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ABSTRACT. Drylands cover 41% of the terrestrial surface and support > 36% of the world’s popul ation.
However, the magnitude of dryland degradation is unknown at regional and global spatial scales and at
15-30-yr temporal scales. Historical archives of > 30 yr of Landsat satellite imagery exist and alow local
to global monitoring and assessment of alandscape’ s natural resources in response to climatic events and
human activities. Vegetation indices (V1s), i.e., proxies of vegetation characteristics such as phytomass,
can be derived from the spectral properties of Landsat imagery. A dynamical systems analysis method
called mean-variance analysis can be used to describe and quantify dynamic regimes of VI response to
disturbance using characteristics of ecological resilience, particularly amplitude and malleability, from a
change detection perspective. Amplitude isthe magnitude of response of aV |1 to adisturbance; malleability
isthe degree of recovery of aresource after adisturbance. Spatially aggregate and spatially explicit (image)
differencing are methods whereby a VI image or statistic from one time period is subtracted from a VI
image or statistic from another time period. To illustrate this method, we used a time series of Landsat
imagery from 1972 to 1987 to measure the response of vegetation communities that are managed by
subsistence agropastoral communities to the severe 1982-1984 El Nifio-induced drought on the Bolivian
Altiplano. Wefound that theentirelandscape had decreased vegetation cover, increased variance (diagnostic
of aregime shift), and thus, increased susceptibility to soil erosion during the drought. The wet meadow
vegetation cover class had the lowest amplitude and thus the most resilience relative to other vegetation
cover classes. Thisresponse identified the wet meadow as akey resource, aswell asaharbinger of climate
change for agropastoral communities in areas where drought is an endemic stressor.

Key Words. change detection; ecological resilience; EI Nifio Southern Oscillation; environmental
monitoring, image differencing, Landsat, remote sensing

INTRODUCTION

Assessments of livestock development projects in
the 1980s and 1990s concluded that the failure of
these projects in developing countries was caused
by an assumption of stableor equilibrium conditions
in drylands and a failure to monitor the ecological
and socioeconomic resilience of existing systems,
particularly during drought (Ellis and Swift 1988,
Moris 1988, Buttolph and Coppock 2004). Current
environmental monitoring and assessment of
drylands has also failed to determine the degree of
land degradation at regional to global spatial scales
(H. John Heinz 111 Center for Science, Economics,
and the Environment 2002, Millennium Ecosystem
Assessment 2005). For example, global assessments

that were conducted between 1981 and 2001
estimated that 10—70% of drylands were degraded
in terms of reduced vegetation canopy cover and
accelerated soil erosion (Oldeman et al. 1991,
Dregne and Chou 1992, Lepers et al. 2005,
Millennium Ecosystem Assessment 2005). This
discrepancy in the range of estimates has been
attributed to multiple definitions of drylands (Lund
2007) and the failure to conduct monitoring at the
appropriate spatial and temporal scales (West
2003a,b, Washington-Allen et al. 2006, Zimmermann
et al. 2007). For example, drylands are usually
monitored using vegetation field survey techniques
that use a specific sampling design to reduce spatial
variability; however, the coststo implement such a
design at regional to global scales are temporally
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and spatially prohibitiveusing therequired repeated
sampling. Another major problem in dryland
monitoring is the separation of effects due to
climatic events such as drought from the effects of
anthropogenic activities such as commercial
livestock grazing. The El Nifio Southern Oscillation
(ENSO) is a major climatic event that globally
influences soil dynamics and the abundance,
community structure, and species and genetic
diversity of dryland flora and fauna. The ENSO
globally induces either severe floods or intense
droughtsin drylandsfor aperiod of > 12-18 months
(Glantz 2001) and has a return interval of 2—10 yr
(Glantz 2001, Holmgren and Scheffer 2001,
Holmgren et al. 2001, 2006). In addition, global
climate change is predicted to increase the
frequency andintensity of droughtsthat occur under
warming temperatures (Breshears et al. 2005).
Repeated and severe droughtshaveresulted in mass
die-offsof vegetationin semi-arid and arid drylands
(Breshears et al. 2005). Consequently, dryland
monitoring requires data, methods, and technology
that span the 15-30 yr that are required to replicate,
separate, and integrate the effects of land
management activities from the effects of major
climatic events (Washington-Allen et a. 2006). A
technology that meets these temporal and spatial
scale requirements and from which ecological
indicators of dryland degradation can be derived is
satellite remote sensing, particularly the > 30-36-
yr Advanced Very High Resolution Radiometer
(AVHRR) and the Landsat program’ sMultispectral
Scanner, Thematic Mapper (TM), and Enhanced
TM (Graetz 1987, Tueller 1989, Goward and M asek
2001, Hunt et al. 2003, Washington-Allen et al.
2006). Both sensors collect data at a global scale:
the AVHRR collects data twice daily at a pixel
gpatial resolution of 1-9 knm?; Landsat collects data
every 14-16 days at a relatively finer spatial
resolution ranging from 225 to 14,400 m?.

Dryland degradation can be defined as a decrease
in plant cover, density, productivity, or some other
plant parameter or measure of vegetation attributes
(Washington-Allenet al. 2004a,b, 2006). Indicators
that are diagnostic of these attributes can be derived
from the spectral and textural characteristics of
Landsat satelliteimagery (Tueller 1989, Quattrochi
and Pelletier 1991). For example, the spectral
characteristics of Landsat data (i.e., 450-2350 nm
or from blue to mid-infrared, including thermal
infrared) in relation to the spectral reflectance
characteristics of surface features alows the
development of biophysical models such as the
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normalized difference vegetation index (NDVI),
which relies on the difference in the percent
reflectance of incident near infrared (NIR) and red
(R) energy from leaf tissue. TheNDV | iscalcul ated
as

MOV =NIR - B/ NIE + R (1)

The NDVI is significantly correlated with
vegetation attributes that are commonly measured
in the field, including the leaf area index, plant
cover, and phytomass (Sellers 1985). If atimeseries
of multiple NDV1 scenes is available, then spatio-
temporal maps can be generated to detect trends
across alandscape (Washington-Allen et al. 20044,
b). The time series of daily NDVI scenes that are
available from AVHRR can be summed on an
annual basis (> NDV1) to give acorrelate of annual
aboveground net primary productivity (ANPP;
Prince 1991). If an annual or interannual time series
of NDVI or NDVI-derived ANPP images is
available, then spatio-temporal maps of the three
basic trends that are important to land managers, i.
e., decreasing, increasing, or stable trends, can be
derived using multivariate analysis (Eastman and
McKendry 1991, Washington-Allen et al. 2004a).
Alternatively, a change-detection method called
image differencing can be performed to provide a
spatially explicit visualization of the difference in
vegetation response between two or more time
periods at the pixel level (Washington-Allen et al.
1998). Both spatially aggregate methods (e.g.,
descriptive statistics such asthe mean) and spatially
explicit methods (e.g., image differencing) can be
used to measure ecological resilience (Wessels et
al. 2004, 2007). Ecological resilience is defined as
the degree, manner, and pace of the restoration of
vegetation attributes after a disturbance (Westman
1985). Ecological resilience and its characteristics
(Table 1) have been quantified statistically in both
ecosystem simulations (O’ Neill 1976, Westman
and O’ Leary 1986), plant community field studies
(Westman and O’'Leary 1986), and regiona
analyses of land degradation (Wessels et al. 2004,
2007).

O'Nelll (1976) simulated energy flow through a
three-compartment (autotrophs, heterotrophs, and
detrivores) model for six different biomes to test
their ability torecover fromal10% reductionin plant
biomass over a 25-yr period. A recovery index, i.e.,
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Table 1. Characteristics of ecological resilience and examples of their application (Orians 1975, Westman

1985, Westman and O’ Leary 1986).

Characteristic Definition Example
Inertia The magnitude of resistance to change The grazing pressure required to affect changein
percent plant cover

Elasticity The period of restoration to areference The time required to return to 70% plant cover
condition following disturbance

Amplitude The threshold or magnitude of change asaresult The amount of reduction in plant cover from
of adisturbance from which a system will return initial conditions in concert with a drought
to areference state

Hysteresis The degree to which the path of restorationisan The degree to which the recovery of plant cover
exact reversal of the path of degradation isnot an exact reversal of the pattern of decline

Malleability The degree to which the state established after a The percent plant cover before drought
disturbance differs from the original state compared to that after drought

Damping The pattern of oscillationsin an ecosystem Changes in percent vegetation cover following

component following disturbance

disturbance

a measure of the amount of deviation from a
reference equilibrium value or initial state after a
disturbance (a measure of malleability), was
computed for each year over the 25-yr period. The
mean malleability of each biomefor thisperiod was
interpreted to indicate which biomeswere least and
most resistant to disturbance (O’ Neill 1976).

Westman and O'Leary (1986) developed four
measuresof ecological resilience: elasticity, i.e., the
rate of recovery from adisturbance; amplitude, i.e.,
the threshold beyond which recovery to a previous
reference state no longer occurs; malleability; and
damping, i.e, the extent and duration of an
ecosystem parameter following disturbance. These
were used to estimate the responses of various plant
functional types within a coastal sage scrub plant
community at 5-6 yr after fire using field data and
for 200 yr after fire using a simulation model.

Wesselset a. (2004, 2007) used aninterannual time
series of AVHRR- and Moderate Resolution
Imaging Spectroradiometer (MODIS)-derived
NDVI (or ANPP) from 1985 to 2005 to examinethe
resilience of a landscape in northeastern South
Africathat had been subject to both overpopulation
and apparent overgrazing by the forced settlement

of pastoraists into “homelands’ during the
apartheid era from 1910 to 1994. A spatialy
aggregated approach was used in which the mean
annual > NDVI for the period of 1985-2005 was
compared between nondegraded benchmark areas
and degraded areas within the homelands as

nondegraded y NDVI - degraded ¥, NDVI
nondegraded 2 NDVI

X 100 (2)

RDIor PD=

where RDI is the relative degradation index or the
percent difference (PD) between the mean NDVIs
of nondegraded and degraded sites (Wessels et al.
2004, 2007). Wessels et a. (2004, 2007) found that
these paired sites were significantly different from
each other and that degraded sites had significantly
lower mean annual NDVI than did nondegraded
sites. Also, there was no indication of recovery
(malleability) of degraded sites toward the mean
conditions of nondegraded sites from the end of the
apartheid erain 1994 to 2005 (Wessels et al. 2004,
2007). This provided evidence in support of the
hypothesis that the observed migrations of former
rural homeland populations to jobs in major urban
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centers such as Johannesburg and Durban isdue in
part to environmental degradation of thehomel ands.
However, at the coarse resolution of MODI S (0.25
km?) and AVHRR (1 kn?), it was observed that
finer-scale phenomena a the community and
species levels were masked or averaged out
(Wessels et a. 2007). A number of scaling studies
in drylands suggest characteristic length scales for
vegetation and bare soil patches of approximately
1-100 m; these scales are probably not amenableto
analysis using spatially coarse-resolution sensors
such asMODIS or AVHRR (Hudak and Wessman
1998, Rietkerk et al. 2004). To account for this
disparity, Wessels et al. (2007) suggested a staged
remote sensing approach to monitoring at regional
and national scalesin which both coarse-resolution
sensorssuchasMODI Sareusedin conjunctionwith
relatively finer-resolution datasets such asLandsat,
the data set of choice in our analysis.

Our am was to follow Moris (1988)
recommendation by quantifying the ecological
resilience of theresponse of aBolivian agropastoral
community’s drylands to multiyear droughts,
particularly the 1982—1984 EN SO-induced drought
event, using alimited 16-yr historical time series of
Landsat satellite imagery from 1972 to 1987.
Specifically, our objectiveswere: (1) todemonstrate
that mean-variance analysis, a form of graphical
dynamica systems analysis, can provide insight
into the ecosystem dynamics of various dryland
plant communities in response to drought; (2) to
demonstrate that the change detection technique of
image differencing of satellite imagery is a
complementary technique to mean-variance
analysis and can provide spatially explicit
information on the location(s) of a landscape’s
response to disturbances, (3) to compare the
ecological resilience, particul arly theamplitude and
malleability, of different plant communities in
response to amajor drought; and (4) to demonstrate
the utility of using remote sensing data to
characterize ecological resilience in response to
repeated drought disturbances. We defined
disturbance as a discrete event in time, eg., a
drought or fire, that significantly reduces the
abundance of anatural resource, e.g., vegetation or
soil nutrients (Connell and Sousa 1983).

Thelate Dr. JamesE. Ellis, formerly of the Natural
Resources and Ecology Laboratory at Colorado
StateUniversity, Colorado, USA, hassuggested that
because of the long grazing history of [lama and
alpaca herds on the Bolivian Altiplano, the
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vegetation responseintermsof speciescomposition
and biomass or cover should be highly resilient and
relatively stable (Browman 1974, Ellis 1992).
However, Painter (1992) observed that extensive
crop failures occurred in the rural areas of central
and southern Boliviaduring the 1982-1984 ENSO-
induced drought event and that this resulted in the
migration of many households into major urban
centers. Consequently, Painter (1992) hypothesized
that these migrations were due to increased
degradation of the land base by droughts and
agricultural land-use practices, particularly grazing
and cropping. This suggests that this area of the
Altiplano has lost resilience in the face of multiple
droughts.

METHODS
Study area

The 6604-ha study site canton San José Llanga (for
a description, see Washington-Allen et al. 1998) is
located at 17°20'-17°30" S, 67°5'—68° W within
the Northern Altiplano physiographic province,
approximately 120 km south of La Paz, the capital
of Bolivia (Fig. 1). The community is> 500 yr old
and comprises six villages. The local economy is
predominantly subsistence and depends primarily
on ecologically linked agricultural activities, i.e.,
potato production, and pastoral activities, i.e., sheep
meat, wool, and manure production, and is thus an
agropastoral ecosystem (McCorkle 1992). These
activities are supplemented by cash income from
limited dairy, fuel-wood, and manure enterprises
(Nolan 1992, Norton 1994).

The elevation of the study site is 3725-3786 m
above sealevel, and slopesrangefrom 0° to 7°. The
site is a salt playa (salar) of concentrated saline/
sodic saltsthat compose one-third of the landscape.
These saltswere precipitated from glacial |akesthat
evaporated some 10,000 yr ago. Soil texturesrange
from silt to clay in al land-use types, except in the
agricultural and village areas, where aeolian
deposition of coarse- to fine-textured sand dunes of
varying depths occurs over a clay-textured A
horizon. The average depth to groundwater is
approximately 0.5 m from the surface. The
groundwater has varying levels of salinity, with
electrical conductivity ranging from 0.8 to 25 mS/
cm. Flooding during the wet season results in
aluvia deposition in low-lying areas. The mean
annual precipitationis402 mm, and themean annual
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Fig. 1. The study site, San Jose Llanga, islocated in the northern Altiplano of Bolivia, 120 km south of
the capital city of La Paz. The vegetation cover map is adapted from Norton (1992) and Washington-

Allenet al. (1998).
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temperatureis 10.4°C. Frosts occur between March
and June with > 80% frequency. Like most areasin
the Andes, there are marked wet and dry seasons,
theformer occursfrom November to April (Johnson
1976). Historical climatic data from a weather
station located near the study site indicate that
droughts of 25% below mean annual precipitation
occur 17% of the time and droughts of at least 50%
below mean annual precipitation occur 6% of the
time within the study area. The coefficient of
variation for historical annual precipitation is 31%,
which suggests that this ecosystem exhibits
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nonequilibrial plant—herbivore dynamics in which
vegetation dynamics are more closely coupled to
water availability than to herbivory (Ellis 1992,
Buttolph and Coppock 2004).

Field studies indicate that the plant community is
represented by five land-cover classes (Fig. 1). (1)
Shrubland-grassland is dominated by the shrub
Parastrephia lepidophylla, with Festuca dolichophylla
asan associated tall bunch-grass, on sandy-textured
aluvia soils. (2) Bofedal, or wet meadow, is
dominated by Calamagrostis curvula and Carex
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spp., with clay soils and low-salinity groundwater
at or near the surface for most of the year. (3)
Gramadal, or grassland/dry meadow, is dominated
by the halophytic shortgrass Distichlis humilis and
Hordeum muticum and the tall bunchgrass Stipa
ichu. (4) Barren land, or erial, is associated with
small areas of salt playa, intermittent flooding, and
sparse, low-density, spotted clumps of Anthobryum
triandrum, ahal ophytic cushion plant or half-shrub
that belongs to the Primulaceae and is generally
associated with soils that contain + 4 g/kg soluble
salts (Salm and Gehler 1987). (5) Kotal isthe local
term for sites that are dominated by a high-density
spotty to mat-like cover of Anthobryum triandrum.

I mage processing

The image data set consisted of a 16-yr archived
data set of one Thematic Mapper (TM) and three
Landsat Multispectral Scanner (MSS) scenes from
1972101987 (Table 2). Theprocessing of thesedata
has been described by Washington-Allen et al.
(1998). The criteriafor data acquisition were: low-
cost acquisition of scenes that were representative
of the dry season, < 10% cloud cover, anniversary
dates between scenes, and coincidence with the
1982-1984 El Nifo Southern Oscillation (ENSO)
drought event discussed by Painter (1992). A low-
cost time series of scenes that included the 1997-
1998 ENSO drought event scenes was sought from
free data archives, particularly the University of
Maryland's Global Land Cover Facility (http:/esip.
umiacs.umd.edu/index.shtml). However, only one
2001 scene fit the acquisition criteria explained
above, and without the intervening dates between
1987 and 2001, no new information on spatial
effectswere provided beyond those gained from the
study of the1982-1984 EN SO event. Conseguently,
the methodology presented here has the added
advantage of being quite useful when only limited
imagery time series are available.

Dry season datawere acquired to monitor the more
persistent vegetation cover of perennials and to
avoid the short-term variation from annuals and
other sources of ephemeral vegetation cover.
However, the 31 October 1972 M SS scenefrom the
wet season was used because it was the earliest
representation available for initia site conditions.
Image processing was conducted, including
radiometric correction, image-to-image registration,
time series standardization (conversion to exo-
atmospheric reflectance), and atmospheric correction
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(Washington-Allen et al. 1998). We addressed the
spectral compatibility between TM and MSS data
by direct substitution of TM bands 3 (red, R) and 4
(near infrared, NIR) for MSS bands 2 (R) and 4
(NIR; Crist and Cicone 1984, Suitset al. 1988). The
standardized time series was then converted to a
transformed normalized difference vegetation
index (TNDVI), which has a better signal-to-noise
ratioindrylandsthantheNDV 1 (Deeringetal. 1975,
Perry and Lautenschlager 1984) and provides
further atmospheric correction of the satellite data
(Pickup 1990). The TNDVI is calculated as

TNDVI = S0(NDVI + 1) ?3)

Image processing occurred in an older command
line version of the Earth Resources Data Analysis
System, ERDAS 7.5 (ERDAS Imagine 1990),
which produced nonfloating point results.
Consequently, for improved visudization, the
TNDVI was scaled between 0 and 100, with the
actual data-set values scaled between 33 and 80.

M ean-variance plots

Graphical analysis of a dynamical system uses
phase diagramsor portraitsthat describe the motion
or trgjectory of states through time (Morse et al.
2000). Pickup and Foran (1987) devel oped aspecial
case of thisanalysis, called mean-varianceanalysis,
to characterize the spatiotempora behavior of a
remotely sensed vegetation index (VI). A mean-
varianceportrait can beusedto describethe seasonal
and interannual response of vegetation to climate
and disturbance (Washington-Allen et al. 2003,
Zimmermann et al. 2007). Fig. 2 illustrates the
hypothetical trajectory of the VI of an agricultural
crop that has been bred to minimize variability. We
used field measurements of percent vegetation
cover to calibratethe TNDVI. Physically, the mean
of aVI may correlatewith vegetation cover, density,
or standing crop (Sellers 1985). The 1987 TNDVI
valuesfor five vegetation classes were compared to
those in 1992, and a consistent relationship was
found (r =0.93, n=5; Washington-Allenet al. 1998,
Nelson Massy unpublished data). Additionally,
Washington-Allen et a. (1998) found that field
measurements of percent vegetation cover for 14
vegetation types in 1992 were correlated with
TNDVI valuesin 1986 (r = 0.76). Thisrelationship
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Table 2. Characteristics of the Landsat satellite data used.

Image date Sun elevation angle Landsat number Scannert Season Root mean square
(dd-mm-yyyy) error
31-10-1972 32 1 MSS Wet 0.49489
08-07-1984 35 5 ™ Dry 0.46038
15-08-1986 39 5 MSS Dry 0.45213
02-08-1987 37 5 MSS Dry 0.46662

TTM, Thematic Mapper; MSS, Multispectral Scanner.

was used to approximate a 20% cover line (mean
TNDVI = 30) to indicate the amount of cover at
which soil background noise may dominate the VI
vegetation signal (Ringrose and Matheson 1987).
Thisline allows the interpretation of site condition
and trgjectory with regard to percent vegetation
cover and, by extension, bare ground as asurrogate
for soil erosion.

The variance of the TNDV I isrepresentative of the
degree of landscape heterogeneity or balance
between bare soil and vegetation patches (Pickup
and Foran 1987, Washington-Allen et al. 2003).
Consequently, the variance provides an indirect
measure of a site’s susceptibility to soil erosion; if
a normal distribution is assumed, large TNDVI
varianceisindicativeof ahighlikelihood that pixels
with low TNDVI values at the distribution’s tails
consist of either reduced vegetation or bare soil
cover (Fig. 2). The portrait is divided into four
sectors that are delineated by the grand mean and
mean variance of alandscape’ s V1 time series (Fig.
2). Each sector describes the state of alandscape’s
trajectory. Specificaly, sector 1 (low mean and low
variance) can be considered the most degraded state
of this landscape; sector 2 (low mean and high
variance) indicates that a higher proportion of the
landscape tends toward bare ground and thus high
susceptibility to erosion; sector 3 (high mean and
high variance) meansthat ahigher proportion of the
landscape has vegetation cover, but depending on
skewness, a small proportion of the landscape is
susceptible to erosion; and sector 4 (high mean and

low variance) indicates the most ideal and stable
condition for this VI landscape (Fig. 2). We
constructed mean-variance plots for the whole-
landscape response, as well as for each individual
vegetation cover class,

Ecological resilience

Mean-variance plots can be quantified further in
terms of the characteristics of ecological resilience
(Table 1). We focused on the amplitude,
malleability, and damping response of the
agropastoral landscape. The significance of change
implies statistical boundaries or thresholds, i.e., the
points at which the normal range of behavior is
exceeded. For our purposes, asignificant changeis
viewed as a departure from initial vegetation
conditions represented by the 1972 TNDVI image
(theM SSsceneinTable2). The1972 TNDVIimage
representsthefirst year that data were produced by
the Landsat series of satellites and thus represents
reference conditionsfor our time series. The chosen
reference state determines the standard of
evaluation and interpretation of the effects of
various disturbances. Reference vegetation conditions
can be represented by departures from a TNDVI
minimum image. For example, pastoralists tend to
manage for drought conditions, and the 1984
TNDVI image represents the 1982-1984 ENSO
drought event that was aperiod of very low TNDVI
values (Washington-Allen et al. 1998). Reference
vegetation conditions can aso be represented by
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Fig. 2. Hypothetical statistical phase portrait of the interannual mean-variance dynamics of an
agricultural landscape’ s vegetation index (VI1). T =time.
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departures from a boundary state such as the 20%
vegetation cover proxy that was established above
or maximum or mean VI values (Washington-Allen
et al. 2006).

Statistical differencing is a spatialy aggregate
approach whereby the combined effects of a
disturbance at the landscape scale are reported as a
singlenumber, i.e., the percentage of pixelsaffected
by the disturbance or the differences of the image
means and the image variances at various time
periodsasderived from mean-variance plots. Image
differencing is a form of change detection that

alows spatially explicit quantification and
visualization of change in a landscape. Here, we
report both analyses. Image differencing has the
general form (Singh 1989, Jensen 2005)

BBV, =BV (D - BV (1) + ¢

(4)

where ABV;, is the change in each pixel’s
brightness value (BV) in line number i and column
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number j in asingle spectral band k, BV (1) isthe
pixel valueontheinitial or baselinedate 1, and BV;;,
(2) isthe pixel value on date 2 (Jensen 2005).
used VI image differencing of the TNDVI, rather
than band differencing, in which

ATNDVI, = TNDVI(2) - TNDVI (1) + ¢ (5)

where ATNDVI; is the change in each pixel’s
TNDVI value, TRIDVI. (1) isthe pixel value on the
initial date 1, and TND\/I ij(2) is the pixel value on
date 2. The ¢ is a constant that accounts for | image
misregistration errors and alows conservatism
about the degree of changethat occurs (Singh 1989,
Washington-Allen et al. 1998, Jensen 2005).
Washington-Allen et al. (1998) conducted six
combinations of image differencing with four
TNDVI images in which ¢ equaled the mean
standard deviation of the six differenceimages (+ 2
standard deviations of TNDVI).

The amplitude (ATNDVI;,, where A indicates
amplitude) is the magnitude of change after or in
concert with a disturbance state (D) from which a
system may or may not return compared to a
reference state (R), or that in 1972 in our analysis.
If the disturbance is such that the system does not
recover, then it has exceeded a threshold. The
amplitude (ATNDVI;;,) is caculated as

ATNDVI | = TNDVI (1984) - TNDVI (197D = ¢ (g)

A|_

where |[ATNDVI;;,| is the absolute value of the
difference betwéen the TNDVI;, (1972) and
TNDV1,,(1984) disturbance scenes on a pixel-by-
pixel basis.

Maleability (ATNDVIy,, where M indicates
malleability) |sthedegreeto which subsequent post-
disturbance datesdiffer from thereference state and
isameasure of recovery, calculated as
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ATNDVI . = [ATNDVI | - (( TNDVI(1955),.

TND VL, (date+1)} TNDVL R(19?2)) (7)

Recovery to reference conditionsisindicated when
ATNDVI;, <0.

Damping is ameasure of the pace of recovery after
a disturbance and/or the amount of landscape
affected by a disturbance while moving toward a
reference recovery state. The period after the
disturbancecan berepresented by themeanfor years
after the disturbance or it can be calculated for each
subsequent year. We used the means and variances
of the 1986 and 1987 TNDVI scenes to represent
the period after the severe 1982-1984 ENSO
drought. When the calculation is done for the time
prior to the disturbance and the ATNDVIy,, is
subtracted from the result, this is a measure of
hysteresis. We do not report hysteresis because we
did not have sufficient data to characterize the
conditions between 1972 and 1984.

These equations were used to calculate the
characteristics of resilience on a pixel-by-pixel
basis. However, the mean and mean variance of
these characteristics from either a mean-variance
portrait or the difference image for each
characteristic of resilience (e.g., amplitude, or
ATNDVI1,) for each date can be used to calculate
an aggregate single value, as well as to prepare a
map representing the landscape’ s spatial response
to disturbance (e.g., Wessels et a. 2004, 2007).

RESULTS
M ean-variance analysis

We plotted mean-variance portraits for the entire
landscape and the individual vegetation cover
classes (Fig. 3). The effect of the El Nifio Southern
Oscillation (ENSO) drought on the vegetation
response in 1984 is observed in al of the
transformed normalized difference vegetation
index (TNDVI) mean-variance plots such that the
mean TNDVI is low and the TNDVI variance is
high and consistently located to the left of the
estimated 20% vegetation cover line. With the
exception of bofedal, the vegetation response
appears to converge back toward 1972 conditions
in 1986 and 1987 (Fig. 3). Not surprisingly, because
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it is not water limited, bofedal had a higher mean
TNDVI and a wider range of TNDVI variance
compared to the other cover classes (Fig. 3).

Quantification of ecological resilience

Thespatially explicitimagedifference or amplitude
map (ATNDVI;:,) of the study site is the result of
Eq. 3, inwhich {he 1984 TNDV I image, which was
representative of the 1982-1984 ENSO's
disturbance on the landscape, was subtracted from
the 1972 reference scene (Fig. 4). Areas of no
change were located predominantly in bofedal.

The spatially aggregate measure of the vegetation
response of malleability for the agropastoral
landscape was —1 for all vegetation classes. Fig. 5
shows the malleability measures for the TNDVI
variance (range: —7 to 2) for the entire landscape
and the individual vegetation cover classes.

Washington-Allen et al. (1998) conducted six
change detectionsfor thefour TNDV I scenes of the
study site, of whichtwo of thecases, i.e., 1984-1986
and 1984-1987, were a measure of damping: the
pace of recovery after a disturbance or the amount
of landscape affected by a disturbance (the 1984
drought) while moving toward recovery. Damping
was measured in 2-yr (1984-1986) and 3-yr (1984—
1987) intervals, in which 99.6 and 99.2% of the
landscape was affected, respectively. Fig. 6 shows
the amplitude measures for each statistic of the
TNDVI for theentirecommunity and landscape and
theindividual vegetation cover classes. The TNDVI
mean amplitude ranged from 9 to 11 and indicated
that all cover classes were affected by the 1984
drought. TNDV | variance amplitude ranged from O
to4(Fig. 6). However, bofedal wastheleast affected
class (amplitude = 9), whereas erial was the most
affected (amplitude = 11).

DISCUSSION

Caution must beusedininterpreting theresultsfrom
thistime seriesbecausethey arelimited to available
data from 1972 to 1987 and they are interpreted in
reference to initial conditions in 1972, drought
conditions in 1984, and a field-calibrated 20%
vegetation cover line in mean-variance plots. The
16-yr time series had many gaps in data that were
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caused by alack of availability of image dataor the
failure to meet selection criteriafor analysis; thus,
the results must be interpreted within the limits of
this time series. In addition, vegetation index (V1)
difference images or the mean or variance of VIs
for a site were used as proxies for change in
vegetation cover asanindicator of land degradation
(Washington-Allen et al. 2006). Vegetation cover
can be related to vegetation productivity,
phytomass, and susceptibility to soil erosion.
However, caution must be exercised in its
interpretation. A VI is an ecosystem measure and
does not provide information about changes in
species composition. No change may occur in the
V1, but changes in species composition within a
pixel may occur undetected (Schindler 1987,
Washington-Allenet al. 1998). Nonethel ess, theuse
of image differencing to visualize the spatia and
tempora changes in the vegetation response of
different vegetation classes in mean-variance plots
is similar to performing a change vector anaysis
(Lambin and Strahlers 1994) or using multivariate
ordination methodsto determine state and threshold
changesin plant species composition in responseto
disturbance (Westoby et al. 1989, Friedel 1991, Van
Niel 1995, Washington-Allen et a. 2004a). This
similarity can be extended to fitting state changes
or cases in which thresholds are exceeded to other
indices of land degradation.

The malleability of the TNDVI mean and variance
measures the magnitude of recovery to the initial
conditions of vegetation cover and spatia
heterogeneity (Fig. 2). With respect to the mean
TNDVI, al of the classes were approaching
recovery. Withtheexception of bofedal, the TNDV I
variance for al classes was close to (TNDVI
variancemalleability =—1) or compl etely recovered
to (erial and gramadal TNDVI variance
malleability = O) the reference or initial conditions
(1972; Fig. 5). However, bofedal did not return to
initial conditions, but appearsto have become more
spatially homogenous in cover (TNDVI variance
malleability = -7; Fig. 5).

Thebofedal, or wet meadow, vegetation cover class
was the most resistant to the effects of severe
drought, but its variance was particularly sensitive
or highly variable, a behavior that is diagnostic of
an impending regime shift and isthus considered to
be an early warning signal (O’'Neill et al. 1989,
Brock and Carpenter 2006). However, this
sensitivity to wet and drought periods on the
Altiplano is consistent with the hypothesis that wet
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Fig. 3. Mean-variance dynamical portraits of the transformed normalized difference vegetation index
(TNDVI) response of San Jose Llangafrom 1972 to 1987 at the landscape and vegetation cover class
gpatial scales. Tempora dynamics are shown with respect to the landscape’ s mean TNDVI and mean
TNDVI variance and a calibrated 20% vegetation cover line (dotted line). The 1984 vegetation index

sceneis representative of a severe drought.
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meadows in montane systems are harbingers of
global climate change and shifts in biotic
communities (Debinski et a. 2006). From the
perspective of the agropastoral production system,
areasinwhichtheproduction characteristicschange
little during adrought may befar more important to
the system’s maintenance than are areas that
experience substantial change (Washington-Allen
et al. 1998). This suggests that during drought
periods, bofedal is a key resource upon which
agropastoral communities depend (Scoones 1991).
Thisfinding is consistent with that of Buttolph and
Coppock (2004) for bofedal in the northern
Altiplano.

With respect to the field calibration of the
transformed normalized difference vegetation
index (TNDVI1) values, the amplitude measure for
the TNDVI mean from 1972 to 1987 can be viewed
as a surrogate measure of the magnitude of cover
lossand susceptibility to erosionfor each vegetation
cover class in response to drought. The amplitude
measures for mean TNDVI indicated a decrease in
vegetation response for all vegetation cover classes
relativetothe 1984 drought. Theamplitudemeasure
for TNDV I variance measures the changein spatial
distribution or heterogeneity of vegetation cover
and bare soil patches. The amplitude measures for
TNDVI variancefor all vegetation cover siteswere
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Fig. 4. Map of the magnitude of change in amplitude after a disturbance. Image differencingisa
gpatially explicit method to visualize change in alandscape. The subtraction of the vegetation index (V1)
reference year (initial conditions in 1972) from the disturbance year (the 1984 drought) is a measure of
amplitude. The white areas that did not change are located in bofedal (wet meadow) areas of the study

site.
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affected by the 1984 drought, but sites for which
amplitude TNDV | variance values approached zero
were |least affected, i.e., their spatial heterogeneity
appeared to be the least altered. This included the
vegetation cover classesof bofedal, or wet meadow,
and erial, or barren land (amplitude of TNDVI
variance = 0; Fig. 6).

Theestimation of other characteristicsof ecol ogical
resilience relative to 1972 initial conditions
indicates that inertia (Table 1) is dightly less than
201 mm of annual rainfall (a drought 50% below
the mean annual precipitation) or the 0 mm of rain
in July of 1984. A better estimate of inertia would
come from the measurement of the effects of

droughts of various magnitudes. Elasticity (thetime
to recovery since disturbance; Table 1) isestimated
at 2 yr, i.e., the period between 1984 and 1986.

CONCLUSION

Our purpose was to quantify the ecological
resilience of the vegetation communities of an
agropastoral dryland ecosystem in response to
repeated severe droughts using historical archives
of satellite imagery. Other than the recent 1997—
1998 El Nifio, the global-scale drought and flood
effects of the 1982-1984 El Nifio Southern
Oscillation (ENSO) are considered the most severe
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Fig. 5. Mean-variance portraits are quantified in terms of characteristics of ecological resilience,
particularly by malleability, which is the degree of recovery toward initial conditions (in 1972) after a
disturbance. Malleability is calculated by subtracting the mean of the transformed normalized difference
index (TNDVI1) variance for 1986 and 1987 from the mean of the TNDV I variances for 1984, the

disturbance (drought) year.

THNDVI Variance Malleability
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Vegetation Cover Class

of the 20th century (Glantz 2001). Ellis (1992)
hypothesized that because the Altiplano exhibits
high climatic variability (coefficient of variation =
31%) and has been subject to endemic droughts, a
high frequency of frost, and chronic livestock
grazing for > 2000 yr (Browman 1974), it should be
inadegraded but relatively stable state and resistant
to further degradation. However, Painter (1992) has
suggested that the Altiplano has lost resilience in
the face of multiple droughts and detrimental land-

use practices such as overgrazing and that this was
responsible for the increased migration to urban
centers during the 1982—-1984 ENSO. Our mean-
variance analysis indicates that, with the exception
of bofedal relative to the 1984 drought year, the
vegetation index variances were high and the mean
response was low. This suggests that during the
1984 ENSO-induced severe drought, the related
vegetation response, e.g., vegetation cover, was
reduced and bare soil patches were exposed.
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Fig. 6. Mean-variance portraits are quantified in terms of characteristics of ecological resilience,
particularly by amplitude. Amplitude is the magnitude of the response of the landscape’ s transformed
normalized difference vegetation index (TNDVI) from reference conditions (in 1972) during or after a
disturbance (in 1984). The amplitude for each statistic is calculated by subtracting (A) the mean
TNDVIsfor 1972 and 1984 and (B) the mean of the TNDV I variances for 1972 and 1984.
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Consequently, therewas an increased susceptibility
of the landscape to accelerated soil erosion.
However, despite the severity of the 1982-1984
ENSO drought event, image and statistica
differencing measures of amplitude (the magnitude
of the response to disturbance) and malleability (a
measure of the degree of recovery) indicated that
no thresholds were exceeded, i.e., there did not
appear to be a change to another vegetation state
because all classes recovered to the reference
conditionsof 1972. Therefore, theseanalysesof this
limited data set (1972-1987) appear to support
Ellis (1992) hypothesis that the Altiplano isin a
degraded but stable state without further decline to
another statethat can nolonger support agropastoral
communities, and not Painter’s (1992) hypothesis
of migration due to current land degradation.
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Responses to this article can be read online at:
http: //mww.ecol ogyandsoci ety.org/vol 13/iss1/art33/responses/
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