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We present a global analysis of the changing face of vegetation persistence in savanna
ecosystems by boreal seasons. We utilized nearly 30 years of monthly normalized
difference vegetation index data in an innovative time-series approach and developed
associated statistical significance tests, making the application of continuous vegeta-
tion metrics both more rigorous and more useful to research. We found that 8,000,000–
11,000,000 km2 of savanna have experienced significant vegetation decline during
each season, while 20,000,000–23,000,000 km2 have experienced an increase in
vegetation persistence during each season, relative to the baseline period (1982–
1985). In addition, with the exception of the March–April–May season, which is
mixed, the pattern of significant vegetation persistence in the Northern Hemisphere
is almost exclusively positive, while it is negative in the Southern Hemisphere. This
finding highlights the increasing vulnerability of the Southern Hemisphere savanna
landscapes; either resulting from changing precipitation regimes (e.g., southern Africa)
or agricultural pressures and conversions (e.g., South America).
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1. Introduction

The savanna biome, covering approximately a fifth of terrestrial areas (Sankaran et al.,
2005) including large percentages of Africa (65%), Australia (60%), and South America
(40%) (Huntley & Walker, 1982; Walker & Gillison, 1982), is of great ecological and
economic importance. Not only does this biome represent biodiversity hotspots, but
research has shown that they also sustain high levels of endemism (Barnard, Brown,
Jarvis, Robertson, & Van Rooyen, 1998), support large human and animal populations
(Happold, 1995; Scholes & Hall, 1996), display high levels of primary productivity when
compared to other ecoregions, and have a greater impact on the global carbon cycle than
previously appreciated (Houghton, 1996; Houghton, Hackler, & Lawrence, 1999; Ojima,
Valentine, Mosier, Parton, & Schimel, 1993; Scholes & Hall, 1996). Beyond their
ecological importance, these savanna biomes also contribute to the economic development
of many counties due to the large human–environment connection (Campbell, 1996;
Gambiza, 2001). The rich natural resources of savanna landscapes enable socioeconomic
development at both small and large scales, ranging from the local-scale extraction of
timber and grasses for fuel and building materials, to large-scale processes such as tourism
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and other economic industries (Gambiza, 2001). Due to the biological richness and heavy
human utilization of the landscape, an understanding of savanna landscape patterns and
persistence over time is required for proper management, especially as the vulnerability
and resilience of these biomes is in question under changing climate conditions.

Ecosystem resilience has emerged as a crosscutting theme in research on the human
dimension of global environmental change (Downing et al., 2000; Polsky, 2003).
Vulnerability is often characterized as a function of both a systems exposure/sensitivity
to a stress and its capacity to absorb or cope with the effects of stresses/shocks (Eakin &
Luers, 2006). Nonresilient systems may not be able to absorb changes or perturbations
while maintaining the same diversity and function, potentially leading to permanent state
changes (Eakin, Tucker, & Castellanos, 2006). Savanna landscapes have long been
considered stable systems, whose inherent properties consist of fluctuating landscape
composition around one or more steady states (Dublin, Sinclair, & McGlade, 1990,
Lamprey, 1983; Noy-Meir, 1975; Skarpe & Hester, 2008; Walker & Noy-Meir, 1982).
Such fluctuations can result in compositional changes from open savannas to woody
savannas or shrublands. The transition between states can be triggered by any of the
determinants of spatial heterogeneity, such as natural events (precipitation variability,
fire), or human utilization of the landscape. It is well noted in the literature that savanna
systems are known to be water- or disturbance-driven, with the former being more
important in drier regions and the latter in areas of higher precipitation (Campo-Bescós,
Muñoz-Carpena, Kaplan, et al., 2013; Campo-Bescós, Muñoz-Carpena, Southworth,
et al., 2013; Sankaran et al., 2005). When precipitation and associated soil moisture are
sufficient, disturbances drive the vegetation fractional cover. In the absence of distur-
bances such as repeated fires and clearing by humans or large herbivores, tree cover
increases at the expense of grass until limited by processes like species competition
(Scholes & Archer, 1997). The fraction of grasses at that point depends on the woody
vegetation growth and the growth opportunities offered by the environment (Scholes &
Archer, 1997). Recently, the stability of the savanna biome has received increasing
attention due to three major threats: bush encroachment, agricultural conversion, and
climate change.

Savanna ecosystems around the world have recently experienced a shift in vegetation
dynamics, as woody, shrub-like vegetation has become more prominent, and herbaceous
and tree cover has diminished (Ringrose, Matheson, Wolski, & Huntsman-Mapila, 2003).
It has been hypothesized that bush encroachment causes this slow proliferation of woody
plants (Bond, 2008; Hudak & Wessman, 1998). Encroachment progresses as more
individual woody stems recruit in an apparently random pattern across the landscape.
This process may result from coppicing, in which repeated felling occurs on the same
stump, allowing multiple shoots to regrow, or from the disturbance of rooting systems
causing normally single stemmed trees to become multi-stem shrubs. The resulting
vegetation is less biologically productive and less palatable for native herbivores
(Archer, Scifres, Bassham, & Maggio, 1988; Hudak & Wessman, 1998).

There are numerous species of encroachers, and the dominant one differs from region
to region, making this a physiological occurrence, rather than a specific one. The majority
of encroachers are noninvasive species, naturally occurring in the ecosystem, suggesting
that it is a change in environment that encourages an existing species to begin to dominate
the landscape. Encroaching species include multiple Acacia species (mellifera, tortilis,
erubescens), Dichrostachys cinerea, Grewia (e.g., Grewia flava), Mopane, and Terminalia
sericea (Moleele, Ringrose, Arnberg, Lunden, & Vanderpost, 2001, 2002). In North
America, native mesquite and creosote bush, accompanied by invasive African lovegrass,
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have invaded and replaced semiarid grasslands, resulting in the development of a com-
pletely new savanna ecosystem (Van Auken, 2000). In Australia, introduced Acacia
nilotica is a major invasive agent in the Northern territory indicating that woody invasives
can also cause shrub thickening (Brown & Carter, 1998). Whether the encroacher is a
broad or fine leaf species, the shrub cover is always low (below 2 m) and typically thorny
(Moleele et al., 2001, 2002; Skarpe, 1990a). In most cases, the encroachment of woody
species is attributable to human activity, such as overgrazing or use of fire (Acocks 1964,
1975; Archer, Schimel, & Holland, 1995; Hudak & Wessman, 1998; Madany & West,
1983, Noy-Meir, 1982; Skarpe, 1990b, 1992; Van Vegten, 1981, 1984; Walter, 1954).
Bush encroachment can occur over multiple temporal extents, dependent on the trigger of
vegetation structure change. Human-induced encroachment from overgrazing occurs over
decadal time scales (Hudak & Wessman, 1998), while natural sources of encroachment,
for example resulting from drought, result in relatively discrete episodes, often seasonal to
annual, in scale.

In terms of the resilience of savanna landscapes, climate change-induced events such
as droughts may exacerbate already complex states, pushing the system to cross-tipping
points. Under future climate change, these regions are projected to experience decreased
mean precipitation and greater precipitation variability. The noted correlation between
precipitation and patterns of savanna vegetation suggest that changes in vegetation should
also be expected (Cui, Gibbes, Southworth, & Waylen, 2013; Gibbes, Southworth,
Waylen, & Child, 2014). It has been suggested that the high coefficient of variation
(standard deviation/mean) at the arid end of the precipitation gradient is a determining
factor for growth of woody vegetation (Sankaran et al., 2005); therefore, the projected
climate would encourage the continued expansion of woody cover. Sankaran et al. (2005)
suggest that changes in precipitation considerably affect the distribution and dynamics of
savanna, potentially leading to changes in state or further bush encroachment. Since
savannas are anticipated to be among the ecosystems most sensitive to climate change
(Misselhorn, 2005; Walker, Anderies, Kinzig, & Ryan, 2006), a thorough understanding
of factors that structure savanna communities is necessary to guide mitigation efforts
(Sallu, Twyman, & Stringer, 2010; Sankaran et al., 2005; Twyman, 2001).

Superimposed over these gradual changes (woody encroachment and climate) is a suite
of temporally and geographically asymmetric historical, current, and future potential con-
version of grasslands and savanna to pasture and cropland. The initial conversion of
grassland and savanna systems during the early and mid-twentieth century centered on
temperate systems in central Eurasia, North America, and southern Australia. Significant
areas of native tropical and subtropical grasslands in Australia and South America were
replaced by improved pastures, using mainly domesticated African grasses enhanced with
fertilizer application in the post-WWII period (McIvor, Guppy, & Probert, 2011; White,
Murray, & Rohweder, 2001). Tropical savanna clearing then expanded rapidly in South
America during the last part of the twentieth century (Grecchi, Gwyn, Bénié, Formaggio, &
Fahl, 2014; Romero-Ruiz, Flantua, Tansey, & Berrio, 2012), accompanied by planting of
huge areas of African grass pastures. Food demand, fertilizer availability, and markets for
multinational agribusiness point to potential major industrial-scale agricultural conversion
in Africa in the twenty-first century (Laurance, Sayer, & Cassman, 2014). African land-
scapes already contain a degree of fine-scale fragmentation evident in recent ecological
mapping (Ryan et al., 2015; Tchuente, De Jong, Roujean, Favier, & Mering, 2011) due to
long coexistence with human populations using shifting cultivation and livestock herding.

In savanna ecosystems, the use of remotely sensed data and associated techniques are
leading to a far better understanding of the vulnerability of these complex systems
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(Sankaran et al., 2005), the landscape-level drivers of spatial patterns (Campo-Bescós,
Muñoz-Carpena, Kaplan, et al., 2013; Campo-Bescós, Muñoz-Carpena, Southworth,
et al., 2013), and the shocks incurred (Cui et al., 2013; Gibbes et al., 2014). Savanna
landscapes in the broadest sense are a dynamic middle ground between forest and grassland
ecosystems characterized by the major continental tree-grass systems in terms of four
climate-dependent states, with deterministically stable grassland and forest separated by
bi-stable low and high tree cover states (Staver, Archibald, & Levin, 2011). Understanding
the historic trends and persistence of vegetation across the past three decades will allow for
better future management of these complex systems. More specifically, it will allow us to
determine whether a particular region is stable over time, in terms of its vegetation cover
persistence, or whether it has changed significantly. This would then allow us to target
regions of change and then determine, via more fine-scaled analyses, potential causes and
management implications or decisions necessary to enhance or remediate the changes.
Methods utilized in this persistence-based approach can be viewed in more detail and
their theoretical basis discussed in detail in Waylen, Southworth, Gibbes, and Tsai (2014).

2. Data and methods

2.1. Study area

Although savanna landscapes are distributed worldwide, they vary in climatic condition,
composition, driving forces, and human footprint on the landscape (Cole, 1982; Huntley,
1982; Jeltsch, Weber, & Grimm, 2000). The spatial heterogeneity of the savanna land-
scapes has led researchers to further define the biome into classes based on vegetation
composition and climatic condition. Savanna landscapes are characterized by their distinct
vegetation patterns of a continuous herbaceous layer of C4 grasses (0.5–2.0 m tall) and
discontinuous tree cover (2.0–10.0 m tall; Huntley & Walker, 1982), with an occasional
intermediate layer of shrubs (Jeltsch et al., 2000). Though tree, grass, and shrub compo-
nents occur across all savanna types, the proportions of each change rapidly over space
and through time. The herbaceous layer comprises three fundamental cover types: forbs,
annual grasses, and perennial grasses. Perennial grasses dominate, with a small proportion
of annual grasses in more arid savannas (Dahlberg, 2000). Though by definition the
grasses in savanna are continuous, in practice they are highly clumped (Gambiza, 2001;
Scholes & Archer, 1997). Woody vegetation consists of multiple species including the
genera Acacia, Terminalia, Mopane, Marula, and Dichrostachys in Africa; Eucalyptus,
Corymbia, Acacia, Terminalia, and Melaleuca in Australia (Prior, Eamus, & Bowman,
2003); and Vellozia, Qualia, Aspidosperma, Davilla, and Kielmeyera in South America
(Oliveira-FilhoA & Ratter, 2002). Across a savanna’s patchy landscape unique sets of
woody and herbaceous species either coexist or compete for key resources. The balance
between herbaceous and woody plants is dynamic, thus savanna landscapes consist of a
matrix of patches of different structural combinations (Whittaker, Morris, & Goodman,
1984). Models and hypotheses, such as the root niche separation hypothesis, and demo-
graphic bottleneck models have been put forth to understand the tree-grass coexistence in
savannas (Stott, 1991; Walker & Noy-Meir, 1982; Walter, 1971). Generally, grasses can
outcompete seedling trees for nutrients and water where their roots occur together.
However, if grasses are destroyed (e.g., by grazing), more water becomes available for
trees and shrubs (Knoop and Walker 1984), leading to changes in the landscape dynamics,
and an increase in woody vegetation (Skarpe, 1990b; Stuart-Hill & Tainton, 1989).
Mature trees have a marked competitive effect on grasses and on other trees, but grasses

10 J. Southworth et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 



have little effect on trees once tree saplings exceed the height of the grass layer (Knoop &
Walker, 1984).

In general, savannas are highly seasonal ecosystems occurring within the tropics and
subtropics, mainly between 30° N–30° S. Within these zones, temperatures are high and
variability low, but precipitation regimes exhibit distinct wet and dry seasons. Intra-annual
variability often reflects the migration of the Inter-Tropical Convergence Zone and
localized convective events, while variability at the inter-annual scale is associated with
global scale drivers like the El Nino-Southern Oscillation. In this study, the World
Wildlife Fund (WWF) Biome map, based on the Olson et al. (2001) map of global
ecoregions, is used to distinguish global savanna ecosystems (WWF, 2014). The ecolo-
gical land classification system developed by the WWF identifies 14 biomes, or major
habitat types, and 882 terrestrial ecoregions. We focus on those ecoregions that exhibit
distinct savanna characteristics, each being composed of grassland, shrubland, and wood-
land landscapes, as highlighted in Figure 1. Savanna landscapes occur on all continents
except for Antarctica, and their areas are shown in Table 1.

While most savanna systems occur within the tropics, the temperate grasslands,
savannas, and shrubland ecoregions span the subtropics and mid-latitudes. These tempe-
rate savanna areas cover portions of North America, South America, Asia, and Australia
(Figure 1). The temperate grassland landscapes are known as prairies in North America,
pampas in South America, and steppe in Asia (WWF) (Olson et al., 2001). A much
fragmented oak savanna ecotone lies between the prairie grassland and the eastern forests
in North America (McPherson, 1997). They differ from other grassland and savanna types
in their annual temperature regime and dominant species. Typically, grass and shrub

Figure 1. Global savanna landscapes as defined by the WWF biome land cover classification
data set.
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species dominate and very few trees develop. These regions exhibit relatively low alpha,
beta, and gamma diversity (WWF, 2014) and have been significantly affected by agri-
culture and fire (via suppression or excessive burning).

The tropical and subtropical grassland, savanna, and shrubland ecoregions occur
widely across portions of southern Africa, northern Australia, and South America
(Figure 1). These savanna landscapes stretch across a large precipitation gradient and
include both arid and rainfall sufficient regions. A continuous layer of herbaceous
vegetation is common, with scattered tree and shrub cover, supporting some of the highest
levels of biodiversity in the world including large populations of mammals and other
fauna. The most intact assemblage of savanna landscapes stretches from the East African
Acacia savannas to the Zambezian savannas.

Within portions of these land cover types, unique small-scale hydrological features
exist that alter the vegetation structure and composition of the region. These areas,
classified as flooded grasslands and savannas, occur across regions of Africa, South
America, North America, and Asia, the better known of which include the Everglades,
Sahelian flooded savannas, and the Zambezian flooded savannas (Figure 1). These
regions, sometimes thought of as wetlands, are grassland dominant with interspersed
trees. Their greatest threats come from human activities (e.g., water diversion or channe-
lization) and climate change.

2.2. Vegetation persistence analysis

Remote sensing technologies have developed sufficiently to produce the temporal
frequency of data required to adequately detect vegetation change (Lunetta, Johnson,
Lyon, & Crotwell, 2004; Lunetta, Knight, Ediriwickrema, Lyon, & Worthy, 2006),
particularly in the tightly coupled vegetation–climate interactions of savannas.
Monthly time series of vegetation indices from the Advanced Very High Resolution
Radiometer (AVHRR) – and the Moderate Resolution Imaging Spectroradiometer
(MODIS) – now available from the early 1980s and 2000s, respectively, hold consider-
able promise for the large-scale quantification of complex vegetation–climate dynamics
and regional to global scale analyses of landscape change related to global environ-
mental changes. Long-term temporal and spatial trends in vegetation (Lanfredi,
Simoniello, & Macchiato, 2004; Westman & O’Leary, 1986), in response to climate
variability and the documented climatic shift of the 1970s (Chavez, Ryan, Lluch-Cota,
& Ñiquen, 2003; Lanfredi et al., 2004; Nicholson, 2000), are quantified using a time-
series approach, more familiar in analyses of climate than landscapes. We combine the

Table 1. Savanna types by continent (area in km2). Source: WWF (2014).

Tropical and subtropical Temperate Flooded Total

Africa 13,924,104 – 560,435 14,484,539
Asia 60,969 3,769,389 260,417 4,090,776
North America 76,957 3,095,420 25,997 3,198,374
South America 3,971,885 1,622,555 243,196 5,837,637
Oceania 3042 53,372 – 56,414
Australia 2,124,489 575,514 – 2,700,004
Europe – 977,442 – 977,442
Total 20,161,447 10,093,693 1,090,045 31,345,186
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normalized difference vegetation index (NDVI), which discriminates well in savanna
regions (Gibbes, Adhikari, Rostant, Southworth, & Qiu, 2010; Ringrose, Matheson,
Tempest, & Boyle, 1990; Scanlon, Caylor, Manfreda, Levin, & Rodriguez-Iturbe, 2005;
Sekhwela & Yates, 2007; Thenkabail et al., 2004; Thomas & Twyman, 2004) with
analytical methods that allow both temporal and spatial specificity, at a scale unusual in
resilience or land change science. In addition, the real strength lies in the statistical
significance testing we applied and developed for these metrics, making continuous
vegetation metrics more useful as a management and research tool. For complete details
of the theoretical development and background of the persistence metrics, see Waylen
et al. (2014).

We utilized the newly available GIMMS3g NDVI data that were generated from
NOAA’s AVHRR in the framework of the Global Inventory Monitoring and Modeling
System (GIMMS) project at the NASA Goddard Space Flight Center. The data set spans
from July 1981 to December 2011, and has a spatial resolution of around 8 km, and a
temporal resolution of about 15 days. Despite the corrections and temporal compositing,
the GIMMS3g data still contain residual invalid measurements, well indicated by quality
flags. Any pixel with a time series having less than 80% high-quality data points (flag = 1
and flag = 2) through the whole time span was excluded from our analysis. For the time
points with ‘poor’ quality (flag > 2), we used a gap-filling procedure to interpolate the
NDVI values of these time points (Jin et al., 2013).

Monthly NDVI data compiled from biweekly GIMMS3g NDVI time series using
maximum value composite are aggregated to boreal seasons: DJF (winter) = December,
January, February; MAM (spring) = March, April, May; JJA (summer) = June, July,
August; SON (autumn) = September, October, November, as these allow for analysis
across major wet/dry and warmer/cooler periods, under conditions of grouped months
exhibiting similar patterns, rather than 12 monthly or 1 annual time step that makes no
sense across hemispheres or water years. These 3-month blocks, linked to boreal seasons
and therefore drivers of vegetation dynamics, are those used in global climatic studies,
allowing for comparability and are the best representation of seasons, regardless of
hemispheres and drivers or locational differences.

To detect inter-annual changes of NDVI in a spatially explicit manner, a simple metric,
directional persistence, or D, is computed and predetermined critical levels of statistical
significance applied to maps of the metric derived over the period of record (Waylen et al.,
2014 discuss this methodology and its development in detail). This measure, D, is the
cumulative direction of change over the time series relative to the fixed benchmark
observation of NDVI, during a sequence of observations of a particular month, j, and is
derived as

Dj ¼
Xn�1

i¼1

ti;j

Vcrit < Vi;j : ti;j ¼ þ1

Vcrit > Vi;j : ti;j ¼ �1

where Vi,j is the monthly NDVI, in year i, month j. As an example, Vcrit is the critical
benchmark NDVI value for observations made in October (j = 10). A value of +1 is
assigned to ti,j when the pixel for that year and month records a value of NDVI greater
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than the critical observation, and −1 for observations less than. Theoretically, as NDVI is a
continuous variable bounded by −1 and +1, identical values of NDVI are impossible.

The seasonal baseline values are computed between 1982 and 1986 for comparison to
the 23 subsequent seasonal NDVI values. The selection of a baseline is necessary in any
sort of comparative study of this type. In this case, the baseline contains both the warm
phase event of 1982–1983 and the ensuing cold phase 1983–1986 (http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml). Not all regions exam-
ined in this study experience an impact from ENSO, and those that do may experience
opposing signs of response; however, by taking a period that encompasses both the warm
and cold phases of ENSO, it is hoped that any such impacts will tend to be offsetting,
while providing as long a period as possible for subsequent analysis. This baseline also
represents the beginning of this time-series availability, and the post-1970s climatic shift
that occurred globally. Assessment of significant change from the NDVI baseline depends
upon the persistent occurrence of positive or negative scores over a number of years. This
sequence of scores can be summed to create an index of ‘directional persistence’, D,
which measures the stability or permanence of a change in NDVI that may indicate
changes in vegetation cover and/or vigor.

The significance and permanence of the change in NDVI, and by inference in
vegetation, may be measured by summing the scores from each year to form D. If change
occurs immediately and is uniformly persistent over the 23 years post the baseline period,
then D can have a maximum value of 23 or a minimum value of −23. One of the
innovations of this developed methodology is the associated statistical significance testing
of this continuous data product (often a limitation in the use of continuous vegetation
indices), which allows the determination of change at differing (and user controlled) levels
of significance. The approach gives pixel level significance for the entire landscape and its
theoretical basis and development can be read in full detail in Waylen et al. (2014).
Predetermined critical levels of statistical significance highlight the nature and areal extent
of major changes in the landscape, beyond that which might be expected at random, and
which are possibly indicative of degradation or other changes (see Waylen et al., 2014;
Gibbes et al., 2014; Tsai, Southworth, & Waylen, 2014; for more details). For 23 years of
record, the critical value of D (α = 0.025) is ±11 (Waylen et al., 2014). Therefore, in this
analysis, the aggregate direction of change must represent a minimum of 11 years of
unidirectional deviation of NDVI from the baseline or sufficient years to reach a sum of
±11 if some years have an opposite deviation. This analysis permits an objective identi-
fication of the persistence of changes in vegetation cover and vigor as measured by NDVI,
as an indicator of photosynthetic activity. In this study, the occurrence and persistence of
such changes is explored in global savanna systems across the last 28 years, highlighting
only those regions of statistically significant change using this novel and rigorous
approach to landscape study.

2.3. Savanna change: syndromes that relate to directional persistence

Savannas, grasslands, and shrublands have certain characteristic geographical locations,
vegetation properties, and are subject to distinct stresses and disturbances. These vast
areas also exhibit substantial natural inter- and intra-annual variation. The NDVI is a
specific indicator of photosynthetic activity. Therefore, it is reasonable to define the major
types of changes in vegetation cover and vigor, or syndromes, that can plausibly be linked
to a persistent increase or decrease in seasonal NDVI as defined by D.

14 J. Southworth et al.
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Significant net positive directional persistence (D > 11) could indicate

(a) Syndrome 1: woody thickening – thickening of woody components in natural
systems subject to change in grazing, fire, and climate interactions since this
results in more photosynthetically active canopy cover.

(b) Syndrome 2: increasing precipitation – increase in rainfall (frequency, amount,
distribution, etc.) since this increases amount and longevity of green foliage.

(c) Syndrome 3: conversion to improved pasture – conversion of native grasslands to
improved pastures with addition of fertilizer nutrients since introduced grasses,
either European/Mediterranean temperate or African tropical species, tend to have
higher photosynthetic responses and greener foliage with obligate N fertilizer
requirement.

(d) Syndrome 4: conversion to irrigated agriculture – clearing and development of
intensive irrigated cropping and center pivot systems since this results in localized
patches of vegetation cover with very high photosynthetic activity.

Significant negative directional persistence (D < −11) could indicate

(a) Syndrome 5: conversion to dryland agriculture – clearing of woody savanna
and conversion to dryland agriculture or dryland livestock production since
this removes woody photosynthetic canopy and changes landscape water
balances.

(b) Syndrome 6: decreasing precipitation – decreases in rainfall (frequency, amount,
distribution, etc.) since this reduces the amount and longevity of green foliage.

(c) Syndrome 7: overutilization of natural vegetation – desertification of natural
systems due to overutilization of forage and/or wood resources since this leads
to vegetation decline, reduced photosynthetic cover fractions, and higher bare
ground cover fractions.

2.4. Climatic data

Precipitation data (Willmott & Matsuura, 2001), representing an interpolated surface
based on precipitation stations from the Global Historical Climate Network and the
archive of Legates and Willmott (1990), characterize the principal driver of vegetation
growth. Monthly precipitation data spanning 1900–2010 have continental coverage
only. Using ArcGIS 10.2 we converted the netcdf of monthly precipitation bands to
gridded tiffs and used ArcGIS model builder to construct the mean from 1982 to 1986
and from 1987 to 2010 by summing the monthly data to yearly grids then determining
the mean of the years of interest. The change in mean annual precipitation between the
two periods is generated by taking simple differences in the raster calculator and is
thus a simple proxy for possible change in precipitation patterns globally to refer to
here. Note, however, that these data are given at an annual time step and compared to
seasonal change, and as such, statistical comparisons and one-to-one comparison is not
advisable.

3. Results

Figures 2–5 illustrate the value of D across the global grasslands and savannas. Pixels of
nonsignificant change (−11 to +11) are shown in beige, significant positive persistence is
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shown in green, and significant negative persistence in purple. Numbers of significant
pixels are tabulated by continent and season, expressed as the proportion of savanna
landscapes, by type, undergoing significant directional change (both positive and nega-
tive), as illustrated in Tables 2–8.

3.1. MAM: March, April, May (boreal spring)

There are moderate changes in D throughout most savanna regions for MAM (Figure 2).
Significant positive values for D are found in Brazil, Paraguay, Botswana, Tanzania,
Romania, Georgia, and Kazakhstan. There are few areas of significantly negative D values
in portions of Argentina, Angola, North America, the Sudan and Chad. There appear to be

Figure 2. NDVI-based vegetation persistence analysis for MAM: March, April, May. Pixels of
nonsignificant change (−11 to +11) are shown in beige, significant positive persistence is shown in
green (maximum +23), and significant negative persistence in purple (minimum −23).

Figure 3. NDVI-based vegetation persistence analysis for JJA: June, July, August. Pixels of
nonsignificant change (−11 to +11) are shown in beige, significant positive persistence is shown
in green (maximum +23), and significant negative persistence in purple (minimum −23).

16 J. Southworth et al.
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no major differences between the Northern and Southern Hemispheres for this period,
although these hemispheres do differ in the other three seasons analyzed.

3.2. JJA: June, July, August (boreal summer)

The geographical patterns of D are more distinct and clumped across for the JJA period
(Figure 3). Areas with negative D values are more extensive and more pixels are
statistically significant than in MAM period (Figure 2). Southern Hemisphere locations
(Argentina, Australia, and Angola, Horn of Africa) all show negative D values. By
contrast, boreal locations, the temperate savannas of North America and Russia, along
with northern sub-Saharan Africa, all show positive D values. In general, there is a global

Figure 4. NDVI-based vegetation persistence analysis for SON: September, October, November.
Pixels of nonsignificant change (−11 to +11) are shown in beige, significant positive persistence is
shown in green (maximum +23), and significant negative persistence in purple (minimum −23).

Figure 5. NDVI-based vegetation persistence analysis for DJF: December, January, February.
Pixels of nonsignificant change (−11 to +11) are shown in beige, significant positive persistence
is shown in green (maximum +23), and significant negative persistence in purple (minimum −23).
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pattern of positive D values in the Northern Hemisphere, and negative D values in the
Southern Hemisphere for the JJA period (Figure 3).

3.3. SON: September, October, November (boreal autumn)

The values of D for the SON period (Figure 4) generally reflect those of JJA (Figure 3),
but with more pronounced positive persistence over the northern sub-Saharan region. The
same Southern Hemisphere locations show consistent negative D values. As for the JJA
period, the global pattern of D values is generally positive for the Northern Hemisphere,
and generally negative in the Southern Hemisphere (Figure 4).

Table 2. Global patterns of NDVI vegetation persistence for all savanna types and across seasons.

Tropical and subtropical Temperate Flooded

Months

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

MAM 5.6 27.4 4.4 25.3 6.2 39.0
JJA 14.7 15.0 6.6 30.8 8.3 23.1
SON 23.9 12.4 11.8 22.7 27.9 13.8
DJF 6.0 26.8 45.2 11.8 46.8 23.9

Table 3. Patterns of percentage changes in NDVI vegetation persistence for African savanna types
across all seasons.

Tropical and subtropical Flooded

Months
Percentage

significantly negative
Percentage

significantly positive
Percentage

significantly negative
Percentage

significantly positive

MAM 28.1 47.3 13.0 50.6
JJA 23.8 52.9 11.5 56.4
SON 24.7 55.6 23.8 45.3
DJF 19.5 53.9 13.9 57.4

Table 4. Patterns of percentage changes in NDVI vegetation persistence for Asia’s savanna land-
scapes across all seasons.

Tropical and subtropical Temperate Flooded

Months

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

MAM 0.6 44.0 2.4 34.0 9.0 15.2
JJA 8.0 8.4 3.8 34.2 9.8 29.8
SON 0.2 26.9 2.2 29.8 5.6 25.1
DJF 1.2 28.4 20.9 6.1 34.3 3.7

18 J. Southworth et al.
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3.4. DJF: December, January, February (boreal winter)

The value of D was mostly positive for the DJF period, with only limited regions of
negative values (Figure 5). The few areas of negative D values were once again regions of
Argentina, highlighting that this region exhibits a persistent negative change in D com-
pared to the baseline period, no matter what season is studied. The temperate savanna
regions across Russia also exhibited negative D values. The sub-Saharan region along
with some regions of southern Africa, Brazil, and the temperate savanna regions of North

Table 5. Patterns of percentage changes in NDVI persistence across North and South America
across all seasons.

Tropical and subtropical Temperate Flooded

Months

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

Percentage
significantly
negative

Percentage
significantly
positive

North America
MAM 0.75 49.8 6.0 20.0 14.4 16.0
JJA 8.5 10.7 2.6 35.9 27.9 35.3
SON 0.0 54.6 1.0 49.7 2.5 49.6
DJF 4.0 30.8 7.5 22.4 2.0 47.8

South America
MAM 4.0 31.6 8.6 12.2 2.5 52.5
JJA 12.3 14.6 28.0 5.5 5.9 14.4
SON 22.5 10.6 16.1 4.5 24.3 6.8
DJF 4.3 29.8 10.7 14.8 1.3 34.1

Table 6. Patterns of percentage changes in NDVI persistence for Australia across all seasons.

Tropical and subtropical Temperate

Months
Percentage

significantly negative
Percentage

significantly positive
Percentage

significantly negative
Percentage

significantly positive

MAM 2.8 13.5 7.9 6.1
JJA 17.2 4.7 12.5 14.1
SON 27.6 2.2 17.3 7.5
DJF 2.6 14.3 19.2 7.9

Table 7. Patterns of percentage changes in NDVI persistence for Oceania
(commonly associated with Australia) across all seasons.

Temperate

Months
Percentage significantly

negative
Percentage significantly

positive

MAM 5.6 9.2
JJA 4.4 12.3
SON 5.8 15.4
DJF 7.5 10.8
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America again exhibit the same positive D values highlighted for the JJA and SON
periods.

In general, the geographical patterns of vegetation change as indicated by positive
or negative D are echoed across seasonal periods (Figures 2–5), but also highlight
some specific regional differences in positive and negative vegetation persistence over
the last 23 years. Even within a region contrasting patterns can be seen side by side.
This analysis provides a unique view of vegetation cover change in savanna regions
globally. Overall, a generally positive pattern of vegetation persistence in the Northern
Hemisphere, and generally negative pattern of vegetation persistence in the Southern
Hemisphere does appear for all periods aside from MAM, representing a significant
global occurrence.

3.5. Relationship between vegetation persistence and overall shifts in mean annual
precipitation

A likely natural cause of large-scale changes in vegetation in savanna biomes is change in
precipitation (Botta, Viovy, Ciais, Friedlingstein, & Monfray, 2000; Campo-Bescós,
Muñoz-Carpena, Kaplan, et al., 2013; Campo-Bescós, Muñoz-Carpena, Southworth,
et al., 2013; Chidumayo, 2001; Dye & Walker, 1987; Prins & Loth, 1988; Scholes &
Archer, 1997; Scholes et al., 2002). Although here we use annual precipitation over a
calendar year, which would divide the austral summer rainy season, this has little effect on
the calculation and comparisons of the means in the two time periods (1982–1986 and
1987–2010). Caution should, however, be employed when relating annual precipitation
totals to season persistence measures. Given that precipitation regimes in most savanna
regions are dominated by the summer maximum, and mean annual totals provide a
reasonable, easily computed, proxy for seasonal totals, this simple comparison between
global vegetation persistence and general trends in precipitation over these time periods
seemed appropriate. Therefore, changes in mean annual precipitation over this same time
period are calculated over the limits of the savanna biomes (Figure 6) to compare to the
trends visible in the vegetation persistence analyses (Figures 2–5).

One immediately striking result is that of the positive persistence of NDVI, that is,
greening, in the northern sub-Saharan region in Africa, which may correspond to this
increasing trend of precipitation also found in some southern African countries (Figure 6,
compared to Figures 2–5). The temperate savanna regions have differing trends across
seasons, and in the Russian versus North American regions, but both areas coincide with
regions of declining precipitation, perhaps explaining the negative vegetation persistence

Table 8. Patterns of percentage changes in NDVI persistence for European
savanna ecosystems across all seasons.

Temperate

Months
Percentage significantly

negative
Percentage significantly

positive

MAM 0.5 51.3
JJA 0.8 48.2
SON 0.6 40.1
DJF 10.4 22.8

20 J. Southworth et al.
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patterns in the Northern Hemisphere DJF (boreal winter) and MAM (boreal spring)
seasons (Figure 6 compared to Figures 2 and 5). Northeastern regions of Australia also
experienced decreasing precipitation across this period, compared to northern Australia,
which experienced increased precipitation, and again this probably explains these overall
positive and negative vegetation persistence patterns we see here (Figure 6, compared to
Figures 2–5). Brazil has areas of positive vegetation persistence, which have coincided
with declining precipitation and so does not seem to follow this trend. Argentina does
show significant decline in precipitation, but not always in areas coinciding with negative
persistence.

Precipitation is not the only driver of vegetation change in savanna regions, just
the most obvious for such a broad study as is presented here. Other possible causes
of negative NDVI persistence may relate to conversion of savanna regions to dryland
agriculture or livestock production and desertification, again often in association
with agricultural practices, such as overgrazing. In both Brazil and Argentina,
conversion of land cover to intensive agricultural systems is probably a major
contributing factor to these overall trends in vegetation persistence over time and
season (especially as relates to agricultural production systems). Other climatic
variables, such as temperature (Campo-Bescós, Muñoz-Carpena, Kaplan, et al.,
2013), have also been found to be important drivers, as have fire, herbivory, and
of course, humans (Bond, 2008; Furley, Proctor, & Ratter, 1992; House, Archer,
Breshears, & Scholes, 2003; Jeltsch et al., 2000; Owen-Smith & Cooper, 1987;
Trollope, 1982; Young & Solbrig, 1993). This preliminary analysis does show
symmetry between the overall patterns of positive and negative vegetation persis-
tence and precipitation changes over this time period. In addition, areas of increasing

Figure 6. Changes in precipitation for the global savanna regions, from the 1980s to present.
Results are shown as differences from 1982–1986 compared to 1987–2010.
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agricultural intensification and production systems also stand out clearly, indicating
further study of such important biomes is greatly needed.

3.6. Patterns of vegetation persistence by biome and savanna and grassland type

In this study, we presented a global analysis of almost 30 years of the changing face of
vegetation persistence in savanna ecosystems. In our analysis of significant persistence
patterns, we found that 8,000,000–11,000,000 km2 of savanna and grassland experienced
negative vegetation persistence during each season, while 20,000,000–23,000,000 km2

underwent positive vegetation persistence during each season. While traditional land
change analyses would lead us to assume that a negative pattern denotes loss of habitat,
and positive persistence, a gain, in this case, we may instead be measuring the transition
between fluctuating states of vegetation cover. As was discussed in Section 2.3, a positive
pattern of vegetation persistence could be a result of increasing precipitation, but could
also be due to thickening of woody growth (bush encroachment), or to conversions of
native savanna and grassland to agricultural production systems using irrigation, non-
native grass species, and fertilizers. Likewise, a pattern of negative vegetation persistence
relative to the baseline conditions may relate to decreasing precipitation resulting in a
decrease in biomass or may be the result of such processes as dryland agriculture or
livestock conversion or desertification. Thus, the impact of savanna vegetation change, as
a result of different drivers, such as precipitation, land conversion, etc., may produce
divergent responses, depending on the region, and this broader scale analysis cannot
determine these more local-scale drivers. Additional work is needed in these regions in
order to focus in on the drivers of change, and therefore possible management or policies
that may help. This broader focus allows us to compare savanna regions globally, address
their change in vegetation persistence since the eighties, and to highlight areas in need of
more focused research.

3.6.1. Africa

In Africa, savannas are represented by both the tropical and subtropical, comprising a total of
13,924,104 km2, and the flooded savannas of the Zambezi and Sahel (Figure 1 and Table 1).
We saw that in both of these savanna types a larger proportion experienced significant
positive vegetation persistence, in all seasons, than significant negative persistence patterns
(Table 3). These differences in proportions ranged from twice as much area experiencing
positive vegetation persistence as negative – in flooded savannas in SON, the cool dry season
in much of African savannas – to five times as much during JJA (Table 3). When we examine
the precipitation changes taking place over the same time period on these landscapes
(Figure 6), it suggests that the majority of this dramatic positive vegetation persistence
may be driven by increased precipitation, largely in the northern sub-Saharan band, where
wetter trending precipitation and SON positive vegetation persistence patterns are contem-
poraneous. Interestingly, in other seasons (DJF, MAM, JJA), a higher proportion of the
flooded savanna (more than half of the total area) experienced significant positive vegetation
persistence than the tropical and subtropical, and a lower proportion of negative vegetation
persistence. This points to different dynamics occurring in the flooded savannas, whose
spatial configuration means they experienced both an increase in precipitation (further north),
and decreasing precipitation trends (in Eastern Africa). Overall in the African savannas, the
negative vegetation persistence locales, most obviously visible in SON (Figure 4), corre-
spond to areas with decreasing trends in precipitation (Figure 6).
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3.6.2. Asia

The Asian savannas comprise all three types, spanning a large geographic range, despite
being patchily distributed across latitude. We saw that the tropical and subtropical
savannas had significant positive vegetation persistence patterns across larger proportions
than those with negative vegetation persistence patterns, in three seasons. In JJA, positive
persistence declined to roughly 8% of the area, while negative persistence climbed to
roughly 8% of the area. The temperate savannas of Asia experienced a mix of positive and
negative significant persistence, with upward of 30% of the area showing positive
persistence in three seasons, with a corresponding 2–4% of the area experiencing negative
persistence during those seasons, except in DJF, this reversed, such that 20% of the area
experienced negative persistence, while only 6% experienced positive. This likely reflects
the seasonality of temperate boreal winter across a large proportion of the savannas. The
flooded savannas showed a similar, but more balanced signal of positive and negative
persistence in SON, MAM, and JJA, with a similar switch in DJF. Taken as a whole, this
suggests that the impact of DJF on temperate and flooded savannas in Asia contributes to
negative persistence, but that overall there is a greater proportion of area experiencing
positive vegetation persistence.

The precipitation patterns for Asian savannas show a tendency toward wetter trends in
the more temperate regions, with a drying trend in the tropical and subtropical parts; the
wetter trends likely swamp out signals of drying in the temperate areas, while the tropical
and subtropical savannas are likely experiencing a mix of dynamics. As with most global
savanna landscapes, there is a strong human–environment connection across Asian
savannas. Human-induced pressures on these systems range from massive irrigation
schemes (likely to result in positive vegetation persistence patterns), to grazing pressure
on rangelands (Lioubimtseva, Cole, Adams, & Kapustin, 2005) (likely to result in
negative vegetation persistence). Overall, we see through this analysis and the literature
that in Asian savannas the human footprint is leading to changes in vegetation dynamics
and local- to regional-scale biophysical changes, including modifying surface albedo,
alterations in the water exchange and nutrient cycle, and most well-noted, the desertifica-
tion crisis in the Aral Sea area (Lioubimtseva et al., 2005).

3.6.3. North America

Both North and South America contain all three types of savanna. We see a proportional
majority of positive vegetation persistence, across all seasons, comprising up to 55% of
the area undergoing positive significant vegetation persistence (Table 5). In North
America, we see negative persistence occurring at appreciable proportions exceeding
10%, in the flooded savannas in MAM and JJA. These flooded savannas include those
along the southern US coastal regions – the Everglades and the Texas coast. In the past
30 years, these areas have undergone large-scale management alterations from channeliz-
ing rivers (followed by large-scale protection and restoration), which likely influenced the
vegetation patterns and capacity to respond to precipitation regime alterations. The North
American temperate grasslands and oak savannas – the prairies – have experienced patchy
wetter and slightly drier trends in precipitation over the study period, which suggests that
the significantly positive persistence across 1/5th to one half of its area is consistent.
Much of the patchy pattern of higher vegetation persistence evident in the Great Plains,
especially in JJA, may be indicative of expanded irrigated cropping and dryland corn
expansion at the expense of land previously in the Conservation Reserve Program. Prairie
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ecoregions in the United States continue to be threatened by anthropogenic land conver-
sion to agriculture, cattle grazing, and sprawl.

3.6.4. South America

In South America, the lowest proportions of positive vegetation persistence across the
three savanna types occurred in SON. There was a marked increase in the percentage of
the tropical, subtropical, and flooded savannas experiencing negative vegetation persis-
tence. In the South American savannas, there is clear geographic segregation of the
temperate savannas and the tropical/flooded. The temperate savannas – the pampas –
cover a large swath of Argentina, extending through Uruguay, and into southern Brazil,
and are large, fertile lowland plains. The southern portion is semiarid, and moving
northward, gives way to semi-humid and warmer climes. This southern savanna portion
of South America has experienced trends toward more precipitation to the west and south,
but tending toward decreasing precipitation in the east and north. The lower latitudes
mean that we see a peak area of negative vegetation persistence patterns in boreal summer
(JJA), similar to that seen in the Asian plains in boreal winter. The relatively low
proportion of areas showing significant directionality in other seasons suggests that this
is a rather stable savanna system across this time period of study (i.e., since the early
1980s). However, it is important to note that the Argentine pampas is important to
agriculture, as it is highly fertile cropland, and is increasingly being used to graze cattle;
in addition, it provides fantastic vineyard land around Buenos Aires. Since it is primarily a
fire-governed system, which suppresses tree growth, there is high potential for this land to
be transformed toward a bush encroachment state if fire suppression is favored for cattle
ranching and farming (Bond, 2008; Bond & Keeley, 2005; Mayer & Khalyani, 2011;
Sheuyange, Oba, & Weladji, 2005).

The tropical/flooded savannas of continental South America occur in the central and
north, flanking the Amazon region. These areas have experienced declining precipitation,
showing some of the most extreme alterations in precipitation over the study period
(Figure 6). The predominant pattern is toward greater proportions of the area experiencing
positive vegetation persistence, but with substantial (>20%) negative persistence also
evident in SON, suggesting that this region is susceptible to climate shifts that are subtly
reflected in different seasons.

3.6.5. Australia

In Australia, home to both the tropical, subtropical, and temperate savannas, we saw that
the northern tropical savannas experienced some of the larger trends toward wetter
climates over the study period, yet it experienced some of the lower proportions of area
undergoing significant directional vegetation change over the study period (Table 7). The
largest was seen in SON, with negative persistence over 27% of the savanna area,
comparable in proportion to the tropical and subtropical savanna areas of both Africa
and South America, hinting at a global trend in tropical savanna vegetation patterns in
SON, over this study period. Australia and Oceania both contain temperate savannas,
which underwent some directional vegetation change over the study period, but neither
exhibited this across substantial proportions (all lower than 20%), nor with pronounced
seasonality (Tables 6 and 7). At a broad scale, the temperate savannas of Australia and
Oceania did not experience marked changes in precipitation trends, except the south-
western coast of New Zealand, which has become drier over the study period (Figure 6).
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New Zealand is particularly vulnerable to the effects of climate change, in the form of
increasing temperatures, due to the absence of aerosolized sulfates in the South Pacific
(Zheng, Basher, & Thompson, 1997). Its annual temperature increase is measured to be
approximately twice that of the global norm, so it is perhaps not surprising that the
precipitation patterns on the Southern coast are in line with a rapidly warming landscape.
This suggests that the temperate grasslands of the South Island of New Zealand are highly
vulnerable, while exhibiting considerable resilience over the past 30 years.

3.6.6. Europe

The European temperate savannas experienced significant positive vegetation persistence
over a greater proportion of area than negative, in every season, with a peak in MAM, as
expected (Table 8). The overwhelming signal of positive vegetation persistence corre-
sponds to wetter trends in precipitation over the study period, and may also signal
increasing protection for these landscapes, or indicate human conversion to more produc-
tive agricultural systems (i.e., increasing vegetation cover through use of irrigation and
fertilizers).

4. Conclusions

This study focuses on the current status of vegetation cover in global savanna ecosystems,
utilizing a monthly time series of remotely sensed data and a rigorous methodological
framework, which monitors persistence of the original vegetation state. As such, it
depends upon a baseline established by the initial years of the available archive of
imagery to define the signal associated with the ‘original’ state. In this study, the data
timeline starts in 1982. This postdates the temperate savanna and grassland conversions to
agriculture, and much of the development of tropical grass pastures, as well as the origins
of woody encroachment in Australia, Southern United States, and parts of Africa.
However, it coincides with rapid conversion of savannas in Brazil, and tracks the rapid
changes in economies in Africa that increase potential for land use change, and rapid rise
in atmospheric CO2 concentration that favors woody plants, leading to increasing mani-
festations of climate change.

With the exception of MAM, which is mixed, the pattern of vegetation persistence in
the Northern Hemisphere is almost exclusively positive, and in the Southern Hemisphere
is negative. This is a significant finding, and perhaps highlights the increasing vulner-
ability of the Southern Hemisphere savanna landscapes over the past 30 years, either from
changing precipitation regimes, for example, southern Africa, or agricultural pressures and
conversions, for example, South America. The goal of this research was to provide an
overview of global savanna systems, and, in order to understand all the drivers and
dynamics at the necessary spatial and temporal scale, more in-depth case study work is
needed. We have highlighted some significant patterns in vegetation cover persistence
since the baseline period, here presented as persistence of NDVI since the mid-1980s, and
helped highlight regions of seemingly increasing system resilience, and those of increased
vulnerability. Increasingly, threats to savanna landscapes and other drivers of change link
to bush encroachment, climate induced changes, the growing human population, and the
need to feed this increasing population. Savanna regions throughout the world are areas of
crop growth, and hence land conversions, across this time period. Additionally, the
significant decrease in annual precipitation globally during this same period of study
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(1982–1986 compared to 1987–2010) highlights how important precipitation is as a driver
of these ecosystems.

This research used directional persistence analysis to identify areas with significant
change in the global savanna systems and to facilitate a more detailed understanding of
such ecosystems. We did this by expanding change analysis beyond trend detection, to
include identification of changes that are different from what might be expected at
random. One significant contribution of this research is the testing of this rigorous
approach to the study of vegetation globally, especially in association with the develop-
ment of tools to measure statistical significance of the persistence metric, at a pixel level
(Waylen et al., 2014). Comparing to other trend detection methods appearing in the
literature such as Mann–Kendall test, Seasonal Trend Analysis, and Breaks for Additive
Seasonal and Trend, the proposed metric is easily calculated and fairly easy to test,
without recourse to particularly high-powered statistical methods (De Jong, Verbesselt,
Zeileis, & Schaepman, 2013; Eastman, Sangermano, Machado, Rogan, & Anyamba,
2013; Waylen et al., 2014). In addition, the use of linear regression analysis for estimating
trends in NDVI time series is simple, but it often violates statistical assumptions such as
the independence of observations, due to temporal autocorrelation or homogeneity (Forkel
et al., 2013). Many studies have calculated trends based on annual time steps from
annually or seasonally aggregated values. However, this paper detected vegetation persis-
tence patterns, compared to a baseline period, for four seasons in global savanna land-
scapes, which is helpful to ascertain which season contributes more to annual change. The
newly available AVHRR GIMMS NDVI data from 1981 to 2011 has been used for local-
to global-scale vegetation time-series studies as can be seen from the special issue of the
journal Remote Sensing: ‘Monitoring Global Vegetation with AVHRR NDVI3g Data
(1981–2011)’. This data set has proven compatible with Terra MODIS NDVI data,
which is considered an improvement over AVHRR-derived NDVI product (Fensholt &
Proud, 2012). Savanna systems do not fall within the areas such as equatorial areas
(broadleaved, evergreen forest), Arctic areas (sparse herbaceous or sparse shrub cover),
and arid areas (herbaceous cover), where larger differences were found between MODIS
NDVI and GIMMS3g NDVI data (Fensholt & Proud, 2012). Our persistence analysis
supports vegetation dynamics research findings at broader scales. For example, we find
evidence to support the increase in net primary production in North America, Western
Europe, and China, which was dominantly driven by climate change, as an increase in air
temperature and precipitation, elevated solar radiation, and the lengthening of the growing
season (Myneni, Keeling, Tucker, Asrar, & Nemani, 1997; Nemani et al., 2003), the
greening trend in African Sahel during the past 30 years as a result of the increase in
precipitation (Fensholt et al., 2012, 2013), and the universal decrease in net primary
productivity in southern Africa (Zhu & Southworth, 2013), which in our analyses are seen
as significant positive and negative vegetation persistence patterns.

This research provides a firm foundation for more in-depth analyses and highlights the
utility of this time series-based remote sensing approach. Traditional approaches utilizing land
cover classifications would be unable to differentiate such global patterns and would only
highlight conversion of systems across the study period. This directional persistence,D, can be
utilized to understand dynamics and highlight areas of vulnerability based on the patterns of
positive and negative vegetation persistence over time. In addition, the user can assign
statistical significance, at a pixel scale, for the persistence measure D. Such a rigorous and
innovative approach is a useful contribution to the study of vegetated systems globally and sets
the stage for more in-depth work on regional and local drivers, and threats to these systems.

26 J. Southworth et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 



Acknowledgements
There are multiple people and organizations that made this publication possible and the authors wish
to express their gratitude. The authors wish to express gratitude to the authors of the climatological
data used in this study, UDel_AirT_Precip data provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd.

Disclosure statement
No potential conflict of interest was reported by the authors.

Funding
This research was made possible by funding from the NASA LCLUC program; proposal
NNX09AI25G: Understanding and Predicting the Impact of Climate Variability and Climate
Change on Land Use and Land Cover Change via Socio-Economic Institutions in Southern Africa.

References
Acocks, J. P. H. (1964). Karoo vegetation in relation to the development of deserts. Ecological

Studies of Southern Africa, 1964, 100–112.
Acocks, J. P. H. (1975). Veld types of South Africa. Memoirs of the Botanical Survey of South

Africa, 40, 1–128.
Archer, S., Schimel, D. S., & Holland, E. A. (1995). Mechanisms of shrubland expansion: Land use,

climate or CO2? Climatic Change, 29(1), 91–99. doi:10.1007/BF01091640
Archer, S., Scifres, C., Bassham, C. R., & Maggio, R. (1988). Autogenic succession in a subtropical

savanna: Conversion of grassland to thorn woodland. Ecological Monographs, 58(2), 111–127.
doi:10.2307/1942463

Barnard, P., Brown, C. J., Jarvis, A. M., Robertson, A., & Van Rooyen, L. (1998). Extending the
Namibian protected area network to safeguard hotspots of endemism and diversity. Biodiversity
and Conservation, 7(4), 531–547. doi:10.1023/A:1008831829574

Bond, W. J. (2008). What limits trees in C4 grasslands and savannas? Annual Review of Ecology,
Evolution, and Systematics, 39, 641–659. doi:10.1146/annurev.ecolsys.39.110707.173411

Bond, W. J., & Keeley, J. E. (2005). Fire as a global ‘herbivore’: The ecology and evolution of
flammable ecosystems. Trends in Ecology & Evolution, 20(7), 387–394. doi:10.1016/j.
tree.2005.04.025

Botta, A., Viovy, N., Ciais, P., Friedlingstein, P., & Monfray, P. (2000). A global prognostic scheme
of leaf onset using satellite data. Global Change Biology, 6(7), 709–725. doi:10.1046/j.1365-
2486.2000.00362.x

Brown, J. R., & Carter, J. (1998). Spatial and temporal patterns of exotic shrub invasion in an
Australian tropical grassland. Landscape Ecology, 13(2), 93–102. doi:10.1023/
A:1007939203931

Campbell, B. M. (Ed.). (1996). The Miombo in transition: Woodlands and welfare in Africa. Bogor:
Center for International Forestry Research (CIFOR).

Campo-Bescós, M. A., Muñoz-Carpena, R., Kaplan, D. A., Southworth, J., Zhu, L., & Waylen, P. R.
(2013). Beyond precipitation: Physiographic gradients dictate the relative importance of envir-
onmental drivers on savanna vegetation. Plos One, 8(8), e72348. doi:10.1371/journal.
pone.0072348

Campo-Bescós, M. A., Muñoz-Carpena, R., Southworth, J., Zhu, L., Waylen, P. R., & Bunting, E.
(2013). Combined spatial and temporal effects of environmental controls on long-term monthly
NDVI in the southern Africa Savanna. Remote Sensing, 5(12), 6513–6538. doi:10.3390/
rs5126513

Chavez, F. P., Ryan, J., Lluch-Cota, S. E., & Ñiquen, M. (2003). From anchovies to sardines and
back: Multidecadal change in the Pacific Ocean. Science, 299(5604), 217–221. doi:10.1126/
science.1075880

Chidumayo, E. N. (2001). Climate and phenology of savanna vegetation in southern Africa. Journal
of Vegetation Science, 12, 347–354. doi:10.2307/3236848

Journal of Land Use Science 27

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://www.esrl.noaa.gov/psd
http://dx.doi.org/10.1007/BF01091640
http://dx.doi.org/10.2307/1942463
http://dx.doi.org/10.1023/A:1008831829574
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173411
http://dx.doi.org/10.1016/j.tree.2005.04.025
http://dx.doi.org/10.1016/j.tree.2005.04.025
http://dx.doi.org/10.1046/j.1365-2486.2000.00362.x
http://dx.doi.org/10.1046/j.1365-2486.2000.00362.x
http://dx.doi.org/10.1023/A:1007939203931
http://dx.doi.org/10.1023/A:1007939203931
http://dx.doi.org/10.1371/journal.pone.0072348
http://dx.doi.org/10.1371/journal.pone.0072348
http://dx.doi.org/10.3390/rs5126513
http://dx.doi.org/10.3390/rs5126513
http://dx.doi.org/10.1126/science.1075880
http://dx.doi.org/10.1126/science.1075880
http://dx.doi.org/10.2307/3236848


Cole, M. M. (1982). The influence of soils, geomorphology and geology on the distribution of plant
communities in savanna ecosystems. In B. J. Huntley & B. H. Walker (Eds.), Ecology of
tropical savannas (pp. 145–174). Berlin: Springer.

Cui, X., Gibbes, C., Southworth, J., & Waylen, P. (2013). Using remote sensing to quantify
vegetation change and ecological resilience in a semi-arid system. System.Land, 2(2), 108–
130. doi:10.3390/land2020108

Dahlberg, A. C. (2000). Vegetation diversity and change in relation to land use, soil and rainfall – A
case study from North-East District, Botswana. Journal of Arid Environments, 44(1), 19–40.
doi:10.1006/jare.1999.0566

De Jong, R., Verbesselt, J., Zeileis, A., & Schaepman, M. E. (2013). Shifts in global vegetation
activity trends. Remote Sensing, 5(3), 1117–1133. doi:10.3390/rs5031117

Downing, T. E., Butterfield, R., Cohen, S., Huq, S., Moss, R., Rahman, A., & Stephen, L. (2000).
Climate change vulnerability: Toward a framework for understanding adaptability to climate
change impacts. Nairobi: UNEP.

Dublin, H. T., Sinclair, A. R. E., & McGlade, J. (1990). Elephants and fire as causes of multiple
stable states in the Serengeti-Mara woodlands. The Journal of Animal Ecology, 59(3), 1147–
1164. doi:10.2307/5037

Dye, P. J., & Walker, B. H. (1987). Patterns of shoot growth in a semi-arid grassland in Zimbabwe.
The Journal of Applied Ecology, 24(2), 633–644. doi:10.2307/2403898

Eakin, H., & Luers, A. L. (2006). Assessing the vulnerability of social-environmental systems.
Annual Review of Environment and Resources, 31(1), 365–394. doi:10.1146/annurev.
energy.30.050504.144352

Eakin, H., Tucker, C., & Castellanos, E. (2006). Responding to the coffee crisis: A pilot study of
farmers’ adaptations in Mexico, Guatemala and Honduras. The Geographical Journal, 172(2),
156–171. doi:10.1111/geoj.2006.172.issue-2

Eastman, J., Sangermano, F., Machado, E., Rogan, J., & Anyamba, A. (2013). Global trends in
seasonality of normalized difference vegetation index (NDVI), 1982–2011. Remote Sensing, 5
(10), 4799–4818. doi:10.3390/rs5104799

Fensholt, R., Langanke, T., Rasmussen, K., Reenberg, A., Prince, S. D., Tucker, C., . . . Wessels, K.
(2012). Greenness in semi-arid areas across the globe 1981–2007 – An earth observing satellite-
based analysis of trends and drivers. Remote Sensing of Environment, 121, 144–158.
doi:10.1016/j.rse.2012.01.017

Fensholt, R., & Proud, S. R. (2012). Evaluation of earth observation-based global long-term
vegetation trends – Comparing GIMMS and MODIS global NDVI time series. Remote
Sensing of Environment, 119, 131–147. doi:10.1016/j.rse.2011.12.015

Fensholt, R., Rasmussen, K., Kaspersen, P., Huber, S., Horion, S., & Swinnen, E. (2013). Assessing
land degradation/recovery in the African Sahel from long-term earth observation based primary
productivity and precipitation relationships. Remote Sensing, 5(2), 664–686. doi:10.3390/
rs5020664

Forkel, M., Carvalhais, N., Verbesselt, J., Mahecha, M. D., Neigh, C., & Reichstein, M. (2013).
Trend change detection in NDVI time series: Effects of inter-annual variability and methodol-
ogy. Remote Sensing, 5(5), 2113–2144. doi:10.3390/rs5052113

Furley, P. A., Proctor, J., & Ratter, J. A. (1992). Nature and dynamics of forest-savanna boundaries.
London: Chapman and Hall.

Gambiza, J. (2001). A primer on savanna ecology (IES Special Report No. 18 2001). Edmonton,
Canada: Institute of Environmental Science, Faculty of Agriculture, Forestry, and Home
Economics.

Gibbes, C., Adhikari, S., Rostant, L., Southworth, J., & Qiu, Y. (2010). Application of object-based
classification and high resolution satellite imagery for savanna ecosystem analysis. Remote
Sensing, 2(12), 2748–2772. doi:10.3390/rs2122748

Gibbes, C., Southworth, J., Waylen, P., & Child., B. (2014). Climate variability as a dominant driver
of post-disturbance savanna dynamics. Applied Geography, 53, 389–401. doi:10.1016/j.
apgeog.2014.06.024

Grecchi, R. C., Gwyn, Q. H., Bénié, G. B., Formaggio, A. R., & Fahl, F. C. (2014). Land use and
land cover changes in the Brazilian Cerrado: A multidisciplinary approach to assess the impacts
of agricultural expansion. Applied Geography, 55, 300–312. doi:10.1016/j.apgeog.2014.09.014

28 J. Southworth et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://dx.doi.org/10.3390/land2020108
http://dx.doi.org/10.1006/jare.1999.0566
http://dx.doi.org/10.3390/rs5031117
http://dx.doi.org/10.2307/5037
http://dx.doi.org/10.2307/2403898
http://dx.doi.org/10.1146/annurev.energy.30.050504.144352
http://dx.doi.org/10.1146/annurev.energy.30.050504.144352
http://dx.doi.org/10.1111/geoj.2006.172.issue-2
http://dx.doi.org/10.3390/rs5104799
http://dx.doi.org/10.1016/j.rse.2012.01.017
http://dx.doi.org/10.1016/j.rse.2011.12.015
http://dx.doi.org/10.3390/rs5020664
http://dx.doi.org/10.3390/rs5020664
http://dx.doi.org/10.3390/rs5052113
http://dx.doi.org/10.3390/rs2122748
http://dx.doi.org/10.1016/j.apgeog.2014.06.024
http://dx.doi.org/10.1016/j.apgeog.2014.06.024
http://dx.doi.org/10.1016/j.apgeog.2014.09.014


Happold, D. C. D. (1995). The interactions between humans and mammals in Africa in relation to
conservation: A review. Biodiversity and Conservation, 4(4), 395–414. doi:10.1007/
BF00058424

Houghton, J. T. (Ed.). (1996). Climate change 1995: The science of climate change: Contribution of
working group I to the second assessment report of the intergovernmental panel on climate
change. Cambridge: Cambridge University Press.

Houghton, R. A., Hackler, J. L., & Lawrence, K. T. (1999). The US carbon budget: Contributions
from land-use change. Science, 285(5427), 574–578. doi:10.1126/science.285.5427.574

House, J. I., Archer, S., Breshears, D. D., & Scholes, R. J. (2003). Conundrums in mixed woody-
herbaceous plant systems. Journal of Biogeography, 30(11), 1763–1777. doi:10.1046/j.1365-
2699.2003.00873.x

Hudak, A. T., & Wessman, C. A. (1998). Textural analysis of historical aerial photography to
characterize woody plant encroachment in South African savanna. Remote Sensing of
Environment, 66(3), 317–330. doi:10.1016/S0034-4257(98)00078-9

Huntley, B. J. (1982). Southern African savannas. In B. J. Huntley & B. H. Walker (Eds.), Ecology
of tropical savannas (pp. 101–119). Berlin: Springer-Verlag.

Huntley, B. J., & Walker, B. H. (Eds.) (1982). Ecology of tropical savannas. Berlin: Springer-
Verlag.

Jeltsch, F., Weber, G. E., & Grimm, V. (2000). Ecological buffering mechanisms in savannas: A
unifying theory of long-term tree-grass coexistence. Plant Ecology, 150(1–2), 161–171.
doi:10.1023/A:1026590806682

Jin, C., Xiao, X., Merbold, L., Arneth, A., Veenendaal, E., & Kutsch, W. L. (2013). Phenology and
gross primary production of two dominant savanna woodland ecosystems in Southern Africa.
Remote Sensing of Environment, 135, 189–201. doi:10.1016/j.rse.2013.03.033

Knoop, W. T., & Walker, B. H. (1984). Interactions of woody and herbaceous vegetation in two
savanna communities at Nylsvley. Journal of Ecology, 73, 235–253. doi:10.2307/2259780

Lamprey, H. F. (1983). Pastoralism yesterday and today: The overgrazing problem. In F. Bourliere
(Ed.), Tropical savannas: Ecosystems of the world (Vol. 13, pp. 643–666). Amsterdam: Elsevier.

Lanfredi, M., Simoniello, T., & Macchiato, M. (2004). Temporal persistence in vegetation cover
changes observed from satellite: Development of an estimation procedure in the test site of the
Mediterranean Italy. Remote Sensing of Environment, 93, 565–576. doi:10.1016/j.
rse.2004.08.012

Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expansion and its impacts on
tropical nature. Trends in Ecology & Evolution, 29(2), 107–116. doi:10.1016/j.
tree.2013.12.001

Legates, D. R., & Willmott, C. J. (1990). Mean seasonal and spatial variability in global surface air
temperature. Theoretical Applications Climatology, 41, 11–21. doi:10.1007/BF00866198

Lioubimtseva, E., Cole, R., Adams, J. M., & Kapustin, G. (2005). Impacts of climate and land-cover
changes in arid lands of Central Asia. Journal of Arid Environments, 62(2), 285–308.
doi:10.1016/j.jaridenv.2004.11.005

Lunetta, R. S., Johnson, D. M., Lyon, J. G., & Crotwell, J. (2004). Impacts of imagery temporal
frequency on land-cover change detection monitoring. Remote Sensing of Environment, 89,
444–454. doi:10.1016/j.rse.2003.10.022

Lunetta, R. S., Knight, J. F., Ediriwickrema, J., Lyon, J. G., & Worthy, L. D. (2006). Land cover
change detection using multi temporal MODIS NDVI data. Remote Sensing of Environment,
105, 142–154. doi:10.1016/j.rse.2006.06.018

Madany, M. H., & West, N. E. (1983). Livestock grazing-fire regime interactions within montane
forests of Zion National Park, Utah. Ecology, 64(4), 661–667. doi:10.2307/1937186

Mayer, A. L., & Khalyani, A. H. (2011). Grass trumps trees with fire. Science, 334(6053), 188–189.
doi:10.1126/science.1213908

McIvor, J. G., Guppy, C., & Probert, M. E. (2011). Phosphorus requirements of tropical grazing
systems: The northern Australian experience. Plant and Soil, 349(1–2), 55–67. doi:10.1007/
s11104-011-0906-8

McPherson, G. R. (1997). Ecology and management of North American Savannas (pp. 208).
Tuscon: The University of Arizona Press.

Misselhorn, A. A. (2005). What drives food insecurity in southern Africa? A meta-analysis of
household economy studies. Global Environmental Change, 15(1), 33–43. doi:10.1016/j.
gloenvcha.2004.11.003

Journal of Land Use Science 29

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://dx.doi.org/10.1007/BF00058424
http://dx.doi.org/10.1007/BF00058424
http://dx.doi.org/10.1126/science.285.5427.574
http://dx.doi.org/10.1046/j.1365-2699.2003.00873.x
http://dx.doi.org/10.1046/j.1365-2699.2003.00873.x
http://dx.doi.org/10.1016/S0034-4257(98)00078-9
http://dx.doi.org/10.1023/A:1026590806682
http://dx.doi.org/10.1016/j.rse.2013.03.033
http://dx.doi.org/10.2307/2259780
http://dx.doi.org/10.1016/j.rse.2004.08.012
http://dx.doi.org/10.1016/j.rse.2004.08.012
http://dx.doi.org/10.1016/j.tree.2013.12.001
http://dx.doi.org/10.1016/j.tree.2013.12.001
http://dx.doi.org/10.1007/BF00866198
http://dx.doi.org/10.1016/j.jaridenv.2004.11.005
http://dx.doi.org/10.1016/j.rse.2003.10.022
http://dx.doi.org/10.1016/j.rse.2006.06.018
http://dx.doi.org/10.2307/1937186
http://dx.doi.org/10.1126/science.1213908
http://dx.doi.org/10.1007/s11104-011-0906-8
http://dx.doi.org/10.1007/s11104-011-0906-8
http://dx.doi.org/10.1016/j.gloenvcha.2004.11.003
http://dx.doi.org/10.1016/j.gloenvcha.2004.11.003


Moleele, N., Ringrose, S., Arnberg, W., Lunden, B., & Vanderpost, C. (2001). Assessment of
vegetation indexes useful for browse (forage) prediction in semi-arid rangelands. International
Journal of Remote Sensing, 22(5), 741–756. doi:10.1080/01431160051060147

Moleele, N. M., Ringrose, S., Matheson, W., & Vanderpost, C. (2002). More woody plants? The
status of bush encroachment in Botswana’s grazing areas. Journal of Environmental
Management, 64(1), 3–11. doi:10.1006/jema.2001.0486

Myneni, R. B., Keeling, C., Tucker, C., Asrar, G., & Nemani, R. (1997). Increased plant growth in
the northern high latitudes from 1981 to 1991. Nature, 386, 698–702. doi:10.1038/386698a0

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., Tucker, C. J., . . . Running,
S. W. (2003). Climate-driven increases in global terrestrial net primary production from 1982 to
1999. Science, 300, 1560–1563. doi:10.1126/science.1082750

Nicholson, S. E. (2000). The nature of rainfall variability over Africa on time scales of decades to
millenia. Global and Planetary Change, 26(1–3), 137–158. doi:10.1016/S0921-8181(00)00040-0

Noy-Meir, I. (1975). Stability of grazing systems: An application of predator–prey graphs. The
Journal of Ecology, 63, 459–481. doi:10.2307/2258730

Noy-Meir, I. (1982). Stability of plant-herbivore models and possible applications to savanna. In
B. J. Huntley & B. H. Walker (Eds.), Ecology of tropical savannas (pp. 591–609). Berlin:
Springer.

Ojima, D. S., Valentine, D. W., Mosier, A. R., Parton, W. J., & Schimel, D. S. (1993). Effect of land
use change on methane oxidation in temperate forest and grassland soils. Chemosphere, 26,
675–685. doi:10.1016/0045-6535(93)90452-B

Oliveira-FilhoA, T., & Ratter, J. A. (2002). Vegetation physiognomies and woody flora of the
Cerrado biome. In P. O. Oliveira & R. J. Marquis (Eds.), The Cerrado of Brazil (pp. 91–120).
New York, NY: Columbia University Press.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V. N., Underwood,
E. C., . . . Kassem, K. R. (2001). Terrestrial ecoregions of the world: A new map of life on earth.
A new global map of terrestrial ecoregions provides an innovative tool for conserving biodi-
versity. BioScience, 51, 933–938. doi:10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2

Owen-Smith, N., & Cooper, S. M. (1987). Palatability of woody plants to browsing ruminants in a
South African savanna. Ecology, 68, 319–331. doi:10.2307/1939263

Polsky, C. (2003). Assessing vulnerabilities to the effects of global change: An eight-step approach.
Cambridge, MA: Belfer Center for Science and International Affairs Working Paper,
Environment and Natural Resources Program, John F. Kennedy School of Government,
Harvard University.

Prins, H. H. T., & Loth, P. E. (1988). Rainfall patterns as background to plant phenology in northern
Tanzania. Journal of Biogeography, 15, 451–463. doi:10.2307/2845275

Prior, L. D., Eamus, D., & Bowman, D. M. J. S. (2003). Leaf attributes in the seasonally dry tropics:
A comparison of four habitats in northern Australia. Functional Ecology, 17, 504–515.
doi:10.1046/j.1365-2435.2003.00761.x

Ringrose, S., Matheson, W., Tempest, F., & Boyle, T. (1990). The development and causes of range
degradation features in southeast Botswana using multi-temporal Landsat MSS imagery.
Photogrammetric Engineering and Remote Sensing, 56(9), 1253–1262.

Ringrose, S., Matheson, W., Wolski, P., & Huntsman-Mapila, P. (2003). Vegetation cover trends
along the Botswana Kalahari transect. Journal of Arid Environments, 54(2), 297–317.
doi:10.1006/jare.2002.1092

Romero-Ruiz, M. H., Flantua, S. G. A., Tansey, K., & Berrio, J. C. (2012). Landscape transforma-
tions in savanans of northern South America: Land use/cover changes wince 1987 in the Llanos
Orientales of Colombia. Applied Geography, 32, 766–776.

Ryan, S. J., Southworth, J., Hartter, J., Dowhaniuk, N., Fuda, R., & Diem, J. (2015). Household
level influences on fragmentation in an African park landscape. Applied Geography, 58, 18-31..
doi:10.1016/j.apgeog.2015.01.005

Sallu, S. M., Twyman, C., & Stringer, L. C. (2010). Resilient or vulnerable livelihoods? Assessing
livelihood dynamics and trajectories in rural Botswana. Ecology and Society, 15, 4.

Sankaran, M., Hanan, N. P., Scholes, R. J., Ratnam, J., Augustine, D. J., Cade, B. S., . . . Zambatis,
N. (2005). Determinants of woody cover in African savannas. Nature, 438(7069), 846–849.
doi:10.1038/nature04070

Scanlon, T. M., Caylor, K. K., Manfreda, S., Levin, S. A., & Rodriguez-Iturbe, I. (2005). Dynamic
response of grass cover to rainfall variability: Implications for the function and persistence of

30 J. Southworth et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://dx.doi.org/10.1080/01431160051060147
http://dx.doi.org/10.1006/jema.2001.0486
http://dx.doi.org/10.1038/386698a0
http://dx.doi.org/10.1126/science.1082750
http://dx.doi.org/10.1016/S0921-8181(00)00040-0
http://dx.doi.org/10.2307/2258730
http://dx.doi.org/10.1016/0045-6535(93)90452-B
http://dx.doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
http://dx.doi.org/10.2307/1939263
http://dx.doi.org/10.2307/2845275
http://dx.doi.org/10.1046/j.1365-2435.2003.00761.x
http://dx.doi.org/10.1006/jare.2002.1092
http://dx.doi.org/10.1016/j.apgeog.2015.01.005
http://dx.doi.org/10.1038/nature04070


savanna ecosystems. Advances in Water Resources, 28(3), 291–302. doi:10.1016/j.
advwatres.2004.10.014

Scholes, R. J., & Archer, S. R. (1997). Tree-grass interactions in savannas. Annual Review of
Ecology and Systematics, 28(1), 517–544. doi:10.1146/annurev.ecolsys.28.1.517

Scholes, R. J., Dowty, P. R., Caylor, K., Parsons, D. A. B., Frost, P. G. H., & Shugart, H. H. (2002).
Trends in savanna structure and composition along an aridity gradient in the Kalahari. Journal
of Vegetation Science, 13(3), 419–428. doi:10.1111/j.1654-1103.2002.tb02066.x

Scholes, R. J., & Hall, D. O. (1996). The carbon budget of tropical savannas, woodlands and
grasslands. SCOPE-Scientific Committee on Problems of the Environment International Council
of Scientific Unions, 56, 69–100.

Sekhwela, M. B. M., & Yates, D. J. (2007). A phenological study of dominant acacia tree species in
areas with different rainfall regimes in the Kalahari of Botswana. Journal of Arid Environments,
70(1), 1–17. doi:10.1016/j.jaridenv.2006.12.006

Sheuyange, A., Oba, G., & Weladji, R. B. (2005). Effects of anthropogenic fire history on savanna
vegetation in northeastern Namibia. Journal of Environmental Management, 75(3), 189–198.
doi:10.1016/j.jenvman.2004.11.004

Skarpe, C. (1990a). Shrub layer dynamics under different herbivore densities in an arid savanna,
Botswana. The Journal of Applied Ecology, 27, 873–885. doi:10.2307/2404383

Skarpe, C. (1990b). Structure of the woody vegetation in disturbed and undisturbed arid savanna,
Botswana. Vegetation, 87(1), 11–18. doi:10.1007/BF00045650

Skarpe, C. (1992). Dynamics of savanna ecosystems. Journal of Vegetation Science, 3(3), 293–300.
doi:10.2307/3235754

Skarpe, C., & Hester, A. J. (2008). Plant traits, browsing and gazing herbivores, and vegetation
dynamics. In I. J. Gordon & H. H. T. Prins (Eds.), The ecology of browsing and grazing (pp.
217–261). Berlin: Springer.

Staver, A. C., Archibald, S., & Levin, S. A. (2011). The global extent and determinants of savanna
and forest as alternative biome states. Science, 334, 230–232. doi:10.1126/science.1210465

Stott, P. (1991). Recent trends in the ecology and management of the world’s savanna formations.
Progress in Physical Geography, 15(1), 18–28. doi:10.1177/030913339101500102

Stuart-Hill, G. C., & Tainton, N. M. (1989). The competitive interaction between Acacia karroo and
the herbaceous layer and how this is influenced by defoliation. The Journal of Applied Ecology,
26, 285–298. doi:10.2307/2403668

Tchuente, A. T. K., De Jong, S. M., Roujean, J.-L., Favier, C., & Mering, C. (2011). Ecosystem
mapping at the African continent scale using a hybrid clustering approach based on 1-km
resolution multi-annual data from SPOT/VEGETATION. Remote Sensing of Environment, 115,
452–464. doi:10.1016/j.rse.2010.09.015

Thenkabail, P. S., Stucky, N., Griscom, B. W., Ashton, M. S., Diels, J., Van Der Meer, B., &
Enclona, E. (2004). Biomass estimations and carbon stock calculations in the oil palm planta-
tions of African derived savannas using IKONOS data. International Journal of Remote
Sensing, 25(23), 5447–5472. doi:10.1080/01431160412331291279

Thomas, D. S. G., & Twyman, C. (2004). Good or bad rangeland? Hybrid knowledge, science, and
local understandings of vegetation dynamics in the Kalahari. Land Degradation &
Development, 15(3), 215–231. doi:10.1002/(ISSN)1099-145X

Trollope, W. S. W. (1982). Ecological effects of fire in South African savannas. In B. J. Huntley &
B. H. Walker (Eds.), Ecological studies 42: Ecology of tropical savannas (pp. 292–306). New
York, NY: Springer-Verlag.

Tsai, H., Southworth, J., & Waylen, P. (2014). Spatial persistence and temporal patterns in vegeta-
tion cover across Florida, 1982–2006. Physical Geography, 35(2), 151–180. doi:10.1080/
02723646.2014.898126

Twyman, C. (2001). Natural resource use and livelihoods in Botswana’s wildlife management areas.
Applied Geography, 21(1), 45–68. doi:10.1016/S0143-6228(00)00016-3

Van Auken, O. W. (2000). Shrub invasions of North American semiarid grasslands. Annual Review
of Ecology and Systematics, 31, 197–215. doi:10.1146/annurev.ecolsys.31.1.197

Van Vegten, J. A. (1981). Man-made vegetation changes: An example from Botswana’s savanna
(Vol. 40). Gaborone: National Institute of Development and Cultural Research, Documentation
Unit, University College of Botswana, University of Botswana and Swaziland.

Van Vegten, J. A. (1984). Thornbush invasion in a savanna ecosystem in eastern Botswana.
Vegetation, 56, 3–7. doi:10.1007/BF00036129

Journal of Land Use Science 31

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://dx.doi.org/10.1016/j.advwatres.2004.10.014
http://dx.doi.org/10.1016/j.advwatres.2004.10.014
http://dx.doi.org/10.1146/annurev.ecolsys.28.1.517
http://dx.doi.org/10.1111/j.1654-1103.2002.tb02066.x
http://dx.doi.org/10.1016/j.jaridenv.2006.12.006
http://dx.doi.org/10.1016/j.jenvman.2004.11.004
http://dx.doi.org/10.2307/2404383
http://dx.doi.org/10.1007/BF00045650
http://dx.doi.org/10.2307/3235754
http://dx.doi.org/10.1126/science.1210465
http://dx.doi.org/10.1177/030913339101500102
http://dx.doi.org/10.2307/2403668
http://dx.doi.org/10.1016/j.rse.2010.09.015
http://dx.doi.org/10.1080/01431160412331291279
http://dx.doi.org/10.1002/(ISSN)1099-145X
http://dx.doi.org/10.1080/02723646.2014.898126
http://dx.doi.org/10.1080/02723646.2014.898126
http://dx.doi.org/10.1016/S0143-6228(00)00016-3
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.197
http://dx.doi.org/10.1007/BF00036129


Walker, B., Anderies, J., Kinzig, A., & Ryan, P. (2006). Exploring resilience in socio-ecological
system through comparative studies and theory development. Ecology and Society, 11(1).
Retrieved from http://www.ecologyandsociety.org/vol11/iss1/art12/

Walker, B. H., & Noy-Meir, I. (1982). Aspects of the stability and resilience of savanna ecosystems.
In B. J. Huntley & B. H. Walker (Eds.), Ecology of tropical savannas (pp. 556–590). Berlin
Heidelberg: Springer.

Walker, J., & Gillison, A. N. (1982). Australian savannas. In B. J. Huntley & B. H. Walker (Eds.),
Ecology of tropical savannas (pp. 5–24). Berlin Heidelberg: Springer.

Walter, H. (1954). Die Verbuschung, eine Erscheinung der subtropischen Savannengebiete, und ihre
ökologischen Ursachen. Vegetatio, 5-6(1), 6–10. doi:10.1007/BF00299544

Walter, H. (1971). Ecology of tropical and subtropical vegetation. Edinburgh: Oliver and Boyd.
Waylen, P. R., Southworth, J., Gibbes, C., & Tsai., H. (2014). Time series analysis of land cover

change: Developing statistical tools to determine significance of land cover changes in persis-
tence analyses. Remote Sensing, 6, 4473–4497. doi:10.3390/rs6054473

Westman, W. E., & O’Leary, J. F. (1986). Measures of resilience: The response of coastal sage scrub
to fire. Vegetation, 65(3), 179–189. doi:10.1007/BF00044818

White, R., Murray, S., & Rohweder, M. (2001). Grassland ecosystems: Pilot analysis of global
ecosystems. Washington, DC: World Resources Institute.

Whittaker, R. H., Morris, J. W., & Goodman, D. (1984). Pattern analysis in savanna-woodlands at
Nylsvley. Pretoria: Botanical Research Institute, Department of Agriculture, South Africa.

Willmott, C. J., & Matsuura, K. (2001) Terrestrial air temperature and precipitation: Monthly and
annual time series (1950–1999). Retrieved from http://climate.geog.udel.edu/~climate/html_
pages/README.ghcn_ts2.html

WWF 2014 Citation. Retrieved from http://www.worldwildlife.org/biomes
Young, M. D., & Solbrig, O. T. (1993). The world’s savannas: Economic driving forces, ecological

constraints and policy options for sustainable land use. Paris: UNESCO, Parthenon.
Zheng, X., Basher, R. E., & Thompson, C. S. (1997). Trend detection in regional-mean temperature

series: Maximum, minimum, mean, diurnal range, and SST. Journal of Climate, 10, 317–326.
doi:10.1175/1520-0442(1997)010<0317:TDIRMT>2.0.CO;2

Zhu, L., & Southworth, J. (2013). Disentangling the relationships between net primary production
and precipitation in Southern Africa savannas using satellite observations from 1982 to 2010.
Remote Sensing, 5(8), 3803–3825. doi:10.3390/rs5083803

32 J. Southworth et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Fl

or
id

a]
 a

t 1
3:

08
 2

9 
M

ar
ch

 2
01

6 

http://www.ecologyandsociety.org/vol11/iss1/art12/
http://dx.doi.org/10.1007/BF00299544
http://dx.doi.org/10.3390/rs6054473
http://dx.doi.org/10.1007/BF00044818
http://climate.geog.udel.edu/%7Eclimate/html_pages/README.ghcn_ts2.html
http://climate.geog.udel.edu/%7Eclimate/html_pages/README.ghcn_ts2.html
http://www.worldwildlife.org/biomes
http://dx.doi.org/10.1175/1520-0442(1997)010%3C0317:TDIRMT%3E2.0.CO;2
http://dx.doi.org/10.3390/rs5083803

	Abstract
	1.  Introduction
	2.  Data and methods
	2.1.  Study area
	2.2.  Vegetation persistence analysis
	2.3.  Savanna change: syndromes that relate to directional persistence
	2.4.  Climatic data

	3.  Results
	3.1.  MAM: March, April, May (boreal spring)
	3.2.  JJA: June, July, August (boreal summer)
	3.3.  SON: September, October, November (boreal autumn)
	3.4.  DJF: December, January, February (boreal winter)
	3.5.  Relationship between vegetation persistence and overall shifts in mean annual precipitation
	3.6.  Patterns of vegetation persistence by biome and savanna and grassland type
	3.6.1.  Africa
	3.6.2.  Asia
	3.6.3.  North America
	3.6.4.  South America
	3.6.5.  Australia
	3.6.6.  Europe


	4.  Conclusions
	Acknowledgements
	Disclosure statement
	Funding
	References



