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Abstract

Historical increases in the density of unpalatable
shrubs and trees have reduced the camying
capacity and threaten the sustainability of live-
stock production in arid and semi-arid grassiands
and savannas around the world. Bicdiversity,
wildlife habitat and nutdent cycling {rates,
magnitude, seasonality and spatial pattemns) are
also affected by these changes in vegetation
While historical increases in  woody plant
abundance have been widely noted, the rates,
dynamics, spatial patterns and proximate causes
have not been well documented. Here, I bricfly
review potential explanations for increased
abundance of woody plants in dryland eco-
systems and discuss how activities of domestic
and native herbivores might influence the batance
between grasses and woody plants. Conceptual
models of woody plant scedling establishment in
grazed ecosystems are presented and evaluated
with case studies of an invasive North American
arborescent, honey mesquite (Prosopis glandu-
losa). Reduction in grass interference, achieved
experimentally or by grazing, may have a positive
effect on woody plants but is not a prerequisite
for successful seedling establishment in many
systems. It is argued that thresholds of
herbacecus utilisation required for woody plants
to establish successfully may be readily
exceeded, even at light levels of grazing. Thus,
grazing management schemes must aggressively
incorporate the use of fire as well as emphasise
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the degree of grass utilisation and maintenance of
species composition, if dominance of woody
plants is 1o be regulated successfuily.

Introduction

Harry Stobbs’ career was dedicated to studying
grassiand production and sustainability (Minson
1978). These issues remain at the forefront of
much of the research in grassland and savanna
conservation and management. Definitions of the
concepts embodied in the terms ‘preduction’ and
“sustainability’ are elusive. as these words mean
different things to different people (Késsler er al.
1992: Swank and Van Lear 1992; Levin 1993). In
many arid and semi-arid systems, grazing by
domestic herbivores is a primary land use for
commercial enterprises, pastoral societies and
subsistence cultures. Ecosystem sustainability for
livestock production requires, among other
things, management which maintains the soil
resource and ensures a favourable balance
between palatable and unpalatable vegetation. In
many arid and semi-arid systems, this means:
(a) regulating grazing to maintain cover and pro-
duction of palatable, perennial grasses (which
serve as the forage base for livestock or wildlife);
and (b) limiting the invasion or encroachment by
unpalatable woody vegetation (Walker 1993).
Historical accounts, photographic records and
quantitative studies have demonstrated extensive
invasion of grasslands by woody plants and
increases in woody plant density in savannas over
the past 200 years (see review by Archer 1994).
Available data indicate that rates and patterns of
these increases have been:
= rapid, with substantial changes occurring
over 50- to 100-year time spans;
« pon-linear and accentuated by episodic cli-
matic events;
= locally influenced by topo-edaphic factors;
and
» non-reversible over time {rames relevant to
management.
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Increases in tree or shrub abundance on range-
lands are oficn viewed negatively where manage-
ment for grazing animals is a pricrty. Even so,
their presence may provide nEMCrous positive
bencfits which should be coasidered (McKell
198%; Archer and Smeins 1991). Depending on
the species, growth form and density, woody
plants may wvariously suppress production of
grasset, increase the difficulty of livestock
handling and adversely alter habitat for game and
noa-game wildlife. Woody plants that increase in
sysiems grazed by livestock do $0 because they
typically receive relatively hittke utilisation owing
to their unpalatability or the presence of thorns or
spines {BergstrOm 1992). Shifts in woody plant
abundance or composition may be symptomatic
of pasi management transgressions (such as
improper grazing or firc suppression). In systems
with a history of long-term. heavy grazing,
woody vegetation may be all that is hoiding the
ecosysiemn together with respect to wegetative
cover, eaergy fow and nutrient cycling. Charac-
teristics common (o0 many woody species that
increase in grazed environments include:

* high levels of seed production;

* persistent seed or seedling banks:

* cffective seed dispersal;

= lolerance 10 water and nufrient stress, or

deep, exiensive (0oL Sysiems;

* chemical or physical deserrents to minimise

boowsing,

* shility o regencraie vegetatively after top

removal; and

¢ ¢exwended loogevity (decades 10 centuries).

Variows combinations of these traits may
ensble woody plants ® invade readily and
cstablish in grasgland or savanna ecosysiems, and
make: them difficalt to displace after establish-
may st be ecologically sound, biologically
effective: o economically feasible at lwge scales
Given the cffort and expense roquired w0 reduce
woody plast cower or biomass, it would be
desiablc 0 mesagr grazing lands w0 mimimise
umw»um
the sdagr ‘an owmce of m iz worth a

:eghumdwuhﬂmmh,myeﬂed
3pid shifts im plant recruitment and mortalicy.
These may mnexpectedly promote grass dic-off

(O*Connor 1993) or enhance woody plant seed
production  and seedling  establishment
{McPherson and Wright 1990; Harringtoa 1991).
leaving land users and managers little opportunity
to adjust animal numbers/composition or
implement a prescribed burn. Socio-economic
cxtermalitics may interact further to impede or
constrain  deployment of desired management
practices.

Proximate causes of woody plant encroachment
into grasslands

Historical increases in woody plant starure and
density in savannas and grasslands have been
observed and acknowledged worldwide. Even so,
there has been surprisingly little quantification of
the rates, dynamics and proximate causes of these
shifts in vegetation structure, Explanations for the
proliferation of woody plants at the expense of
grasses over the past century have typicaily
centred around alicrations in climatic. grazing
and fire' regimes (Hastings and Turner* 1965:
Smeins 1984). It has also been suggested that
atmosphenc COs enrichment since the industrial
revolution has favoured C; woody plants over C,
grasses (Idso 1992; Johnson er al. 1993). Inter-
actions among such factors may be responsible
for the changes in vegetation observed o date,
but it is difficult to rank their relative importance
{(sce review by Archer 1994; Archer er al. 1995).
However, a number of studies have associated the
onset of woody plant encroachment with intensi-
fication of livestock grazing (Madany and West
1983; Schoficld and Bucher 1986; Bucher 1987:
Gardencr et al. 1990; Archer o1 al. 1995).
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not changes in climate or atmospheric chemistry
(Ascher et al. 1995). Such studies indicate that, if
changes in broad-scalc factors such as climate or
atmospheric chemistry. which potentially favour
woody plants, have cccurred, they were not, by
themselves, sufficient to cause the observed vege-
tation change.

able 1. Patterns of tres recruitment i 4 semi-arid savanna in
Utah. USA (from Madany and West 1983). Sitcs were located
within a few ke of cach other on similar soils and would have

ewperienced simitar climate and levels of atmospheric CO,
enrichment. Livestock grazing was initiated in the 1860s.

Density (stems/ha)
Troe genera Ungrazed  Grazed
Pants > 100 yr old:
Acer 0 [}
Juniperus 6 5
Pinus 56 23
Quercus ] 0
Planis <100 yr old:
Acer o] 14
Huniperus 6 76
Pinus 19 252
Querrus 4] 256

At focal scales, an understanding of land-use
history often ¢xplains why ratcs, paticrns and
dynamics of vegetation change have varied sub-
stantially for similar habitats within climatic
zones cxperiencing  similar levels of post-
industrial CO3 earichment. In the Mitchell Grass-
lands of Australia, prickly acacia (Acacia
nifotica), a leguminous arborescent from Africa,
was introduced along anesian bore drains on
some propertics in the 1940s 1o provide shade for
hivestock. Since that time, it has spread to form
dense stands. Pastures have been maintained as
grassland wheve prickly acacia was not intro-
duced. The fact that the spread of the plant has, in
many arcas, been himited by fencelines sugpests
that livestock rather than native fauna are the

scodling establishment of prickly acacia away
from bore drains and watercourses is episodic,
occurring only during periods of sufficient rain-
fall, which are infrequent and widely spaced
(Burrows et al. 1990). Thus, while climatic varia-
bles are a key component in dictating the
dynamics of prickly acacia stand development,
they cannot account for differcnces in its dis-
tribution or density on adjacent properties.
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Fire, grazing and soil propertics interact within
a variable climate to determine the balance
between grasses and woody plants. Temporal
patterns of fire and soil moisturc arc the primary
factors infiuencing woody plant versus grass
abundance in the semi-arid regions of south-
castern Australia. Episodic rainfall events trigger
woody plant seedling establishment (Burrows ef
al. 1990; Harrington 1991). However, because
such rainfall events also stimulatc grass pro-
duction. fire (either natural or prescribed)
becomes a possibility for killing most juvenile
and many adult woody plants (Harrington and
Hodgkinson 1986) and maintaining a grassland or
savanna physiognomy. Grazing by high concen-
trations of livestock or wildlife may reduce the
capacity of grasses to competitively exclude
shrub seedlings and reduce the level and con-
tinuity of fine fuels, thus diminishing or even
eliminating the role of fire as a mortality factor.
Climate-fire interactions that maintain grassland
or savanna are thus decoupled and succession to
woodland may occur quickly. i this scenario,
prevailing climatic conditions may be conducive
to a high ratio of grasses Lo woody plants, but
management intervention of disturbance regimes
{(fire X grazing inicractions) at local scales pro-
duces quite the opposite outcome.

Woody plant abundance has also increased in
the savannas of southemn Texas since settlement
and the introduction of livestock (Inglis 1964).
Historical acrial photographs (1941-1983) of the
La Copita Rescarch Arca indicate changes in
woody plant abundance have been punctuated
and abrupt, not gradual or lincar (Archer ef al
1988). This site has been heavily grazed by live-
stock since the late 1800s, and fire-free. The
1941-1960 period was characterised by severe
drought, whereas the 1960-1983 period received
normal to above-pormal rainfall. Changes in
woody plant cover during the 19411960 period
were minimal; however, a 3- to 4-fold increase in
shrub cover occumred in the subsequeat 20-yr
period. Drougit may have pre-disposed the
sysmnfornpidmofwoodyplminmionin
the post-drought period. Would a change of this
magnitude have occurred if livestock had not
been grazing the site and (a) accentuating drought
stress on grass plants; (b) spreading seeds of the
dominant woody species; and (c) preventing fine
fuels from accumulating and fire from occurring?
Conversely, would these activities of livestock
have produced this change cven if the drought
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had not occurred? Livestock, the absence of fire
and climate have probably interacted to produce
the observed change, but it is difficult to rank
their order of importance.

How important is herbivory relative 1o other
Jactars?

How might the relative coatributions of inter-
actions between climate, CO,, fire and herbivory
be determined? In an unique field study in Utah,
Madany and West (1983) documented a case in
which a savanna protected from cattle grazing
was maintained, whereas nearby edaphically
similar siles grazed by cattle changed from
savanna to dense woodland scon after the intro-
duction of livestock in the 1860s (Table 1). The
ungrazed site had a low fire frequency (56-79-yr
interval) indicating that frequent fire was not
required to maintain the savanna configuration.
Both sitcs should have cxperienced the same
climate and atmospheric CO,, yet only one had
changed dramatically over the past 100 years.
Livestock grazing was the obvious proximate
cause of vegetation change on this site, not
changes in fire or climatic regimes. Neither
poicntial changes in climatic factors nor increases
in ammospheric COz in recent history were suf-
ficient to cause change on the ungrazed site, but
both may have influenced the change on the
grazed site.

Activities of herbivores, which cause
vegetation to change, may be both direct and
indirect. Direct cffects are those related to the
consumption of plant tissue and loss of COs,
water and nputrient uphke associated with
reductions in leaf and root o and arca. Indirect
eﬂ'ecsmﬂt&uncbangsinuﬁumﬁm:.soil
propextics, mlncnt cycling. competitive inter-

important than direct cffects in terms of shaping
ecosystem dynamics and propertics. Activitics of
native and domestic herbivores can interact to

‘influcace plant communities, and it may be

difficult to distinguish their relative effects.

Native herbivores and grass—woody plant dynamics

Utilisation of woody plants by rodems {Crisp and
Lange 1976; Yeaton 1988; Cantor and Whitham

1989), browsers (Hunter er al. 1980; Pellew 1983;
Belsky 1984; Naiman 1988) and invertcbrates
(Berdowski 1987; McPherson 1993) can create or
maintain a grassiland or savanna in locations
where the climate and soils might otherwisc
support forest or woodland. Conversely, the
preferential utilisation of grasses by grazers may
lead to increased woody plant density and abun-
dance by directly or indirectly creating conditions
suitable for tree and shrub seedling establishment
and stand development Shifts in the relative
abundance of browsers and grazers over time can
thus influence the ratio of grasses to woody plants
across a landscape. Replacement of npative
browsers by domestic browsers such as goats can
also influence the structure and composition of
woody plant communities. but may accentuale
shifts in dominance from palatable 1o unpalatable
woody plants (e.g. Riggs and Umess 1989;
Stwart-Hill 1992).

The complexities and intricacies of inter-
actions between grasses, woody plants, grazers,
browsers, climate and fire have been illustrated in
the Serengeti of East Africa (Sinclair and Norton-
Griffiths 1979). In onc example, wildebeest
numbers doubled over a G-year period after
contrl of the introduced Rinderpest virus (Figure
1). The expanding wildebeest populations grazed
primarily during the dormant secason and after
flowering, so their cffects on grass composition
were minimal. However, rampling and con-
sumption of finc fucls reduced fire frequency,
intensity and coatinuity of spread during the dry
scason, thus enabling tree regencration from sced
and from established root stocks, whose growth
had been previously suppressed by recurring fire.
Lengthening of the fire-fiee interval enabled
woody plants to aftain seed-producing sizes that
were minimally affected by subsequent fires.
Browsers, such as giraffe, potentially bencfit from
the increase in small trees and shrubs and may
ciasses, whilc contributing to the decline of
!-yr. older trecs. Woody plant density may
merease in the absence of sufficient browsing
pressure, creating a positive feedback to further
suppress grass production either directly (via
interference) or indirectly, by coacentrating
grazing pressure on remaining grass patches. In
cither case, the probability of fire would decline,
while probabilities of woody plant recruitment
increase. Woodlands or thickets may be relatively
stable and persistent components of the
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Figure 1. Intcractions and linkages between grazers, browsers, grasses and woody plants in a Screngeli ¢cosystem
(modified from Sinclair 1979).

landscape, unless elephants, for example, opco up  herbivore whose activities are known to influence
trec canopies, thus stimuolating grass production  grassiand patch structure, nutrient cycling and
and increasing the opportunity for fire {Guy 1989; feeding-sitc  selection by other herbivores
Dublin ef al. 1990). (Whicker and Detling 1988). Their role in histoe-

The influence of smail berbivores (c.g. grass-  ically regulating the distribution and abundance
hoppers, termites, rodents, lagomorphs, jack- of trees and shrubs in grasslands has not been
rabbits) on vegetation can also be pronounced. widely considered. Available data suggest that, on
For example, in the 12 years following removal  landscapes otherwise suited for woody plants,
of a mociurnal gramivorc, the kangarco rat recruitment of trees and shrubs would be minimal
(Dipodormys spp.). from a Chihuahuan Desertsite  when prairie dogs arc present (Welzin 1990).
in the south-wesiern USA, the cover of tall Spatialtemporal variation in prairic dog dis-
g:minaused.hmtgxmmddecmscd.lim tribution may belp explain inconsistencics in
accumdated and snow cover persisted longer historical accounts of woody plant distribution
relﬂivemplotsmkangaroomsmmaimd and abundance in arid and semi-arid regions of
(Brown and Heske 1990). Exclusion of cattie North Americz where this rodent occurred.
only during the same period produced no detect- Eliminatioa of prairic dogs from Iandscapes by
able change in vegetation. In addition, kangarco natural (droughk, faminc, disease) or anthropo-
mmimpoxuntagmuofshmbsecddispasal genic(poisoninghsbwneansivdyprwtised
in this system (Cox er al. 1993). Changes in her- since the ecarly 1900s) causcs would remove a
baceous and woody vegefation ostensibly attri-  primary and Yocatly pervasive mortality factor and
buted to livestock or other large herbivores may  cither release suppressed populations of woody
thus reflect activities of less conspicuous native  plants or make pew habitats available for their
herbivores. colonisation.

The North American prairic dog (Cynomys Hurnan intervention has invariably aitered the
spp.) is an example of 2 once widespread native  distribution and abundance of native herbivores.
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Water dewclopments for livestock have con-
tibuted to an increase in the abundance of
kangaroos in Australia (Caughley ef al. 1987) and
antelope in Africa. The result has been an intensi-
fication of overall grazing peessure. In these
sitzations, manipulation of livestock numbers to
promote sustainability of grazing lands may be of
litle consequence, unless native wildlife densities
can be managed simultancously. This can be dif-
ficult to achieve, as actions taken to influence
animal numbers on one property may have little
effect {or even a negative effect), if management
of adjoining propertics is not similarly adjusted.
In addition, regulation of wildlife pumbers is an
economic cost to the land manager and may
invoke controversy with animal rights and con-
scrvafion groups.

Most research has focused on the effects of
above-ground grazers on vegetation even though
below-ground herbivores (root-feeding nema-
todes, larvae and grubs) may consume more plant
matcrial and may have a proportionally greater
impact on total primary production than would be
predicted from their consumption rates (Coleman
ef al. 1976; Detling et al. 1980; Lura and Nyren
1992). Preferential utlisation of herbaceous
vegetation by these organisms may create oppor-
tunities for establishment and growth of woody
vegetation. Unfortunately, estimates of the dis-
tnbution and abundance of subtcrrancan herbi-
vores and their importance in reguiating plant
productivity and composition are scldom avail-
able. It is thercfore difficult 1o gauge their impact
of o relate their activities to changes in plant
composition and production.

Domestic grazers and grass—woody plant dynamics

Plants of many grassiands and tavannas have
evolved with herbivory (Milchunas er al. 1988).
However, in contrast to native hesbivores whose
munbers or patterns of grazing may vary widely,
conccatrations of domestic livestock can be
anificially maintained at consistenly high levels
by supplemental feeding, watesing and protection
from natural predation and disease, Fences pre-
ven! migration to new areas when the abundance
of prcferred forage decreases, resulting in higher
frequencies and intensities of defoliation and
maintenance of grazing pressure over a greater
portion of the year and over a higher frequency of
years than might otherwise occur. The impacts of

domestic herbivory on planis (Briske 1994) and
ecosystem processes (Detling 1988; Archer and
Smeins 1991; Skarpe 1991: Picper 1994) and
soils (Williams and Chartres 1991; Thurow 1991;
Milchunas and Lavenroth 1[993) have been
reviewed receatly. In this section, [ will consider
factors contributing to the replacement of grasses
with woody piants.

The invasion of, or encroachment on, grass-
lands and savannas by woody plants is often asso-
ciated with livestock grazing (e.g. Table 1). The
preferential utilisation of grasses, variously iwl-
crant of defoliation, alters plant competitive inter-
actions in a community and changes patterns of
resource distribution and availability. Grazing by
livestock can poientially increase the probability
of woody pfant recruitment in numerous, self-
reinforcing ways:

= Livestock may effectively disperse woody

plant seeds, particularly those of some
leguminous shrubs and arboresceats (Janzen
1986; Brown and Archer 1987; Miller
1993).

+ Decreases in grass leaf area resplt in
increased light levels at the soil surface,
which could increase chances for gormina-
tion and carly establishment of woody seed-
lings in mcsic systems characterised by
high levels of grass production and litter
accumulation.

* Reductions in transpirational Ieaf arca, root
biomass and root activity associated with
grazing of grasses can —

— increase surface soil moisture (Archer
and Deting 1986) to enhance woody
seedling establishment and growth;

— increase the amount of water percolating
to deeper depths and benefit established
woody species with deep root systems;

— increase nutrient availability o woody
plants (CaldweR er al. 1985; 1987); and

— “release™ suppressed populations of
established tree or shrub seedlings
(Harper 1977).

* Grazing decreases plant basal  area,
increases mortality rates and decreases seed
production and scedling establishment of
palatable grasses (e.g. O’Connor and
Pickett 1992). Grazing may also increase
susceptibility of grasses 10 other stresses
such as drought (Paulsen and Ares 1962;
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Hesbel er al. 1972; Clarkson and Lec 1988).
These factors would combine to increase
the rate of above- and below-ground gap
formation and available arca for shrub
seedling establishment ( Owens and Norton
1989; Dicmont and Linthorst Homan 1989),
especially in post-drought periods.

« Shifts in herbaceous composition accom-
panying grazing may lead wo assemblages
less effective at sequestering resources and
competitively excluding woody plants or
limiting their growth and seed production.

+ Reductions in fine fuel biomass and con-
tinuity reduce fire frequency and intensity
(Madany and West [983; Savage and
Swetam 1990).

- Invading woody species often possess
structural deterrents (thoms, spines) or are
unpalatable relative to grasses and forbs and
are thus not browsed with sufficient
regularity or severity to limit establishment
or growth,

+ Reductions in soil water-holding eapacity
and fertility, and allerations in physico-
chemical properties often occur with loss of
vegetative cover and erosion (Thurow 1991,
Williams and Chartres 1991; Chartres ef al.
1992). Systems where soil resources are
plant-controlled rather than  termain-con-
trolled are particularly sensitive to altcration
by grazing (Ludwig er al. 1994; Tongway
and Ludwig 1994). Grazing on such sites
would favour No-fixing woody plants (e.g.
Prosopis, Acacia) and cvergreen growth
forms tolerant of low nutrient conditions
(Goldberg 1982; Bush snd Van Auken 1989;
Cohn ot al. 1989; Van Auken and Bush
1989) and water stress.

Modification of microclimate, plant com-
petitive interactions, soil fertility and fire fre-
preferential wilisation of grasses can increase the
Tedihood of successful tree or shrub seedling
cstablishment and growth (Blackburn and Tueller
19X Van Auken and Bush 1987, 1988, 1990:
McPherson ef al. 1988; Brown and Archer 1989;
McPherson and Wright 1990; Skarpe 1990; Bush
and Van Auken 1990, 1991), decrease time to
reproductive maturity (McPherson and Wright
1987). increase the frequency and magnitude of
sced production, and extend woody plant
longevity (West et al. 1979).

wl M icwinia
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Conceptual models of woody plant
establishment

The life-span of trees and shrubs in ard and
semi-arid systems is typically of the order of
decades to cenmuries (sec Archer 1994 and
references  therein). For woody plants  with
potentially long life-spans and low post-
establishment mortality rates, the scedling-
recruitment phase is the most critical stage in the
life history. Once established, woody plants may
persist in a small, suppressed state. These incon-
spicuous ‘seedling banks' may later be an impor-
tant source of ‘new’ plants which grow rapidly
after environmental conditions change, or when
competition is relaxed (Harper 1977; Hara 1987).

Most research on woody plant germination
and establishment has focused on abiotic and
edaphic factors. Studies of shrub seedling
establishment in competition with grasses are
often short-term and involve potted plants with
restricted rooting volumes. Such expcriments
conducted in controtled environments are often
done under relatively low light intensities and
artificiaily high CO; concenirations. Field investi-
gations pertaining to biotic limitations are scarce.
Controlled  environment  experiments  and
qualitative ficld observations suggest that late-
seral grasses would competitively exclude woody
seedlings and that heavily grazed areas would be
more proge to woody plant invasion than lightly
grazed areas, other factors held equal. Yet there
are few guidelines for relating changes in woody
plant establishment probabilities to levels of
grazing or grass utilisation. [t is also well known
that herbaceous retrogression  accompanies
intensive grazing. However, the extent to which
sites with different grazing histories differ in their
susceptibility 10 woody plant encroachment is
largely unkoown.

Woody plant establishment and grazing pressure

Figure 2 depicts an ideafised representation of the
probability of establishment of unpalatable
woody plants as a function of grazing pressure.
The model proposes an inferaction between
above- and below-ground biomass and 2 shift
from fire and competition as primary regulators
of woody seedling establishment to climatic
controls as grazing pressure increases. At low
levels of grazing (Zone A), above- and below-
ground biomass are relatively high, fitter has
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Figure 2. Hypothesised interaction between above- and below-ground competition, grazing intensity and woody plant

seediing establishment, See text for claboration.

accumulated, bare ground is relatively low and
light levels at the soil surface are reduced by
grass canopies and litter. Woody plant seedlings
emerging umnder these conditions would
potentially face high levels of competition for
light, soil resources or both (Becker and Levy
1983; Facelli and Leon 1986; Eissenstat and
Caldweiil 1988; De Steven 1991a, 1991b; Facelli
and Facelli 1993; Hughes and Vitousek 1993).
Woody species with large sceds and greater
stored reserves should produce more shoot and
oot growth under these resource-limiting con-
ditious. Such specics should have a preater
chance of clongating shoots and roots into micro-
eavironments where resources are relatively moree
abundant. In mesic grassland or savanna com-
mumitics dominated by mid- or tall-statired
grasses, light can be limiting (Schimel er al.
1991). Woody species with preferential above-
ground allocation and shoot elongation (strong
red/far-red respomse) may be favoured under
these circumstances (Goemer 1993). Rapid shoot
growth would ensure elevation of foliage into a
favourable light environment and put the ptant in
a positive carbon balance cadier in its life cycle.
In more xeric, short-grass systems, light may not
be a limiting factor and competiion for soil
resources may predominate, In these situations,
woody specics with preferential allocation 10

.

roots may be favoured. Eswablishment, in both
cases, may occur primarily during years or
periods of the year when resources are abundant
and competitive effects are minimal. in cither
case, the persistence of seedlings is limited by
fire, which has a rclatively high probability of
occurrence given the abundance and continuity of
fuel in a lightly grazed system.

Above-ground leaf area, litter and biomass
decline and Tight levels at the soil surface increase
as graring pressure increases (Zone B, Figure 2).
Gaps formed by patch grazing represent oppor-
tumities for recruitment of woody scedlings.
Below-ground competition may be somewhat
relaxed, as soil water use by grasses decreases
because of the loss of transpirational leaf area and
reductions in allocation to root initiztion, growth
and physiological activity.
depth begin W decline with continved grazing
(Zowne C), making grasses more susceptible to
other environmeatal stresses. Reductions in plant
canopy cover are now accompanicd by reductions
in basal area and density. As a result, gaps begin
forming both above and below ground and
resources are freed up foc other plants. Microsites
may become less suitable for establishment of
mesophytic grasses, and arc more likely to be
colonised by seedlings of xerophytic woody
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plants.Asd-csizcmd.b;mdanoeofgaps
increase, probabilities for successful woody plant
germiination and establishment increase, the result
of simuitaneous reductions in herbaccous inter-
ference and fire frequency, intensity and con-
tinuity of spread-

Continued lass of perbaceous cover and con-
tinuity (Zone D) disrupts nutrient cycling by
increasing erosion and decreasing quality and
quantity of above- and below-ground litier inputs.
Woody plants established prior 0 this Uime may
now be of sufficient size and density 10 suppress
grassbasala.maanddcnsity further and (O SCIVe
as a seed source for additional recruitment.
Herbaceous vegetakion naw has liale influence on
woody plant seedling  ¢stabiishment. Oppot-
tunities for fire, natural ov prescribed, may be
rare.

Woody plant establishment and grazing history

Srructural  changes in herbaceous vegelation
associated with long-term, heavy grazing include
shifts from tail- to short-statured species, and
from strong percnnials (0 weak perennials and
annuals, reductions in plant density and basal

i i . The latter may
contribute to crosion and loss of nutrients. In
typically declines, the
result of active suppeession, OF the result of low
and ephemeral giound  cover characteristic of

ul NI icwla

S£0 020 OTO1

sites with histories of heavy grazing. As grazing-
induced rotrogression ocours, pare ground often
increases, creating © ities for establish-
ment of ephemeral and unpalatable herbaceous
species. Weak perennials and annuals oD
retrogressed sites are potcatially less cffective at
competitvely excluding invading woody plants
than the perenmial prasses they have replaced.
Safe sites for perennial grass recruitment decline
and grazing is concentrated on the femaining pre-
ferred plants. Loss of perennial grass sced pro-
duction accompanied by changes in soils, seed
bank and vegetative regenerative potential may
make it difficult for grasses 1o re-colonise the site
even when grazing is relaxed. Shifts in com-
position 0 less palatable plants also oceur with
grazing. Such plants slow rates of nutrient cyching
subsequent 10 their establishment (Pastor and
Naiman 1992). Xerophytic, evergreen and Ny-
fixing woody plants, well adapted 10 water SLress
and nutnent-poor conditions, may therefore be
favoured relative 10 perennial grasses on sites
whare long-term grazing has adversely affected
soil physical propertics and fertility (Schlesinger
et al. 1990; Aenis and van der Peijl 1993). it is
therefore hypothesised that. for a given level of
grazing Pressure, sites al an advanced stage of
retrogression should bc more susceptible o
woody piant encroachment  than sites where
herbaceous retrogression  has been minimal
(Figure 3).

Probability of woody seedling
establishment

System 1

(substanﬁalherbaoootﬁ

System 2
(Minimal harbaceous
ratrogression}

Low | ow @—

grazing Risioncs.

Grazing pressure
Figure 3. Hypothesised relationship between woody plant cstablishment and grazing pressurc 00 51

g High

tes with contrasting
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Case studies of model validity

The conceptual models in Figures 2 and 3 have
been tested for honey mesquile (Prosopis glandu-
losa var. glandulosa), an invasive arborescent
kgume of south-western North America.
Experiments examining P glandulosa seedling
establishment were conducted on 4 sites (Table
2). The south Texas Prosopis Savanna site had a
history of long-term, continuous grazing and had
experienced  substantial  retrogression. The
hypothesis was that further reductions in above-
ground biomass achicved by clipping (to simulate
grazing) and by reducing grass densuty (1o
simulate gap formation associated with plant
monality) would enhance P. glandulosa scedling
establishment. Similar experiments in central
Texas Post Oak (Quercus stellata) Savanna and
San Antonio True Praisic sites were conducted on
pastures  with  comntrasting livestock grazing
histories (long-term grared vs. long-term
ungrazed). These pastures differed substantally
with respect to herbaceous composition and
sbove-ground biomass. Prosopis — grazing
history interactions on a fourth sitc in northem
Texas were evaluated by comparing seedling
establishment on arcas intensively grazed by
native rodents with that on areas grazed by live-
stock. It was hypothesised that, at any level of
simulated grass utilisation, P. glandulosa seedling

Table L Characieristics of 4 study siles used to cxamine relationships between

£

establishment would be greatest on the most
retrogressed sites. The ability of herbaccous
vegetation to exclude woody scedlings was tested
by planting scarified P glandulosa seeds into
grass-dominated plots on each: site. Plots received
one of 3 defoliation regimes (mone, moderate
[plants clipped to 20 cm stubblel. and heavy
[piants clipped w0 5 cm]). Defoliations were
imposed moathly aver 8 2-year period and
P, glandulosa germination and seedling establish-
ment were monitored.

Prosopis glandulosa seedling recruitment: Prosopis

savanna site

This site had a loag history of heavy conlinuous
grazing by cattlc. Tali-grass species with annual
above-ground net primary production (ANPP) of
300600 g/m? have given way to short-statured
perennial grasses and forbs with ANPP of 100-
300 g/m?. Woody plant cover has increased by a
factor of 2-3 over the last 50 years {(Archer
1995). To quantify the extent o which the
herbaceous vegetation on this site is limiting 7.
glandutosa seedling ¢stablishment, grass density
was reduced 50% in some plots by individual
piant application of a foliar herbicide and was not
altered in other plots. In addition, half of the plots
received supplemental bi-monthly irrigation o
simulate an above-average rainfall year (se¢

dcfoliation, grazing hisiory and Prosopis

prass
Brown and Archer (1989; 1990) for the Prosopis Savanna sic;

glanduinsg stcdiing
Brown (1987) for the Post Osk site: Gocmex (1993) for the True Prairie sitc: and Weltzin (1990) for the Rolting Plaims sitc.

Parmcter Prosopis Sxvanta Post Ook Savanna True Pradric Rolling Plains
Location Soothern Texas Central Taxxt Ceatral Texas Northern Texse
LafLoag 2N 98 1ITW 30PI5N; 96°21W A0°ISN; %621W 3UBN; 9 29W
Ancunal teaep ("C) 24 21 21 t7
Sudy duics 198485 198485 1986-87 1938-29
Assml PPT (mm)' 5077830 916967 1053995 439564
Loag-wym mesn PPT 720 996 996 682
Somding clop (g/m?y

Gexred 0 380 486 00¢

Protoosed - 07 602 139
Root biomass {g/m®)

Geazed 466 560 580 —

Prosecsed -— 1270 ? —
Bate pround (%)

Grared 51 8 21 —

Prowcted ’ —_— 4 7 —_

"Precigieation (PPT) during cach yesr of smdy.
2Pesk above-ground.

Mo depth of 30 cm.
‘Prairi:glqgcolony—rnvilygnmi
08 praane dog coloay.

e 1w
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Brown 1987 for additional details). It was
hypothesised that P glandulosa  seedling
establishment in this system might be episodic,
occurring primarily during high rainfall years
associated with tropical storms or hurricanes.

Results from this study (Table 3) showed: (1)
P. glandulosa seedling emergence was high (38—
48%) without supplemental watering, even
though monthly rainfall during the experiment
was slightly below the long-term average and
temperatures were “pormal’; {2) Supplemental
watering enhanced emergence only slighdy (10—
20%). and had even less effect on subsequent sur-
vival; and (3) Manipulating herbaceous biomass
and density had no significant influence on P
glandulosa seedling emergence or survival. Such
data suggest that the current herbaceous vegeta-
tion has little influence on raies or levels of
glandutosa establishment. In addition, it appears
that neither P. glandulosa emergence nor survival
is contingent upon the occurrence of unusual
climatic events. P glandulosa appears well
adapted to germinate and establish at relatively
high rates in years with ‘normal” rainfall and tem-
perature. Continued invasion by this plant can be
expected on this site, the rates and dynamics
determined primarily by factors influencing dis-
persal of seed into grass patches.

Prosopis glandulosa seedling recruitment: Post Oak
savanna site

The high rates of P glandulosa emergence and
establishment observed on the southern Texas site
might indicate that retrogression had progressed
to the point where the herbaceous species preseat

Table 3. Emergence and survival of 2 Prosopis

glandulosa
yu'nhmmUSA(ﬁmBm EBS'I).RgIn'mdulaga

1 1L owu1a
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were ineffective in gamering patch resources and
competitively excluding woody plant seedlings. If
extensive retrogression has not occurred, or if
succession following rclaxation of grazing has
resulted in the re-establishment of late-seral com-
petitive dominants, P glandulosa germination
and establishment should be much lower. Results
from the Post Qak savanna study do not support
this generalisation. Despite substantial differ-
ences in herbaceous composition and above- and
below-ground biomass on long-term  grazed
versus long-term protecied pastures, rates of F.
glandulosa emergence (30-40%) and ecstablish-
ment (80-90%) over 2 years were high, and were
generally not significantly affected by the level of
grass defoliation (Brown and Archer 1989). Con-
trary to expectations, recruitment over the longer
term (8 years) has actually been higher on the
Jong-term protected site (Figure 4). P. glandulosa
shoot growth was, however, greatest on the long-
term grazed site. Note that mean plant height was
< 25 cm for the first 5 years and that differences
in above-ground growth on the 2 sites were not
apparent until ca. Year 3.

Prosopis glandulosa seedling recruitment: True
Prairie site

An experiment like the one conducted at the Post
Oak savanna was implemented on a True Prairic
site in central Texas. The results were similar o
those obtained in the Post Oak savanna study, in
that P glandulosa scedling cmergence and
survival within a pasture were not stroogly
infuenced by level of grass defoliation (Table 4).
In contrast to the Post Oak savanna study, grazing

secdling cohons oo a rvauna sitc with a hisiory of heavy, coutinuous

clearings where deasity

aad level of defoliation were walated (sec text for d et stimulsted snd survival by 10-20% acrois most
treatmcnts (dats not shown).
Sacvival (%)
Emergence (%) Ist Your 2nd Year
Geass d Defol {984 cobort 1985 cohort 1984 cohort 1985 cobont 1984 cohort
Unaltered Not defoliated 43 45 13 78 63
Moderaic 9 43 70 72 63
Heavy 435 48 80 ” s
Reduced 50% Not defoliated 42 44 5 30 67
Moderate 42 42 7% 73 ]
Heavy 38 43 8 38 62

e 11
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Prosopis growth {1984-1991)
QOveralt survival 31-35%
m= 247
m i -
Grazed
site

3
o
a4 -
L
o
2 1 m=283 |
= o
:

20 ’I’ p

“l
"‘
. ™ e mam - ——— Protected -
T site
< 800
T 1 ¥ ) | 1 T
1 2 3 5 6 7 8
Plari age (years)

Figure 4. Height of Prosopés glandulosa planted from seed in 1984 o sites with contrasting grazing histories (S. Archer,

D.M. Miller and JR. Brown, unpublished data). Numb s of soeds pl

‘(n)mdnumbezofplanl.f.prucminYurS(m)

sba'm.L:vdol'mdeﬁ:liaﬁon(moduacvs.hmvy)lndminﬂmonﬁghndubuhdghondﬂusiw.&enmn

and Archer (1989) for details on ex

paimnﬂldcsign.emgmcemdnrﬁva!dmingﬁrsthBdw-mmlninﬁn

in 1988 (Year 4; ca. 50% of normal) and 1989(Yﬁr5;ca_75%ofmnl)hdlinkcﬂ'eamgrmhornmﬁty.

history did have a significant cffect on mean
seedling emergeace (grazed = 25-27%; ungrazed
= 6-9%). Even so, these effects were observed in
onlymcyear.Whend\enialwasmpwcdina
second year, mean cmergence was statistically

for the 2 sites (grazed = 14-20%;
ungrazed = 11-13%). In addition, grazing history
had Etlc influcnce on survival of emerged
seedlings.Theoncemeptionwasnmdncﬁonin
first-year survival among scedlings on the non-
defoliated plots in the long-term protected
paswmre.

Prosopis glandulosa seedling recruiiment - Rolling
Plgins savanna site

Prairie dogs arc lage (ca. 1 kg) burrowing
rodents native to North America. Where they con-
gregate and form exwensive colonies, plant com-

position and production arc significantly altered

(Whicker and Detling 1988). A prairic dog colony
in northern Texas was utilised 0 examine the
cffects of herbaceous composition and production
on Prosopis seedling establishment. In 1988 and
1989, seeds of Prosopis wese sown on and off a
peairic dog colony. Emerging scedlings were pro-
tected from veriebrate herbivores by wire mesh
exclosurcs. Estimated peak above-ground bio-
mass production on the colony (77 g/m?, 1988,
100 g/m?, 1989) was comprised primarily of
short-statured grasses and forbs and was sob-
stantially lower than that off the colomy (202
g2, 1988; 339 gfm?, 1989), where tall-statured
gmsscsdmninatciﬁrﬁ-ycarsmivaloﬂ’msopis
seedlings on- and off-colony was uniformly high
(ca. 75%)Weltzin 1990), despite the fact that
these experiments were conducted during years
of significantly below-normal annual rainfall
(Tablc2),whcnabiodcmm'inmnsityof
hethaceous  interference  should have been
substantial.
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Table 4. Mcan (+SE) emergence and end-of-season survival of Prosopis glandidosa seedlings in Truc Prairie grasslands with a
histocy of livestock graring and protection from gruzing (from Gocrner 1993). Survival % is based on the number of scodlings
mgin;(nzzsomyum)‘ﬁtminplouonmhofd:cmmigmp-mmrwdvedmofSnmﬂﬂydcfoﬁm
regimes {none, moderate, heavy; see text for details). The 1987 seedlings were not observed in their second year. Means within a
columa followed by the same letter(s) were not significantly different (P <0.05).

Survival (%)
Emergence (%) 12 Year 2nd Year

Grazing history Defoliation regime 1986 cohoet 1987 cohont 1986 cohort 1987 cohont 1986 cohpet
Long-term grazed Heavy 25+8a i6+4a T9tda 5%+6a J4x4b

Moderaic! — 1413a — 461 |Gab —_

None 27t8a 20t3a T4t3a 21156 233
Loog-ierm peotected Heavy 8+db 1ixla 70t 152 44432ab 19t8a

Moderate 922b 1{%3a 67+30ab 43+8ab 20t4s

None [t} Fitda 241140 H+hab 19+5a

'Moderate defoliation treatment not implemented in grazed pasture until the second year.

Lessons learned with Prosopis glandulosa

The conceptual models in Figures 2 and 3 can be
appiied at patch, community and landscape
scales. They will require parameterisation for
species or functional groups and the relationships
may vary with edaphic and climatic factors. In
the case of £ glanduiosa, ficld experiments and
diversc  field observations  indicate  that
herbaceous competition may have little influence
on F. glandulosa cstablishment over a broad
range of grazing levels or grazing histories
(Brown and Archer 1989 and references therein:
sec Bush and Van Auken 1990 for alternative per-
spective). It seems that threshoids of herbaceous
biomass production required to limit its establish-
ment may be exceeded even at low levels of
grazing. Grasses did not effectively exclude P
glandulosa on any of the 4 sites studied. How-
ever, after 4-5 years, site grazing history and
berbaceous composition did begin to influence P
glandulosa growth rale and time to reproductive
maturity (Figure 4). On the True Prairie site,
recniinent was greater in pastures with a history
of grazing. However, even in pastures protected
from grazing and dominated by late-seral
perennial grasses, emergence was still 6-13% and
first- and second-year survival of emerging
seedlings exceeded 24-34 % and 19 %, respec-
tively (Table 4). It would thus appear that, in the
absence of fire, grasses may slow, but not prevent,
P glandulosa stand development on this site.
Four ficld experimeats in 4 different systems
indicate that apparent reductions in grass inter-
ference achieved experimentally or by varying

grazing history are nol prerequisite for P
glandulosa establishment. This also appears to be
the case for woody species in other systems
(Smeins and Memill 1938; Brown and Archer
1989 and references therein; San Jose and Farinas
1991; Hall e al. 1992; Schmidt and Stubbendieck
1993).

The ability of £, glandulosa seedlings to com-
pete successfully with grasses appears related to
their rapid root clongation. By the end of their
first season of growth, th=ir tap roots can extend
more than 50 cm and may be exploiting soil
moisture at depths below those effectively utilised
by grasses (Brown and Archer 1990). This par-
titioning of resources becomes more pronounced
as the plants age. In addition, shallow lateral roots
also contribute significantly to P glandulosa
water balance (Ansley e al. 1990). P glandulosa
has numerous additional adaptations, which
further contribute to its success in arid and semi-
wid systems. These include: high seed pro-
duction; exteaded sced longevity; effective seed
dispersal by ungulstes; Ny-fixation capability; an
ability to germinate and cstablish over a wide
range of soil types, light and moisture regimes;
tolerance to fire and defoliation which develop
very early in its life cycle; and tolerance 10
extreme drought (see Archer or al. 1988 and
references therein). For these reasons, the plant is
highly persistent once established.

Given the potential ability of P glandulosa to
establish successfully in stands of highly pro-
ductive, late-seral grasses, why has its abundance
increased only recently in many areas of North
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America? One hypothesis is that: pdor to settle-
ment andd the introduction of livestock, P. glandu-
Insa was absent from grass-dominated portions of
the landscapes because of dispersal limitations
(Brown and Archer 1987). Alternatively, P
glandulosa may have been widely present but
suppressed, though not eliminated (Wright ef al.
1976; Menaut ez all 1991; Hochberg er al. 1994),
by frequent fire. Competition from grasses would
have been relaxed and set-backs associated with
penodic fire eliminated with the advent of live-
stock grazing. Prosopis plants would then have
rapidly increased in stature and dominance. As
more planis reached seed-bearing size, more
propagules would be available for dissemination
and encroachment would progress at an cver-
accelerating rate.

Summary

It is generally assumed that late-seral grasses are
betier competitors than those of rewrogressed sites
and that light (o moderate utilisation of herbage
wili effectively prevent or minimise encroach-
ment of woody vegetation. However, data from
case siudies with P glandulosa sugpest that, for
some aggressive woody invaders, grazing
management based primarily on  regulating
utilisation and maintaining a species composition
dominatcd by laic-scral perennial grasses will not
suffice to maintain a favourable grass-woody
plant balance. While such management may slow
the rate at which stands of woody plants develop
(Figure 4) it will not prevent their occumence if
seeds are being actively dispesrsed into an arca.

" The thresholds of herbaceous itilisation required

by plants such as P glandulosa to establish
successfully appear o be exceeded casily, even &t

hight levels of grazing. Grazing management
therefore:

'l'humaybeachaedby'(a)mmﬂgou-
ain levels of grass biomass in order to
lengthen the time 1 woody plat reproductive
mahwity and reduce the frequeacy and magni-
tude of viable sced production; (b) favouring
populations of woody plant secd predators.
Care must be taken here, for there is a fine linc
between seed predation and seed dispersal
(.- Brown and Heske 1990; Cox er al. 1993);
and {c) limiting dissemination of seeds by live-
stock (c.g. many Prosopis and Acacia spp.).

This may be partially achieved by deferring
grazing of pastures during periods of seed pro-
duction; by fencing off areas within pastures
where high densitics of secd-producing trees
occur (and grazing only when trees are pot
bearing fruit); and by detaining animals, which
have had access to seods, in holding arcas
before moving them to other pastures.

{2) Enable the use of periodic fire. Fire will

not necessartly eliminate woody plants
(Menaut er al. 1991; Hochberg er al. 1994),
but it can slow their rate of spread and prevent
them from reaching large sizes such that they:
(@) less effectively shade herbaceous
vegetation; (b) do not develop large or
extensive root systems; {(c} do not initiate seed
production; (d) are more accessible to srnall
browsers (native or domestic); and (e) are
more susceptible to drought, subsequent fires,
mechanical/chemical treatments or. other per-
wrbations {e.g. Noble er ai 1992). Periodic
fire may also limit or reduce the persistence of
woody plants in the soil seed bank. For fire (o
be used as an effective management tool,
grazing must periodically be retaxed so fine
fuels can accumulate. The economic cost of
such deferment must be weighed against the
future costs (direct and indirect) associated
with: (a) increased animal handling difficuity;
(b) decreased forage production; (¢) periodic
application of mechanical or chemical weat-
ments 1o reduce woody plant cover; and {d)

land devaluation which ofica accompanics

bush encroachment.

Relatively predictable primary peoduction and
continuity of standing crop are desirabic, as
planning for livestock deferment must often be
doneayearormemdvamc.l’tulimbimy
and continuity in prmary production can be
potentially achieved by managing livestock
nombers and season of wse (e.g. grazing which
causes a shift from perennial grass (0 cphemeral
plants ofien decreases fiel cootiouity and
increases annual variability and unpredictability
of primary production). Options for “reclamation
burns® during the hot, dry periods of the year also
exist and may be more cffective in reguilating
woody plants than cool season fires. Such pre-
scriptions should be deployed with caution, as
they can be difficult to control and bave the
potential to cause mortality of perennial grasses.

Woody plant encroachment is a subtle process

1T
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that operates at decadenal time scales. The forces
setting the process of invasion in molion may
occur long before the resuits are readily apparent.
By the time the resuits are manifested, cost-
effective management options may have been
eliminated. Communitics and landscapes may
have a gross, outward appearance of stability for
many years, then change radically over a short
period of time. In some systems. this reflects the
importance of rare OF infrequent cvents which
trigger episodes of seed production, seed dispersal
or seeding establishment 1t can also reflect pat-
1erns of plant growth and development. In the case
of P. glendilosa, scedlings may persist for years
as small, short-statured plants which are incon-
spicuously distributed throughout the herbaceous
vegetation. Such plants are actively photosynthe-
sising, suggesting that their lack of shoot develop-
ment is the result of preferential allocation of
carbon for root growth (Brown and Archer 1990).
After several years, there is a dramatic shift in allo-
cation to shoot growth (Figure 4). Such plants may
not be apparent (o the casual observer untl many
years after their establishment, by which ume they
are highly persisicnt members of the plant com-
munity. Given these patterns of growth, it is impor-
1ant to monitor chosely those rangelands for which
bush encroachment is a potential problem and t0
have pro-active, integrated, whole-system man-
sgement plans in place (c.g. Scifres er al. 1985;
Noble e ai. 1991; Dankwerts ef al. 1993). In order
10 limit the abundance or dominance of aggressive
woody invaders such as Prosopis glandulosa,
grazing management schemes must actively NCOr-
pocate fire in addition to emphasising grass utili-
sation and maintenance of specics composition.

Acknowledgements

Mymanksw!hel-MySmbbsMemoﬁalF\md
Australia and participatc in the XVII lnter
aationsl Grassland Congress. | am particularly
yacﬁﬂmBobamtsfahiscﬂ'minfaci!i-
tating my participation and his paticnce with
mgardtodclayswhidlslowedprcpamﬁonofmis
manuscript. I am also indebted to 3 former
gmdmtcmsdems.l.R.Brown.C.A.Goawmd
1. Weltzin, for their excellent ficld research on £,
glmxdulasaseedﬁngmblishmcm.l(_l-ﬁbbard,
S. Zitzer and an anomymnous reviewer read earlier
drafts of the manuscript and made helpful sug-
gestions for improvement.

Universitg ol NMNirizonna

S20 G2 87Iol1

References

As-n.kmdvmmmM.J.(W%)Atimplcmtxldw
exphain the domimsace of low- jve perennials in
nutrient-poor habitats, Oikas. 66, 144-147.

Axstey, RJ.. Jacoev. PW. and Cuomo, G (1990) Water
rcbﬁomofhmnymicfouowingmaingdhuul
ooty influence of location and amount of subsurface water.
Journal of Range Management. 43, 436442

AlanS.(lW)WoodyplmWWimomuh-

grassk ds and . raes, P and
proximate causes. [n: Vavra M., Layoxck, W. and Picper, R
(edsy Ecological Implications of Livestock Herbivary in the
West. pp. 13-68. (Society for Range Management: Denver).

ArcHex, S, (1995) Tree-grass inlcractions in a Prosopis-
thomnscrub savanna : reconstructing the past and
predicting the future. Ecostrence, 2, 83-99.

Axciex, S, and Denm, LK. (1986) The potential role of
hesbivores in mediating plant water status. Oikos. 47, 287
291

Arxcuer, S., Sawmes, CJ.. Bassuam. C.R. and Macoo, R.
(1988} Autogenic SUCCEsSsion in a subtropical savanoa: con-
version of grassiand o thom woodland. Ecological Mono-
graphs, 80, 271-276.

ArcHER, S. and SmEms, FE. (1991) Ecosystem-level processes.
In: Heitschmidk. R.K. and Stath, JW. (eds) Grazing
Management: At Ecological Perspective. pp. 109-139.
{Timberline Press: Pordand. Orcgon).

ArcHER. .. ScHimeL. DS. and Hougwo, EA. (1995)
Mechanisms of shrubland cxpansion: land use. climate or
COn? Climatic Change. 29.91-99.

Banre, CJ. and Swton. ML, (1993} Historic vegetation
change, mesquite increases, and climate in -southcastemn
Arizona. Journal of Biogeography. 20, 489-504.

Becxer. M. and Levy, G. (1983) Instailation and dynamics of
population of oak scedlings oa ed soils in relation
with various factors (light, waler regime, grss competition).
Oecologia Plantarum, 3, 299-317.

BeLsxy. AJ. (1984) Role of smail browsing mammals in pre-

ing woodland regs jon in the Sercmgeti National
Park_ Tanzania African Journal of Ecology, 22, 271-219.

Bernowsky, JJM. (1987) Transition from heathland w0 grass-
Iand initiated by the heather bectle. Weg io, T2, 167-173.

Bmma.!t.(ﬂﬂ)amudnrm'iuiﬂ-ndimp-dd
bmw-sirgonueuanddxnbsinﬂriannmlo«nd
of Vegetation Science. 3. 315-324.

Buacxsows, W.H. and Tuaiex, PT. (1970) Piayda and juniper
invasion in black sxgebrush communitics in ean-contral

Ecological Implications of Li
pp. 101-146. (Society for Range Management:
ij.l{.andl-mEJ.(lm)Conuoloflm-
pnﬂndnmﬁmbyahymndutpild.&im.
299, 1703-177.
Bm-&l&(lm)mmtchgmd
mq-w#mm)h
p ial grassonds. PhD. Di jon. Texas AStM
Bml.k.lndAmS.(lW)Woodyphmweddispuﬂl
mdppfonmtioﬂinaﬁoﬂh.\mﬂicmmhcopiulnm
woodland: the rokc of d i herbi Viegetatio, T3,




L)

ApEr-

15

O+

10.25a

Universitg ol NMNirizonna

S20 G2 87Iol1

Interactions benween herbivores, grasses and woody plants 233

BucHex, E.H.(IBS’I)H:rbiwryhuiduﬂmi—uidmgimuof
Asgeotina, Revista Chilena de Historia Natural. 68, 265
73

Derumc, LK., Wnn, DI, Procros-Gaeoc, C. wnd PamTex,
E.L. {1980) Effects of simulaied grazing by below-ground
herbivores o growth, CO; exchange and carbon allocats

of Boutcloua grocilis. Journal of Applied Ecology.

Buxrows, W.H., Caxtex, 5.0., Scoaan, J.C. and A
E.K([M)Muwdmforlivmkpm—
duction in northeast Australia: comtrasts across the troe-grass
continuum, Journal of Biogeogruphy. 17, 503-512.

Busi, LIC snd Van Aoxse, O.W. (1989} Soil resource levels
dmmm.mdmm
Bulletin Torrey Bosamica! Club, 116, 22-30.

Bmi.K.nquA:mc.O.W.(l@)Mandmivﬂ
of P és ghardul E isted with shade and

: all
e as ™

mp ! Gazeste, 151, 234-239.

Busk. LK. and Van Auvsen, OW. (1991) Impostance of gme of
germination and sofl depth on growth of Prosopis glandu-
1osa {Leguminosac) seedlings in the presence of a Cy grass.
American Joumal of Botacy, T8, 1732-1739.

Caowsis, M M., Exsarstar, DM, Ricnasos, J.H. and ALLEn,
M.F. (1985) Compctition for phosphonss: differential uptake
rmdun]isncopﬂ-hbc!ldmilizmspwesbmcm:hrub
and grass. Science, 219, 384-386.

CapwaL, MM, Ruciaxns, J H_ Manwamn, 1.H. and Eissen-

17, TTL-778.

Dussowt. WH. and Lammorst Homan, HDM. (1989) Re-

blish t of dh e by dwarf shrubs on grass
heaths. Vegetario . 85, 13-19.

Dumm, HT. Sowaam, ARE and McGuaoe. ). (19%)

Eleplnmmdﬁmuanndmlﬁplcmbleminh

3 woodlandt. Journal of Animai Ecology. 49,

1147-1164.

Erssparar, DM, and Cacowas. MM (1988) Compatitive
ahilityislinhedmmofmanmd«uaﬁddn;dyot
two arid land tussock grasses. Oecologia, 75, 1-7.

Facan. JM. and Loow. RJC. (1986) Spomtancous urec
esiablishment in the Pampa: an experimental approach.
Phytocoenologia, 14, 263-274.

Facant, I M. and Faczuil, E. (1993) Intcractions after death:
plant Titter conurols priority cffects in 3 spocessional plant
community. Oecalogia, 95, 2T1-282.

Garperex, G, Mcivor, 1.G. and Wiarams, 1. (1990) Dry
wopical rangelands: solving onc problem and creating

sTaT, DM. (i987) Rapid shifts in phosph ) )]
show direct compctiion beitween acighboring  plants.
Nature, 327. 615-616

Canton. LE. and Witrtaam. T.G. (1989) Impornance of below-
ground herbivory: pocket gophers may limig aspen to rock
outcrop refugia. Ecologx 70, 962-970.

CAuGHLEY, G.. SHcrerp, N and SworT, J. (1987) Kangaroes —
Their Ecology and Management on the Sheep Rangelands of
Austrafia_ (Cambndge University Press: Cambandge}.

Cuartres, CJ.. HeLyar, K.R.. Frizeatiook. RW. and WiLLiams,
J. (1992) Land degradation as a result of European sexle-
ment of Australia and iz influence on soil propertics. Inc
Gifford. RM. znd Barson. MM. (eds) Ausmlia’s
Renewable Resources: Susminability and Global Change.
pp. 4-33. (Burcau of Rural Resources: Canberra).

CLasxson, NM. and L. G (1983) Effects of grzing and
scvere o 2 aative pexture in the region of

thern On tand. Tropical Graxsiands, 22, 176-183.

Coem, EJ.. Yar Avxex, O.W. and Busu, 1K, (1589) Com-

petitive & hous b ywodon dacrylon and Acacia
_smaliii scedlings  different omrcot levels. American
Midlond Nanralise. 121, 265-712

Copaan, D.C., Arpesws, R, Bius, JE and Sma, LW,

(1976) Encigy fSow and paioning in sclected man-
ged and d 3 Ar ) 3, 45-34.

ComEy, W., Cosasy, MR sad Kart, TR (1992) A com-
putational stady of cpisodic events sad historical context in
loag-term ccological processes: climate and grazing in the
morthern Chilwalwen Desest. Coenases, 7, 53-60.

Cox, LR, De ALsa-Avaa, A, Rice, R.W. and Cox, J.N. (1993)
Biological awd physical 6 nl ing Acacia cow-
strictn and Prosopés welwti enly imthe S
Desert. Jowrnad of Kange A6, 4348,

Carer, M.D. amd Lawae, RT. (1976) Age stroctuze, distribation
snd oxrvival weder graxing of the arid-zone stweb Acacia
burkintii Oikos, T7, 36-92

poopective.
De Stevew, D. (1991s) Experiments on mechanisms of tree
i okd-6dd 3 1

cstablichenent
Ecology, T2, 1066-1075.

De Steven, D (1991b) Experiments on mechanisms of trec
extablisheent in oid-Reld succession: seeding survival and
growth. Ecology. T2, 1076-1068.

her. In: Saund
(cds) Austrafian Ecosvstems: 200 years of Utilization.
Degradation and R wction. pp. 279-286. (Ecolepical
Society of Australia: Geraldton, Western Auswralia).

Gocrver., C.A. (1993) Above-ground interference. liter and
light qualiry infl ¢ on Prosopis glandulesa var. glandu-
losa blish in grasslands, M.Sc. Thesis. Texas A&M
University, College Stadon. *

Gowporre, D.E. (1982} The distibution of cvergreen and
deciduous trees relative 1o soil type: an example from the
Sierra Madre, Mexico. and a general model. Ecofogy, 63.
942-951.

Gur. PR. (i989) The influence of clephants and fire on 2
Brachystcgia-Julbernadia woodland in Zimbabwe. Journal
of Tropical Ecolegy, 5. 215-226.

Has LM.. Geoeee, MR, McCreazy, D.D., a0d Apasc, T.E.
(1992) Efficcs of catle graring on blue oak scedling
damage and survival, i of Range M t, 45,
503-506.

Hama, M. (1987) Analysis of cecdling banks of a ¢limax beech
foerat: ccological importance of seedling speouts. Wegesario,
L 67-T4.

Haaee, I.L. (1977) Population Biology of Plants. (Academic
Presy: New York)

Hazmmocron, GN. (1991) Effects of soil moisture on shrub
scedling survival in semi-anid grassiand. Ecology. 72, 1138-
1149,

Hansmcron, G.N. and Hoogaecon, K.C. (1986) Shoub-grass
dyoamics in mulga communities of easiern Australia. In:
Joax. PJ_ Lynch PW. and Williams, O_8. (ods)} Rangehands:
a Rm Under Seige. pp. 26-28. (Australian Academy of

Hastaxss, LR, sad Tumas, RL. (19635) The Chonging Mile: an
iool Stwdy of Vigesasion Change with Time in the

lmlﬁd-ﬂd“ﬂmuﬁvﬂﬂyd
Asizona Presc Tucson),

!lﬂn.C.lLAlB.F.N.ndWIﬂn.R.A.(IM)M
effocts on a semi-desert grauiand. Ecology. 53, 1084-1093.

Hoomes, MLE., Meratrr, 1.C. and Gecnoux, 5. (1994) The
influeace of tree biology and fire in the spatial stracture of
the West Afri b. Journal of Ecology, 82, 2§7—
6.

Huces. B and Viousex, PM. (1993). Barriers to shrub

i ing fire in the scisonal submontanc
200e of Hawai'i. Oecologia. 93, 351-563.

Hurmen, RB_, Rosoey. EM. and Watt Ace, A. (1980) Rodent-

Derunc, LK. (1988) Geasslands and gulstion of
LR.;ndAlhuu..!J.(eds)CmapuafEcomm&nbgw_

pp. 131148, (Springer-Verlag: Now York).

ded areas of the nosthern Mojave Desert. Grear Basin
Naturalist Memoirs, 4, 208-211.
Ioso, $.B._ (1992) Shrubland expansi
west. Climatic Change, 22, 85-86.

in the A south-

D.A., Hopkins. AJ M. and How. R.A. .

F.10



10.&£0a

Uniiwver sibg ulr M

234 Steve Archer

Deass, 1. M. {1964) A History of Vegeration on the Rio Grande
Piains. (Texas Packs and Wildlife Depanment: Austin).

Jugex. D. H. (1986) Chihuahuan Desent nopaleras: dcfaunated
big mammal vegetation, Annual Review of Ecology ard
Systematics, 17. 595-636.

Jowson, H.B.. Poure. HW and Maraux, HS. (1993)
Increasing COz and plane-plant interactions: cffects on
nstoral vegetation. Vegetatio, 104-165. 157-170.

Keswem, WB.. Saiwasser, H., CantwmGir, CW., Jr and

. f oy

icunia

S£0 O£0 O7TO1

O Conmor, T. G. (1993) The influence of rainfall and grazing
on the demography of some African savanna grasses: 2
roatrix modelling approach. Journal of Applicd Ecology. 30.
119-132.

O'Connor, TG, and Prcxert. G.A. (1992) The influence of
grazing on seed production and sced banks of some Afncan
savanna grasses. Journal of Applied Ecology. 29. 247-260.

Owens, M.K. and Nokrow, B.E. (1989) The impact of “avail-
sble arca’ on Amemizia iridersata secdling  dynamics.

Caran, LA (1992) New penid for
oetuxal et Ecological Applications, 2.
1y-225.

Levme, S.A. (1993} Forum: science and gustaicability. Ecolog-
ical Applications. 3. 545-546.

Luwowis, JA.. Tomcway, DJ. and Mansoen, S.G. (1934} A
fow-fltes model of simulating the conservation of limited
resources in spatially heterogencous semi-anid landscapes.
Pacific Canservation Biology. 1. 209-213.

Luza. C.L and Ny, PE. (1992) Some cifects of white grub
festation on porhem mixed-grass prairie. Journal of
Ronge Management. 45. 352-354.

Mapwary, M H. and West, NE (1983) Livestock grazing-fire
regime ineractions within moatanc forests of Zion National
Park, Utah. Ecology. 64, 661-667.

MeKee, CM. (1989) Management practices  for shrub-
dominated lands 10 assurc multiple-use benefits. In: McKell,
CM. (¢d.) The Biology and Urilization of Shrubs. pp. 575
592, {Academic Press: New York).

McPresson, G.R. (1993) Effects of herbivory and herb inter-
ference on oak cstablishment in a semi-arid temperate
savanma. Journat of Vegetarion Science. 4. 687692,

MiPuzason, G.R. and WRIGHT. H.A. (1987) Factors affecting
reproductive  maturity of redberty juniper (Jumiperus
pinchotii). Forest Ecology & Management. 21, 191-196.

McPuerson. GR., Wacxt, H.A. and Wester, D.B. (19883
Paccras of shrub imvasion in cemiarid Tcxas grsstands.
American Midland Nemralist, 120, 391-397.

McPuson, GR. and Wegnr, HA. (1990) Effects of cattle
geazing and Junipenss pinchotii canopy ¢OVEr Of herb cover
aad production in wesicm Toxas. American Midland
Naralist, k23, 144-151.

Moeaur, J.C.. Gusroux, 3., Prabo. C. ané Cuoeext. J. (1991)

ity o is in 2 humid savanna of the Cote-
d'lmhznnddﬁngd:dfeasdﬁmuﬂcmpaidmwim
p:sundug‘g}b«nh:‘Vm.PA.(ed)Savamn
A 7 " and

Ecology 57
Intercontinenaal Comparisons. pp. 127-138. (B il

Vegeratio, B2, 155-162.

Pasto. J. and Namuan, R. (1992) Selective foraging and eco-
system processes in boreal forests. American Nauralist.
139, 690-705.

PavLsen. HA., Ja and Ases, FN. (1962) Grazing values and
management of black grama and wbosa grasslands and
associated shrub ranges of the Southwest. Technical Bulletin
1270, USDA Furest Service. 56 pp.

Priiew. R.A. {1983; The impacts of clephant. giraffe and fire
upon the Acacia roriiis woodlands of the Screngeti- African
Journal of Ecolagy. 21, 41-74.

Purex. RD. {19941 Ecological implications of livestock
grazing. In: Vavra. M. Laycock, W.A. and Picper. RD.
(edsy Ecological Implications of Livestock Herbivory in the
West. pp. 177-211 (Society for Range Management:
Denver).

Ricos. RoA. and Ussass, PF (1989) Effects of goat browsing
on pambel oak communities in northern Litah. Journal of
Range Mandgemeni. 42 354-360.

Saw Jasi. JJ. and Faixas. MR, (1991) Temporal changes in
the structure of a Trachypogon savanna protected for 25
years. Acta Oecolovia. 12 237-247.

Savact. M. and Swimvas. TW (1990) Early 15th-century fire
deciine following sheep pasturing 1 2 Navajo ponderosd
pine forest. Ecotogy. 71, 23741378

Sowumer. DS, Krmel. TGF. Knape, A.K. Seasteor. TR.
ParTon. W1, and Broww. V.B. (1991 Physiclogical inter-
actions along resource gradients in 2 wligss prainc.
Ecology, 72. 672-684.

Scmesncer, W.H., REyons, J.F, CuroancHam. G.L.. Huen-
sexe, LE, Jareil, WM. ViRGNIA, RA. and WHITFORD,
WG, (1990) Biological fecdback in global desertification.
Science. 247, 10431048,

Scvpaior, T.L and STupesrDEck. J- {1993) Factors influcncing
castern redeedar seedling survival o rangeland. Journal of
Range Management. 46. 443451,

Scnormap, CJ. and Buamew, E.H. (1986) Industrial con-

Macamas. D.G.. Saa Q.E and LAvereO™. Ww.K. (1988) A
generalized model of the cffects of grazing by large
i American

1and

herbivores oo gX
Natwralist, 152, §7-106.
mb.&udwwmw.&(lm)wuﬁw
:mmdp-ui:'o‘vqﬁalimndmikovuagbhlnng:
of eavi Ecological graphs. 63, 321-366.
MME(IM)hinuAmdunwdsmbe
caen -.-i-u'roms.“.au—m

dynamics.

Nosee, 1.C., MacLeoo, ND., Luowc, JA. and Grxce. A.C.
(1991) lntegrated sheub control strategies in Australian
scri-and dl s ional

ds. P di

b 10 in South America. Trends in
Ecology & Evolution, 1, 78-80.

Sormes, CJ.. Hamirow, W.T. Conven IR, Inaus. LM
Russussen, GA... Sarmi, R.P., Sturn, LW, and WaLoH, T.G.
(1985) Integrated brush managcmeat  Sysiems foc south
Texas: lop and imp " Bulletin B- 1493,

icultural Experimers Statiom, Texas AdM Uni-
versity, Cotlege Station. T1 pp-

Smcam, ARE (1979) Dy » the i
In: Sinclair, AR E. and ifhchs, M. (eds) Serengesi:
Dynamics of an Ecosysiem. Pp- 1-30. (University of
Chicago Press: Chicago)

SncLam. ARE. and NosTon-GReerrus, M. (1979) Screngeti:
Dynamics of an Ecosystem. (University of Chicago Press:

Chicago).

Sxaxre, C. (1990) Shrub layer dynamics under different her-
bivore densities in an anid savanna, Botswana. Journal of
Applied Ecology. 21. 873-885.

Sxarre, C. {1991} Impact of grazing in savaama ccosystems.
Ambio. 20, 351-356.

Swns, FE. (1984) Origin of the brush problem — a
e cal ical ive of

controlling populations. in 1 grap and persp o porary
dlands. P: di of the st Imt ! distributi In: McDaniel. K.W. (ed.) Proceedings, Brush
i M : Symposium. pp. 5-16. (Texas Tech Press:

e 17



