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ABSTRACT

Many arid grasslands around the world are affected by woody plant encroachment and by the replacement of a relatively
continuous grass cover with shrub patches bordered by bare soil. This shift in plant community composition is often abrupt
in space and time, suggesting that it is likely sustained by positive feedbacks between vegetation and environmental conditions
(e.g. resource availability) or disturbance regime (e.g. fire or freeze). These feedbacks amplify the effects of drivers of shrub
encroachment, i.e. of conditions favouring a shift from grass to shrub dominance (e.g. overgrazing, climate change). Here, we
review some major drivers and feedbacks and identify the basic stages in the transition from grassland to shrubland. We discuss
some possible scenarios of interactions between drivers and feedbacks that could explain the transition from a stage to the next
and the potential irreversibility of the shift from grass to shrub dominance. We introduce a simplistic modelling framework that
can integrate the various drivers to explain the emergence of bistability for shrub-encroached grassland systems. Published 2011.
This article is a U.S. Government work and is in the public domain in the USA.
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INTRODUCTION

Over the past 150 years, many arid and semiarid grasslands
around the world have been encroached by shrubs. This
phenomenon has been documented in Southern Africa,
South America, Australia (van Vegten 1983, Adamoli et al.,
1990, Burrows et al., 1990, Moleele et al., 2002), and in the
warm deserts of the southwestern United States (Archer
et al., 1995, Van Auken 2000, Ravi et al., 2009a). In these
continents, several hundred million hectares have been
affected by shrub encroachment (e.g. Eldridge et al., 2011)
with important ecohydrological implications (e.g. Huxman
et al., 2005). In many cases, the shrub species are native to
these landscapes and were already present at lower density
or in restricted parts of the landscape (Van Auken 2000). The
increase in shrub cover is often observed in conjunction with
a decrease in grass cover and an overall increase in bare soil
(Huenneke et al., 2002, Gillette and Pitchford 2004).

The concern over this change in plant community
composition and species dominance arises from the
associated changes in ecosystem goods and services, often
with serious implications on local pastoral economies. The
loss of grass cover and the increase in bare soil typically
leads to the intensification of water and wind erosion and
the loss of nutrient-rich soil particles (Parsons et al., 1996,
Schlesinger et al., 1999, Wainwright et al., 2000, Li
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et al., 2007, Li et al., 2008), a process often termed land
degradation (e.g. Millennium Ecosystem Assessment 2005;
Reynolds er al., 2007), although recent studies have shown
that the association between shrub encroachment and land
degradation is not universal (Eldridge et al., 2011).

Moreover, the replacement of productive rangelands with
shrublands involves a number of mechanisms, including
(i) regional and global climate warming; (ii) increase in
atmospheric CO, concentrations; (iii) fire management; and
(iv) grazing management. The purpose of this report is to
synthesize these mechanisms and the associated biotic and
abiotic processes into a single framework and to examine the
persistence of shrub-encroached landscapes.

The argument that climate warming may explain shrub
encroachment arises from the observation that most of the
encroaching shrub species are limited by low temperatures.
For example, Larrea tridentata (or creosote bush), a major
shrub species in the southwestern deserts of North America, is
prone to stress and mortality from freezing-induced cavita-
tion, which occurs with near surface temperatures close to
—18/—20°C (Pockman and Sperry 2000, Martinez-Vilalta
and Pockman 2002). The geographic distribution of this
species appears to be controlled by low temperatures with the
northern margins of L. tridentata in the Sonoran Desert
coinciding with the —18°C minimum winter isotherm
(Pockman and Sperry 1997). Climate warming could reduce
the pressure from freezing-induced stress and favour the
northward encroachment of L. tridentata. Sensitivity to low
temperatures has been reported also for woody species
contributing to shrub encroachment in other dryland
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regions, including, for example, Prosopis glandulosa, typical
of south-west Texas and New Mexico (Felker et al.,
1982), or Acacia mellifera, encroaching in the savanna
environments of southern Africa (Moleele et al., 2002,
Sekhwela and Yates 2007). Thus, the effect of climate
warming on woody plant physiology has been often
invoked as one of the drivers of woody plant encroach-
ment, although it cannot explain why within a same
climatic region, some areas have been affected by grass-to-
shrub transition more than others (Archer 1989). Nor is there
evidence of significant climate warming associated with
historical shrub encroachment episodes (e.g. Gibbens et al.,
2005, Wainwright 2006). Thus, climate warming cannot alone
explain landscape scale heterogeneities in grass—shrub cover
(e.g. Bahre and Shelton 1993). However, this landscape-scale
variability in vegetation cover can be better understood
considering the possible existence of a positive feedback
between vegetation and microclimate (D’Odorico et al., 2010a,
He et al., 2010), whereby shrub dominance modifies local
microclimate via increased nocturnal air temperatures during
wintertime. The occurrence of this local warming effect — in
addition to regional and global climate warming — can explain
the existence of landscape-scale heterogeneities.

The argument that increasing atmospheric CO, may
explain shrub encroachment arises from the observation
that shrub species typically have a C; photosynthetic
pathway, whereas in many ecosystems, a large variety of
herbaceous species are C, grasses (e.g. Buffington and
Herbel 1965). Because of their different physiology, Cy4
plants have higher water-use efficiency (i.e. higher carbon
assimilation with the same use of water) than C; shrubs.
Thus, in arid and semiarid environments, C4 grasses could
be more competitive than shrubs (e.g. Polley et al., 1992).
However, the increase in atmospheric CO, concentration
increases the gradients between ambient and intracellular
CO, concentrations, thereby enhancing water-use effi-
ciency (Mooney and Cleland 2001) and reducing the
competitiveness of C,4 plants. Thus, the shift from grassland
to shrubland conditions could have been favoured by the
increase in the levels of atmospheric CO, (e.g. Idso 1992).
This hypothesis has been challenged on the grounds that
global-scale changes in atmospheric CO, concentrations
could not explain local-scale heterogeneities in vegetation
change, which seems to be more directly associated with
land-use patterns (Archer et al., 1995).

The argument that fire management may explain shrub
encroachment arises from the observation that fires are a
major disturbance to woody plants and may have
historically contributed to the maintenance of low shrub
densities in many arid and semiarid landscapes (e.g.
Scholes and Archer 1997, du Toit et al., 2003). In these
environments, the fuel load is contributed mainly by grass
biomass. Thus, fire suppression favours shrub encroach-
ment at the expense of herbaceous vegetation, with the
consequent loss of fuel load and the reduction in the rate
and intensity of fire occurrence (D’Odorico et al., 2006a).
Overgrazing is hypothesized to have contributed to fire’s
role in shrub encroachment by reducing the fuel load (Van
Auken 2000).
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Grazing livestock reduce aboveground grass biomass,
and with the initial losses of herbaceous cover, overgrazing
may become increasingly concentrated on the remaining
grasses, resulting in the collapse of grass cover and leaving
shrubs as the dominant vegetation (van de Koppel et al.,
2002). However, livestock will often consume and transport
viable shrub seeds (Archer 1989, Brown and Archer 1999,
Fredrickson et al., 2006), thus serving as a vector and a
facilitator for the establishment of the seeds of shrub species
in the grazed area. Native mammal species, including deer
(Odocoileus virginianus) and coyote (Canis latrans), have
also been found to be effective shrub-seed vectors (Kramp
etal., 1998). Native grazers may also be involved in positive
feedbacks that contribute to low levels of herbaceous cover
once shrub cover increases and herbaceous cover decreases.
In the Chihuahuan Desert, increasing shrub cover (and
associated decreases in the continuity of herbaceous cover)
is often associated with the increasing abundance of rodents
by providing nest sites and escape space from predators
(Whitford 1997, Bestelmeyer et al., 2007). Certain rodents
(e.g. Dipodomys spp.) and lagomorphs (e.g. Lepus californicus)
are herbivores of grasses or damage their reproductive
structures (Kerley et al., 1997, Havstad et al., 1999, Sipos
et al., 2002). In Chihuahuan Desert savannas, rodent
exclusion has been shown to increase the cover of the
perennial grasses (Heske et al., 1993, Curtin et al., 2000).
Shrub-seedling establishment, however, may also be
reduced by rodents (Valone and Thornhill 2001). Thus,
rodent herbivory seems unlikely alone to cause shifts from
grassland to shrubland, but the persistence of desertified
shrubland can clearly be reinforced by rodent herbivory
(Bestelmeyer et al., 2007, Kerley and Whitford 2009).

Although all these mechanisms are plausible, it is
unclear how their relative importance may change under
different environmental conditions. Moreover, the possible
existence of different limiting factors for grasses and
shrubs adds complexity to the way environmental condi-
tions determine the competitive advantage of one life form
over the other. The understanding of the mechanisms
underlying the conversion to shrubland and of their
dynamical implications is particularly important given the
wide variety of environments in which shrub encroachment
has been observed (Ravi et al., 2009b). The wide variety of
circumstances in which shrub encroachment occurs
suggests that not all of the same processes are at work in
every instance. On the basis of an understanding of the
preceding mechanisms, it would be useful to develop a
diagnostic framework to accept or rule out on a case-by-
case basis the possibility that certain mechanisms might be
at work. From a management perspective, it is crucial to
know in a particular instance what the dominant processes
are; and, on the basis of this, whether there is a practical
method for stopping, or reversing, shrub encroachment
(e.g. Briske et al., 2008).

CATEGORIES OF SUGGESTED MECHANISMS

The mechanisms that have been suggested to explain
the occurrence of shrub encroachment fall into two major
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categories, depending on whether they are driven by
exogenic or endogenic factors.

Exogenic factors are those associated with large-scale
changes such as rising global CO, concentrations, (e.g.
Polley 1997), large-scale fire suppression and overgrazing
(Van Auken 2000, van de Koppel et al., 2002) or regional/
global changes in rainfall or temperature (e.g. Idso 1992,
Brown et al., 1997). What all of these proposed mechanisms
have in common is that the large-scale exogenic driver
determines a shift in competitive advantage from grasses to
shrubs, with the inevitable consequence of replacement of
grasslands with shrublands.

Endogenic mechanisms typically involve ecosystem
feedbacks that may create bistability (e.g. Wilson and
Agnew 1992, D’Odorico et al., 2010b), with external
drivers that determine the shift from one state to another. In
these systems, a change in plant community composition
may lead to a self-sustained sequence of processes (i.e. the
positive feedback) that further enhance the initial change in
vegetation until the system reaches the other stable
state (Scheffer et al., 2001). These state shifts are quite
abrupt and difficult to reverse (Scheffer and Carpenter
2003). In the case of the southwestern United States, shrub
encroachment has been relatively rapid, suggesting that the
underlying dynamics might be bistable, with grass and
shrub dominance representing alternative stable states of
the system. In this case, the change in plant community
composition could be triggered, for example, by a change
in some external driver (e.g. disturbance) and sustained by
the internal feedback. This type of state shift is difficult to
reverse: even once the causes of the disturbance have
been removed, the system will not return to its initial
state (Figure 1). The limited or temporary success of many
shrub-removal programmes tend to confirm that shrub
encroachment is often irreversible (Whitford et al., 1995,
Havstad ef al., 1999, Rango et al., 2005, Mata-Gonzalez
et al., 2007, Bestelmeyer et al., 2009).

Four major feedback processes have been proposed as
possible endogenic factors that could explain shrub
encroachment as a state shift in bistable ecosystem
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dynamics. These feedbacks involve interactions of vegeta-
tion cover with fire dynamic, soil erosion/water-resource
loss, grazing by small mammals or microclimate.

The fire—grass feedback operates in environments where
shrubs have a competitive advantage over grasses (e.g.
D’Odorico et al., 2006a, D’Odorico et al., 2007). In this
feedback, fire, sustained by a relatively continuous cover of
flammable grass (e.g. Van Wilgen et al., 2004), kills shrub
seedlings, thus preventing shrubs from expanding in a
landscape where, in the absence of fire, shrubs would be
the dominant type of vegetation (Figure 2A).

In the erosion—vegetation feedback (e.g. Schlesinger
et al., 1990), a nearly continuous cover of grasses prevents
redistribution of soil resources by wind and water erosion
and promotes water infiltration that supports grass
production. Because of their reliance on shallow soil
nutrients and the fact that their meristems are in an air layer
in which saltation occurs, grasses are more sensitive to soil
erosion. In fact, soil erosion removes nutrient-rich soil
particles from the soil surface, whereas sand blasting and
burial cause serious injury to grasses. With the loss of
grass, surface-soil resources are depleted by erosion and
can be redistributed to shrubs (Figure 2B). This feedback
plays a role in environments in which grasses maintain
competitive advantage with respect to shrubs in the access
to soil resources (Okin et al., 2009b).

The third feedback involves small mammals grazing on
small patches of grass amid a mosaic of shrubs that serve as
both nesting and cover sites. These interactions between
vegetation and small mammals serve as an internal feedback
that tends to increase the ratio of shrub to grass cover
(Bestelmeyer et al., 2007, Kerley and Whitford 2009).

Finally, it has been recently observed that the increase in
bare soil associated with shrub encroachment modifies the
surface energy balance causing an increase in diurnal soil
heat fluxes and an increase in nocturnal upward long-wave
radiation. These changes in soil energy fluxes have the net
effect of increasing the near-surface (nocturnal) air
temperatures, thereby favouring shrub survival (Figure 2C,
D’Odorico et al., 2010a, He et al., 2010).

1977

; Shrubland

Ecosystem State (Shrub:Grass Vegetation)

Figure 1. Shrubland and grassland as alternative stable states. In the background is a view from Acoma Pueblo to Enchanted Mesa, west of
Albuquerque, NM. Photos by William H. Jackson (1899) and H.E. Malde (1977). Repeat photography source: Allen et al., 1998 http://biology.usgs.
gov/luhna/chap9.html
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Figure 2. A: Fire-vegetation feedback. B: Soil Erosion—vegetation
feedback. C: Vegetation—microclimate feedback.

As noted, these endogenic feedbacks can induce
bistability in ecosystem dynamics, and shrub encroachment
may result from a shift between the two stable states of
landscapes dominated by shrub or grass (Anderies et al.,
2002, van Langevelde et al., 2003, D’Odorico et al. 2006a,
Ridolfi et al., 2008, Okin et al., 2009a). A driver is required
to initiate the transition from one stable state to the other. In
the case of the fire—grass feedback and the erosion—grass
feedback, the driver of the transition could have been the
factors leading to the loss of grass cover or climate change.
Particularly instructive is the case of North American warm
deserts: upon the arrival of European settlers and their
cattle, intense grazing was a likely cause for this grass
reduction. However, climate variability may have also
played an important role in the recent history of vegetation
succession in this region, as evidenced by the paleo record:
in the mid-Holocene, the region was for the most part grass
dominated (Van Devender and Spaulding 1979). A shift to
shrub dominance occurred during the Medieval Warm
Period (Stine 1994, Bradley et al., 2003). A reconversion to
grassland in the following century has been associated with
the Little Ice Age (Neilson 1986). Shrub encroachment in
southern New Mexico documented by Buffington and
Herbel (1965) may have been underway when European
settlers arrived in the 1800s, lagging behind changes in
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climate that had already occurred (Cole 1985). In this way,
the initiation of conversion of grasslands to shrublands
could have echoed the warming-driven change that
occurred near the beginning of the first millennium
Common Era with the addition of intensive livestock
grazing (e.g. Fredrickson et al., 1998) likely accelerating
the process by placing additional stress on grasses.

STAGES OF SHRUB ENCROACHMENT

Whatever the driver and regardless of the competitive
advantage, several demographic changes must occur in
order for the shift to shrubland to take place. First, pioneer
shrubs must enter the landscape. During this initial
colonization phase, the establishment rate of shrubs must
exceed their mortality rate. In the following phase, the
grass cover decreases until it almost disappears. The
disappearance of grasses after the encroachment of shrubs
indicates that the establishment rate of grasses is lower than
the mortality rate.

The next transition is to a shrub duneland state, which
appears to occur only on wind-erodible sandy soils.
Coppice dunes or nebkhas, which can be found in many
sandy deserts around the world, are the result of
interactions between aeolian processes and shrub vegeta-
tion (Nickling and Wolfe 1994, Khalaf ez al., 1995, Dougill
and Thomas 2002). Ecohydrological processes can also
play a crucial role in coppice dune formation (e.g. Ravi
et al., 2007).We do not claim that all nebkhas necessarily
originate from the degradation of desert grasslands;
however, in some landscapes, their formation is observed
as a late stage of the shrub encroachment process (e.g.
Gibbens et al., 2005, Ravi et al., 2007).

On the basis of this analysis, we propose classifying
grasslands that are undergoing shrub encroachment, or
have done so in the past, into four stages (Figure 3): (I)
pure grassland with almost no shrubs; (II) grassland with
limited shrub cover; (III) shrublands where most grass
cover is absent, and shrubs have increased in both size and
density; (IV) shrub duneland. This fourth stage may not
occur in all landscapes because coppice dunes are expected
to develop mainly on sandy soils (Table I).

In the case of the Chihuahuan Desert, in North America,
whichever mechanisms are responsible for shrub encroach-
ment over the past ca. 150 years, the change in land cover
included a transition from perennial Bouteloua eriopoda
(black grama) grassland (State I) to a grass—shrub savanna
(State II), a conversion to shrubland dominated primarily
by L. tridentata (creosotebush) or P. glandulosa (mesquite)
(State III), and the formation of P.glandulosa coppice
dunelands (State IV) on sandy soils. The invasion of shrubs
started with the colonization of grasslands by native
species already present in the system. These native shrubs
might have been dispersal limited prior to the introduction
of domestic livestock to North America (e.g. Brown
and Archer 1989), but in the case of P.glandulosa, the
introduction of effective agents of seed dispersal (i.e. cattle,
sheep and horses) would have increased the opportunities
for woody plant establishment. This would have happened
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Figure 3. Stages of the shrub encroachment process.

regardless of effects of herbivory on grasses because even
in undisturbed grasslands, sufficient microsites exist for
woody seedling establishment (Jurena and Archer 2003).
Indeed, many authors (e.g. Buffington and Herbel 1965,
Van Auken 2000, Gibbens et al., 2005, McGlynn and Okin
2006) have suggested that shrub seedlings and scattered
mature individuals were present in grasslands prior to the
arrival of Europeans (e.g. savanna physiognomy, State II),

P. D’ODORICO, G. S. OKIN AND B. T. BESTELMEYER

although some L. tridentata shrublands already existed in
the southwestern United States as early as in the 1860
(Buffington and Herbel 1965).

Thus, woody plant seedling establishment is a major
demographic bottleneck in the state I — II transition that
must have been overcome in the conversion of grasslands
to shrublands, presumably by increased seed dispersal by
domesticated animals, at least in the case of P. glandulosa.
Theories explaining the state II —III transition can be
classified into two major groups: (i) theories that postulate
changes in competitive advantage caused by exogenic
changes (e.g. climate warming, increase in nitrogen
deposition or in CO, concentration), and (ii) theories that
postulate an abrupt state shift in a bistable grasslands—
shrubland system (Noy-Meir 1975, Walker et al., 1981,
Westoby et al. 1989, Anderies et al., 2002, van Langevelde
et al., 2003, D’Odorico et al., 2006a). In this second case,
the bistability would be induced by endogenic processes,
i.e. feedbacks internal to the system, whereas the transition
could be initiated by exogenic changes in grass cover
(e.g. intense grazing).

The invocation of various endogenic or exogenic factors
has several implications for the processes that actually
occur in the state transitions. In Table I, we summarize the
major drivers of transitions among the four stages of the
shrub encroachment process under different endogenic or
exogenic mechanisms. Three different situations with
respect to interspecific competition may exist: (i) in the
course of the transition to shrubland, a shift in competitive
advantage from grasses to shrubs occurs because of the
changes in climatic conditions; (ii) grasses are able to
outcompete shrubs in their use of soil resources, and no
shift in this competitive advantage occurs in the course
of the transition to shrubland; (iii) shrubs have always
been in competitive advantage in their access to soil
resources and in the absence of disturbances they tend to
outcompete grasses.

Table I. State transitions in the shrub encroachment process.

The competitive advantage shifts
from grass to shrubs. Transition
to shrubland due to exogenic

Grasses always in competitive
advantage. Transition to shrubland
due to exogenic factors with
endogenic feedbacks on soil

Shrubs always in competitive
advantage. Transition to shrubland
due to exogenic factors with
endogenic feedbacks on the

resources disturbance regime

Limited shrub establishment due to
decreased seed predation/increased

Erosion—vegetation feedback

Stable grassland (maintained by
fires, freeze, shrub seed predation
or shrub dispersal limitation)

Shrubs outcompete grasses

Shrubs outcompete grasses

(triggered by grazing/decreased

Erosion

factors

State I Stable grassland (before Stable grassland

exogenic changes)
— I Shrubs increasingly favoured

by exogenic changes

in competitive relations seed dispersal
nI—1I Shrubs increasingly favoured

grass reproduction)

nr—1v Erosion Erosion
Reversibility I — I, II — III reversible [ —II reversible

if environment drivers reversed
III — 1V irreversible
decreases

IIT — IV irreversible

IT — III reversible if erosion

I—1II reversible if grass cover
increases to allow fire

IT — III reversible if grass grows
back to allow fire. Danger
of nothing regrowing

III — 1V irreversible
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In the first case (i), shrubs are increasingly favoured over
grasses, and the transitions to states with higher shrub
densities are driven by exogenic factors (warming,
increasing levels of atmospheric carbon dioxide) causing
the shift in competitive advantage from grasses to shrubs. In
this case, the transition can occur gradually, i.e. with no abrupt
state change and does not require the existence of any
feedback mechanism. Therefore, the transitions I — II and
IT — III can be reversible if the competitive relations switch
back before erosion in State III causes significant land
degradation. The transition IIl — IV is generally irreversible.

In the second case (ii), in the absence of disturbances,
grasses are always advantaged with respect to shrubs in
current climate (Okin et al., 2009a). This explains the
stable existence of the initial grass cover. In the case of the
Chiuhuahuan Desert, the transition I — II may have been
favoured by an increase in shrub-seed dispersal associated
with cattle grazing or by a decrease in seed predation by
Native Americans. At this stage, the increase in shrub
density did not occur at the expenses of grass cover in that
sufficient sites were available for seedling establishment in
the gaps of the grass canopy. The transition II — III was
initiated by a loss in grass cover due to sustained intense
grazing that permits shrubs to exploit water resources and
is sustained by a positive feedback between soil erosion
and loss of grass biomass (Okin et al., 2009a; Ravi et al.,
2010). If an initial loss in grass cover causes soil erosion,
the consequent loss of shallow soil resources and the
damage of grass plants from sediment movement further
decrease the grass cover, thereby exposing a larger fraction
of the soil surface to wind and water erosion. Shrubs
benefit from the weakening of the competition with
grasses. Once all the grass cover is gone, the transition
IIT—1IV to coppice duneland is driven by physical
processes: wind erosion removes soil from the bare
interspaces and deposits the entrained sediments onto
shrub colonized soil patches, thereby leading to the
formation of nebkhas.

In the third case (iii), shrubs are always advantaged in
the absence of fires or other disturbances. A stable grass
cover initially exists because grasses provide the fuel load
that sustains a vigorous fire regime. Frequent and intense
fires kill or damage shrub plants. Shrub seed or seedling
predation and limitations in seed dispersal might also
contribute to the maintenance of the grassland state.
Decrease in grass biomass (and fuel load) due to
overgrazing or fire suppression reduces the fire-induced
mortality of shrub seedlings, thereby allowing for the
increase in shrub biomass (I — II transition). For instance,
in the case of the southwestern United States, with the
proliferation in the mid-1880s to late 1800s of domestic
herbivores that preferentially utilize grasses, the mass and
continuity of fine fuels decreased, leading to a virtual
cessation of wildfire in many North American rangelands
(e.g. Madany and West 1983, Savage and Swetnam 1990),
thus removing a major constraint on woody plant
establishment and growth (e.g. Madany and West 1983,
Savage and Swetnam 1990). As the fire pressure is
reduced, shrubs typically tend to outgrow grasses.
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Sustained by the fire—vegetation feedback, this process
leads to the shift to the stable shrubland State III. On sandy
soils, erosion processes may then cause the formation of
the nebkhas (State IV). In this case, the transition from
grassland to shrubland is reversible as long as a sufficient
grass cover exists for the occurrence and spread of fires
across the landscape (Ravi er al., 2009a). Whereas the
I —1I transition is likely to be reversible, the transition to
coppice duneland (State IV), again, is irreversible. The shift
to the State III can be reversible only if, once the native
grass biomass has been removed, other grass species
(most likely unpalatable exotic grasses) grow in the
interspaces between shrubs. Invasive annual grasses are
known for their ability to affect ecosystem dynamics by
enhancing the rate of fire occurrence (e.g. McArthur ef al.,
1990, D’Antonio and Vitousek 1992). In this case, the
re-intensification of fires may reduce the shrub cover.
Depending on whether the root systems and seed bank of
native grasses are still present in the soil, the landscape
might either return to the initial state of native grassland or
shift to the undesirable state of soil covered by annual
grasses, for which interannual climate variability means
large interannual changes in vegetation cover and, hence,
soil erosion. Notice that the reversibility of the transitions
to States II and III depends also on the age of the shrub and
shrub species, in that shrub mortality by fire may decrease
with shrub age and size.

In cases where the shrubs are in competitive advantage
[case (iii)] but their dominance is limited by frost
occurrence, the transition II — III could also have been
sustained by the microclimate feedback. In these cases, the
shift in plant community composition would be enhanced
by the nocturnal warming and reduced exposure to cold
microclimates resulting from an initial increase in shrub
cover in areas located close to the grass—shrub ecotone
(D’Odorico et al., 2010a, He et al., 2010). If in a certain
region the geographic distribution of shrubs is limited by
freeze occurrences, even a short (<10 years) warm period
could allow for the establishment of shrub seedlings in
grasslands located in proximity to the ecotone. The
associated increase in bare soil may then cause a local
warming effect, thereby favouring shrub persistence and
growth. In this case, the shift from State I to State II can be
favoured by seed dispersal by herbivores in conjunction
with the occurrence of warmer winters. The transition to
State IIT is likely caused by the persistence of a warm
period, which would allow shrubs to displace grasses. The
stabilization of State III is favoured by the positive
feedback between vegetation and microclimate conditions.
Finally, the transition to State IV (coppice dunelands) is
driven only by soil erosion and deposition as in the cases
discussed before.

ROLE OF SPATIAL PROCESSES IN SHRUB
ENCROACHMENT

The analysis presented in the previous sections did
not stress the important role of spatial dynamics and
heterogeneity, focusing rather on temporal dynamics of
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shrub encroachment. Nonetheless, many of the processes
related of shrub encroachment, such as fire and erosion,
have clear spatial components (Bestelmeyer et al., 2011).
These spatial components are often, as with the previous
discussion, implicit in the analysis of shrub encroachment
processes. Here, we wish to make them explicit.

Both grasslands and shrublands are spatially heteroge-
neous, but the scale of heterogeneity depends on plant size
and spacing. In grasslands, plant individuals are smaller
and tend to be spaced closer together compared with
shrublands; and therefore, the scale of spatial heterogeneity
in grasslands is finer than in shrublands (c.f. Schlesinger
et al., 1996). As a consequence, the size of unvegetated
gaps between plants in shrublands is larger than those in
grasslands. Soil erosion, and the consequent removal of
soil resources, can only occur from unvegetated portions of
the landscape; wind transport increases nonlinearly with
the size of unvegetated gaps (Okin et al., 2006), whereas
both the size and the connectivity of unvegetated patches
influences the ability of water to transport soil resources
(Mueller et al., 2007). Thus, the contribution of resource
removal by wind and water transport to shrub encroach-
ment increases as bare gaps in the grassland state (State I)
expand and become connected as the landscape moves
through State II towards the shrubland state (State III),
which has a large number of highly interconnected bare gaps.
The extreme heterogenization that occurs in the coppice
dunelands state (State IV) happens as a result of the ability of
the wind to transport large amounts of material from
unvegetated gaps to areas directly beneath shrub canopies.

Fire dynamics are also strongly affected by the spatial
arrangement of vegetation on the landscape. For an ignition
event to propagate, a largely continuous layer of fine fuel
must exist. This continuous layer is provided by grass
canopies, which can be highly continuous even if the basal
cover of grasses is not. In grasslands (State I), large fires and
high burn frequency can control the growth of shrub
seedlings. However, as the continuity of the fine fuel layer is
reduced, by grazing or drought, fires become less common
and more patchy; and shrub seedlings are able to grow to
maturity, leading to the transition of the landscape to a mixed
grassland—shrubland state (State II) that does not have
enough fuel connectivity for ignition events to propagate
across the landscape.

Thus, the spatial arrangement of vegetation plays an
important role in the conversion of grasslands and scrub-
lands. Likewise, spatial dynamics also can influence the
reversibility from States I or III to I. The transition back to
the grassland state requires an increase in shrub mortality
and the creation of a more homogeneous distribution of soil
resources for grass regrowth. If shrub mortality is caused
by fires, there would be a need for a relatively continuous
grass cover to allow for fire spread across the landscape.
Thus, grass/fire connectivity is an important requirement
for a landscape to be able to revert back to the grassland
state (Okin et al., 2009b, Ravi et al., 2009b). Alternatively,
a change in climate or several contiguous wet years might
allow grasses to establish and grow to the point that the
fire cycle is restarted and shrubs and/or shrub seedlings
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experience high levels of fire mortality. Indeed, even human
intervention might be able to encourage the transition from
States II or III to I. Treatments that reduced the size of
interconnected bare patches might reduce losses of soil
nutrients, causing the landscape to be retentive thus
favouring the growth of grasses in formerly bare interspaces
(Okin et al., 2009b).

A SYNTHETIC MODELLING FRAMEWORK FOR
GRASS-SHRUB TRANSITIONS

The purpose of the earlier discussions has been to integrate
the varied explanations for shrub invasion into a single
conceptual framework that describes how exogenic factors
(climate change, grazing, CO, increases) interact with
endogenic factors (fire, erosion, temperature) to give rise to
the wide variety of instances in which shrub encroachment
is observed worldwide. We also seek to describe why in
some cases, shrub encroachment appears to be, on human
timescales, irreversible (such as in the southwest United
States) and in other cases, shrub encroachment appears to
be reversible (such as the South African Karoo).

The conceptual framework that arises from our analysis
has a counterpart in the mathematical modelling of systems
susceptible to or undergoing shrub encroachment. There
have been many efforts since Noy-Meir (1975) to model the
nonlinear dynamics and emergence of bifurcations in
rangeland ecosystems (May 1977, Walker er al., 1981,
Walker and Noy-Meir 1982, Anderies et al., 2002, van
Langevelde et al., 2003, D’Odorico et al., 2006a, Okin et al.,
2009a), and there is a rich literature on the mathematical
modelling of a wide variety of ecosystems worldwide. Our
purpose here is not to create a new approach for the modelling
of rangeland ecosystems and their nonlinear dynamics but
rather to show that these modelling approaches can provide a
framework to explain how the transition from grassland and
shrubland results from the interaction between the endogenic
feedbacks and the exogenous drivers discussed in this paper.

If grasses are in competitive advantage, shrubs are by
definition unable to limit grass access to the resources they
share. In these conditions, shrubs may coexist with grasses
only because some disturbance (e.g. grazing) prevents
grasses from using all the existing resources. In this case,
grass dynamics are completely independent of shrubs and
can be modelled as a logistic growth with a harvest term
expressing the effect of grazing

dG G
E(xG(l—E>—yG (1)

where G is grass biomass, K is the grass carrying capacity
(the maximum value of G allowed by the limiting resources),
y is a parameter determining the grazing rate and o is
a growth coefficient. The dynamics of shrub biomass, S,
depend on those of grasses and can rely only on the resources,
(K — G), that are not used by grasses

ds G+S
a:/ﬂ(l—T)—as @)
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where f determines the growth rate for shrubs and the
linear term S accounts for disturbance-induced losses of
shrub biomass. In the absence of other drivers and
feedbacks, over time, these dynamics tend to G=K(1 —y/a)
and S=(y/a—3/p) K. As the grazing rate increases, grass
cover decreases and shrubs increase. This change in
vegetation composition is not associated with an abrupt
shift between two alternative stable states because the
system (Equations (1) and (2)) is not bistable. However,
bistability can exist if the dynamics undergo one of the
positive feedbacks discussed in this review. For example,
Okin et al., (2009a) modelled the positive feedback between
grasses and soil erosion by expressing the carrying capacity
for grasses as a function of grass biomass. In fact, a loss of
grass cover leads to the erosion-induced depletion of
shallow soil resources, resulting in a decrease in carrying
capacity, thereby preventing grass re-establishment. Thus,
in this model, the existence of alternative stable states
depends on the strength of the feedback, whereas the
shift from a state to the other depends on exogenous drivers,
such as grazing.

Similarly, if shrubs are in competitive advantage with
respect to grasses, their dynamics are independent of G
and can be expressed as a logistic growth with a linear
harvest term accounting for disturbance-induced mortality
(e.g. D’Odorico et al., 2006a)

ds S
—=BS(1—=]—-8S 3
S-os(1-3) ®
whereas grass dynamics depend on S as
dG S+G
= === 4
o G ( X ) G “)

In this case, bistability may emerge either because of the
fire—vegetation feedback or because of the feedback between
vegetation and microclimate. In the first case, as fire pressure
increases, shrub biomass decreases, while grasses increase
(D’Odorico et al., 2006a). The higher grass fuel load, in turn,
further enhances fires (van Wilgen ef al., 2003). In the
second case, a loss in shrub biomass results in colder
microclimate conditions, thereby enhancing cold-sensitive
shrubs. Regardless of the particular feedback mechanism, in
both cases the mortality rate, J, is a decreasing function of S
(e.g. D’Odorico et al., 2006a). For example, this rate can be
expressed as (e.g. Noy-Meir, 1975)

c

o=——
1+ ¢S?

®)
with ¢ expressing the strength of the feedback; in fact, the
dependence of  on S (i.e. the decrease in fire pressure with
increasing shrub biomass) becomes stronger as ¢ increases.

Notice that both exogenic drivers and endogenic positive
feedbacks are included in this set of equations. Grazing acts
as an exogenic driver, which controls the value of y in
Equations (1) and (4). Climate acts as an exogenic driver in
its influence on the vegetation growth parameters, alpha
and beta for grasses and shrubs, respectively. Climate also
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acts as an exogenic driver in areas where shrub growth is
temperature limited (because of freezing) by influencing
0 in Equations (2) and (3). Indeed, we see from this
analysis that although the feedbacks are endogenic, they
can be modulated by endogenic factors.

We can study the equilibrium states of S by setting the
right-hand side of Equation (3) equal to zero and plotting
the equilibrium points as a function of /¢ and ¢. The results
are plotted in Figure 4, which shows how the feedback
intensity, ¢, controls the existence or non-existence of
bistable behaviour, whereas changes in f/c — i.e. in the
relative importance of growth and disturbance-induced
mortality rates — may cause the shift from a state to the
other with a clear hysteretic behaviour. A similar represen-
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Figure 4. A and B: Stable (solid line) and unstable (dotted line) states of the
system calculated with different strengths of the feedback. When the feedback
isrelatively weak (e.g. ¢ < 0-5, Panel A), the dynamics exhibit only one stable
state, whereas stronger feedbacks may induce the emergence of alternative
stable states separated by an unstable equilibrium (e.g. ¢ = 1.5, Panel B); C:
Stable and unstable states of the system as a function of the strength, ¢, of the
internal feedback and of the relative growth rate, /¢, which is presumably
controlled by exogenous drivers.
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tation can be found in Turnbull et al. (2008). Thus, this
modelling approach reiterates what was discussed in the
previous sections: that endogenic feedbacks (expressed by ¢
in this case) determine the emergence of alternative stable
states, whereas exogenous drivers (expressed by f/c)
determine the shift from a state to another (i.e. they serve
as triggers sensu Suding and Hobbs, 2009). Finally,
according to some theories discussed previously, climate
could also influence the competitive advantage of grasses or
shrubs over the other, although CO, concentration has also
been implicated in this control.

Even though these simplistic models provide useful
indications of what processes and behaviours can explain
the transition from grassland to shrubland, the explicitly
spatial nature of the processes involved in shrub encroach-
ment requires a spatial modelling approach (Ridolfi et al.,
2008; Ravi and D’Odorico, 2009c¢). In fact, the dispersal of
grass and shrub seedlings, soil erosion and fire dynamics
are inherently spatial processes, which depend on plant
distribution and the connectivity of erosion pathways and
of grass fuel (Okin et al., 2009b).

CONCLUSIONS

A striking feature of shrub encroachment in many, but not
all, drylands around the world has been its abruptness and
apparent irreversibility. The irreversible nature of these
transitions indicates that the shrubland state is a stable
alternative to the grassland state. Bistable states arise from
endogenic feedbacks, and the transition from one state to
the other is driven by exogenic factors. The feedbacks are
typically between the state of the system and its limiting
resources or disturbance regime, mediated by processes
that depend on large-scale environmental conditions such
as climate, and CO, enrichment and land uses including the
application of grazing, fire or shrub removal. The primary
feedback processes involve fire, erosion and temperature
regime, with shrubs primarily affected through feedbacks
to the disturbance regime and grasses primarily affected
through feedbacks that involve soil resources.

In this summary, we have focused on the feedbacks and
the drivers that lead to shrub encroachment with the main
goal of identifying the conditions under which manage-
ment interventions have the potential to slow or reverse
shrub encroachment and the cases in which the conversion
may be, on human timescales, irreversible.

To this end, we have introduced an analysis of landscapes
in several different states (States I-IV) and the conditions
under which they may be reversible. We conclude that in
cases where shrub encroachment is driven by changes in the
competitive advantage of shrubs over grasses due to
exogenous factors, there is very little chance for reversal
unless there is a change in the exogenous factor itself. If
shrubs are in competitive advantage, grasslands can be a
metastable state in bistable dynamics induced by (positive)
endogenic feedbacks. Once shrubs have encroached into the
grassland (State II), fires or other disturbances (e.g. direct
shrub removal) are needed to revert back to the grassland
state. If, however, grasses remain in competitive advantage
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over shrubs, there is the possibility of reversal through
management, although management interventions must
directly address the primary feedbacks. If erosion of soil
resources is the dominant feedback, management inter-
ventions must focus on curtailing erosion. Because
sediment transport depends on the details of the landscape
connectivity, management interventions that change the
connectedness of bare patches vulnerable to erosion is
likely to be the best strategy for addressing shrub
encroachment. Luckily, there has been significant research
on soil erosion control, and appropriate methods from this
field (e.g. Ravi er al., 2011), as well as new methods,
might be applied to the management of shrub encroach-
ment. In cases where feedbacks on the disturbance regime
(e.g. fire) are primarily responsible for shrub encroach-
ment, its management should aim at the disturbance
regime. In the early stages of shrub encroachment
(e.g. State II), management interventions that encourage
the growth of grass, such as reduction/cessation of
grazing or seeding, might encourage the reestablishment
of the grass—fire feedback, resulting in reduced shrub
cover. These management interventions might be best
timed to coincide with specific natural events, such as
years of high rainfall followed by high grass cover.
Active fire management, including prescribed burns,
might be profitably employed to manage shrub encroach-
ment. Modelling might also be utilized as a management
tool to determine the times and places where interventions
will have the greatest effect.
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