
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	http://www.researchgate.net/publication/228401923

The	woody	weed	encroachment	puzzle:
gathering	pieces

ARTICLE		in		ECOHYDROLOGY	·	DECEMBER	2008

Impact	Factor:	2.63	·	DOI:	10.1002/eco.28

CITATIONS

13

DOWNLOADS

29

VIEWS

100

1	AUTHOR:

Friedrich	Patrick	Graz

Federation	University	Australia

31	PUBLICATIONS			66	CITATIONS			

SEE	PROFILE

Available	from:	Friedrich	Patrick	Graz

Retrieved	on:	13	August	2015

http://www.researchgate.net/publication/228401923_The_woody_weed_encroachment_puzzle_gathering_pieces?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_2
http://www.researchgate.net/publication/228401923_The_woody_weed_encroachment_puzzle_gathering_pieces?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_1
http://www.researchgate.net/profile/Friedrich_Graz?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Friedrich_Graz?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Federation_University_Australia?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Friedrich_Graz?enrichId=rgreq-69247e67-622c-4a70-baba-8a9c5bd871a9&enrichSource=Y292ZXJQYWdlOzIyODQwMTkyMztBUzoxMzk0NTQwODU4NjU0NzZAMTQxMDI1OTg1MzU2NQ%3D%3D&el=1_x_7


ECOHYDROLOGY
Ecohydrol. 1, 340–348 (2008)
Published online 20 August 2008 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/eco.28

The woody weed encroachment puzzle: gathering pieces

F. Patrick Graz*
Science and Engineering, University of Ballarat, Ballarat, VIC 3353, Australia

ABSTRACT

Increases in woody plant densities in savanna grazing lands worldwide have resulted in a decline in the grazing capacity of
these rangelands. At present, the actual cause of the problem is unknown although a vast body of literature deals with various
aspects relevant to the issue.

It is generally assumed, however, that the changes in the tree : grass ratio are a response to changes in soil-water development
brought about by rangeland utilization. These utilization patterns differ from those under which the savanna system evolved.
While changes in physiognomy are very prominent, these are generally preceded by changes in grass species assemblage.

The development of species composition has been used as an indicator of rangeland condition for many years; the increase
or decrease of individual species is considered in this context. Thus far, however, the shift from perennial to annual grasses
has not been evaluated for its effect on soil moisture development, and subsequent implications for woody plant establishment
and growth.

The review presented here consolidates the existing information in order to provide a basis for understanding the woody
weed encroachment problem. Copyright  2008 John Wiley & Sons, Ltd.
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INTRODUCTION AND BACKGROUND

The terms bush encroachment or woody weed encroach-
ment in the savanna system are used to describe a change
in the physiognomy of the general vegetation. Within
the affected areas, the woody plant component shows
a substantial increase in density resulting in a decrease
in rangeland productivity. Most notable is the decline in
grass production (Scholes and Archer, 1997), with a con-
comitant reduction in livestock carrying capacity (Molele
et al., 2002). Harrington et al. (1984) estimate that carry-
ing capacity of sheep in mulga (Acacia aneura) woodland
declined from 1 sheep to 4 ha to 1 in 10, while de Klerk
(2004) reports a complete loss in grazing capacity for
parts of Namibia. The phenomenon has been recorded
from most areas where savanna vegetation is used as
the rangeland to graze domestic stock, i.e. in Australia
(Werner, 1991), Africa (Molele et al., 2002; de Klerk,
2004; Ward, 2005), USA (Archer, 1991; Jeltsch et al.,
2000) and India (Roques et al., 2001). Despite the fact
that the problem was already recorded by Dyksterhuis
(1949), Molele et al. (2002) and Ward (2005) emphasize
that the cause has not been fully explained thus far. This
review therefore attempts to consolidate existing infor-
mation to provide a basis for such an explanation.

Any explanation of the cause is based on an underlying
conceptual idea or model of the system, particularly the
relationship between grasses and trees. Current models
may be divided into two groups based on the part of the

* Correspondence to: F. Patrick Graz, Science and Engineering, Univer-
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system they address. On the one hand we consider models
describing how the system works. This group includes,
amongst others, the two-layer model after Walter (1971)
and the temporal separation suggested by Harrington
et al. (1984) and Scholes and Walker (1993).

The second group of models considers the reac-
tion of the vegetation to utilization and/or disturbance.
These include the range succession model of Dykster-
huis (1949) and state-and-transition models such as that
of Westoby et al. (1989).

The two-layer theory, discussed by Walter (1971) and
Walker and Noi-Meir (1982), separates the soil into two
consecutive layers that support different components of
the savanna system; the herbaceous layer extracts its
resources primarily from the upper few centimetres, while
the lower soil layers primarily support the woody vege-
tation component. In line with the theory, water would
only become available to the woody plant component
once infiltration and drainage exceed the requirements
of the herbaceous plants. As will be discussed in more
detail later, it is not only the quantity of water that enters
the soil, but also the rate of infiltration and drainage that
need to be considered. Despite the criticisms that have
been levelled at the two-layer model it has had by far the
most influence on directing research.

The second approach considers a temporal rather than
spatial separation in resource uptake by trees and grasses.
Harrington et al. (1984) had shown differences in the
timing of establishment (for annuals) and growth were
not only between grasses and trees but also between
perennial and ephemeral herbaceous plants and perennial
woody plants. Temporal separation was also discussed

Copyright  2008 John Wiley & Sons, Ltd.
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by Scholes and Walker (1993) and supported by much
corroborating evidence. It is somewhat surprising that
temporal separation has not received more attention in the
literature thus far, although support seems to be growing
(Rodriguez-Iturbe et al., 1999; Hipondoka et al., 2003).

The range succession model described by Dyksterhuis
(1949) is perhaps the oldest approach used to describe the
development of the savanna system, although it focuses
on rangeland productivity rather than the coexistence
of trees and grasses. This model identifies potential
climax states for different rangeland types. Grazing
and other range management activities are assumed to
direct rangeland development towards or away from the
envisaged climax state. Dyksterhuis (1949) supported the
monitoring of annual grasses and woody plants to assess
range development. While the method has been used
extensively, the prerequisite knowledge of a climax state
might be regarded as a serious shortcoming.

A further approach considered different states of veg-
etation that would be reached under various management
scenarios. Such state-and-transition models include those
of Westoby et al. (1989) and Joubert & Rothauge (cited
in Zimmermann et al., 2001). This approach recognizes
various possible stable states of vegetation coexistence
and provides for the inclusion of equilibrium and non-
equilibrium dynamics. Rather than attempting to identify
a single, most important factor, the approach recognizes
that different limiting factors may act on the system at
different stages of its development (see the frame-based
models of Starfield et al. (1993) and Graz (1996)).

While state-and-transition models represent a signifi-
cant, fundamental improvement on the range succession
model, Briske et al. (2003) point out that the different
stable states of the vegetation need to be known, as well
as the nature, causes and thresholds of the transitions
between them, before the model may be implemented.
We must also consider that these models describe condi-
tions, i.e. states, that are static in time, i.e. they do not
consider processes within each state. Briske et al. (2003)
therefore suggest a combination of the range succession
and state-and-transition models.

Further non-equilibrium ecological approaches were
considered by the disturbance models discussed by
Scholes and Archer (1997) and Jeltsch et al. (2000), and
the patch-dynamic model of Wiegand et al. (2005). None
of these models have received the general acceptance of
the first two, however.

Both the two-layer and temporal separation models
have some validity and the two are readily combined.
This combination may be augmented, however, if addi-
tional physiological differences between grasses and trees
are included.

Most applicable studies seem to agree that soil mois-
ture uptake and competition for moisture and nutrients
are determining factors in the tree–grass interaction (see
the discussions by Rodriguez-Iturbe et al. (1999) and
Kerkhoff et al. (2004)).

Most authors also seem to agree that bush encroach-
ment is a result of changes in the tree–grass bal-
ance brought about by modifications in grazing regimes
(Skarpe, 1991; Scholes and Archer, 1997; Jeltsch et al.,
2000; van Langenvelde et al., 2003).

A number of authors consider changes to the fire
regime, particularly changes in frequency and intensity
as a further promotion of bush encroachment (see for
instance Jeltsch et al., 2000 and van Langenvelde et al.,
2003). Accumulating empirical evidence (Archer et al.,
1988; Hoffmann, 1998; Meyer et al., 2005) suggests,
however, that the seedlings of woody plants are not as
susceptible to fire induced mortality as had previously
been assumed.

Changes in the rangeland composition and their effect
on the soil moisture balance have received limited
attention in the literature. This does not imply that there
have been no studies relating to different parts of this
aspect. For instance, Garnier (1992) compared growth
parameters between annual and congeneric perennial
grasses; Heng et al. (2001) compared the soil–water
dynamics between perennial and annual pastures.

This review uses the available literature to integrate the
effects of grazing and soil moisture regime, and to assess
the implications for the development of rangelands. The
information reviewed here is necessarily taken from a
wide range of investigations from arid and semi-arid
areas, as no single system has been studied in all of the
aspects considered here.

Soil-water and savanna plants

Soil moisture is primarily recharged by rain (Schwinning
et al., 2002). In the savannas of southern Africa, South
America and Australia, precipitation is seasonal and
highly variable in terms of its intensity, as well as its
temporal and spatial distribution. For any given site, this
results in distinct wet and dry periods of irregular length,
giving rise to substantial variation in moisture supply and
soil-water recharge.

The soil surface, as the entry point for any rainfall,
affects the rate at which moisture may infiltrate the soil.
The condition of the soil surface, in terms of soil texture
and structure, the presence or absence of crusts (Belnap,
2006) and the accumulated litter (Kelly and Walker,
1976; Murphy et al., 2004) therefore plays a significant
role in soil moisture development; Walker et al. (1981)
report ten times the infiltration rate under grass-litter
than is found on bare soils. Once water has infiltrated
it may drain to lower soil layers or be removed through
evapotranspiration.

For a given soil type infiltration, and subsequent
drainage, are not only a function of the amount and
intensity of rainfall events but are also affected by
the prevailing moisture contents of the soil—with an
increase in soil moisture contents there is a concomitant
increase in the rate of infiltration and drainage (Foth,
1990; D’Odorico and Porporato, 2006). This is, in turn, a
function of prior rainfall events; the relationship is highly
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non-linear, with decreases in conductivity of four to five
orders of magnitude with changes in soil-water contents
(Hopmans, 2006).

Paradoxically, therefore, water will not readily infil-
trate very dry soils (Foth, 1990). This may be observed
in the field; after longer dry periods the raindrops of the
first shower form small domes of moisture on the surface
before infiltrating. Depending on continuing conditions
the water will evaporate.

According to the two-layer theory, moisture from light
rains will only drain into a relatively shallow depth thus
becoming available to plants with their roots close to the
soil surface, primarily grasses (Knoop and Walker, 1985;
Frost et al., 1986; Schwinning et al., 2002; Hipondoka
et al., 2003).

More generally, we must assume that moisture will
only become available to the plants with deeper roots
when the rate of infiltration and drainage exceeds the rate
of direct evaporation from the top-soil and water uptake
by shallow rooted plants. Apart from rainfall patterns and
intensity, moisture recharge of the lower lying soils is
therefore a function of the condition of the soil surface,
and water use by vegetation utilizing the top-soil.

Yet, not all shallow rooted plants, specifically grasses,
have the same effect on soil moisture development.
Annual and perennial grasses not only differ in their
response to the stochastic nature of rainfall (Frost et al.,
1986) or grazing (see later) but also differ in their effect
on soil moisture accumulation (Kelly and Walker, 1976)
and with respect to water use. (Kelly and Walker, 1976)
report that water may funnel down perennial tussock
grasses towards their roots, resulting in reduced run-
off from the areas dominated by such grasses; annual
grasses were unable to do so. Walker et al. (1981) thus
hypothesize an asymptotic relationship between total
grass biomass and water infiltration.

Differences with respect to water use are particularly
apparent from studies comparing annual and perennial
planted pastures as reported by Ridley et al. (1997);
White et al. (2000); Heng et al. (2001) and Bird et al.
(2004), and covering a range of species, soils and climatic
conditions. These authors determined higher rates of deep
drainage under annual grasses than under perennials,
given like conditions. White et al. (2000), for instance,
reported higher deep drainage rates of 38–40 mm under
annual pastures. Similar observations were also reported
by Walker et al. (1981); White et al. (2000) and Virgona
and Southwell (2006) under rangeland conditions.

In addition, Virgona and Southwell (2006) report
higher rates of evapotranspiration on perennial grasses,
particularly when these were assigned longer periods
of rest. These findings show that changes in rangeland
composition will be accompanied by changes in soil-
water utilization.

Further differences in soil-water use occur between
woody and herbaceous plants. To study the interactions of
these plants, some authors have simplified the system by
studying plants in pot experiments or by manipulating
the herbaceous plant cover (Knoop and Walker, 1985;

Ward, 2005). In doing so, Knoop and Walker (1985)
were able to determine that sites cleared of herbaceous
material had a higher soil moisture content than those
dominated by the prevalent perennial grass, Cenchrus
ciliaris , despite lower rates of water infiltration on the
cleared sites. Similar findings had been reported by Kelly
and Walker, (1976) who compared intensively utilized
and unutilized grazing areas. On the basis of their findings
Knoop and Walker (1985) considered the competition for
water between woody and herbaceous vegetation to be
most severe during years of intermediate rainfall.

Grasses have a higher transpiration rate than woody
plants and are able to use soil moisture almost until
it reaches wilting point (Frost et al., 1986, p. 20) with
the wilting point of grasses lower than that of woody
plants (Scholes and Walker, 1993; Rodriguez-Iturbe
et al., 1999). This may be a compensatory response to
the drying of the soil; recalling that the soils also dry out
from the top downwards, we must assume that shallow
rooted plants are subject to low soil water before more
deeply rooted plants, and need access to sufficient mois-
ture until the next effective rainfall event. Importantly,
this ability to extract more water from the soil will pro-
vide grasses with a competitive advantage over woody
plants in the upper soil layers.

The extraction of soil moisture by grasses also has
important implications for further soil moisture develop-
ment since drainage decreases with the reduced soil mois-
ture contents. Because intervals between rainfall events
increase in length, more and more water is extracted by
grass plants. The first rainfall events after a longer dry
spell will, therefore, initially benefit the plants rooted in
the upper-most soil layers.

The transpiration rates of woody plants seem to be
more regulated by actual soil moisture availability (Frost
et al., 1986, p. 20). At the same time woody plants
effectively modify the spatial distribution of moisture
through stem-flow and through fall (Pressland, 1973; du
Toit de Villiers and de Jager, 1981). These are dependent
on the rainfall intensity and total amount (Belsky et al.,
1989), and differ between species and growth habits.

In addition to the horizontal redistribution of rain-
fall, woody plants may also redistribute soil moisture
vertically within the soil profile through hydraulic lift
and reverse flow (D’Odorico and Porporato, 2006). In
periods of low rainfall, hydraulic lift may cause some
plants to release water obtained from moister layers in
the higher-lying, dryer soil layers. This phenomenon has
the advantage that more water is available in the upper
soil layers to assist with nutrient uptake. At the same
time, the water is made available to other plants that root
higher in the soil profile. Reverse flow, on the other hand,
releases water in the lower soil profile.

The combination of hydraulic lift and stem-flow effec-
tively concentrates the moisture around the base of the
tree, thus also facilitating drainage to the lower soils.
Evaporation from the soil surface below the canopy is
also reduced as a result of shading (Dean et al., 1999).
The grasses that establish under the trees are generally
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C3 grasses with a lower water use efficiency than the
C4 grasses that predominate in the open areas between
canopies.

Grasses and grazing

The composition of rangelands is not only a function of
short-term or long-term climatic variation, but, impor-
tantly, a result of past grazing regimes. Effects of graz-
ing regimes have been studied and reported repeatedly
(see, for example, Dyksterhuis, 1949; Harrington et al.,
1984; Westoby et al., 1989; Tainton, 1999 and Rothauge,
2006). Generally, different species of grass also differ in
their response to grazing; while grazing may be detri-
mental to some species, others will disappear if they
are underutilized (McNaughton, 1993; Ryerson and Par-
menter, 2001; Rothauge, 2006). Similarly, not all grasses
are equally acceptable to grazers; while some are pref-
erentially selected (Rothauge, 2006), others seem to be
avoided.

The degree to which individual species may cope with
defoliation regimes, as indicated by changes in their
abundance in the rangelands, has been used to classify
grasses as being increasers or decreasers (Dyksterhuis,
1949; Hardy et al., 1999; Vesk and Westoby, 2001). The
presence or absence of species, and the rate at which
their abundances change within the rangeland may thus
be used to assess the impact of management regimes
(Dyksterhuis, 1949; Westoby et al., 1989; Hardy et al.,
1999).

Let us consider the effects of grazing in more general
terms. The reduction in leaf area, and the rate at which
it is reduced as a result of grazing, has a number of
implications in the short, medium and long term. Most
notable is the immediate reduction of photosynthetic
tissue with a concomitant lowering of the productivity
of the plant immediately after grazing. Depending on the
severity of the defoliation, this leads to an immediate
reduction in transpiration and therefore a reduction in the
rate at which soil moisture is used.

However, grazing not only affects the above-ground
biomass, but also results in a decline and even complete
cessation of root growth, depending on the rate of
defoliation. Where grasses are heavily defoliated, root
activity may not resume for several days (Crider, 1955;
Wolfson, 1999). Other studies have shown that grazing
results in a shift in root production to the higher-lying
soil layers (Schuster, 1964).

In the medium term light and moderate grazing induce
the plant to produce additional tillers, and may therefore
increase the productivity of individual plants (See the
review by Wolfson (1999)).

Longer term change in rangeland composition is not
only reflected in the present composition of the herba-
ceous plant component but also in the development of
the soil seed bank. For instance, O’Connor (1994) and
Milton and Dean (1994) found a reduction in seed pro-
duction of perennial grass species as a result of grazing or
overgrazing; Peart (1989) found annual grasses to have a
higher overall seed production than perennials in general.

The seed bank is further affected, as cattle remove the
inflorescences of some grasses under sustained grazing
(O’Connor and Pickett, 1992). The inflorescences of
other grasses, i.e. those with sticky infructescences are
generally avoided by cattle when they ripen (Ernst et al.,
1992).

The development of the soil seed bank has long-
term implications for rangeland composition through
recruitment. O’Connor and Pickett (1992) showed, for
instance, that seeds of perennial grasses had a limited
longevity (3 years in their study), as opposed to those of
annuals.

Woody plants and browsing

Flowering and fruiting of most woody savanna plants
occur in the dry season. In Australian and South Amer-
ican savanna the fruit ripen and are dispersed in the
subsequent wet season, while those in southern Africa
only ripen during the subsequent wet season to be dis-
persed in the following dry season (Frost et al., 1986).

The development of the accumulated seed bank may
be substantially affected by predation. Setterfield (2002),
for instance, found a high degree of predation by insects,
particularly ants. The presence of the ants was signifi-
cantly affected by burning regimes (see later) with most
species of seed harvesting ants occurring in areas more
frequently burnt.

Wilson and Witkowski (1998) and Joubert (pers.
comm.) showed that recruitment of seedlings was
episodic. Wilson and Witkowski (1998) determined that
seeds needed a critical amount of soil moisture for
10–14 days before emergence. While seed may germi-
nate, seedlings may not become established as they are
dessicated in the absence of further rain (Wilson and
Witkowski, 1998; Setterfield, 2002).

Once established, woody seedlings and young plants
may be suppressed by competition or herbivory (reminis-
cent of the bonsai process) for a number of years before
they emerge from the grass layer (Higgins et al., 2000).
At the same time Shaw et al. (2002) and Goheen et al.
(2004) report significant seedling mortality attributed to
herbivory by small mammals and insects. Goheen et al.
(2004) showed that seedling mortality was significantly
higher (exceeding 75%) in areas from which large mam-
mals were excluded, with little actual damage attributed
to herbivory or trampling by the larger mammals.

Higgins et al. (2000) assume that the eventual emer-
gence of seedlings from the herbaceous vegetation is
triggered by above-average rainfall, to produce cohorts
of even aged stems.

Browsing often stimulates the growth of new shoots
or facilitates coppicing as apical dominance is removed
with a terminal bud. Skarpe et al. (2000) assume such
regrowth to have a higher palatability, as the authors
observed an increased probability that a bush was
browsed if it had been browsed previously. This is fur-
ther supported by the findings of Du Toit et al. (1990)
who report increased nutrient contents and a reduction
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in defensive chemicals in the new foliage as a result of
browsing.

No literature was found on the development of the
root system of woody seedlings in response to brows-
ing. It must be assumed, however, that root development
is slowed. This would imply that browsing contributes
to a delay in woody plant development and the main-
tenance of the savanna system, and would highlight the
importance of herbivore composition.

Most savanna plants are able to coppice allowing
the individual species to persist without having to re-
establish from seed. The regrowth does not have to
outcompete the herbaceous layer for water and nutrients,
but is able to use an established root system. Individual
plants may thus survive within the system for a longer
period. Considering the lower apparent recruitment rates
of woody plants in a healthy savanna system, it seems
necessary for a tree or shrub to live through a number
of cycles of favourable conditions to ensure a certain
number of offspring.

Jeltsch et al. (2000) suggest that the absence of mega-
herbivores, such as elephant, are a major cause of change
in the physiognomy of African savanna. This suggestion
may have been prompted by elephant damage to woody
plants that may be readily observed in areas where these
animals occur. However, the significance of their impact
in maintaining the savanna vegetation structure should
not be over-emphasized as these animals are absent from
other continents where the vegetation type occurs, and
where they have no functional equivalent.

Plant interactions

Studies regarding competition in savannas have thus
far focused on the interaction between perennial grass
plants and woody plants. Those studies dealing with com-
parisons of competition between annual and perennial
grasses focus on the invasion of rangelands by exotic
annuals as, for instance, the studies reported by Huf-
faker and Cooper (1995) and Corbin and Antonio (2004),
although Milton and Dean (2000) compared recruitment
of annuals and perennials in relation to herbivory and
rainfall.

In their study, Corbin and Antonio (2004) found
annuals to respond more readily to exploit available
resources and space. These authors, as well as Milton and
Dean (2000) noted, however, that annuals were excluded
by perennial grasses as the latter start utilization resources
earlier in the growing season; seedlings of annuals are
disadvantaged by the time they require for establishment
before they may compete for resources.

The effect of the grass cover on the recruitment of
woody seedlings also seems to require further investiga-
tion as the results from various field and pot trials are
variable. For instance Brown and Archer (1989) showed
that seedling recruitment of Prosopis glandulosa was not
related to herbaceous biomass, while Harrington (1991)
reported that the recruitment of Dodonaea attenuata was
significantly affected. Harrington (1991) attributed the

differences in these findings to be a result of differences
in the rooting habits between the two woody species
under study.

There seems to be similar variation in the findings
regarding the recruitment patterns of seedlings. For
instance, Brown and Archer (1999) report low levels of
continuous recruitment of P. glandulosa, while Joubert
(pers. comm.) found recruitment of Acacia mellifera
in the highland savanna of Namibia only after two
successive years of high rainfall.

Westoby et al. (1989) suggest that overgrazing, cou-
pled with long dry spells/drought, may create suitable
conditions for recruitment events for woody plants. With
the removal of the perennial grasses and the delayed
water use of annuals, woody seedlings will be less sub-
ject to competition. This is contradicted to some degree
by Higgins et al. (2000) who emphasize the inability of
seedlings of woody savanna plants to tolerate drought.
Soil moisture availability therefore seems to be a key
issue.

The ability of grasses to reduce water availability to
levels below the wilting point of woody plants suggests
that the woody seedlings will dessicate in the presence
of grasses under normal conditions. As soil moisture
availability increases either through favourable rainfall
regimes or as a result of changes in the condition of the
grass component seedling establishment is likely to be
affected.

Vegetation and fire

Various authors have identified fire as an important
control agent mitigating against the establishment of
woody plants (see Frost and Robertson, 1982; Jankowitz,
1983; Jeltsch et al., 1996, 2000). By implication a change
in fire regime in terms of changes in frequency, season
and intensity may benefit the establishment of woody
plants. Such changes may result from reduced fuel loads
caused by increased grazing pressure, as suggested by van
Langenvelde et al. (2003). Exclusion of fire may also be
due to a conscious decision by land managers not to burn.
Graziers may, for instance, consider the temporary loss
of grazing undesirable, particularly under poor economic
circumstances. In Namibia, for example, management
burning was actively discouraged by government policy
for a number of years, and the administrative input
that are currently required by government to prepare a
management burn are time consuming.

Despite the importance that is attached to fire as
a control agent there is a gradual accumulation of
empirical evidence of high seedling survival rates after
fire. Archer et al. (1988) found, for instance, that most
(80%) seedlings of P. glandulosa were able to survive
hot burns while Meyer et al. (2005) reported over 90%
seedling survival for A. mellifera after a moderate to
hot burn. Hoffmann (1998) considers the seedlings of
Periandra meiterrania and Rourea induta to be rather
fire tolerant, while, despite the implementation of a
burning regime on the Waterberg Plateau Park, Namibia,
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Terminalia sericea has reached substantial densities.
These findings support the reports by Hodgkinson (1991)
and Trollope (1999) who noted an increase in woody
plant density in areas subject to annual burning, when
compared to their control plots. Low intensity burns are
less likely to damage woody plants, but may benefit
existing plants through the ash-bed effect, and encourage
woody plant growth.

Simulation studies using the FLAMES model (Liedloff
et al., 2005) indicate that fire is less likely to affect the
total woody biomass produced but rather modifies the
age and size structure of tree populations. The authors
concluded that single burns were less important than
regular, repeated fires in the elimination of woody plants.

While the effect of fire on the establishment and devel-
opment of woody seedlings appears to vary according to
circumstances, fire is clearly able to reduce the amount
of viable propagules that are produced. Consider, for
instance, that the woody plant Acacia mellifera flowers
and fruits towards the end of the dry season, rather than
during the wet season (Frost et al., 1986). A fire that
occurs at this stage may reduce the number of flowers or
fruit substantially (Hoffmann, 1998; Setterfield, 2002).
While Joubert (pers. comm.) recorded higher fruit pro-
duction of A. mellifera in the dry season following sea-
sons of particularly high rainfall, the same conditions are
also associated with a higher grass production (O’Connor,
1994; Higgins et al., 2000) and incidence of fire under
natural conditions (Siegfried, 1981). It is therefore likely
that fewer viable seeds will become available in the event
of a fire under such conditions.

Burning not only affects woody plant populations, but
also impacts the grass component. Different combinations
of grasses predominate under various rangeland manage-
ment regimes or burning regimes (Trollope, 1999; Howe,
2000). Trollope (1982) reports that dry season burns
break the dormancy of perennial grass plants, stimulating
them to out-of-season growth.

This response to fire has been traditionally used as a
hunting tool. While some animals may only reluctantly
move in direct response to fire, game animals are readily
attracted to the early growth in the burnt areas (Vedder,
1923; Lusepani et al., 1998), making them easier to find
and hunt. The out-of-season flush requires the grasses
to use reserves that would otherwise have been used at
the start of the next wet season. The reduced availability
in reserves at the start of the next wet season results in
a less vigorous flushing and growth, and a concomitant
reduction in water uptake.

At this stage it is uncertain what role the formation
of hydrophobic layers will play in the maintenance of
savanna systems. Such layers may form under moderate
fire intensities (DeBano, 2000) and reduce infiltration or
drainage. Most studies dealing with hydrophobic layers
were conducted under woodland vegetation or under
brush piles in arid areas (Adams et al., 1970), i.e. under
heavier fuel loads. DeBano (2000) indicated that water
repellency is formed under 175–200 °C. Scotter (1970)
assumes, however, that temperatures under light grass

fuels do not rise significantly above 100 °C. At higher fuel
loads, such as found after heavier rainfall, hydrophobic
layers may well be formed periodically.

Temporal separation

In addition to the spatial separation of water use reported
above, water use by plants may be partitioned by tem-
poral differences in physiological activities (Harrington
et al., 1984; Fowler, 1986; Scholes and Walker, 1993).

The discussions of Harrington et al. (1984) are par-
ticularly useful in this regard. The authors compare the
commencement and duration of different growth stages
between annual and perennial grasses, as well as woody
plants. Resource use is therefore partitioned by time as
effectively as by the rooting habits of plants. At the
same time, there are indications that grasses will respond
faster to the availability of moisture than do woody plants
(Schwinning et al., 2002).

Rodriguez-Iturbe et al. (1999) warn that emphasis
on a temporal separation between the grass and tree
components accepts an inherent instability of the system.
The authors do not support this approach.

DISCUSSION: ASSEMBLING THE PIECES

The interaction between grasses and trees within the
savanna system evolved in response to a number of
prevailing factors. Grasses and trees have established
separate responses in order to cope with variable rainfall
patterns and soil moisture availability. Importantly, the
grass component also developed under the influence of
grazing, as no doubt the shrubs evolved in response to
browsing. While changes in rainfall patterns are currently
much under discussion, their effects are uncertain. Rather,
bush encroachment is assumed here to be in response to
changes in the spatial and temporal grazing patterns.

In the following discussion, a number of differences
between grazing regimes that prevailed in the evolution-
ary past, and those occurring now are identified to form
the framework within which the bush encroachment puz-
zle is assembled here.

From the review above we can conclude that the effect
of grazing on rangelands is determined by the interaction
of the herbivores involved (Rothauge, 2006), the rate at
which material is removed (Vesk and Westoby, 2001),
the timing of the defoliation and the degree to which it
is able to recover between grazing events (Savory and
Butterfield, 1999; Vesk and Westoby, 2001). A change in
any one of these components must therefore, in view of
the discussions above, modify the effect of grazing and
subsequently results in a change in rangeland condition.
The latter would, in turn, alter the soil moisture regime
and the tree : grass balance.

Prior to European settlement in the arid and semi-arid
areas of Africa and Australia most surface water was
ephemeral (James et al., 1999). It is assumed that ani-
mal movement through the savanna system was prompted
by the availability of water rather than by the available
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forage. While water requirements differ between herbi-
vores, most mammals were induced to migrate once water
became limiting.

Low rainfall that resulted in only limited growth and
development of the grass plants, also limited the amount
of surface water that would accumulate. Grass, and
particularly the available drinking water, would typically
have been consumed relatively quickly when compared
to consumption in periods of higher rainfall. Herbivores
were thus induced to migrate earlier in the season to areas
where the resources were more readily available.

The faster movement of animals through an area
effectively shortened the grazing period and reduced the
rate at which the available grass biomass was reduced,
permitting the grass component to retain a more extensive
below ground biomass. At the same time, the earlier
migration of herbivores provided the grass component
more time to recover.

Lower primary productivity would also have been
reflected in reduced fecundity and higher mortality of
natural grazers, leading to reduced population pressure
in subsequent seasons. The amount of time required for
herbivore populations to recover to a given level would
also have extended the time of reduced grazing pressure.

With the onset of European settlement, however,
surface water becomes available throughout the year
(James et al., 1999). At the same time, the land was
subdivided into farms/ranches and fenced to facilitate
the management of domestic herbivores. Grazing regimes
were therefore no longer regulated by the available
water or grazing, and the movement of herbivores was
restricted. Rather, stocking rates became regulated by
considerations such as the economics of the individual
farming enterprise. Economic viability, for instance,
dictates a minimum number of livestock for the farming
enterprise to break even under a given set of market
conditions. At the same time, market forces may prevent
graziers from destocking their range in response to
decreased fodder availability, but may rather encourage
supplementary feeding.

European graziers responded to changes in range
condition by implementing rotational grazing systems
such as those described by Tainton (1999) or Savory
and Butterfield (1999). While this seemed to address the
rate at which rangelands declined, the area within which
herds are rotated is small when compared to open grazing
systems.

The repeated defoliation that subsequently occurs
under unfavourable environmental conditions not only
affects the plant growth but also reduces the amount of
water removed from the soil through evapotranspiration.

Overutilization of the grass component may develop
in a number of ways: (1) animals are retained on a piece
of land for too long, thus preventing the individual grass
plants from recovering; (2) too many animals utilize the
grasslands for the time allocated, thus resulting in heavy
utilization and, subsequently, in retarded or curtailed root
growth; (3) while rest periods are implemented, animals
are returned to a given area before the grasses and their

roots have fully recovered. Time indications such as ‘too
long’ or ‘too soon’ are relative to rangeland productivity
rates at the time in question, and vary seasonally and
annually.

Under such grazing practices there is a decline in
perennial grasses and a shift towards annual species
as reported by Harrington et al. (1984); O’Connor and
Pickett (1992); Milton and Dean (1994); Huffaker and
Cooper (1995); Milton and Dean (2000) and Bird et al.
(2004). This should thus not be unexpected, and the
subsequent increase in soil moisture availability should
be inevitable.

Higher soil moisture levels not only cause an increase
in infiltration of soil moisture to lower soil layers where
the roots of woody plants may dominate, but also cause
soil moisture to remain at depths where woody plants
may more readily extract it.

The continuous availability of drinking water and the
economic considerations that affect farming enterprises
have therefore effectively led to a modification of the
grazing regime in all of the aspects identified above.
These are the amount of material removed (grazing pres-
sure), the timing of defoliation and the time available for
recovery. The choice of livestock modifies the last of the
factors previously identified, and can, strictly speaking,
also be attributed to economic considerations such as the
marketability of the associated animal products.

CONCLUSION

There are many gaps in our knowledge of the savanna
system, particularly with regard to bush/woody weed
encroachment. This review highlights that not only the
condition, but also the composition of the grass compo-
nent of the system, plays an important role through its
influence over the soil-water balance.

Current rangeland conditions within the savanna sys-
tem are attributed to grazing and resting patterns. Man-
agement is imposed by economic considerations and dif-
fers from those under which the system evolved. As a
result, management regimes have effectively reduced the
competitive ability of the grass sward, causing the vegeta-
tion to develop towards a bush-dominated physiognomy.

Future investigations should approach the bush en-
croachment problem from two avenues. On the one
hand it is necessary to verify the magnitude of the
physiological differences of grass plants and their effects
on the soil moisture differences. These investigations
should particularly focus on differences in the osmotic
potential and the temporal differences in water uptake of
annual and perennial grass, as well as of woody plants.

On the other hand, the implications of this framework
need to be considered for current management initiatives,
and for the restoration of degraded rangelands. Here it is
important to develop management regimes that consider
the economic sustainability of grazing enterprises, with
the assumption that sustainability is only achieved if the
resource base continues to exhibit good condition. It is
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equally important to consider the future development of
the rangelands that are already encroached to assess the
possibility that the problem might ‘solve itself’ given
time, or to identify possible remedial interventions.
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