd 

Queen personal communication, chapter two). AUE is also an integration of factors such 

as digestible nutrients, crude protein, and environmental factors that change as growing 

season factors change (Stuth 1997b). Since both of these measurements respond to 

growing season climatic and ecological factors they should be correlated. The strong 

correlation is a result of comparison of two measures that integrate some of the same 

environmental and ecological factors.



Potential Applications

We have shown AUE as estimated by AVHRR-ND VI provides an assessment of a 

pasture’s ability to meet cattle forage needs. And since we know the nutrient needs of 

animals at any physiological stage we can say when forage, or dry matter intake is - 

sufficient or insufficient to meet dietary needs.

AUE is a rate of consumption, and can be used to determine forage utilization over 

time by the following equation:

Forage Utilization = AUE * no. animals * days grazing

Approximate forage utilization can be calculated as consumed biomass divided by 

initial biomass, exclusive of wildlife forage utilization. Forage utilization and rates of 

consumption are important for estimating animal impact on forage resources and 

determining when forage base can meet animal requirements, and when animals exceed the 

forage’s potential to provide for their dietary needs. The ability to remotely sense rates of 

consumption on landscapes that are not currently monitored carefully can improve 

estimates of appropriate stocking rates and allowable grazing duration when no other data 

are available. This case is especially valuable on large ranches and public lands where too 

few human or financial resources are available to monitor all grazed areas. Since both 

AUE and biomass change as growing season progresses, frequent estimates of utilization 

will be necessary for timely management decisions. This is why the high temporal 

resolution of AVHRR-NDVI data may make it a valuable monitoring tool even if 

regression relationships between AVHRR-ND VI and AUE are not strong.

Conclusions

Fecal analysis captures rapid change in crude protein content of vegetation and 

digestible organic matter that AVHRR-NDVI does not sense. AVHRR-ND VI is capable 

of estimating AUE and may prove useful in determining stocking rates, and allowable
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grazing duration.

AVHRR-NDVI imagery is strongly correlated with live biomass over large areas 

that may or may not be actively utilized even if available to grazers. Fecal profiling is a 

method of assessing forage quality based on preference of areas where animals graze. 

Each method of monitoring provides unique information. Yet used together, both quality 

and quantity of forage base can be assessed effectively. Fecal analysis provides quality 

assessment, while AVHRR-NDVI provides quantity assessment and a measure of dry 

matter intake by cattle. These two tools which examine the same system at different scales 

can provide information for managing the parts, and whole of a landscape system.
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CHAPTER 5 

CONCLUSIONS

Each of these methods has some potential for estimating forge quality and quantity 

over large areas efficiently. Which method a manager chooses to use will depend on the 

management objectives and data quality requirements. Each method of remotely sensing 

forage quality and quantity will work best in the conditions in which correlations were 

established, and each will require some training to develop new correlations when used in 

new areas.

AVHRR-NDVI can be used to estimate live biomass in a timely fashion at ranch 

scales. In some instances it may be useful for estimating standing crop if senesced 

vegetation is minimized by grazing. However, AVHRR-NDVI cannot estimate dead 

biomass, or vegetation nitrogen content. AVHRR-NDVI will need to be used with 

traditional range monitoring techniques for some time before it will be accepted as a tool 

for biomass estimation.

Both MSRl 6 radiometric and visual determination of biomass provide good 

estimates of live biomass and are efficient over large areas. MSR16-NDVI requires less 

data than the visual technique for high confidence estimates of biomass, but it is more 

accurate over a smaller range in live biomass than the visual technique. The visual 

technique is the only method tested that will be useful in estimating dead biomass. The 

MSR16-NDVI is not capable of estimating vegetation nitrogen content.

Results show AVHRR-NDVI may be capable of estimating animal unit equivalent 

for large areas in grazed and ungrazed situations. AVHRR-NDVI is not capable of 

estimating crude protein or digestible organic matter in forage.
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APPENDIX A

STUDY AREA DESCRIPTIONS



This investigation focuses on three geographic areas which contain the seven study 

sites, the Mission Ranch area near Livingston, in southwest Montana has two study sites, 

the Havre area in north central Montana has four study sites, and the Rescue Creek area in 

Yellowstone National Park, south west Montana is one study site. The choice of three 

geographically distinct areas, all in grassland ecosystems but differing in soil type, 

vegetation, and climate, will aid in broadening the scope and usefulness of results obtained 

from this study.

Mission Ranch

The Mission Ranch study area is subdivided into two unique sites differing greatly 

in productivity due to differences in depth to water table beneath the soil surface.

Upland Site .

The upland site is approximately 15 km east of Livingston, Montana just south of 

Interstate 90. It is centered at UTM 50605OON 544000E on the Mission Ranch.

The upland site of the Mission Ranch study area is underlain by block faulted 

Cretaceous sandstones and shales. Outcrops of sandstone and shale are common in 

steeper areas. The bedrock dips to the north and has been truncated by alluvial processes 

to form a stepped terrace sequence that is covered by a mantle of Tertiary aged coarse 

textured sub-rounded alluvium from the Absaroka mountains. Dominant landforms are 

terraces, strike valleys, and parallel coulee systems that drain to the north. Typical soils of 

the upland study are loamy-skeletal Typic Haploborolls with a Bk horizon 20 cm from the 

soil surface. Coarse-loamy Typic Haploborolls (Soil Survey Staff. 1992) with no Bk 

horizon occur on leeward slopes where silt accumulates, and rockier soils occur on steep 

slopes above small stream channels in coulees. Surface water flows in two small creeks 

fed by spring clusters in strike valleys.



The range type for this site foothill grassland (Montana Experiment Station 

Bulletin 671 1973). Level areas are dominated by blue bunch wheatgrass (Agropyron 

spicatum), western wheatgrass {Agropyron smithii), needle-and-thread (Stipa comata), 

and Idaho fescue (Festuca idahoensis). Fringed sagewort {Artemisia frigida) and club 

moss {Selaginella densa) are also common.

The average annual precipitation is 355-406 mm, and the average annual 

temperature is 6.1 degrees Celsius (Caprio e ta i, 1994).

The upland is split into two pastures used in rest rotation for 269 cow calf pairs 

plus 18 bulls. The 514.4 ha southeast pasture was grazed in 1997 by 236 cow calf pairs, 

while the 445.4 ha southwest pasture was ‘psudo-rested’, or very lightly grazed with 23 

cow calf pairs. In addition to the two dryland pastures, the upland portion of the Mission 

Ranch study area contains 243 ha of the Mission Field airport which is only grazed by 

Pronghorn Antelope, and a 30.1 ha pasture that is owned by the Airport and leased for 

grazing. It was not grazed in 1997. Sewage sludge from the Livingston municipal waste 

water treatment plant is applied frequently to both the airport, and the leased pasture. On 

the airport grounds there are two paved runways each 1737 m by 23 m. Approximately 

550 m of the runway is in the study area.

Lowland Site

The lowland site, centered at UTM 5063000N 545500E, is just north of the 

upland site separated from it by Interstate-90.

The lowland site is characterized by Holocene Yellowstone River alluvium. A 

broad flood plain and first river terrace make up the entire study site. Silty and sandy 

alluvium was deposited on much of the flood plain in 1996 and 1997. The water table is 

no more than five feet from the surface at anytime of the year. Typical soils are loamy- 

skeletal and fine loamy Typic Endoaquolls. Aquents (Soil Survey Staff. 1992) of variable



family occur on recent alluvium closer to the Yellowstone river.

The vegetation rangeland type is mapped as foothill grassland, but fits better with 

undifferentiated stream and lake bottoms (Montana Experiment Station Bulletin 671 

1973). Vegetation is primarily redtop (Agrostis spp.), sedges (Carex spp), bluegrass (Poa 

spp.), smooth brome (Bromus spp.), and yellow foxtail (Setaria spp ). Willow (Salix 

spp ), sedges {Carex spp.) and cattail are present in abandoned river channels which form 

braided wetlands. Large groves of cottonwood (Populus spp.) grow near the river. The 

lowland site of the Mission Ranch study area is approximately 506 ha of subirrigated 

floodplain. Approximately 30 ha of irrigated alfalfa (Medicago sativa) is grown on the 

river terrace, while the remainder is split between 17 ha hay pasture, and 247 ha early 

spring and winter grazing pasture.

Average annual precipitation is 355-406 mm and average annual air temperature is 

6.7 degrees Celsius (Caprio et a l, 1994).

Havre

The Havre study areas are subdivided into replicate pairs to represent high 

elevation (m) and low elevation rangeland. Each of the four sites consist of four sections 

(4 mi2).

Zurich and Chinook Sites Mow elevation*^

The low elevation site, Zurich, is approximately 3 km north east of Zurich, 

Montana centered at UTM 5386020N 650580E on rangeland under Bureau of Land 

Management care. The low elevation site Chinook is approximately 13 km north west of 

Chinook, Montana centered at UTM 5396350N 611430E.

Each of these sites is located north of the Milk River which flows along the 

channel carved by the Missouri River prior to it being pushed south to its present location 

during continental glaciations. The Bull Lake (70,000-130,000 ybp) and Pinedale



glaciations (10,000-20,000 ybp) left erratic boulders and gravels of Precambrian pink 

granite, pink and gray gneiss from northern Manitoba, and hummocky and morainal 

landscape. The continental glaciers otherwise left little evidence of their presence on the 

landscape here due to their thin slow-moving nature near their furthest extent. The glacial 

till at these sites is underlain by Cretaceous sandstones and shales (Alt and Hyndman 

1986).

Dominant landforms are hummocky till plains, and dry coulees that drain south 

towards the Milk River. A typical soil complex of these two study sites are Argiborolls 

under short grass prairie, and Alfisols in blowouts (Soil Survey Staff 1992). Soils in the 

blowouts support very little vegetation as the topsoil has been almost entirely stripped by 

wallowing animals and wind. Finer textured soils are found in coulee bottoms. Surface 

water exists only m 0.25 ha stock ponds.

The vegetation range type is classified as north-central grassland (Montana 

Experiment Station Bulletin 671 1973) . Dominant vegetation includes blue grama 

(Bouteloua gracilis), western wheatgrass (Agropyron smithif), thread leafsedge (Carex 

filifolid), and needle leaf sedge {Carex eleocharis), club moss {Selaginella densa), and 

fringed sagewort {Artemisia frigida). There are no riparian or forested areas

The average annual precipitation is 254-305 mm, and the average annual 

temperature is 5.0 degrees Celsius (Caprio et ah, 1994).

Thackeray and Barber Sites Chigh elevation^

The high elevation sites are both in the Bear Paw’s mountains south of Havre, 

Montana. The Thackeray Ranch site is on the Northern Agricultural Research Center 

research station approximately 15 miles south of Havre centered at UTM 53 5771 ON 

604930E., and the Barber Butte site is in the southern Bear Paw mountains on private 

land approximately 30 miles south of Havre centered at UTM 5346620N 613200E.
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The Bear Paw’s mountains are the remnants of volcanic activity 50 million years 

ago. The predominant rock type is shonkinite, similar to basalt but richer in potassium. 

Other bedrock common in the Bear Paw’s are cretaceous shales, and sandstones. Ice from 

the continental glaciations reached south to the Bear Paw’s mountains, but did not cover 

them (Alt and Hyndman 1986). Major land forms include sharp bedrock ridges and 

outcrops, stream breaks, and fine-grained alluvial valley bottoms.

Soils typical of Bear Paw’s are Haploborolls, Argiborolls (Caprio et a l, 1994), 

and Lithic Haploborolls, which occur on ridges where depth to bedrock is less than 50 cm. 

Soils on the ridges support very little vegetation as the topsoil has been almost entirely 

stripped by wind. Finer textured soils occur on lee slopes and in coulee bottoms. Surface 

water flows only in drainage bottoms which support riparian vegetation.

The vegetation range type is classified as foothill grassland (Montana Experiment 

Station Bulletin 671 1973). Dominant vegetation includes rough fescue (Festuca 

scabrella), bluebunch wheatgrass (Agropyron spicatum), western wheatgrass (Agropyron 

smithii), Idaho fescue (Festuca Idahoensis), and bluegrass (Poa spp ). Hilltops, and north 

aspects are often forested with Douglas fir (Pseudotsuga menziesii). Vegetation along 

drainage bottoms includes western chokecherry (Prunus virginiana), western snowberry 

(Symphoricarpos occidentalis), and quaking aspen (Populus tremubides).

The average annual precipitation is 406-457 mm on the Thackeray ranch and 507- 

762 mm at Barber Butte. The average annual air temperature is 5.0 degrees Celsius on 

the Thackeray ranch and 3.3 degrees Celsius at Barber Butte (Caprio et a l, 1994).

Rescue Creek

The Rescue Creek study site was selected for its representation of grassland 

ecosystems under a wildland management regime with climate and soils distinctly different 

from the other study areas. The Rescue Creek area is winter range for big game animals



of Yellowstone National Park, including Elk, Bison, Pronghorn antelope, and Bighorn 

sheep.

The Rescue Creek study site is immediately ̂ ast of the north entrance to 

Yellowstone National Park near Gardiner, Montana. The study site is centered at UTM 

49855 ION 524330E.

The dominant landform is a glaciofluvial terrace with parallel drainage pattern. 

Regolith composition is mainly flood deposits of sand, gravel and boulders derived from a 

variety of rock types. Included in the study site is an area of alluvial fans consisting of 

medium to fine textured sands and silt. Also in the study site is a rounded ridge composed 

of siltstone and mudstone (Shovic 1996). Soils typical of the study site are loamy-skeletal 

Typic Haploborolls on the glaciofluvial terrace; fine-loamy Typic Argiborolls; and fine- 

loamy Typic Eutroboralfs on the alluvial fans. Bedrock outcrops occur on the ridge 

(Rodman et a l, 1996; Soil Survey Staff. 1992). Surface water does not exist in the study 

site. However, the site is bordered on the west by the Gardner river, and to the north by 

the Yellowstone river.

The vegetation range type is intermountain valley grassland and meadow (Montana 

Experiment Station Bulletin 671 1973) . Dominant vegetation includes blue bunch wheat 

grass (Agropyron Spicatum), Sandberg bluegrass (Poa sandbergii), broom snakeweed 

(Gutierrezia sarothrae) (Rodman et al., 1996). There are no riparian or forested areas.

The average annual precipitation is 356-406 mm and the average annual air 

temperature is 2.8 degrees Celsius (Caprio et al., 1994).
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APPENDIX B

SURFACE FACTORS AFFECTING REFLECTANCE 

FOR THE SEVEN STUDY AREAS
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Study Site Map Unit Standing Veg Non-Standing Veg Bare Ground + Rocks Sfc. Organic Matter
Percent*

Missdry 3 77 23 3 19
4 70 30 5 26
6 84 16 6 11
7 84 16 4 12
8 64 36 27 9
9 71 29 . 13 17
13 73 27 13 14
14 54 46 23 22
15 76 24 6 17
16 68 32 9 23

Wtd Avg 73 27 8 19

Misswet 10 87 13 4 9
11 78 22 8 15
12 92 8 3 5

Wtd Avg 88 12 4 8

Chinook 1 85 15 0 15
2 75 25 6 19

Wtd Avg 76 24 6 18

Zurich 1 73 27 25 3
2 71 29 ' 14 14

Wtd Avg 72 29 16 12

Barber 1 74 26 15 12
2 57 43 28 16
5 89 11 11 O

Wtd Avg 77 23 14 8

Thackeray 2 84 16 I 15
3 78 22 6 16
4 83 17 5 12
5 92 8 2 6

Wtd Avg 82 18 5 13

Rescue 1 50 50 35 15
2 50 50 28 22
3 29 71 68 3

Wtd Ava 48 52 37 15
* Percentages are averages from every clipped plot in each study area. Percentages were 
determined from two perpendicular 70 cm transects with observations every five cm.



APPENDIX C

STRATIFICATION MAPS USED FOR VEGETATION SAMPLING 

IN THE SEVEN STUDY AREAS
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Mission Ranch Dry Study Site

Mission, MT 7.5 minute Quadrangle

NtipLegend

3 Plateau/Mission Field Airport
4 Plateau/Leased pasture
5 Intestate 90 and Railroad tracks
6 Dipslopes-North Aspect-Grazed
7 Dipslopes-Noith Aspect-Rested
8 Structural Bench-Grazed

9 Structural Bench
10 Alluvium-Riparian
13 Coulee-Rested
14 Coulee-Grazed
15 Plateau-Rested
16 Plateau-Grazed
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Mission Ranch Wet Study Site

____ _____ * * * " O O H C O

X V

Mission, MT 7.5 minute Quadrangle

N
MapLegend I

1 Cottonwood trees u)
2 WatCT E
5 Interstate-90 I
10 Sub-irrigated pasture IP
11 Alfalfa fields [i
12 Hay field
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ChinookStudy Site

Reservoir Coulee, MT 7.5 minute Quadrangle

N
MapLegend

1 Coulee
2 Moraine
3 Water
4 Playa
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Zurich Study Site

Ft Belknap Siding, MT 7.5 minute Quadrangle

N
MapLegend

1 Coulee
2 Moraine
3 Playa
4 Water
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Barber Butte Study Site

Barber Butte, MT 7.5 minute Quadrangle

MapLegend

1 Ridge Top
2 Mountain Slopes
3 Mountain Slopes-South Aspect
4 Mountain Slopes-North Aspect
5 Stream Breaklands
6 Trees
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Thackeray Ranch Study Site

Shambo SE, MT 7.5 minute Quadrangle
Scale 1:24000

Map Legend

2 Fine Grained Alluvium
3 Rolling Uplands
4 Rolling Uplands North and Northwest Aspects
5 Stream Bottom
6 Conifers
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Rescue Creek Study Site

N  A!

O  w

Gardiner, MT 7.5 minute Quadrangle

N
MapLegend »

1 River Tenace-Fan Complex T
2 Coulee I
3 Ridge Top
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APPENDIX D

BIOMASS (kg/ha) AND NITROGEN CONCENTRATION (%) OF LIVE 

AND DEAD VEGETATION AT THE SEVEN STUDY SITES 

WEIGHTED BY MAP UNIT AREA
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Study Site Date Live
Biomass

Dead
Biomass

Live
AVHRR-NDVI Biomass 

Nitrogen

Dead
Biomass
Nitrogen

kg/ha percent
Mission Ranch Dry 3/29-3/29 112.25 311.51 117 1.95 0.73

4/26-4/27 145.20 332.51 121 na na
5/16-5/19 250.15 300.92 134 na na
5/29-6/2 396.36 169.76 139 2.01 0.99

6/10-6/12 753.77 222.35 141 1.85 0.97
6/16-6/22 948.76 237.32 146 1.62 0.84
7/8-7/10 828.89 223.79 147 1.66 0.95
7/22-7/24 1138.84 390.62 145 1.77 1.15

8/6-S/7 900.70 394.34 144 1.35 1.03
8/19-8/20 696.09 334.06 139 1.10 0.89

9M-9/7 728.74 493.18 130 1.17 0.92
9/23-9/26 406.19 660.49 135 1.15 0.92

10/14-10/21 266.05 577.22 126 1.28 0.86

Mission Ranch Wet* 4/26-4/27
■-

313.87 46.87 128 na na
05/19 757.93 94.55 145 na na
05/30 1315.95 127.39 145 2.08 0.90
06/10 3257.28 103.04 148 2.22 0.45
06/22 2775.36 0.00 150 1.56 na
07/08 5431.35 52.43 154 1.29 0.96
07/23 1078.49 0.00 153 3.71 na
08/07 4242.33 0.00 153 1.52 na
08/20 5185.01 86.04 150 2.16 0.08
09/07 1680.35 767.50 148 1.64 0.80

9/25-9/26 829.64 292.73 135 1.11 0.73
10/16 813.29 0.00 133 2.00 0.96

Barber 06/06 1016.81 658.60 158 2.29 0.95
08/01 1528.79 412.62 147 1.35 0.65
08/29 1285.10 509.71 142 1.17 0.74

Thackery 05/21 604.20 1146.75 138 2.36 0.99
06/04 859.55 448.87 143 1.98 0.74
07/31 747.03 671.17 145 1.18 0.76
08/29 515.91 692.31 141 1.45 na
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Study Site Date Live Dead
Biomass Biomass

Live Dead
AVHRR-NDVI Biomass Biomass 

Nitrogen Nitrogen
kg/ha percent

Zurich 06/05 431.69 249.74 133 1.82 0.81
07/30 378.12 260.79 127 1.31 0.82
08/28 394.31 339.75 122 1.07 0.58

Chinook 06/05 471.70 288.98 130 1.85 0.93
07/30 155.50 351.70 122 1.19 0.79
08/28 277.24 258.84 119 1.20 na

Rescue* 4/4-4/S 64.52 14.35 117 na na
5/14-5/16 190.84 5.65 123 3.44 0.42
5/27-5/30 347.68 4.14 132 2.86 na
6/7-6/13 583.44 19.50 127 2.15 0.21
6/26-7/11 667.13 178.88 125 1.82 1.49
7/25-7/26 395.95 113.39 123 1.21 0.95

08/08 407.15 138.12 124 1.43 0.88
08/22 492.27 141.90 125 1.51 0.91
09/12 339.08 241.54 120 1.69 0.73
10/17 448.83 228.69 124 1.49 0.80

* AVHRR-NDVI composited values are for a single pixel centered over the study area. All other 
AVHRR-NDVI values are composited nine pixel averages



APPENDIX E

MSR16-NDVI AND VEGETATION PARAMETERS BY PLOT 

FOR THE FOUR HAVRE STUDY AREAS
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Study Site Date Live Biomass Dead Biomass MSR16-NDVI Nitrogen Live Nitrogen Dead
grams i . percent

Thackeray 05/21 35.00 82.06 142.1 2.38 1.18
05/21 15.33 7.59 128.8 na 0.90
05/21 29.83 71.46 142.0 2.42 1.06
05/21 31.41 89.05 130.7 2.49 1.14
05/21 43.88 102.52 150.3 2.96 1.18
05/21 13.07 13.82 130.2 1.97 0.61
05/21 28.63 23.92 160.1 1.83 0.74
06/04 46.65 27.40 156.4 1.97 0.79
06/04 25.48 12.43 149.5 2.09 0.75
06/04 37.50 39.28 147.9 2.27 0.93
06/04 25.06 12.78 145.4 1.84 0.70
06/04 43.77 17.86 152.8 2.13 0.88
06/04 55.48 8.96 166.8 1.45 0.42
06/04 42.14 23.01 148.4 2.11 0.80
06/04 108.78 58.13 171.6 2.14 0.75
06/04 30.25 15.16 141.0 na na
07/31 22.11 16.97 129.3 1.28 0.58
07/31 39.49 34.55 148.9 1.08 0.47
07/31 39.49 48.80 157.5 1.19 1.03
07/31 55.42 58.12 153.1 1.69 na
07/31 51.31 67.86 151.6 1.18 0.80
07/31 69.44 43.93 154.4 1.18 0.88
07/31 10.78 27.66 132.6 1.40 na
07/31 42.14 36.55 160.2 na na
07/31 11.06 6.23 130.0 0.99 0.67
07/31 69.90 24.55 145.8 1.08 0.58
08/28 16.81 37.62 133.4 1.64 na
08/28 65.82 39.18 164.5 1.09 na
08/28 53.23 26.08 156.7 1.21 na
08/29 17.49 14.40 135.8 1.41 na
08/29 42.42 45.24 135.3 1.71 na
08/29 42.64 43.40 143.6 1.04 na
08/29 9.52 31.01 138.0 1.37 na

Barber 06/06 39.49 36.22 149.5 2.01 0.82
06/06 80.88 46.61 169.6 2.25 0.77
06/06 24.85 na 141.6 na na
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Study Site Date Live Biomass Dead Biomass MSR16-NDVI Nitrogen Live Nitrogen Dead 
_____  grams______ - _________ percent

Barber 06/06 23.67 1.06 139.9 2.06 0.90
06/06 48.22 32.20 155.0 2.31 0.90
06/06 75.46 18.67 182.4 2.05 1.28
06/06 39.90 59.36 153.5 2.53 0.90
06/06 77.71 29.54 185.1 2.86 0.73
08/01 15.82 4.15 134.4 1.16 na
08/01 31.52 12.93 140.1 1.14 0.48
08/01 73.29 16.97 184.9 1.67 0.67
08/01 100.00 10.31 172.1 1.32 0.72
08/01 49.23 37.05 165.4 1.45 0.57
08/01 33.76 14.32 130.6 1.20 0.56
08/01 348.04 23.32 186.9 0.65 0.76
08/01 31.65 12.83 155.7 1.77 0.66
08/01 117.79 25.30 182.2 1.67 0.77
08/01 31.22 62.73 152.3 1.41 0.76
08/29 35.78 18.01 146.2 1.09 na
08/29 5.73 2.82 144.4 1.52 0.88
08/29 45.60 61.81 152.6 1.14 na
08/29 11.16 9.79 153.3 1.28 na
08/29 52.76 34.79 139.8 1.16 na
08/29 236.47 25.90 170.9 0.75 na
08/29 72.64 47.45 153.1 0.99 0.60
08/29 142.15 12.83 179.6 1.18 na

Zurich 06/05 36.91 33.40 148.3 1.86 0.67
07/30 14.65 5.98 134.3 1.19 0.68
07/30 48.52 18.12 151.4 1.33 0.75
07/30 30.13 17.03 .145.9 1.22 0.72
07/30 18.30 14.00 137.8 na 0.76
07/30 3.80 4.93 129.8 1.33 0.97
07/30 2.70 6.36 127.0 1.52 na
07/30 26.49 11.68 147.9 1.18 0.74
07/30 27.46 30.82 140.7 1.26 0.90
07/30 17.45 15.18 136.3 1.26 0.88
07/30 4.63 5.90 115.0 1.44 0.94
08/28 43.04 47.28 141.5 0.79 na
08/28 15.18 15.05 134.7 na na
08/28 48.37 12.05 139.6 0.71 na
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08/28 3.53 11.25 125.7 1.18 na

Study Site Date Live Biomass Dead Biomass MSR16-NDVI Nitrogen Live Nitrogen Dead 
__________ grams__________  _________ percent_________

Zurich 08/28 2.00 6.29 133.5 na na
08/28 1.86 5.87 128.0 1.70 na
08/28 14.75 8.74 134.9 1.00 na
08/28 19.66 17.25 136.4 1.03 0.58

Chinook 06/05 19.83 17.82 138.4 1.67 0.62
06/05 14.26 5.25 136.8 1.88 0.98
06/05 24.37 8.47 130.6 2.03 1.09
06/05 21.78 16.19 137.9 1.80 1.07
06/05 45.37 30.83 135.3 1.94 0.87
06/05 17.59 8.69 130.9 1.83 1.20
06/05 26.28 18.67 134.3 1.67 0.65
07/30 21.83 8.84 142.0 na 0.66
07/30 1.58 20.57 124.0 1.46 0.96
07/30 6.84 9.59 120.7 1.38 0.90
07/30 12.63 23.69 124.2 0.89 0.55
07/30 6.34 42.30 124.5 1.16 0.73
07/30 6.80 15.36 118.7 1.28 0.83
07/30 7.14 0.00 125.5 1.10 na
07/30 11.07 17.64 .124.1 1.07 0.68
07/30 6.04 9.69 122.0 1.14 0.87
07/30 9.47 20.71 123.7 1.28 0.84
08/28 15.10. 8.38 126.7 . 1-19 na
08/28 25.08 23.82 127.5 0.99 na
08/28 11.38 8.42 125.4 1.55 na
08/28 7.28 3.95 127.7 1.22 na
08/28 10.47 20.14 122.0 1.03 na
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APPENDIX F

VISUAL ESTIMATES AND CORRESPONDING CLIPPED DRY 

WEIGHTS FOR THE SEVEN STUDY AREAS
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Visual EsL Live 
Weight

Clipped Live Weight Visual EsL Dead
Weight

Clipped Dead 
Weight

E/mA2

90 111.26 20 8.24
40 68.70 26 12.16
26 42.72 8 13.96
90 94.66 20 19.90
160 190.64 36 38.12
160 151.70 30 22.78
230 239.20 4 5.16
24 51.56 8 12.12
26 40.60 8 13.18
90 111.70 O 0.00
40 72.34 6 22.30
50 113.32 24 19.24
24 122.02 6 4.64
30 70.34 4 9.82
80 96.06 20 33.30
130 155.88 80 53.38
60 85.78 10 20.64
50 116.80 20 18.22
HO 132.08 16 15.38
46 67.16 12 47.00
18 38.14 4 6.14
38 58.66 28 23.48
22 58.82 10 17.22
70 183.26 28 60.70
46 162.38 14 6.70
160 193.50 4 6.24
60 91.98 10 10.90
46 87.70 10 31.16
180 175.86 22 21.90
14 45.82 4 4.92
26 64.96 6 25.56
24 79.70 4 7.46
8 43.88 18 64.80
18 44.58 0.6 6.56
56 100.86 12 28.28
176 105.52 . 82 69.58
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Visual E st Live 
Weight

Clipped Live Weight Visual E st Dead
Weight

Clipped Dead Weight

g/mA2

40 103.12 20 59.98
32 42.00 6 19.84
26 86.34 4 9.40
18 33.98 4 13.20
46 53.68 14 25.48
96 135.00 32 38.12
92 168.60 60 153.16
48 102.44 8 22.98
66 158.84 16 22.12
80 90.80 38 35.76
126 161.20 26 25.56
110 104.08 40 50.70
220 289.74 6 17.78
90 158.50 18 17.94
24 52.64 14 40.24
110 122.92 20 31.84
16 30.58 12 13.04
36 53.16 22 24.92
94 81.20 8 3.24
180 239.36 40 84.72
12 19.80 44 71.76
34 54.32 44 49.84
58 135.18 20 52.86
86 107.54 18 29.40
50 89.76 12 15.24
50 181.30 70 161.96
60 156.02 12 20.04
40 71.50 6 9.80
38 64.36 6 17.66
70 84.00 90 66.90
140 134.86 140 108.70
52 91.94 34 17.56
78 103.00 30 53.04
110 81.26 160 86.12
48 51.50 58 15.16
132 283.68 20 23.18
98 136.26 38 35.14
48 41.50 24 17.60
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Visual Est. Live Clipped Live Weight Visual Est. Dead Clipped Dead Weight
Weight Weight

g/mA2

20 23.56 12 11.76
154 121.64 O 0.00
46 78.94 56 87.04
140 108.64 62 41.00
60 97.76 56 49.66
50 66.86 28 32.70
48 57.78 32 24.60
104 111.02 52 42.74
90 72.20 56 27.78
106 102.32 56 40.90
70 129.76 46 36.90
48 86.90 18 22.08
70 103.92 34 63.78
32 33.68 14 8.34
90 103.76 70 100.18
28 50.02 32 42.72
100 88.30 40' 26.00
116 69.08 6 10.62
74 66.58 38 39.16
36 63.94 66 56.04
34 36.20 26 16.84
78 91.80 36 11.98
140 230.02 110 124.54
44 53.56 14 15.92
40 35.52 16 20.26
240 209.60 50 36.50
68 55.80 52 54.18
92 125.12 34 35.50
50 56.58 46 35.46
66 54.32 28 25.82
34 38.76 12 13.56
74 84.94 44 55.56
66 100.50 40 23.60
62 71.60 32 33.22
26 35.50 18 15.38
30 38.70 14 21.82
46 54.54 18 25.48
66 73.52 32 30.44
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Visual Est. Live Clipped Live Weight Visual Est. Dead Clipped Dead Weight
Weight Weight

g/mA2

40 47.62 84 59.68
44 42.48 80 74.44
72 64.74 30 28.12
170 228.12 76 97.98
70 103.38 84 106.86
16 19.44 18 14.22
28 26.66 26 18.02
150 251.30 4 2.88
42 113.78 50 70.66
110 130.10 80 74.72
660 859.38 0 0.00
58 54.04 42 48.38
62 60.72 44 53.28
28 39.26 38 43.68
52 47.64 36 41.08
28 29.10 14 19.22
24 31.78 76 71.00
18 31.98 30 29.38
48 49.88 56 66.70
46 31.50 46 73.82
48 45.70 26 19.38
92 66.90 134 113.50
90 89.32 120 146.04
22 17.82 24 15.62
28 21.52 46 42.70
58 47.86 22 22.20
130 117.92 52 52.54
36 76.10 56 94.16
54 53.62 28 36.16
52 51.20 106 194.20
52 46.50 28 40.40
20 22.14 32 30.84
16 18.40 24 22.32
24 23.68 56 77.74
24 14.06 72 69.00
48 47.02 70 46.56
56 42.74 36 31.54
74 60.68 30 58.42
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Visual Est. Live Clipped Live Weight Visual E st Dead Clipped Dead Weight
Weight Weight

g/mA2

72 67.48 60 141.60
110 71.16 158 94.62
4 7.60 24 20.24
10 3.60 38 67.60
34 26.08 80 72.52
30 69.54 92 177.00
26 49.66 44 65.00
20 14.16 58 66.60
16 18.96 54 75.22
18 17.32 52 54.72
26 17.00 58 48.00
180 278.20 0 0.00
440 759.72 0 0.00
230 483.62 0 6.80
160 130.70 0 0.00
100 128.12 0 0.00
80 76.20 0 0.00
70 72.46 2 0.00
460 619.58 0 0.00
500 394.30 0 0.00
440 533.48 0 0.00
780 933.34 0 0.00
550 382.06 0 28.08
290 373.74 50 33.46
680 609.90 0 0.00
1240 1232.18 0 0.00
146 262.36 40 39.20
170 111.16 190 223.70
580 577.50 0 0.00
134 116.80 0 0.00
48 49.10 20 30.80
50 42.84 80 108.28
90 61.32 0 0.00
144 77.36 90 156.38
124 98.90 20 74.20
80 49.50 100 205.26
16 17.62 . 2 4.70

350 338.76 70 156.16
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Visual Est. Live 
Weight

Clipped Live Weight Visual Est. Dead 
Weight

Clipped Dead Weight

g/mA2

104 84.80 36 29.40
76 129.34 36 52.50
136 52.22 56 163.60
10 18.94 46 41.42
4 14.28 20 0.00
16 22.14 38 35.28
10 12.08 36 19.38
10 25.26 90 47.38
10 12.68 110 84.60
10 13.60 48 30.72
SO 43.66 40 17.68
10 3.16 42 41.14
10 13.68 52 19.18
32 14.56 28 7.90
54 20.94 60 40.28
50 30.20 36 16.76
46 50.16 98 47.64
36 22.76 18 16.84
12 9.58 38 17.14
16 2.90 10 4.62
36 15.60 52 14.12
34 12.82 16 30.36
4 9.26 10 11.80

40 29.30 14 11.96
70 97.04 30 36.24
24 5.40 10 12.72
60 52.98 30 23.36
46 54.92 34 61.64
50 60.26 20 34.06
38 36.60 18 28.00
10 7.60 24 9.86
58 30.36 38 30.10
78 96.74 10 24.10
38 7.06 50 22.50
12 4.00 26 12.58
10 3.72 12 11.74
50 29.50 26 17.48
12 9.58 38 17.14
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Visual Est. Live 
Weight

Clipped Live Weight Visual Est. Dead
Weight

Clipped Dead Weight

g/mA2

16 2.90 10 4.62
36 15.60 52 14.12
84 86.08 106 94.56
72 39.32 20 34.50
116 102.62 84 135.72
150 138.88 50 87.86
70 78.98 30 69.10
80 78.98 50 97.60
120 110.84 80 116.24
36 22.12 14 12.46
160 84.28 60 73.10
26 44.22 52 33.94
126 139.80 40 49.10
30 21.56 64 55.32
88 33.62 44 75.24
140 106.46 64 52.16
258 131.64 140 78.36
72 34.98 42 28.80
80 84.84 240 90.48
102 85.28 130 86.80
76 19.04 50 62.02
62 62.44 16 125.46
156 200.00 20 20.62
166 98.46 60 ; 74.10 \
50 67.52 20 28.64
48 63.04 14 25.86
180 235.58 0 50.60
300 146.58 0 33.94
400 696.08 60 46.64
96 63.30 40 25.66
50 31.64 10 8.30

460 472.94 114 51.80
126 71.56 62 36.02
200 145.28 90 94.90
30 11.46 6 5.64

200 91.20 136 123.62
360 284.30 50 25.66
94 22.32 30 19.58



APPENDIX G

AVERAGED MSR16-NDVI PLOT VALUES AND 9-CELL AVHRR-NDVI 

VALUES FOR THE SEVEN STUDY AREAS
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Location Month AVHRR-NDVt* MSR16-NDVI**

B a rte r June 158 161.9
July 147 160.0

August 142 154.5

Thackeray May 138 138.1
June 143 155.8
July 145 145.7

August 141 142.1

Zurich June 133 139.6
July 127 134.3

August 122 134.4

Chinook June 130 132.6
July 122 124.7

August 119 125.1

* AVHRR-NDVI values are 9-pixel averages of Qomposited scenes 
**MSR16-NDVI values are averaged plot values
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APPENDIX H

FECAL ANALYSIS RESULTS FOR THE MISSION RANCH DRY 

AND THE MISSION RANCH WET STUDY AREAS
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Pasture Name Date CP* DOM* AUE*

Southeast 06/16 11.34
percent

63.02 1.52
06/02 12.46 64.28 1.44
05/24 14.74 66.26 1.52
11/07 6.68 59.45 1.02
07/29 10.79 62.15 1.44
06/30 10.86 61.91 1.49

Seedripe 08/26 7.18 59.14 1.41
07/10 13.33 63.33 1.59
07/16 12.25 62.77 1.56
08/14 9.52 60.53 1.43

Subirrigated** 10/16 10.55 62.16 1.51
09/26 8.71 59.50 1.39
09/07 12.64 64.37 1.58

Southwest 05/19 13.24 65.86 1.49
06/02 16.88 67.43 1.61
07/29 11.15 61.09 1.40
08/14 9.00 61.46 1.47
08/26 7.93 59.53 1.42
07/16 14.24 64.60 1.66
06/16 14.81 65.61 1.65

* r ' D  ____* ‘
06/30 14.51 65.63 1.68

* CP is crude protein deterauned by fecal analysis. DOM is digestible organic matter 
determined by fecal analysis. AUE is animal unit equivalent, or dry matter consumption 
per 1000 lb animal per day, calculated from CP and DOM.

** The subirrigated pasture is in the Mission Ranch Wet study area.
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