
Introduction

Land managers throughout the Western United States

are faced with the problem of managing their natural re-

sources in a sustainable manner. Some private land man-

agers such as corporate agribusinesses and ranchers (pas-

toralists), have the goal of managing landscapes for

continued or sustainable profits. This goal implicitly in-

corporates sustainable use of soil, vegetation, and other

natural resources. Similarly, federal agencies such as the

United States Departments of Defense’s Armed Services

and the Interior’s Bureau of Land Management (BLM)

have the explicit goal of compliance with environmental

law, e.g., the Endangered Species Act, and managing their

landscapes for sustainable use despite differing perspec-

tives, e.g., realistic military training and testing environ-

ments and available forage for livestock and wild horses,

respectively. However, both public and private land man-

agers are faced with the dilemma of the actual ecological

status and trend of the natural resources they are charged

to manage.

This problem is compounded by the failure of tradi-

tional field monitoring techniques to sample both the spa-
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tial and temporal heterogeneity of semi-arid and arid

landscapes (Washington-Allen 2003). For example, more

field samples are required as the area of concern becomes

larger and heterogeneous. This increase in sample size in-

creases time, the number of data collectors, and most defi-

nitely the expense of data collection. Additionally, there

is the problem of separating declines in natural resources

due to land management decisions from those induced by

changes in climatic conditions. The suggested solution to

this matter is to increase the samples in time to at least two

times the scale of the driving climatic phenomena (Mag-

nuson 1990). For example, the fauna and flora of ran-

geland ecosystems are constrained by El Nino-Southern

Oscillation (ENSO) events that have a 2 to 7 year return

interval, thus requiring continuous monitoring from 4 to

15 years (Glantz 2001, Bonan 2002, Holmgren et al.

2001, Washington-Allen 2003). Very strong ENSO

events have longer repeat intervals. Consider that in the

last 25 years, two major ENSO events have occurred in

1982–1983 and 1997-1998 (Bonan 2002). However, few

sites at regional and national spatial scales or greater are

monitored for this length of time or longer (Magnuson

1990).

A technology that has the capability to monitor

changes in natural resources at large spatial and temporal

scales is Landsat satellite imagery (Graetz 1987). Landsat

data have been collected every 14 to 16 days since 1972.

Landsat radiometers collect spectral data from landscapes

at a spatial grain of 0.09 and 0.62 ha pixels with near

global extent. Ecological indicators can be derived from

the spectral and textural characteristics of Landsat im-

agery including growth form composition (Washington-

Allen 2003), vegetation response (Washington-Allen et

al. 1998 and 2003a) including LAI (Wylie et al. 2001),

plant cover (Graetz et al. 1988, Hostert et al. 2003), pro-

ductivity (Reeves et al. 1999), soil erosion (Pickup and

Nelson 1984), soil quality (Frazier and Cheng 1989,

Palacios-Orueta and Ustin 1998, Washington-Allen et al.

2003b), and structure and configuration (Spies et al. 1994,

Washington-Allen 2003). Maps of these indicators can

identify for land managers the locations of degradation,

stability, and improvement of natural resources. Conse-

quently, the purpose of this study was to detect the loca-

tion of trends of vegetation response and relate the re-

sponse to grazing and climate change. The objectives of

this study were to (1) characterize the historical trend of

the vegetation response of a sagebrush steppe plant com-

munity in terms of a vegetation index (VI) time series that

was derived from 26-years (1972 to 1997) of dry season

Landsat imagery and (2) relate the vegetation response to

wet and drought periods and grazing processes.

Methods

Study site

The study area selected for this research was the

54,000 ha lower elevation, eastern half of Deseret Land

and Livestock Company Ranch (DL&L) which is located

in the northeastern corner of Utah panhandle between lati-

tudes 41º0’ and 41º30’ and longitudes 111º0’ and 111º 30’

(Fig. 1). DL&L is within the Middle Rocky Mountain

physiographic province and is the largest holding of con-

Figure 1. Deseret Land & Livestock

Company Ranch is the study site for

this research.
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tiguous private land in the state of Utah at 88,800 ha in-

cluding 6,800 ha of imbedded public and state land.

DL&L has been commercially grazed since 1891 initially

by sheep until the early 1970s and is now a commercial

mixed grazing operation where primary land-use and in-

come generation is through a livestock (cattle and leased

sheep) and a recreational wildlife-hunting program.

Vegetation is predominately sagebrush steppe (Knight

1996, West and Young 2000). The sagebrush (Artemisia

tridentata ssp. wyomingensis and other Artemisia spp.) is

associated with introduced and native grasses including

crested wheatgrass (Agropyrum cristatum L.), western

wheatgrass (Pascopyrum smithii (Rydb.) A. Löve) and

sandberg bluegrass (Poa secunda Vasey).

The vegetation is associated with a rolling terrain with

predominately southern aspect slopes between 0-70%

that consists of floodplain alluvium, alluvial fans, and

stream terraces that overlie loess and residuum composed

of shale, siltstone, mudstone, and sandstone (Hunt 1974,

Chronic 1990, Lageson and Spearing 1991). Soils are pre-

dominately gravelly loams in the Aridisol and Mollisol

orders. Elevation increases from east to west from 1830

m to 2670 m. Mean annual temperatures range between

-5ºC and 15º C. Precipitation increases from east to west
across the ranch [Soil Conservation Service (SCS) 1982],

with approximately 50% of the precipitation coming as

snow (Danvir and Kearl 1996). Mean annual rainfall also

varies with elevation, changing from 240 mm in the east

to 449 mm in the western portion of the ranch. Beck

(1994) estimated between 400 - 700 kg ha
-1

yr
-1

annual

above-ground net primary productivity (ANPP) for

crested wheatgrass seedings and sagebrush on control and

irrigated sites on DL&L.

Data sets

DL&L land management provided their grazing plans

from 1980 to 1997 that included livestock count data.

This data set provided spatial information by paddock,

number of livestock, number of herds, timing, length of

stay, and frequency within a paddock, and location of

grazing from 1980 to 1997.

Cattle count data were standardized to AU using con-

version values from Holechek (1988, in Table 5, p. 12)

and calculations for stocking rate (Animal Unit Day per

hectare, AUD Ha
-1

) and grazing pressure (AU Ha
-1

) from

Heitschmidt and Taylor (1991). Wild herbivore popula-

tion data were available, but were not used in this analysis

because past studies had shown that livestock were the

primary vertebrate herbivores on DL&L (Ritchie and Olff

1999). For the period of this study, 1972 to 1997, DL&L

was grazed by a mean of 4059 ± 700 AU within the 71

paddocks distributed in Rich County, Utah.

Grazing paddocks were digitized and attributed using

eleven 1991 USGS topographic maps. Climate data, in-

cluding information on precipitation, temperature,

drought [Palmer Drought Severity Index (PDSI)], and

ENSO and La Niña for Woodruff and Hardware Ranch

meteorological stations, and Utah Region 5 were acquired

from the Utah Climate Center, the Western Region Cli-

mate Center, and National Oceanic and Atmospheric Ad-

ministration’s (NOAA) National Climatic Data Center.

Fire data that were derived from BLM field notes and

Landsat imagery were available, but because the method

to be described below was developed to detect specific

coarse directional trends, finer temporal behavior was

masked.

Though no official endorsement should be inferred

from the use of product names, satellite and Geographic

Information System (GIS) digital data were processed and

analyzed using ARC/INFO’s GRID module (ESRI 1991),

ERDAS Imagine (ERDAS 1994), and Idrisi (Eastman

1999) software packages. SPSS (SPSS Inc 1999) was

used for descriptive and inferential statistical analyses.

Twenty-two (22) dry season anniversary Landsat

MSS and TM scenes from 1972 to 1997 were acquired

from the US Geological Survey’s EROS Data Center

(EDC) in Sioux Falls, South Dakota (Table 1). Landsat

scenes from 1977, 1978, 1983, and 1993 were either not

available or not suitable, due to excess radiometric error

(striping) and cloud cover. Local precipitation data, an an-

nual MSS dataset from 1985 to 1986 (Washington-Allen

2003), AVHRR (Advanced Very High Resolution Radi-

ometer) normalized difference vegetation index (NDVI)

trends for DL&L (Yorks, Schwartz, and West, personal

communication), net primary productivity data (Beck’s

1994), and image quality criteria provided by EDC, par-

ticularly cloud cover estimates of 0 to 30% cloud cover

and 0 mm of rain on the image acquisition date, were the

main criteria used to select the interannual time series.

Wet season precipitation events typically run from late

April to late June on DL&L and are dependent on in-

creased temperatures and snowmelt in March and April.

The dry season is from late June to September, with peak

drought and highest temperatures typically in July. How-

ever, because groundwater water availability is linked to

snow melt, the AVHRR NDVI trend indicated that the

wet season was from June to early July and the dry season

from late August to early September. Consequently, dry

season imagery was selected for this analysis.
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Landsat image scenes were geometrically rectified

and nearest neighbor resampled to the resolution (60 m)

of an August 7, 1972 Landsat MSS image, from the North

American Landscape Characterization (NALC) data set

(Lunetta and Sturdevant 1993), between 0.25 and 0.50

pixel RMSE (as recommended by Jensen 1996). The im-

agery were normalized to exo-atmospheric radiance from

digital numbers and then converted to reflectance values

using Landsat MSS and TM post-launch calibration gains

and biases from tables and formulae provided by Mark-

ham and Barker (1986).

The interannual data set was then atmospherically

corrected using a relative atmospheric correction proce-

dure developed for multi-temporal imagery (Hall et al.

1991, Jensen 1996, Callahan 2002, Washington-Allen

2003).

The standardized data set was then converted to soil-

adjusted vegetation index images (SAVI, Huete 1988)

(Fig. 2). SAVI is a measure of vegetation greenness, and

by correlation, a surrogate measure of cover, biomass, or

leaf area index (Sellers 1985 and 1987, Bastiaanssen

1998). SAVI was specifically developed and is recom-

mended for arid environments to reduce soil background

effects on the vegetation signal and is calculated as:

SAVI = [(NIR - RED)/(NIR + RED + L)] * (1 + L) [1]

NIR is the near-infra red and RED is red reflectance bands,

respectively. The L is an adjustment factor which varies

from 0 - 1 in accordance with soil background conditions

(Huete 1988). The recommended L factor of 0.5 was used

for all images (Huete 1988). The spatial changes within

Table 1. The dry season interannual time series (from 1972 to 1997) of Landsat Multispectral Scanner (MSS) and Thematic

Mapper (TM) satellite imagery that was used in this study. GCP = Ground Control Points and RMSE = Root Mean Square

Error.
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each SAVI image in the time series were visualized by

thresholding the image’s continuous values by a ± 2

standard deviation statistical interval (Jensen 1996). The

years 1982, 1992, 1994, 1995, and 1997 have particularly

pronounced numbers of high SAVI values (dark red) in

DL&L’s western foothills and medium SAVI values

(green cells) in the sagebrush-grassland portions of the

eastern half of the ranch (Fig. 2). A dry season time series

of scenes were used because wet season scenes tend to

capture the dynamics of the more ephemeral components

of plant communities such as annuals. Dry season scenes

are appropriate for this analysis because they are con-

strained to the more permanent ground cover.

Spatiotemporal mapping

If a management intervention such as grazing or pre-

scribed fire had caused a persistent decline in the vegeta-

tion index, a land manager would like to be aware of the

location of this trend on the landscape. Eastman and

McKendry (1991) suggested using principal components

analysis (PCA) for multiple scene comparisons in order to

separate temporal variance from the spectral variance of

the data. Van Niel (1995) found that both the response and

recovery of a landscape’s vegetation from the effects of

fire and climate could be detected by clustering a time se-

ries of SAVI images.

Van Niel’s (1995) procedure for clustering the SAVI

time series was followed by first using ERDAS Imagine’s

ISODATA clustering procedure to initially identify tem-

poral signatures (trend clusters, ERDAS 1994). Minimum

distance-to-means cluster analysis procedures were then

used to delineate these trend clusters across the landscape

(ERDAS 1994). The hypothesis for this multivariate sta-

tistical procedure is that four coarse time series trends are

possible: increasing, decreasing, stable, or combinations

of these, including threshold dynamics. Cluster analysis

will detect similar temporal trends across the landscape

that may be grouped into these three categories and

mapped across the landscape. For this study, three main

trends (increasing, decreasing, and stable) were detected.

Inference

A significant slope (ß) is a measure of the direction of

trend, i.e., stable (0), increasing (0 < ß ≤ +1) and decreas-

ing (0 > ß ≥ –1), and the magnitude of the coefficient of

determination (r
2
) from a linear or polynomial regression

is a measure of the SAVI trend (Yafee and McGhee

2000). The correlations between Palmer Drought Severity

Figure 2. The dry season time series of soil-adjusted vegetation index (SAVI) images of the sagebrush steppe portion of De-

seret Land & Livestock Company ranch from 1972 to 1997.
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Index (PDSI), different grazing variables, and the tempo-

ral SAVI trends from 1972 to 1997 were determined using

a first order difference regression model. Ordinary least

squares (OLS) regression results between time series

must be interpreted with caution. OLS regression analysis

assumes that the mean and variance of a time series are

constant over time and the covariance between two time

periods depends only on the lag or distance between the

time periods, that is, they are stationary. The SSI, PDSI,

and grazing variables may contain a stochastic trend and

therefore be nonstationary. Nonstationarity violates the

assumption of OLS, which tends to overstate the statisti-

cal significance of variables with stochastic trend other-

wise termed “spurious regressions” (Granger and New-

bold 1974, Yafee and McGhee 1998, Zhou et al. 2000).

The Dickey-Fuller test statistic (Dickey and Fuller 1979,

Yafee and McGhee 1998) can be used to detect stochastic

trend, but is not reliable with short time series (17 to 30

observations). One way to reduce the likelihood of a spu-

rious regression is to detrend the time series, thus remov-

ing the stochastic trend. This entails transforming the

times series using either order of differencing, running

means, lags, or some other smoothing operation (Yafee

and McGhee 1998). This study followed the lead of Zhou

et al. (2000) in their analysis of an NDVI time series ver-

sus temperature and precipitation, by using the following

first order difference regression model

∆Y – ß0 + ß 1∆X + E, [2]

in which ∆Y and ∆X are the first differences of X and Y,

ß0, ß 1 are the regression coefficients, and E is a stochastic

error term.

Results

Twenty-five temporal signatures were identified from

the dry season SAVI time series and their trends exam-

ined using linear regression (Yafee and McGhee 2000).

The 1992 and 1994 images had uncorrectable atmos-

pheric and radiometric anomalies and were removed from

this analysis. The 25 temporal signatures were merged

into three coarse trajectories representing increasing, de-

creasing, and stable trends (Fig. 3A). The three trajecto-

ries were then mapped to the landscape (Fig. 3B). The

trends signify portions of the landscape that are decreas-

ing, increasing, and stable in vegetation response. A re-

gression line shows the trend and direction of each of the

temporal signatures. The stable trend had a non-signifi-

Figure 3. The dry season SAVI temporal signatures of the sagebrush steppe portion of Deseret Land & Livestock Company

ranch from 1972 to 1997 (A). The spatiotemporal map of the three 26-year SAVI trends, increasing, stable, and decreasing-

stable, mapped across the landscape (B).
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cant slope (ß = 0.001, p = 0.62) and the increasing trend

had a significant slope (ß = 0.003, p = 0.07). The decreas-

ing trend had a non-significant negative slope (ß = –0.004,

p = 0.36). The trends of the decreasing (the black areas,

Fig.3B) and increasing (the grey areas, Fig.3B) clusters

were somewhat negligibly different from the stable trend

(the light grey areas, Fig. 3B). Of course, another year of

data could also change the significance of the trend. How-

ever, though a trend may not be statistically significant or

negligible in difference from the stable trend, it may be

ecologically significant. Ecological significance will be

considered by retrospective inference or retrodiction

(Schumm 1991, Suter 1993), i.e., correlation with as-

sumed constraints or disturbances. Consequently, for

practical purposes of visualization and ecological signifi-

cance, the two trends were mapped to the landscape. The

decreasing trend encompasses approximately 6670 ha of

the landscape and is located predominantly in the higher

elevation, western portion of the ranch image, particularly

in the riparian and meadow portions (Fig. 3B). Although

the trend is decreasing, it has higher SAVI values than the

stable and increasing trends (Fig. 3A). This is because

these areas are wetlands, wet meadows, irrigated, and ri-

parian areas within DL&L. Irrigated areas usually have

higher vegetation index values relative to other areas in

the surrounding landscape. The stable trend covers some

7012 ha and tends to transition spatially from the decreas-

ing trend, not surprising given that there is practically no

difference between their slopes. The stable trend was also

located in some of the riparian and meadow portions of

DL&L. The increasing trend covered approximately

34,192 ha and was mainly located in the grassland and

sagebrush portions of the landscape (Fig. 3B).

Relation to climate

PDSI is a regional integrated measure of moisture

availability, site-water balance, or effective precipitation

(Palmer 1965, Alley 1984). PDSI is calculated using

monthly temperature and precipitation data. PDSI values

between –2 and + 2 indicate normal moisture conditions.

Values less than –2 indicate increasing drought severity

and values greater than +2 indicate increasing moisture

(Bonan 2002). Only the increasing trend of one-year

lagged first order difference of SAVI was positively cor-

related with the first order difference of PDSI (r = 0.38

and p = 0.07, Table 2).

Relation to grazing

The grazing characteristics of 12 paddocks were spa-

tially associated with the increasing and stable mapped

trends (Table 3, Fig. 4). Grazing data were from 1980 to

1997. The grazing variables considered were mean

number of days grazed per year, grazing pressure (animal

unit per year, AUYR
-1

), stocking density (animal unit per

hectare, AUHa
-1

), and stocking rate (animal unit per hec-

tare per day, AUDHa
-1

).

Across the first order differences of the grazing vari-

ables, only two paddocks lacked significant linear corre-

lations with the first order differences of the 2 SAVI

trends: Steer South and The Bench. Of the remaining 10

paddocks, none of them had significant simultaneous cor-

relations with the 2 trends. The grazing variables with the

most correlations with SAVI trends within paddocks were

mean number of days grazed per year and grazing pres-

sure, both with 6 paddocks total. Of these 6 paddocks, 3

overlapped, including Spring Canyon, Railroad, and Five

Springs Paddocks (Table 4). Within Spring Canyon Pad-

dock, both grazing pressure (AUYR
-1

) and number of

days grazed were negatively correlated with the stable

trend, implying that SAVI slightly decreased with in-

creased grazing (Table 4). Both variables were positively

correlated with the increasing trend in Railroad paddock,

implying that as grazing increased SAVI increased (Table

4). In Five Springs paddock, grazing pressure was nega-

tively correlated with the stable trend, implying that as

grazing increased vegetation response slightly decreased

(Table 4).

Discussion

In general, herbivory, climate change, and fire are

considered to be the primary constraints to vegetation re-

sponse in semi-arid and arid landscapes (Noy Meir 1973

and 1975, Loehle 1985, Jameson 1988, Lockwood and

Lockwood 1993) and in sagebrush steppe in particular

(Laycock 1991, Knight 1994, West and Young 2000).

Pastoralists concerns for the landscapes they manage are

primarily linked to forage availability. However, also of

concern to land managers is whether the historical trend

of vegetation response is a persistent decline, increase, or

stable. If these trends are detected, then a land manager

would like to know the locations and what causal factors

may be responsible.

Table 2. Correlations (r) and significance (p < 0.1) between

the Palmer Drought Severity Index (PDSI) and one-year

lagged soil-adjusted vegetation index (SAVI) trend clusters

from 1972 to 1996 on Deseret Land & Livestock Ranch,

Woodruff, Utah.
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Van Niel (1995) mapped more than 25 temporal sig-

natures back to the landscape and detected spatially coin-

cident and contemporary fire events by overlaying dated

fire boundaries, thus spatially associating fire events to

mapped trends. Fires were not considered in this study.

The scale of this study was large enough to exclude fire

as a significant factor. The technique used in this study

produced 3 coarse temporal signatures that masked out

Figure 4. Grazing variables for 12 of Deseret Land & Livestock Company Ranch’s 71 paddocks, including SC (Spring Can-

yon), BH (Browns Hollow), BJ (Buffalo Jump), SN and SS (north and south Steer), SU (Sutton), RN and RS (north and

south Rabbit), McKay, Five Springs, BE (The Bench), and RR (Railroad), were compared to the three 26-year SAVI trends

of the spatiotemporal map.

Table 3. The grazing characteristics of the 12 paddocks that were spatially associated with the three mapped spatiotemporal

trends. AUDHa
-1

is Animal Unit Day per hectare, the standardized number of livestock for a day in a certain area.
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the acute local effects of fire on SAVI. At the landscape

scale, the overall trend for the dry season vegetation re-

sponse significantly increased from 1 972 to 1997 (r
2

=

0.22 and p = 0.0274, Fig. 5). This finding agrees with the

spatiotemporal map summary where 71% of the land-

scape exhibited an increasing trend (Fig. 3B).

This study is retrospective, thus past changes to the

landscape have already occurred. Where the causes of

these changes are unknown, inferences in the form of cor-

relation with hypothesized constraints can be attempted to

retrodict the response (Schumm 1991, Suter 1993). The

overall trend was significantly linearly correlated to wet

and drought periods (PDSI) at the landscape scale (Wash-

ington-Allen 2003) and the mapped increasing trend was

also significantly correlated to the PDSI (Table 2).

The dry season SAVI trend was non-linearly corre-

lated with herbivory at the landscape scale (Washington-

Allen 2003). The spatiotemporal map partitioned this sin-

gle trend into three response trends: stable, increasing,

and decreasing, and visually located them within a pad-

dock. With the partition of vegetation response, the corre-

lations were mixed (negative and positive effects of graz-

ing), thus reflecting specifically the non-linearity and

complexity of plant-herbivore interactions and ecological

systems in general (Hogeweg 2002).

Table 4. Significant correlations (r) and p-values of three grazing variables within three grazing paddocks that were spatially

associated with the 18-year (1980 to 1997) stable and increasing mapped soil-adjusted vegetation index (SAVI) trend clus-

ters.

Figure 5. The 26-year trend (1972 to 1997) of the dry season soil-adjusted vegetation index (SAVI) for the entire 54,000 ha

sagebrush steppe dominated landscape on Deseret Land & Livestock Company Ranch, Woodruff, Utah.
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The spatiotemporal map partitions vegetation re-

sponse trends and then locates them on the landscape.

Management at DL&L has the view that prior to the in-

troduction of intense wildlife hunting and grazing man-

agement in the early 1980’s, the riparian corridors were

being substantially degraded. The decreasing SAVI trend,

though not significant, was located primarily in the ripar-

ian corridors. If we combine this non-significant trend

with the stable trend, then 29% of DL&L’s landscape was

stable. These two findings confirm the conclusion of plot

studies by Wolfe et al. (2000) that vegetation cover on

DL&L was increasing, but disagrees with their finding of

improved riparian cover. The findings in both Table 2 and

Table 3 suggest that both localized grazing and regional

climate have played significant roles in the increased

vegetation response.

Conclusions

It is very rare to have this comprehensive a time series

of fined grained (0.09 to 0.62 ha) satellite imagery for

monitoring changes in vegetation response at this extent

(54,000 ha) and for this time period (26 years). It is also

rare to be able to retrospectively correlate changes in

landscape vegetation response with spatially associated

management practices, a criticism of both community and

landscape ecology (Wiens 1995, Wu and Hobbs 2001).

Pastoralists require information on the historical legacy of

vegetation change on the landscapes they manage, par-

ticularly the location of trends in vegetation response in

relation to their management interventions. The vegeta-

tion response to grazing and wet and drought periods of a

commercially grazed sagebrush steppe-dominated land-

scape in northeastern Utah was measured in time and

space by clustering a time series of 21 dry season SAVI

images. This time series was derived from the spectral re-

sponse of Landsat satellite imagery from 1972 to 1997.

This study indicated to land managers the location of 71%

of the landscape that had an increasing trend and 29% that

had a stable trend over the 26-year period. The increasing

trend was positively correlated with site water balance

(PDSI), i.e., vegetation response increased during wet pe-

riods and decreased during drought. The increasing trend

was positively and negatively (non-linearly) correlated

with grazing in individual paddocks from 1980 to 1997.
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