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Abstract

A study was conducted to determine the potential of using
Advanced Very High Resolution Radiometer (AVHRR) imagery
to monitor short-term changes in rangeland forage conditions on
a regional scale. Forage biomass and nitrogen concentration
were estimated at 6 study sites throughout a typical grazing sea-
son (April to October). Study sites were located in northern and
southern Montana in areas classified as foothills grassland and
shortgrass prairie. Normalized Difference Vegetation Index
(NDVI) values from AVHRR imagery (1 km pixels) were used to
predict live biomass, dead standing biomass, total biomass, nitro-
gen (N) concentration and standing N. Values of the NDVI were
correlated (r > 0.4, P < 0.01) to live, dead, and total biomass esti-
mates and standing N, but were not correlated to N concentra-
tion (r = 0.04, P = 0.8). Relationships between NDVI and vegeta-
tive attributes were similar (P > 0.05) for all 6 study sites, which
indicates that NDVI could be used to predict forage abundance
at multiple locations and at variable dates. Using simple linear
regression, NDVI accounted for 63% of the variation in live and
total biomass, 18% of the variation in dead biomass, 66% of the
variation in standing N, but < 1% of the variation in N concen-
tration. The NDVI obtained from AVHRR imagery was a good
predictor of forage abundance as measured by live, dead and
total biomass as well as standing N, but it was not related to for-
age quality as measured by N or crude protein concentration. On
a regional basis, land managers could use AVHRR-NDVI values
to identify areas with high or low levels of forage abundance that
may result from factors such as drought, variable precipitation
patterns, or uneven grazing.
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Forage quantity and quality are major determinants of carrying
capacity and performance of grazing animals (Valentine 1990).
Ground-based methods are not practical for assessing forage
quality and quantity over extensive geographic areas. Remote
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Resumen

Se condujo un estudio para determinar el potencial de utilizar
las imagenes de Radiometria Avanzada de Muy Alta Resolucién
(RAMAR) para monitorear los cambios a corto plazo en las
condiciones de forraje del pastizal a escala regional. La biomasa
de forraje y las concentraciones de nitrégeno fueron estimadas
en 6 sitios de estudio a lo largo de una estacion tipica de apacen-
tamiento. (Abril a Octubre). Los sitios de estudio estuvieron
localizados en el norte y sur de Montana, en areas clasificadas
como pastizales de pie de montafia y pastizales cortos. Los val-
ores del Indice de Diferencias Normalizadas de Vegetacion
(IDNYV) obtenidos a partir de imagenes de RAMAR (pixeles de 1
km) se usaron para predecir la biomasa viva, la biomasa muerta
en pie, la biomasa total la concentracion de nitrégeno (N) y el N
en pie. Los valores de IDNV se correlacionaron (r > 0.4, P <
0.01) con las estimaciones de biomasa viva, muerta y total y el N
en pie, pero se correlacionaron con la concentracion de N (r =
0.04, P = 0.8). Las relaciones entre IDNV y los atributos vegeta-
tivos fueron similares (P > 0.05) para los 6 sitios de estudio, lo’
cual indica que los IDNV pudieran ser usados para predecir la
abundancia de forraje en miiltiples localidades y en fechas vari-
ables. Con regresion lineal simple, el IDNV explicé el 63% de la
variacion de la biomasa viva y total, el 18% de la variacion de la
biomasa muerta, el 66% de la variacion del N en pie, pero
explic6 menos del 1% de la variacién en la concentracién de N.
El IDNV obtenido a partir de imagenes de RAMAR fue bueno
para predecir la abundancia de forraje medido como la biomasa
viva, muerta y total, asi como por el N en pie, pero no estuvo
relacionado a la calidad del forraje medida como la concen-
tracion de N o proteina cruda. En base regional, los manejadores
de tierras pudieran usar los valores de RAMAR-IDNYV para
identificar areas con niveles altos o bajos de abundancia de for-
raje que pueden resultar de factores tales como sequia, patrones
variables de precipitacién y apacentamiento desigual.

sensing research has demonstrated, however, that quantity of
green vegetation may be estimated using vegetation indices
derived from multispectral, aerospace imagery (Tueller 1989,
Wessman et al. 1995). Vegetation indices, which contrast the
high chlorophyll absorption region in the red vs. the high reflec-
tivity in the near infrared, are assumed to indicate plant photosyn-
thetic activity and aboveground primary production (Tucker
1979, Wiegand and Richardson 1990). Frequently, red and
infrared image bands are used to compute a Normalized
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Difference Vegetation Index (NDVI),
defined as the ratio of the difference
between near-infrared and red wave-
lengths to the sum of the 2 (Colwell 1974,
Tucker et al. 1983, Justice and Hiernaux
1986).

One of the most commonly encountered
NDVI image products is that provided by
the NOAA Advanced Very High
Resolution Radiometer (AVHRR) (Gutman
1991). The NDVI has been widely investi-
gated for use in predicting the amount of
vegetative biomass in rangeland. For exam-
ple, Merrill et al. (1993) derived a vegeta-
tion index from Landsat multispectral scan-
ner data for use as an auxiliary variable for
a linear regression model to predict green
herbaceous phytomass on rangeland in
Yellowstone National Park. Tucker and
Vanparet (1985) found a linear relation-
ship between AVHRR-NDVI and end of
season dry biomass of grassland in the
African Sahel. Kennedy (1989) discovered
that AVHRR-NDVI was strongly correlat-
ed with biomass and cover of range vege-
tation over a wide range of soil and topo-
graphic conditions in Tunisia.

Land managers, livestock producers,
animal feed suppliers, and others are often
interested in both forage quantity and
quality. For example, a combination of
forage quantity and quality attributes
(standing nitrogen, kg N ha™') was a good
predictor of where cattle preferred to graze
(Senft et al. 1985). Handheld radiometers
have been used to estimate nitrogen con-
centration of plant tissue (Tucker 1979,
Plummer 1988). Researchers have not,
however, examined the potential of
AVHRR for assessing the quality of range
forage. The purpose of this study was to
investigate relationships between
AVHRR-NDVI and measures of forage
quality, and describe linear regression
models for predicting both quantity and
quality of forage in Montana rangelands.

Materials and Methods

Study Areas

Six study areas were established in 1997
on grasslands in southern and northern
Montana. Grasslands were classified into
2 types: shortgrass prairie and foothill
grassland, based on dominant vegetation
(Mueggler and Stewart 1980). Selection of
study sites in these 2 types of rangeland
ensured that relationships between nor-
malized difference vegetation index
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(NDVI) and forage characteristics could
be evaluated in a wide range of conditions
during the summer grazing season.

Three of the study areas were estab-
lished on foothill grassland: 1) 10 km east
of Livingston, Mont. (45° 41' 48" N 110°
26' 05" W), 2) 20 km south of Havre,
Mont. (Thackeray Ranch, 48° 21' 50" N
109° 35' 00" W), and 3) 30 km southwest
of Chinook, Mont. (Ross Ranch, 48° 15'
46" N 109° 28' 29" W). Average annual
precipitation for these 3 areas varies from
350 to 450 mm (Caprio et al. 1994).
Dominant species includes rough fescue
(Festuca scabrella Torr.), bluebunch
wheatgrass (Pseudoroegneria spicatum
(Pursh) A. Love), western wheatgrass
(Pascopyrum smithii (Rydberg) Love),
Idaho fescue (Festuca idahoensis Elmer),
and bluegrass (Poa spp.). Hilltops are
forested with Douglas fir (Pseudotsuga
menziesii var. glauca (Bessin.) Franco) or
ponderosa pine (Pinus ponderosa Dougl.).
Vegetation along drainage bottoms
includes chokecherry (Prunus virginiana
L.), western snowberry (Symphoricarpos
occidentalis Hook), and quaking aspen
(Populus tremuloides Michx.) (Mueggler
and Stewart 1980).

The 3 remaining study areas were estab-
lished in shortgrass prairie: 1) 5 km west
of Gardiner, Mont. (45° 01' 21" N 110° 41"
28" W), 2) 30 km northwest of Chinook,
Mont. (48°42' 37" N 109° 29' 07" W), and
3) 10 km north of Zurich, Mont. (48° 36'
33" N 108° 57" 26" W). These sites near
Chinook and Zurich are characterized by
terraces and glacial till plains with inter-
mittent, dendritic drainages. Average
annual precipitation is 250 to 300 mm
(Caprio et al. 1994). Dominant species
includes blue grama (Bouteloua gracilis
(H.B.K.) Griffiths), western wheatgrass,
and needle-and-thread (Stipa comata Trin.
& Rup.). Other grasses include Sandberg
bluegrass (Poa sandbergii Vasey), and
upland sedges (Carex spp.) (Mueggler and
Stewart, 1980).

The pixel size of the advanced very high
resolution radiometer (AVHRR) is 1 x 1
km, but the potential error in registration
between successive image scenes is up to
2 to 3 pixels. Usually the error is less than
1 pixel. The AVHRR image-to-image reg-
istration using automated correlation tech-
niques improves geometric accuracy (root
mean square less than 1 pixel) as com-
pared to traditional image-to-map proce-
dures (Eidenshink 1992). To enhance
accuracy in the NDVI calibration effort,
all study areas were situated within zones

that comprised relatively homogenous
vegetation. All study areas comprised 9
km? (3 x 3 pixels of AVHRR) except for
the site near Gardiner that measured only
1 km? (1 pixel of AVHRR) Boundaries of
this study area were specifically placed so
that the center of the AVHRR pixel was in
the geometric center of the site. The extent
of homogeneous vegetation was not as
extensive at the Gardiner location.

Ground Sampling

Mean standing crop of live and dead
vegetation (live and dead biomass) and
mean N concentration were estimated in
early April and on a bi-weekly basis from
May to October at the Gardiner and
Livingston study areas. These vegetation
attributes were estimated once per month
from May to August at the other 4 study
sites.

To maximize sampling efficiency, each
study area was divided into smaller, rela-
tively homogenous map units using a
stratified sampling approach (Tucker et al.
1983, Townshend and Justice 1986,
Tappan et al. 1992). Map units were delin-
eated on 1:24,000 orthophotographs and
topographic maps based on spatial patterns
in vegetation, landform, and land use. At
least 2 plots (0.5 m?) were randomly
placed within a mapping unit. Study areas
included at least 4 sampling units, and
measurements were obtained from a total
of 20 to 40 plots within each study area
during each sampling period. Plots were
clipped to ground level and clippings were
separated in the field into standing live
and dead plant tissue. Clipped plant parts
that were green along > 50% of their
length were bagged as live material. Parts
with < 50% green along their length were
separated as dead material. Separations of
plant material were made without regard
to the identity of plant species because the
spatial resolution of AVHRR imagery was
too coarse for species level detail (Merrill
et al. 1993, Kremer and Running 1993).

Clipped plant material was oven-dried at
50°C for 48 hours (Richardson et al.1983,
Richardson and Everitt 1992). Total bio-
mass was computed as the sum of the live
and dead biomass after oven drying.
Percent nitrogen by dry weight was deter-
mined on ignition with a LECO FP-328
combustion furnace (LECO Corp., St.
Joseph, Mich.).

Live standing N was computed as the
dry weight of live biomass multiplied by
percent N in live biomass (Senft et al.
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Fig. 1. Mean values of live biomass, dead biomass, total biomass and standing nitrogen for April or May, June, July, August, and September
or October during the 1997 growing season (n = 33). Mean values of these dependent variables are also presented for foothills grassland
and shortgrass prairie sites. Standard errors are presented for each mean. Monthly means without common superscripts differ (P < 0.05).
Means for foothill grassland and shortgrass prairie sites differ if superscripts are presented (** = P < 0.01, *** = P < 0.001).

1985). Mean values of the biomass (live,
dead, and total), N concentration of live
biomass and standing N were determined
for each sampling event within each map
unit. These mean values were then spatial-
ly weighted by the percentage of the study
area comprised by each map unit. Mean
biomass, standing N and N concentration
for study area during a given sampling
period were calculated from the spatially
weighted means for each map unit.

Regression Model for Estimating
Forage Quantity and Quality
Maximum value composite AVHRR-
NDVI images were obtained from the
USGS EROS Data Center in Sioux Falls,
S. Dak. Maximum value composite
imagery is based on the maximum NDVI
value for each pixel of imageries acquired
daily over a 2-week period (Holben 1986)
and is used to compensate for variable
atmosphere conditions. Raw NDVI values

can vary from —1.0 to 1, and in this study
NDVI values for each pixel were scaled so
that the range was 0 to 200 using the fol-
lowing equation.

NDVI =(NDVIL_, + 1) * 100 a1

In addition, imagery is geometrically
registered to a common map projection to
enable image-to-image registration. Thus,
land managers, who are mainly interested
in the data for vegetation assessment and
monitoring, are freed from preprocessing
the raw data.

Live biomass, dead biomass, total bio-
mass, nitrogen concentration, standing
nitrogen, and NDVI estimates from on the
ground measurements at each site were
evaluated using a model that contained
site type (foothill or prairie), month
(April-May, June, July, August, and
September—October) and the site type by
month interaction (SAS 1985). Measure-
ments collected during April and May

raw
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were pooled together because there were
fewer measurements collected in these
months and they represented similar for-
age conditions typical of spring condi-
tions. Similarly, those collected in
September and October were pooled
together and represented conditions often
observed in autumn. Tukey’s studentized
range test was used for mean separation
(Steel and Torrie 1980). We computed the
arithmetic mean from the NDVI values
from the 9 pixels comprising the study
areas (9 km”) and considered it representa-
tive of the real NDVI value for each study
site. The value of a single pixel was used
for the study area near Livingston that
measured 1 km?”.

Estimates of biomass and N content that
were then were regressed on NDVI values.
Because the study areas were expected to
differ in terms of vegetation and climate,
location was evaluated as a fixed effect in
PROC GLM of SAS (SAS 1985). This
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variable was used to test if the absolute
values in vegetation parameters varied
among locations at given NDVI values. In
other words, did the y-intercepts from the
regression of vegetation attributes on
NDVI vary among locations? In addition,
the interaction between NDVI and loca-
tion was included as a test if the slopes of
the regression of vegetation attributes on
NDVI varied among locations (Timm and
Mieczkowski 1997). Therefore, we con-
structed a predictive model where standing
live biomass, dead biomass, total biomass,
%N of live tissue and standing nitrogen
were dependent variables, and NDVI,
location, and NDVI by location were inde-
pendent variables. A simple linear regres-
sion model was also evaluated with NDVI
as the only independent variable.

Results and Discussion

Live biomass was greater (P < 0.05) in
August than when first measured in April
and May (Fig. 1). Dead biomass and total
biomass did not change (P > 0.05) from
April to September-October. Live bio-
mass, dead biomass, total biomass and
standing nitrogen were greater (P < 0.001)
on foothill grassland than on shortgrass
prairie (Fig. 1). This difference in biomass
was likely the result of site differences in
precipitation. Foothills grassland typically
receives 100 to 250 mm more rainfall than
shortgrass prairie. Live biomass in June
was greater (P < 0.05) than during August.
Standing nitrogen in June was greater (P =
0.05) than during September-October. The
interaction between site type and month of
collection was not important (P > 0.1) for
live biomass, dead biomass, total biomass,
and standing nitrogen. However, there was
an interaction between site type and month
of collection for plant nitrogen concentra-
tion (P = 0.003) and NDVI (P = 0.04), and
monthly means from each site type were
evaluated separately. For foothill grass-
land sites, nitrogen concentration in
April-May was greater (P < 0.05) than
measurements collected in July, August,
and September—October (Fig. 2). Nitrogen
concentration in June was greater (P <
0.05) than measurements collected in
August and September—October. For
shortgrass prairie, plant nitrogen concentra-
tion was greater (P < 0.05) in April-May
than other months. For foothill grassland,
NDVI was greater (P < 0.05) in June than in
September—October (Fig. 2). For shortgrass
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Fig. 2. Mean values of nitregen concentration and NDVI for April or May, June, July,
August and September or October for foothill grassland and shortgrass prairie sites during
the 1997 growing season (n = 33). Standard errors are presented for each mean. There was
an interaction (P < 0.05) between month of measurement and site type, and comparisons of
monthly means were separately made for each site type. Monthly means from foothill
grassland (black bars) without common superscripts (a, b, ¢) differ (P < 0.05). Monthly
means from shortgrass prairie sites (gray bars) without common superscripts (x, y) differ

(P < 0.05).

prairie, NDVI tended (P = 0.06) to vary
among months. Changes in NDVI more
closely followed the patterns observed in
live biomass and standing nitrogen, which
combines both live biomass and nitrogen
concentration. We anticipated that NDVI
would be associated with live biomass and
standing nitrogen because greenness of
plant foliage has been found to be highly
representative of photosynthetic capacity
and efficiency (Richardson et al. 1983,
Tucker et al. 1983, Plummer 1988,
Benedetti and Rossini 1993).

Effects of location and the interaction

between NDVI and locations were not sig-
nificant (P > 0.05) in the initial regression
model for all dependent variables.
Consequently, data were pooled, and a
simple linear regression model containing
only NDVI was used to analyze the data.
As in this study, Wylie et al. (1995) used a
single relationship between AVHRR-
NDVI and biomass to assign pastoral
zones of Niger into 3 classes of rangeland.

In simple linear regression models,
NDVI explained 63% of the statistical
variation in both total and live biomass,
18% in dead biomass, and 66% in stand-
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Fig. 3. Scatter plots of live, dead and total biomass, nitrogen concentration and standing nitrogen versus NDVI values from AVHRR imagery.
Simple regression lines of dependent variables (live biomass, dead biomass, total biomass, nitrogen concentration and standing nitrogen) on

NDVI are also presented.

ing N (Fig. 3). Poor correlation between
NDVI and dead biomass was not surpris-
ing given the sensitivity of this spectral
index for green foliage. Wylie et al. (1995)
reported that NDVI accounted for 67 to
80% of the variation in biomass in 3 of 4
years of their study in Niger. Plant nitro-
gen concentration was not related (P =
0.8) to NDVI (Fig 3). Differences in
NDVI resulting from variable biomas$

levels across sites and sampling times may
have overwhelmed any effects of nitrogen
concentration on NDVIL

When the simple linear regression was
restricted to the period when range vegeta-
tion reached peak growth (1 June to 15
July), model results improved slightly. For
live biomass, the y-intercept was —1475 +
537, and the slope was 15.9 + 3.9 (R? =
0.71, P = 0.005) as compared to —2739 +
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463 and 25.0 + 3.5, respectively, for the
entire data set (Fig. 3). For total biomass,
the y-intercept for peak growth was —2896
+ 717 and the slope was 28.1 + 5.2 (R* =
0.81, P = 0.001) as compared to —3694 +
635 and 34.8 + 4.8, respectively, for the
entire data set (Fig. 3). This improvement
is probably due to radiometric dominance
of live vegetation, which tends to be
stronger than that of soil background and
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dead biomass in that time of year. These
results suggest that peak growth (June and
early July in our study) is a good time
period to use NDVI to predict and com-
pare total annual vegetative growth within
aregion.

In this study, relationships between
NDVI and standing live biomass or stand-
ing N were based on model calibration at 6
study sites with ground data collected
throughout the growing season. These
models may need to be calibrated periodi-
cally to account for variation in local cli-
mate and range vegetation phenology.
However, any adjustments should be small
because regression coefficients (intercept
and slope of live, dead or total biomass and
standing nitrogen on NDVI) from the lim-
ited peak growth period (June and early
July) in this study were similar in order of
magnitude to those obtained from the
entire data, and the relationship between
the dependent vegetative variables and
NDVI did not vary among site types.The
interaction between site types and NDVI
was not significant in this study. In addi-
tion, the relationship between total biomass
and NDVI observed by Kennedy (1989) in
Tunisia was similar to observed in
Montana for standing crops up to 2500 kg
ha! when similar regression models were
applied. Intercepts were —3741 + 1220 and
-3693 + 695 and slopes were 43.5 + 11.6
and 34.8 + 4.8 in the Tunisia and Montana
studies, respectively. Confidence intervals
(95%) of regression coefficients between
NDVI and total biomass overlapped in all
but 1 year of a 5-year study conducted by
Wylie et al. (1992).

Relationships between forage character-
istics and NDVI were linear over a rela-
tively wide range of vegetative productivi-
ty levels (300 to 1300 kg ha™' in mean live
biomass) within the 2 major grassland
community types studied. If live biomass
falls below 250 kg ha™', spectral responses
of bare soil and dead biomass may domi-
nate and result in underestimation of live
biomass (Tucker and Vanparet 1985). If
biomass levels are high and plant canopy
is relatively closed, live biomass may be
overestimated, plant canopy closure is
high (Carneggie et al. 1983, Box et al.
1989). Therefore, the model should not be
used to extend predictions beyond the
range of original data that were used to
establish a linear relationship. Other fac-
tors that negatively influence NDVI-vege-
tation relationships include atmospheric
attenuation, topographic complexity, and
pixel misregistration in successive
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imagery (Smith et al. 1997).

Image processing and the use of NDVI
rather than absolute reflectance values
reduces the chance that temporal variation in
atmospheric conditions could result in the
presumption of a change in forage condi-
tions when in fact none occurred
(Eidenshink 1992). Using the maximum
NDVI value during a 2-week interval theo-
retically reduces the effects of cloud-conta-
minated pixels and theoretically reduces the
effects of atmospheric conditions associated
with changes in nadir viewing angles
(Holben 1986). Temporal variability in
reflectance is also accounted for in the
NDVI value because it is based on the rela-
tive difference in the reflectance of red and
infrared wavelengths rather than the absolute
values (Colwell 1974, Tucker et al. 1983).

The importance of AVHRR-NDVI lies
in its ability to provide the temporal resolu-
tion needed for frequent monitoring of
changes in the quality of green vegetation.
By exploiting relationships between the
NDVI and live biomass or standing N, land
managers may be able to predict when and
where shortfalls in higher quality vegeta-
tion may occur within extensive manage-
ment units. Furthermore, the predictive
ability of standing N by AVHRR data may
allow managers to predict where livestock
may graze. Senft et al. (1985) reported that
cattle grazed in areas with greater standing
N. Cattle grazing was associated signifi-
cantly more with standing N than with bio-
mass or N concentration.

We conclude that maximum value com-
posite AVHRR-NDVI imagery could pro-
duce reasonable estimates of live biomass
and standing N at regional scales, when
calibrated on ground data from 6 study
sites within foothills grassland and short-
grass prairie areas of Montana. These
results provided estimates of total forage
quantity and more importantly the quantity
of higher quality forage (live biomass and
standing N) that would otherwise have
been time consuming to obtain with con-
ventional ground surveys alone. However,
AVHRR-NDVI was not a good predictor
of forage quality as measured by nitrogen
or crude protein concentration.
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