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Abstract

g.:: temperate grassfands and savannas which characterized many land-
scapes in southwestern North America al the time of LEuropean settlement have
heen rephaced by shrublands and woodkinds, These changes in plant life-lorm com-
position were coincident with the introduction of large numbers and high concen-
(rations of livestock. While a cause-elfeet refationship is implicd, it is difficull o
demonstrate, since most evidence is based on anecdotal historical accounts or
descriptions from localized long-term studies, many of which are conllicting. Case
studies documenting the rate, pattern and extent of vegetation change are summa-
rized and used to illustrate how historical inconsistencies mighi be resolved. Where
vegetaion history is reasonably known, causes for change are evaluated.

Explanations for the proliferation of woody plants and the associated decline of
graminuids have typically centered around alterations in climatic, grazing and fire
regimes. Hach of these factors is addressed individually and in combination. It is
argued that: (1) Atmospheric CO» envichment and directiona! shilts in climate may
have oceurred, but have not been sufficient, to cause the vegetwtion changes
observed 1o date: (2) Fire is not necessurily required 1o maintain grasslands or
savannas: and (3) Alihough herbivory, lack of fire, stmospheric CO, enrichiment
and climate have interacted to produce recent vegetation chanpe, selective grazing
by large numbers and high concentrations of livestock has been the prinvy foree
in aliering plant life-form interactions (o favor unpalatable woudy species over
graminoids. Conceptual models illustrating the role of grazers in directing plant

succession are presented in the context of ecosystem resilience, multiple steady
states and positive feedbacks.

Introduction

In drylands around the world, including the North American southwest, deseni-
fication andfor the replacement ol productive grasslands and savannas with shrub-
and woodlands dominated by unpalatable species appears (o have oceurred since
European settlement (Table 1). Explanations for these vegelation changes are the
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labte 1. Documented instances of increased

ecosystems in recent history,

I abundunce of woody plants in arid and semi-arid

Gieagraphic Location and Reference

Encroaching tree/shrub genera

North America

Arizony
Brown (1956)
Glendening {1952)
Humphrey and Mehchoff (1958)
Hastings and Turner (19635)
Juhnson (1962)
Muartin and Turner {1977)
Smith and Schmutz (1975)

Califurnia
MeBride and Heady (1968)
Habbs und Mooney (1986)
Witliams et al. (1987)
Young and Evans (1931)

Kuansas
Brugg and Hulben (1976)

Nebraska
Steinaver and Bragg (1987)

New Muxico
Buflington and Herbel (1965)
Hennessy et al. (1983)
York and Dick-Peddie (1969)

Montuna
Arno and Gruell (1986)

Nevada
Blackburn and Tuetler (1970)

North Dakota
Potter and Green (1964)

Oklahoma
Snook, E.C. (1985)

South Dakota
Progulske (1974)
Tieszen and Archer (1990)

Prosopis

Prasopis, Opuntia

Lairrea, Prosapis, Aplapappus, Opuntia
Larred, Prosopis, olhiers

Juniperus

Prosopis

Prosopis

Bucchariy
Buccharis
Raccharis
Juniperus

Rhus, Cornus, Symphoricarpos,
Ulmus, Quercus, Juriperus

Pinus

Prosopis, Larrea, Flourensia
Prosopis
Larrea, Prosopis, Juniperus

Pseudotsugn

Pinus, Juniperus

Finus

Juniperus

Pinus
Quercus, Celtis, Fraxinus, Tilia

subject of some controversy, as retrogression and desertification can be natural
{Haynes 1982), human-induced (Owen 1979, Gornitz and NASA 1985) or a com-
bination of the two (Verstracte 1986). Anthropogenic activities may cause changes
independent of climate, or they may reinforce, magnify, or accelerate changes insti-
pated by natural processes. Retrogression associated with disturbance may be mit-
igated when climatic conditions for a given species are favorable or benign and mag-
nified when conditions are unfavorable or stressful. In many cases, desertification
and vegetation change has been coincident with the introduction of large numbers
and high concentrations of livestock. However, while a cause-effect relationship is

lable 1 — continued

Geographic Location and Reference

Encroaching tree/shrub genera

North America (continued)

Texus
Archer {1990)
Bogusch (1952)
Ellis and Schuster (1968)
McPherson et al. (1988)
MePherson and Wright (1990}
Nelson and Beres (1987)
Smeins and Merrill (1988)
Scanlan and Archer (1991}
Wondzell {1984)

Utah
Madany and West {1983)
Sparks et al. (19900

Other
Humphrey (1958)
Humphrey (1987)
Robinson (1965)

Africa

Acocks {1964)
Trollope (1982)
van Vegten {1983)
Skurpe (1990)

Australia

Burrows et al. (1985)

Harrington et al. (1979)

Booth and Barker (1981)

Cunningham and Walker (1973)

L.onsdate and Braithwaite {1988)
India

Singh and Joshi (1979)
Rosen (1988)
South America

Adamoli et al, (1990)
Schofield and Bucher (1986)

Prosapis, Condatia, Zanthoxvlum
Prosopis, others

Juniperus

Prosopis, Juniperus

Juniperus

Acacia, Larreu

Juniperus

Prosopis, others

Larrea

Pinus, Juniperus, Quercus
Juniperus

various species
various species
Tamarix

Acucia

various spp.

Acacia, Dichrostuchys, Grewia
Acacia, Grewia

Eremophilu, Dodonaeq, Acacia, Cassia
various shrub spp,

Acacia, Caysia, Dodonaea

Acacia

Mimosa

various spp.

Juniperus

various spp.
various spp.

implied, itis difficult to demonstrate, since most evidence is based on anecdotal his-
torical accounts or descriptions from local, long-term studies, many of which are
conflicting. Encroachment of woody plants into grasslands has been widely recog-
nized, but the rates, patterns and dynamics have seldom been quantified.

Shifts in grass and woody plant abundance have broad implications for biodi-
versity, primary and mooo:amé productivity, soil development and stability, live-
stock and wildlife composition and carrying capacity, recreational opportunities,
water quality and water distribution. Changes from herbaceous o woody plant
domination also constitute a potentially important global climate teedback by



0

L

S0 TTO O £o190

o+t OT.O0OTa Uiilverl aleyg Ui M1 lLewnla

21

o

altecting carbon sequestering, non-methane hydrocarbon conssions and biophys-

fand surface-atmosphiere imteractions (albedo, evapolranspiration, surface
roughness, boundary layer dynamics). As a result, an understanding of factors con-
trotting the balance between grasses and woody plants is fundamental w develop-
ing natural resource management plans for sustained utilization of these globally
exlensive vegelation types,

This chapter will (1) provide a general overview of post-settiement vegetation
vhange in the North American Southwest |see also Hastings and Turner 1965,
Brunson 1983, Grover and Musick 1990, Bahre 1991|, emphasizing shifts from
erasslund or savanna to shrub- or woodland; {2) discuss why/how gruss-woody
plant ralios may have changed on some landscapes and nol others by evaluating
(e role of atmospheric CO, enrichment, climate, svils, fire and grazing indepen-
dently; and {3) evaluate proximate causes of shitts from grass-to-woody plant dom-
uwtion in the context of interacting factors.

Rate and Extent of
Woody Plant Encroachment

Numserous historical accounts and photographic records indicate that shrub-
iands, woodlands and forests of North America have expanded and replaced what
were grasslands and savannas at the time of settlement (Fig. [h, Table 1). Accounts
ol early settlers and travelers often describe expansive grasslands and savannas in
whi are now shrublands and woodlands (Table 2) tInglis 1964, York and Dick-
Peddie 1969, McCraw 1985). Atthough such historical accounts and historical-
maodern repeatl photography are potentially limited in their information content
Horman and Russell 1983, Bahre 1991:14), they provide one of several types of
mlormation from which to gauge vegetation change. Despite some conflicting
accounts of the extent of grasslands (Malin 1953) and the fuct that woody vegeta-
ton may have characterized some landscapes at the time ol settkement (Fig, la, ¢;
Fuble 2), it seems unlikely that the livestock industry would have developed and
flourished 1o the exient it did, were the acreages of grazable lands not substantial
al the time ol setijement. Subsequent studies of vegetation change, wilizing sur-
veyor witness trees and notes, permanent plots, sequential ground and aerial pho-
iogriphy, and stable carbon isotopes huve documented shifts from grass-to-woody
plant domination in recent history (Table 1), Such studies indicate that rates and
patterns of this succession have been (1) rapid, with substamtial changes occurring
aver 50+ to 100-year time spans, {2) non-linear and accentuated by periodic
drought, (3) influenced by topoedaphic factors, and (4) non-reversible over time
mes relevanl {0 management.

Factors Influencing Spatial/Temporal Patterns of
Grass and Woody Plant Distribution and Abundance

Regional physiognomy and plant lite-form distributions targely rellect the pre-
vailing macroclimate (Box 1981). Yet substantial variation occurs across land-
~capes within a region, as soils, topography uand efevation interact against a cli-
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Figure 1. Paired photographs illustrating temporal patterns of grass-woody plant abundance. (A)
Upper: ereosotebush was well-established on this landscape in the Lower Sonoran Desert in
1893: lower: physiognomy has changed little through 1984 (Monument #158 in Humphrey
[L1y87]).
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Figure 1, Paired photographs illustrating temparal patterns of grass-woody plant abundance. {B)
Succession from desert grassland in 1903 (upper) Lo Prosopis shrubtand by 1941 (lower) at the

Santa Rita Experimental Range in

sonthern Arizona (from Martin, 1975:8),
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Figure 1. Paired photographs illustrating tempaoral patterns of grass-woody plant abundunce, (&)
Meadows and ponderosa pine (Pinus ponderosa) savannas in the Black Hills of South Dakota
photographed in 1874 (upper) gave way to closed-canopy pine forest by 1975 (lower) (Progulske
and Shideler 1983:104-105),
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table 2. Listaricat observations indleating ditferencey in local amd regional distribution asd nbun-
danve of woady plant ubundunce on Texas landscapes. Most landscapes in both regions are
presedly duminated by woody vegetation,

2
h~_.l NORTU-CENTRAL TEXAS (Marcy Expedition of 1854 as seen in Malin, 1953y

“The country we are now passing is gently undulating and covered with mesquite trees.”

“a broad level plain . .. covered with bultalo grass and snesquile ress, and extending as far as the
eye coutd reacle. ..

| Mesqquite olien grew | upon the most elevited arid praivies, Tar rom water courses.

SOUTHERN TEXAS (from Inglis, 1964):

J13

Borders of creeks were well supplied with timber but there was “scarce a brush on uplands” — Lun-
day (F833), Jim Wells County

13

“The prairic was now dead level, the grass short...Not o bush or tree
antelope. .. " — Fremantle (1863), Nueces County

o be seen . . . (thousands of

N n%]

high rolling prairie . . . covered with fine mesquite grass and interspersed with mesquite wrees. ., "
- Michter (1849), Nueves County

U

e

“apen counkry with mesquites™ — Bollaert {1843, Frio Coumy

matic buckground to influence vegetation patterns at smaller spatial scales. Dis-
turbances and the utilization of plants by animals are superimposed on this back-
eround of topo-edaphic heterogeneity and climatic variability to furiher influence
vegelation structure. As a result, plant species whose adaptations to prevailing cli-
mate und soil would muke them the competitive dominants under one disturbance
regime may assume subordinate roles or even face local extinction under other
disturbance regimes. On grazed landscapes, it is often difficull to assess the exlent
1o which herbivory influences ecosystem processes relutive 1o abiotic factors
iMcNaughton 1983, Foran 1986). In some cases, comparisons of vegelation
change between grazing systems have been showa to reflect differences in cli-
matic conditions rather than differences in management (Herbel 1979, Chew
982, Heitschmidt et al. 1982). [n addition, frequent, small-scale periurbations
tsuch as ant or termite mounds, rodent burrows, dung deposits, paich grazing)
oceur within larger-scale, less frequent disturbances (fire, floods) to produce a
vomptex disturbance regime (Collins 1987, Coffin and Lauenroth 1990). To real-
isticalty understand cause-effect relationships in vegetation dynamics, environ-
mental and disturbance variables must be dealt with simultaneously, in a spatially
explicit manner and over a range of time scales. Given the luck of quantitative his-
torical information and the short duration of most ecological investigations, few
such studies exist,

The following sections review the independent role of atmospheric CO, enrich-
ment, plant fife history attributes, climate, soils, fire and grazing on grass and
woody plant abundance in dryland ecosystems, The linal section discusses inter-
actions between these biotic and abiotic forces and attempts to evaluate conditions
necessary and sufficient to elicit a change in vegetation from grasskand or savanna
1o shrub- or woodland.
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Atmospheric COz Enrichment

Mayeux et al. {1991), Johnson et al, (1993}, and Idse ( 1942) review an array
of literature and data which support their hypothesis that increases in utmospheric
CO, concentrations since the industrial revolution may have been u driving force
for encroachment of woody plants into grasslands. Their arguments are based on
observations which indicate: (1) woody plants typically possess the Cy photo-
synthelic pathway, whereas the grasses they have repluced in the southwestern
USA and tropical regions are primarily Cg; (2) increased atmospheric CO; may
conder a significant advantage to Cj species relative to Cy species with respect to
physiological activity, growth and competitive ability; (3) C grasslands appeur
1o have evolved at CO5 concentrations below 200 ppm and thus at low CO,/0;
ratios; und (4) invasion of woody plants into C, grasstands has been accompanied
by a 30% increase in atmospheric CO- over the past 200 years (from ca. 270 ppm
to 350 ppm).

To what extent might historic increases in atmospheric CO3 have contributed 1o

the replacement of Cy grasstands by Cj shrublands or woudlands? A robustinter-
pretation of the hypothesis suggests widespread replacement of C, prasses by Cy
grasses would also have occurred during this period, controlling for ditferences in
tand use and soils. Such does not appear o have been the case. This could reflect
the fact that the predicted disparity in C; vs. C4 plant response to in¢reased CO,
may be minimal. Indeed, recent modeling exercises (Hunt et al. 1991), conlrolled
environment studies (Riechers and Strain 1988) and field investigations (Owensby
et al. 1993) indicate C,4 grasses may be very responsive 1o CO, fertilization. The
fact that Cy woody plants have invaded some landscapes while C, grasses have
persisied on others with similar soils and climate also argues ugainst CO, enrich-
ment as i proximate causal fuctor for community change. In addition, the differ-
enlial eftects of CO, enrichment on Cy woody plants vs. Cy grasses would not
explain the invasion of woody plants into cold desert and temperate landscapes
where dominant grasses were also Cy. The temporal correspondence between CO,
enrichiment and woody plant encroachment is also problematic. Although present-
day atmospheric CO, levels are ca. 30% higher than those 200 YBP, enrichment
has been exponential, with a prominent lag phase. [n 1903-1923, CO; concentra-
tions were ca. 300 ppm (Nefiel et al. 1985), an 11% increase over that of the Jale
1700s. Yet, significant woody plant encroachment had occurred by this time on
many sites (e.g., Fig. 1b). Would an 11% increase in atmospheric CO, have been
sulficient to cause ot contribute to woody plant encroachment into grassiand?
Finally, the extent to which benefits of increased CO; will be manifested in
enhanced plant growth and competitive ability will be constrained by interactions
of other environmental resources, stresses and higher-order ecological interactions
{Bazzaz 1990, Mooney et al., 1991). Some data from tree rings indicate a signifi-
cant CO, fertilizer effect on woody plants over the past century (LaMarche et al.
[984). However, others do not {(Graumlich et al. 1989, Graumlich 1991), perhaps
reflecting feedbacks to plant growth and alteration of biomass allocation patterns
(Norby etal. 1992), In sum, these various exceptions limit the utility of the atmos-
pheric CO, enrichment hypotheses as a robust explanation of the cause of woody
plant encroachment into grasslands.

LR
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Life History Determinants

Dilferent patlerns of succession {or lack thereof) result [rom the interactions of

species huving various combinations of physiological and life history trails {(Hus-
won and Smith 1987). The rate, extent und dynamics of CO,-, climate- or distue-
bance-induced shifts between grassland and shrub- or woodtund would be strongly
infiuenced by the lile history characteristics of the species involved (e.g.. potential
prowth rate, seed production, rates of seedling establishiment, plam size, longevity,
shade tolerunce). Dilferences in longevity between grasses and woody plants may
be particutarly important in accounting for observed patterns of post-settlement
succession from grass-lo-woody plant domination. Grasses are rekatively short-
fived in comparison 1o many woody plants. Maximum lite-expectancy of estab-
tished perennial grass species ranges from 4 (o 43 years, with a mean of 3 to 10
years (Canfield 1957, West et al. 1979, Wright and Van Dyne 1976). Longevity in
wouody plants varies with growth form. Limited evidence suggests a positive cor-
relation between “woodiness” and longevity (e.g., suffrutescent < suffruticose <
Iruticose < arborescent) and ranges from 22 o >>400 years {West et al. 1979, Vasek
1980, Goldberg and Turner 1986, McAuliile 1988, Young and Evans 1981). Pop-
ulations of suffrutescents and small shrubs such as burroweed (Huplepappus tenui-
seetns), bursage (Ambrosia deltoidea), cholla cact (Opuntia spp.), four-winged
saltbush (Atriplex canescens) and catclaw ucacia (Acaciy greggii), may Qucluate
nirkedly in response to amount and seasonalily of precipitation, whereas large
shrubs and small trees [e.g. mesquite (Prosopis spp.), Acacia constrictu, cre-
asolebush {(Larrea tridentata), ocotillo (Fouguieria splendens), litile leaf palo
verde (Cercidium microphyllum)] with longer life-spans persist for extended peri-
ads onee estublished {Shreve und Hinckley 1937, Shreve 1942, Martin and Turner
(977, Goldberg and Turner 1986). For woody plants capable of sprouling, ramets
tindividual stems or shoots) that succumb to stress or disturbance may be replaced
vegetatively, thus perpetuating the genet (individual plant), sometimes for thou-
sands of years (Vasek 19800,

Differences in mean and maximum plant longevities would influence the fre-
quency of gap formation and hence the propensity for comnunity change. Skarpe
1 1990) cites studies in southern Africa where encroaching small trees and shrubs
iormed thickets stable for 30-50 yeurs, then died suddenly, followed by 1he re-
cstablishment of grasses. These short-term (10-50 year), cyclic changes in vege-
tation associated with disturbance, climatic fuctuation and differences in plant
longevities may be missed in widely spaced (50-100 year) wmalched photographs
or inventories of permanent plots (e.g., Gehlbach 1981). Other factors held equal,
the availability of gaps for establishment of new plants would be highest for short-
lived species with high rates of turnover. Given the generally short life-span of
arasses, opportunities for woody plant establishmenl in gups vacaled by grasses
may be relatively abundant, whereas the frequency of gap lormation and hence
apportunity for grass establishment in a shrubland may be relatively low. Differ-
cnees in rates and frequencies of gap formation associated with grass and woody
plant life-history traits may explain why successional transitions between grass-
and woody plant-dominated states are highly asymmetrical (i.e., probabilities (P)
f transition from grassland o woody plant domination [P(g—w)] may be high,

w
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whereas Piw—p) iy very low) (Scanlan and Archer 1991). The magaitide of gap
lormation discrepancies in grassiand versus shrublands or woodiands would likely
increase in response 1o stress and disturbance. For examiple, drought may increase
mortality and hence gap formation in mesophytic grasses, but have relatively lik-
te impact on woody plants tolerant ol moisture depravation. Preferential wtiliza-
tion by livestock may increase mortality rates and decrease seed production and
seedling establishment of palatable grisses, while seed production, seedling estab-
lishment, growth rates and longevity of unpalatable woody plants remains constant
or incredses (see Livestock Grazing section).

Lstablished individuals may tolerate the range of environmental stresses or dis-
turbances likely to be encountered vver a series of decades or even centuries. For
example, in Texas the 1950s were characterized by the most severe, continuous
droughts since 1698 AD (Stahle and Cleaviand 1988). Even so, Prosupis spp. sur-
vival in southern Texas was observed (o be >60% (Carter 1964). Although some
subordinate shrubs died back to ground level, they were rarely killed and regener-
ated vegetatively. In the Edwards Plateau region of central Texas, Quercus pungens
var. vaseyana {shin oak) mortality during the 1950s drought ranged [rom 7 1o 47%
depending on soils (Merrill and Young 1959). Shrubs such as Diospyros, Acacia,
Zunthoxylum, Eysenhardtic and Berberis (Mahonia) were unaltected, despite Quer-
cus virginiana (live oak) tree mortality ot 38 to 68%. Older (=large= > 2 m height)
Juniperus plants experienced about 90% mortality, but the drought induced no mor-
lality in younger {(=smaller= < 2 i height) plants. Chihwahuan desen populations
of creosotebush experienced reductions in canopy area during the 1950s drought,
but density was unaffected (Wondzell 1984). Rapid and large increases in shrub
cover oceurred in the post-drought period. Thus, severe as it was, the drought of the
1950s does not appear to have produced significant compositional changes or local
extinctions of established woody plant populations. Disturbance or climate may
therefore trigger episodes of establishment of woody planis, but not necessarily their
subsequent extinction (Neilson and Wullstein 1985).

For woody plants with potentially long life-spans and low posi-establishment
mortality rates, the seedling recruitment phase would be the most critical in dic-
tating the ong-term dynamics of community structure, When conditions con-
ducive 10 scedling establishiment oceur infrequently and sporadically, identifica-
tion of determinants of community compaosition is problematic. Correlations
between the distribution and abundance of adudt plants and environmental factors
may be misleading, since factors relevant and readily studied for mature plants
may be quite different from those which determine the fute of seeds or seedlings
(Harper 1977:112).

Species thal endure chronically or periodically adverse conditions may persist
long enough vegetatively o encounter rare or infrequent windows of opportunity
for successful seed production, germinalion and seedling establishment. Recruit-
ment of new individuals during these unpredictable windows may be sufficient o
maintain the population sad partially or fully compensate for mortality since the
last recruitment episode and/or enable a species to increase in density by estab-
lishing in gaps left by other species. Jameson (1987) suggested for pinyon-juniper
communities that “if during the life span of trees there are several weather events



p g

crading toregeneration, a continuing tree stand should develop. Oathie other hand,
Uastand of frees dies before the appropriate weather events leading 1o regenera-
> on oceewr, the area of lund will be occupied by trees intermittently.”

o Rates and patterns of woody plant establishment in grasslands would be inilo-
awed by physiological attributes ol the woody species involved. Prosopis and
horiperus represent contrasting growth formys whose abilities 10 compete with

ses should vary markedly. Prosopis is a deciduous arborescent capable of N,-

naation {Johnson and Mayeux 1990) whose seeds are widely and effectively dis-

sed by livestock (Brown and Archer 1987). Prosopis grows rapidly, has high

:» of photosynthesis (Sharifi et al. 1982), and produces abundant seed. Seedlings

~hibit rupid tap root development and eftectively partition soil moisture with

ses soon after germination (Brown and Archer 1989, 1990, Bush and Van

Vuken 1991a), Within two weeks of germination, Prosopis seedlings cun resprout

wollowing shoot disturbance {Wellzin [990). A high proportion (>40%) of

cedlings 2- to 3-years of age can tolerate lemperatures associated with intense
wairie lires (Wright et al. 1976). Not wnexpectedly, Prosepis is an aggressive
avader of grasslands not easily eliminated once estublished. In contrast, junipers
we evergreens with siow growth rates, low rates of photosynthesis and possess
ity other features characteristic of stress tolerant plants. Muny species ol Junipe-
iy cannot regenerate vegelatively and are highly susceptible (o fire. However,
lespite these appareat limitations, it oo has successfully invaded grasslunds and
as inrecent history (Table 1). This suggests (1) woody plants possess com-
nan features thal make them aggressive invaders of grass-dominated systems
awlfor €2) beyond certain thresholds of herbaceous retrogression or disturbance,
~tablishment of contrasting woody growth (orms is high and primarily regulated
w abiotic factors.

DE2U-/43-2313

t limatic Determinants

Feosystem processes are ultimately constrained by climatic variables. Plant
scowth, microbial activity and soil development are direcdly influenced by radia-
o, temperature and precipitation. Climatic limits (o the adequacy of particular
ambinations of leal and plant size, architecture and longevity, as measured by
wsitive water and energy balances, are among the most important mechanisms of
nvironmental Hmitation to plant distribution and abundance (Box 1981}, Climate
dso intluences ecosystems indirectly, by causing or creating conditions conducive
o natural disturbances such as fire (Clark 1988, Buisan and Swetnam 1990, Swet-
sim and Betancourt 1990), Aoods, wind-throw, and drought. On world maps, the
woundaries of natural vegetation zones, soil types and climate roughly coincide
biyre 1963, Trewartha 1968, Kuchier 1978, Walter 1979, Box 1981). Regional and
‘lobal patterns of plant productivity {(Rosenzweig 1968, Leith 1972, Sala et al.
1 U88) und soil organic matter content (Post et al. 1982) have also heen related to
limate. So strong are the correlations between vegetalion and climale, that one is
flen used o infer the other.

In climate-vegetation models (e.g., Holdridge [1947, 1964] and Whittaker
1975]) grasslands (steppe) and savannas are precariously situated between shrub-
mds, woodlands and forest with respect to inean uanual tlemperature, rainfall and
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evapatranspiration. Changes or Huctuations inone or more ol these visiables would
shift the balance between grasses and woody plants and the arcal extent of thetr
respective domination. Regions where growth forms are near their chimatic fringes
would be particularly sensitive o climate change or Huetuation. However, in arid
lands, episodic climatic events may mask, confound, override, reinforce or negite
changes ostensibly attributed 10 changes in mean conditions (Beatley 1974,
MacMahon 1980, Chew 1982, Griilin and Friedel 1985, Lonard and Judd 1985,
Harrington §991). Changes in the frequency and/or magnitude of extreme evenls
(either favorable or unfavorable for plant establishment) may thus be more impor-
tant than gradual shifts in mean values (Katz and Brown 1992),

Prehistoric Perspective.

Changes in grass and woody plant abundance since European settlement should
he evaluated relative 10 changes which have occurred over longer time spans, it
their signilicance is to be appropriately gauged and their potential causes under-
stood. Evaluating causes of vegetation change in relation to anthropogenic activi-
ties since settlement requires un assessment of the extent to which vegelation was
in equilibrium with climate. Were plant communities encountered by early seutlers
stable and in equilibrium with their environnient? When one considers the pale-
occological record, the answer would be “probably not.” The fossil record, glacial
ice cores and historical observations suggest appreciable climatic and vegetation
instability on time scales of decades o centuries to millennia. Fossil pollen and
pack rat midden data indicate that Late-Wisconsin landscapes of the North Amer-
ican Southwest were charucterized by a cool, moist climate and sagebrush and
chaparsal shrublands, pygmy coniferand oak woodlands, extensive pine parklands
und spruce, fir and pine forests (see Martin and Mehringer 1965, Van Devender
and Spaulding 1979, Smeins 1984, Betuncourt et al. 1990). The warmer, drier cli-
mates ol the Holocene produced our modern landscapes whose potential natural
vegetation was dominated by xerophylic, hot desert shrubs, warm-temiperate grass-
lunds and savannas, subtropical thorn scrub and, at higher elevations, ouk and
conifer woodlands and montane and subalpine forests (Kuchler 1964), However,
this overall trend towards increasing aridity was apparently epicyclic rather than
gradual and linear, with woodlands, desert grasshands and shrublunds aliernately
expanding and contracting in response to numerous clinuic shifis over the past
several thousund years (Van Devender and Spaulding 1979, Van Devender F980).
Shifts between grassland and shrub- or woodland communities simiiar to those
observed in historic times (hus appear w0 huve happened naturally, upparently in
response o climatic fluctuations.

Vegetation Inertia.

The extent to which shifls in vegetation structure lag behind climatic changes
that drive them, and the extent to which vegetation can ever be said t be in equi-
librium with climate are not easily determined (Davis 1982). Vegetlation estab-
lished from seed under one climatic regime may survive under a subsequent regime
in a vegelative state. This phenomenon, whereby perennial planis persist for peri-

ods of tens 1o hundreds of years under conditions very ditferent frony those under
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which they initially became established, represents biological inertia (Cole 1985,
Lewin 1985). In these instances, correlutions between recent changes in vegeta-
tion and short-term climatic variables or disturbance regimes may be spurious or
low. If the present climatic conditions are such that the dominant plants cannot suc-
cessfully reestablish from seed with sufficient frequency to maintain the populu-
tion, community composition is destined to change. Neilson (1986) hypothesized
that “the pristine vegetation of the Chihuahuan desert recorded 100 years ugo, was
a vegetation established under and adapted o 300 years of ‘little ice age’ and is
only marginally supported under the present climate.” 1f this hypothesis is correct,
climate-driven succession from desert grassland 1o shrubland may have been in
progress at the time of settlement, and augmented by anthropogenic alieration of
grazing and fire regimes,

Evidence and Proposed Scenarios for Climate-Induced Vegetation Change.

Studies that utilize long-term records of plant cover and density provide per-
spectives into vegetation dynamics of long-lived plants not apparent from short-
term experimental manipulations. Yet because such data are descriptive and typi-
cally lack a “control” it may be difficult to determine causal mechanisms behind
change and to clearly sort effects of climate from those of disturbances such as fire
and livestock grazing. However, in cases where livestock grazing or lire have been
eliminated or experimentally accounted for, climatic influences over grass and
woody plant abundance are apparent:

+ Branson (1985:16) presents data from Weaver and Albertson that indicate
changes in basal area of shortgrass steppe plants associated with light, moder-
ate and heavy livestock grazing regimes were relatively minor in comparison
to reductions in cover caused by the drought of the 1930s. Clarkson and Lee
(1988) made similar observations in Australia. Rainfall {current and the previ-
ous year’s) accounted for 69% to 93% of the variance in plant biomass in var-
iously grazed ranges in western New South Wales, Australia (Robertson 1988).

+ In the absence of fire, savannas in the Edwards Plateau of central Texas expe-
rienced a 2- to 4-fold increase in woody plant cover between 1949 and 1983,
with the greatest increases occurring on pastures protecied from livestock
grazing (Table 3). The relative proportions of woody growth forms changed,
with oak (Quercus spp.) decreasing and Juniperus increasing on all sites
{Smeins and Merrill [1988]).

Tabte 3. Changes in relative cover (%) of Quercus and Jfuniperus spp. and changes in total
absolute wood plant cover (%) under different grazing regimes on the Edwards Plateau, Texas
(from Smeins and Merrill 1988),

Grazing Regime: Contintiods Rotational Exclosure
Year: 1949 1983 1949 1983 1949 1983
Relative Cover:
Quercus Spp. 89 4] 90 50 93 4]
Juniperus spp. 7 40 4 M 3 32
Total Woudy Cover I4 30 10 30 8 35

al

o Furner (1990) charted two Prosopis plants on permanent plots at a Soenogan
Desert sile inaceessible to domestic livestock and woodcutiers in 1960, By
1982 the number of Prosopis plants lrad increased to 186, Mostof the recruit-
ment occurred in the early 1970 in conjunction with unusually large rainfall
events. fn other plots on the sile, creosote bush populations declined 50-90%
during the first half of this century with little or no recruitment since.

« In the absence of fire, woody plant encroachment occurred in grasslands char-
acterized by a wide range of herbaceous standing crop, composition, density
and/or a wide range of livestock grazing histories, suggesting that climate and
soils are capable of supporting woody vegetation including Juniperus,
Artemisia and Prosopis (Burkhardt and Tisdale 1969, Brapg and Hulbert 1976,
Tisdale and Hironaka 1981, Young and Evans 1981, Johnson 1987, Smeins
and Merrill 1988, Brown and Archer 1989 and references therein),

+ Increased abundance of woody plants in grasslands and savannas has been
geographically widespread (Table 1) and relatively synchronous, suggesting
climate as a causal or contributing factor.

What climaie-based scenarios might lead 1o the demise of grasses and the rise
of shrubs such as Larrea, Juniperus, Acacia and Prosopis? Some combination of
the following might elicit a shift from grassland to shrub- or woodland:

o Increased rainfall. Walter (1979:92) proposes a scenario for the role of annual
precipitation in controlling the mixture of grasses vs. woody plants (Fig. 2.
In addition, discrete pulses ol high rainfall may trigger episodes of woody
plant establishment. In years when surficial soil moisture is abundant, grasses
may not competitively exclude woody plant seedlings and an opportunity for
root development to exploit deeper and more abundant soil resources may be
presented. Once established, woody plants may coexist with grasses in a
dynamic equilibrium (tree or shrub savanna) by partitioning soil moisture
(Knoop and Walker 1985, Stuart-Hill and Tainton 1989, Sala et al. 1989,
Brown and Archer 1990). Alternatively, established woody plants may redi-
rect successional processes and initiate a series of positive feedbacks (allelopa-
thy, shade, soil resource depletion, decreased fire frequency) which eliminate
grasses and enable development of shrublands or woodlands (Petranka and
McPherson 1979, Archer et al. 1988, McPherson et al. 1988).

Increased rainfall may also induce shifts from woody plant 10 herbaceous
domination. In the Great Busin of the western United States, extensive die-
offs of suffrutescent salt desert shrubs such as shadscale (Arriplex confertifo-
lin) have occurred during and following successive years of above-average
precipitation (Pyke and Dobrowolski 1989). Factors potentially contributing
10 shrub mortality included increased soil salinity and anaerobiosis in the root
zone, iron deficiencies ussociated with increased soil bicarbonate coneentra-
tions, outbreaks of parasitic dodder (Cuscuta spp.) and soil-borne disease
organisms (McArthur et al. 1990). Extended periods of inundation in lowlands
of North American Couslal Prairie may periodically eliminate stands of Aca-
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Figure 2. Schematie transformation from grassland to savanna to dry woodland with increasing

annual rainfall (from Walter 1979),

cla, Prosopiy and Quercus spp. (Scifres and Mutz 1975). In the Amboseli
Busin of East Africa, Western and Van Praet (1973) autributed widespread
mortality of Acacia zanthophloea (o salinity associated with elevation of the
water table over a series of high rainlall years.

» Periodic drought. During droughl periods, grass cover, biomass and density
decline, reducing the probability of fire and creating unoccupied gaps whose
size and abundance would vary with soils und the duration and magnitude of
drought {Nelson 1934, Paulsen and Ares 1962, Herbel et al. 1972). Woody
plants may preferentially establish in some proportion of these gaps in subse-
quent pluvial periods (a function of seed bank and seed rain) and persist. Peri-
odic drought may thus set the stage for subsequent episodes of woody plant
establishment and canopy development (Fig. 3) {Herbel et al. 1972, Archer el
al. 1988, Harrington 1991).

« Decreased rainfull. If conditions become chronically drier, grass mortality
may increase while seed production and seedling establishment decrease and
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Figure 3, Changes in woody plant cover, 1941-1983 in southern Texas (from Archer et ul. 1988),
The 1941-1960 period was characterized by the severe dronght of the 1950s; the 1960-1983
period received normal tu above-normal anauul rainfall.

the seed bank deteriorates. Resulting gaps may be colonized by woody plants
that establish during moist periods and persist by tolerating or avoiding
drought siress.

Shift in seasonality of rainfall. Growth of woody plants in many arid and semi-
arid systems is favored by cool season moisture, whereas growth and estab-
lishment of grasses (especially C,'s) is favored by warm season raintall {(Fritts
1976, Soriano and Sala 1983, Neilson 1986). Simikurly, summer droughts may
be more detrimental to grasses than woody plants, especially in years where
there has been winter rain. When precipitation coincides with lemperatures
suilable for physiological activity, grasses may utilize soil moisture in upper
horizons that might otherwise percolate to deeper depths for use by more
deeply rooted woody plants; when precipitation oceurs during the dormant or
cool season, the soil wetting (ront may penetrate to deeper depths, and effec-
tively uncouple woody plants with deep root systems from soil moisture con-
ditions in upper horizons. Shifts in seasonality of rainfall and temperature over
the past century may have contributed to the expansion of shrublands into
southwestern grasslands (Hastings and Turner 1965, Neilson 1986). Shifis
[rom summer 1o winter precipitation predicted 1o oceur as a result of atmos-
pheric CO, enrichment (Mitchell and Warrilow 1987) may increase suscepli-
bility of existing grasslunds to woody plant encroachment.
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s Shifi in size class distribution of precipitation events. When rainlalb oceurs as
sinall, lrequent events, grasses, with their opportunistic growth habit would
he lavored, particularly on fine-textured soils (Sula and Lavenroth 1982, Sori-
ano and Sala 1983, Sala et al. 1989, Brown and Archer 1990). More deeply
rooted woody plant growth forms would be fuvored by larger events, espe-
ciably on coarse textured soils, where moisture may percolute to deeper depths
and accumulate beyond the reoting zone of grasses. [n addition, soils associ-
ated with woody plants typically have higher infiliration rates than soils asso-
ciated with bunchgrasses and shorigrasses ol interstitial zones (Pressland
1973, Thurow 1991) und deep percolation near shrubs may be facilitated via
chunnels created by death of coarse roots. Larger rainlal) events may there-
fore enhance moisture content ol soils associated with woody plants, by influ-
encing the lateral distribution of witer between mosaic constituents (i.e., sur-
face runoff and interflow from interstitial patches = runon to woody plant
patches w/ greater infiltration and deep percolation) (Parsons et al. 1992).

o Increased temperature. Seasonal heat stress would be expected to increase, in
conjunction with increased potential evapotranspiration and decreased plaat
witer use elliciency. Suress tolerant shrubs would be more likely 10 persist
under such conditions and potentially expand to occupy sites vacaled by mes-
ophytic grasses. Emanuel et al. (19854, b) have compared contemporary maps
ol the distribution of Holdridge Life-Zones with maps resulling from changes
in mean annual temperature increments predicted by models of climate under
elevated CO,. Their exercise provides an initial test of the sensitivity of the
distribution of major vegetation associations to temperature change when
other environmental factors were held constant. In tropical and subtropical
arasslands, acreages of forest and woodland associations were predicied to
increase 13 1o 38%, while desert bush acreages in tropical, subtropical and
cool temperate regions increased 30 to 67% (Table 4).

There is some evidence of a slight lendency toward increased winter precipita-
tion, higher summer temperatures and an overall warming tread in the Northern
Hemisphere from the late 1800s through the 19405 and extended regional droughts
in the 1770s, 1860s, 1930s and 1950s (Hastings and Turner 1965, Bryson 1974,
Stockton and Meko 1975, Norwine 1978, Mitchell 1980, Neilson 1986, Stahle and
Cleavland 1988). These climalte-related lactors may have contributed o changes
in distribution and abundance of grasses and woody plants en some landscapes in
the Tast 100-200 years,

lidaphic Determinants

Lowe and Brown (1982}, in mapping the biotic communities of the Southwest,
regarded desertiand and grassland as the two “base™ formations, encompassing
more than 70% of the land area. They further noted that while montane and pied-
mont conmunities were subject to strong edaphic control, Great Basin and Chi-
huahuan desertscrub and semi-desert grassland communities were difticult 1o
delineate as they often intergraded over broad areas. Slight changes in elevation,
slope exposure, available soil moisture may therefore influence the locul putterns

‘Fubbe 4. Predicted chunges in the arcatextend of woody pland assovia tropicul and sub-
tropical grasslands and desert shrublands assoviated with changes in mean annual temperature
anticipated to resalt from atmospl Q) enrichment ifrom Enanuel et al., 1985, b).

ARGAL EXTENT (X 10° KM

LIFE ZONE Ruse Predicied 4 CHANGE
Fropical Grasslamds
Very Pry Forest 4.7 6.3 +34
Thorn Woedland 24 3 +3K
Subtropical Grassland
Thorn Wo | .7 21 +34
'hesrn Steppe 5.2 549 +13
Desert Bush
Tropical 23 30 +30
Subtropicat (] 25 +67
Warn Temperale 44 4.7 —
Cuoul Temperate 16 5.4 +39
Boreal 1.3 25 +u3
Total 276 353 +1

of grass versus woody plant distributions. Annual amounts of precipitation and
seasonality of rainfall interact with soil texture and depth to influence the refative
abundance of grasses vs. woody plants on a site (see Belsky 1991).

The spatial pattern and areal extent of life-form composition shifts {rom grass-
1o woody plunt-domination (Table [)1s ditficult to estimate without knowing some-
thing of the pre-setilement distributions, The major woody elements encroaching
into grasstands in the North American southwest {e.g., Prosepis, Larrea, Junipe-
rus, Pinus, Opuntia) have been present throughout the Holocene and historicul
accounts (see York and Dick-Peddie 1969, Gross and Dick-Peddie 1979, Malin
1953, Inglis 1964), photographic evidence (see Hastings and Turner 1965, Martin
and Turner 1977, Humphrey 1987, Nelson and Beres 1987) und long-term records
from permanent plots (Goldberg and Turner 1986, Turner 1990, Wondzell 1984)
suggest that shrub and woodland communities may have characterized certain
tandscape units at the Gme of settlement (e.g., Fig. Ta, ¢; Table 2). 1t seems rea-
sonable to expect that (1) patchy, discontinuous mosaics of grass vs. shrub-or tree-
dominated vegetation existed at the time of European scilement, their distribu-
tions dictated primarily by topography, soils and fire; and (2) these patches served
as sources of population expansion subsequent to changes in climate and/or dis-
turhance regimes. For example, Johnston (1963) argues that the geographic range
ol honey mesquite { Prosopis glandilosay has changed little over the past 300-500
years and that this plant has merely increased in stature and abundance within its
historic range. Some landscapes of southern Texas presently dominated by
Prosopis-thorn woodlands were described in the early 18005 as open prairies with
woody plants conlined to areas adjucent 10 watercourses, suggesting the spread of
woody vegetation hus been luteral from lowlands and drainages o uplands; inother
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_ regions of Texus, Prosopis may huve been anatural, historical component o upland
landscapes (Table 2)(Bogusch 1952, Inglis 1964, Tharp 1926}, its density within
ihose lundscapes increasing in recenl decades, Woody xerophytes such as Larrea
and Juniperus may have historically inhabited shallow, rocky, caleareous erosional
siles such as hilliops and ridges prone 1o runofl, while transport and depositional
siles wilh deeper soils receiving runoft may have supported mesophylic grassland
vegelition (Gardner 1951, Hallmark and Allen 1975, Stein and Ludwig 1979,
McCraw 1985).

Topography, Texture and Geomorphology

Topography and soil texture, depth, tertility and chemistry can influence patlerns
ol grass and woody plant distribution. Moisture may accumulate and depth to water
table may be reduced on intermilient drainages, arroyos and other landscape “run-
un” sites, thus favoring woody vegetation. Coarse-textured soils that permit greater
inliltrativn and deeper percolation may enable water to accumulate beyond depths
effectively exploiled by grasses. These deeper stores of moisture would enable
woody plants, with their generally deeper and more extensive reot sysiems, 1o co-
exist with grasses or dominate such sites. Finer-textured soils that retain moisture
and nutrients in the upper soil layers generally favor grasses with high root densi-
lies in upper horizons by limiting water penetration to lower horizons (see Streng
and Harcombe 1982, Johnson and Tothiil 1985, Davis and Mooney 1985, Knoop
and Walker 1985, Liang et al. 1989, Brown and Archer 1990},

Rates and patterns of woody plant encroachment into grasslands is influenced
by topography and texture (e.g., Bragg and Hulbert 1976, McPherson and Wright
1988}. Soil texture can also influence patterns of grass and woody plant survival,
During the extended and severe drought of the 1950s, Carter (1964) observed high-
cst rates of Prosopis mortality on fine-texiured soils and lowest mortality on grav-
clly sites in southern Texas. During this same period, Herbel et al. (1972) observed
reductions in grass cover to be greatest on deep, sandy soils and least on soils where
cemented caliche layers were relatively shallow. Where topoedaphic conditions
are not conducive to development of herbaceous vegetation (extremely shaliow
andfor rocky, gravelly soils), fine fuels required to initiate or carry a fire would also
he lacking. Woody plants inhabit such sites by exploiting fissures and crevasses,
thereby accessing resources accumulating beneath such barriers.

Depth Lo siructural barriers such as ironstone or caliche layers can aiso influ-
ence the distribution and abundance of woody vs. graminoid life-forms. Grasses
may monopolize resources when scils are present but relatively shallow, with
woody plants dominating sites where geomorphic barriers are relatively deeper or
where their roots exploit fissures, crevasses or subterranean catchments were water
and nutrients might accumulate (Morison et al. 1948, Walter 1979, San Jose and
IFarinas 1983). Many upland landscapes in central and southern Texas support dis-
crete clusters (moites) of woody vegetation embedded within a matrix of grasses
( Whittaker et al. 1979, Amos and Gehlbach 1988). It appears that these striking
contrasts in life-form distributions over simail spatial scales are related to subter-
rancan characteristics. For example, field investigations on cluster-soil relation-
ships in southern Texas have revealed that faterally extensive argillic horizons con-

L nclusions of coarse-textured, non-argillic soils. Where the argithic horizon wis
present, the vegetation was dominated by grasses interspersed with small woody
plani clusters, typically with a single Prosopis plant and several subordinate shrubs.
Vegelation of non-argillic inclusions consisted of large groves with numerous
Prosapis trees and subordinate shrubs (Fig. 4¢). The favorability of these non-
arpillic inclusions for woody plants is demonstrated by the fact that Prosopis plants
in groves were larger and had mean radial growth rates more than twice that of
Prosopis plants growing on argillic soils (Table 5). In addition, the size and shape
of groves coincided with that of the non-argillic inclusions suggesting edaphic con-
straints to shrub cluster expansion and coalescence (Loomis 1989).

Soil Nutrients

Grasses generally have high densities of fine roots concentrated in upper soil hori-
zons, whereas many dryland trees and shrubs have lower root densities and coarser,
decper root systems. These contrasting rooting palterns suggest grasses may have
a competitive advantage tor acquisition of surficial soil resources. However, even

Figure 4. Hypothesized role of subsurface soil texture and grazing in regulating tree (Prosepis)-
grass distribution in a savanna parkland Texas (Archer, unpublished). The argillic (B,) hori-
zon on uplands is laterally extensive except where groves occur {Loomis 1989). ‘The savanna
pavkland physiognomy described at the time of settlement (A or B, Table 2) muy have been
edaphlcally regulated. With advent of livestock grazing transpirational grass leaf area and root
biomass would have decreased enabling shrubs to establish. In addition, Prosapis seed disper-
sal would have increased and fire frequency would have decreased. Available data suggest
mottes and groves began forming about the same time, with plants on the non-argillic inclu-
sions developing faster (Table 5),

33
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Tuble 5. Mean (+ S1) size of Prosopis glandulosa stems on upland Landscapes in southern Texas,
Provopis plants in diserete elusters eecurred on soils onderlain with a distinet argillie (clay)
horizon. This horizun was absent within groves (Fig. 4) (Archer and Flinn, unpublished data),

Discrele
Clusters Groves
Canopy Diameter (m) 6.5(1.h 7.212.2)
Hasal Diameter (cm) 15.7(2.4) 24.1 (6.2)
Heaght tm) 3170.6) 5800
Radial Trunk Growth'®
tmm/month) 0.04 .03 010,07}
Isunk Aget
Mean J9.3(L1Y) 74.6(5.9)
Max 64 81

'From dendromeier bunds over a 2 year period
lirom annual ring counts (Archer and Flinn 1991, Flinnetal. 1991), Ages aof adjusted tor time required
for slems 1o produce rings ut height of cutting; ages are thus underestimated by ca. 5-10 years,

srasses that share similar characteristics in terms of canopy architecture, shoot phe-
nology and root disiribution may difler substantially in their ability to compete with
woody plants for water and nutrients (Fig. 5) (Eissenstat and Caldwell 1988). Higher
cation exchange capacities ol shrub roots (mean = 33.5 meq/100g based on survey
ol 11 species (rom 9 genera) in comparison (o grass rools (mean = 14.7 meg/100g
bused on survey of 9 species from 7 genera) ( Woodward et al. 1984) may also reduce
differences in nutrient absorption that might otherwise be expected from differences
in growth form root densities, Ny-fixation may also enable Leguminous or Rham-
naceous trees and shrubs o exploit low fertility sites more successfully thun grasses
{Klenmimedson 1979, de Faria et al. 1989, Hogberg 1989, Johnson and Mayeux
1990). Adaptations for nutrient conservation and integrated nutrient use efficiency
by evergreen woody plants (slow growth rates, low nutrient demands, low mainte-
nance costs, sclerophylly, low leachability of foliage, low rates of leaf turnover,
elfective resorption of nutrients from senescing leaves) (Gray 1983, Gray and
Schlesinger 1983, Merino et al. 1984, Aerts 1989) may give these growth forms an
advanlage over deciduous growth forms (Chapin and Shaver 1984, Schiesinger el
al. 1990) on nutrient poor sites. Relative to grasses, woody growth forms may thus
be better suited to shatlow or low fertility sites, or 10 sites where erosion associated
with grazing or other disturbances has reduced fertility. However, other factors held
equal, these adaptations to nutrient and waler stress tolerance may limit the ability
of evergreen trees and shrubs to effectively compete with grasses and other decid-
uous growth forms on more mesic and fertile sites (Fig. 6) (Grime 1977, 1979,
Chapin 1980, Leps et al. 1982, McGraw and Chapin 1989).

Some studies suggest growthform responses Lo nutrient availability are inversely
refated to rooting depth and plant longevity (Gray and Schlesinger 1983, Witowski
1989), In tundra communities, the growlh response to nutrient additions is gener-
atly in the following order: graminoids > deciduous shrubs > evergreen shrubs
{Lechowicz and Shaver 1982, Henry et al. 1986). Herbaccous growth forms, with
their intercalary and basal meristems, are more plastic in their morphological
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Figure 5. Phosphorus uptake by big sagehensh growing in association with crested s.-,mﬁn_,mwm
vs. btuebunch wheatgrass rom Caldwell et ul. 1985). Sagebrush plants acquired significantly
more P from bluehunch wheatgrass neighborhoods than from crested whealgrass neighbor-
hoods, even though these grass species were strikingly similar with respect to root density, shoot
phenology und canopy architecture.

growth responses 1o nutrient and moisture additions thun are shrubs and arbores-
cents (Sala and Lauenroth 1982, Soriano and Sala 1983, Knoop and Walker 1985,
Acrls 1989, Witowski 1989). Difierentiul life-form growth responses 1o nutrient
availability would ultimately be expressed in community composiiion. Nutrient
additions o Australian heathlands over a period of 20 years praduced a shilt in
species and growth form composition from predominantly sclerophyilous ever-
green shrubs to herbaceous specics (Heddle and Sprecht 1975, Sprechtet al. 1977).
Application of N and N+P i Californian chaparra! resulted in increased propor-
lions of annuals and graminoids (McMaster et al. 1982).

Given the differences in plant growth lorm response (0 nutrient availability, the
kinds of woody plants (¢.g. evergreen vs. deciduous) that replace grasses may
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Vigure 6. Conceptual model of response of evergreen vs. deciduous planis to nutrient availability
tfrom Goldberg 1982),

depend uponsite fertility characteristios (Fig. 6). Fo addiion, the tikehhood of sue-
cession from grassland to shrub- or woodland, or the reverse, may depend upon
(he extent to which site lertility and chemistry has been aflected by grazing or by
other disturbances.

Pyric Determinants

itis commonly assumed that lire is a primary determinant in the creation and/or
maintenance of grasslands and suvannas. Fires caused by lightning arc u potentially
frequent occurrence and the active and accidental uses of fire by aboriginals is well-
known. However, for such fires 1o occur, conlinuity of fine fucls (grasses) mustexist,
i.¢., in order to have a prairie fire, you must first have a prairie (Gleason 1913). This
argues for climatic and/or edaphic controls over physiognonmy in sume systems,
with fire playing a secondary role in shaping community structure (Walter 1979:76,
91; Wright and Bailey 1982:82). The extent to which fire occurved in southwestern
grasslands is geographically variable and related to seasonal and annual rainfall,
elevation, slope aspect and inclination. Fire may have been rare in desert grasslands
and limited in areal extent, owing to erratic topography and low biomuass and con-
tinuity of fine fuels (York und Dick-Peddie 1969, Hastings and Turner 1965). In
more mesic grassland and savanna systems where fire was a prevalent and recur-
ring loree, pre-historic frequency and intensity appear 1o have been regionally syn-
chronized by climatic conditions (Swetnam and Betancourt 1990). However, fire
frequencies have decreased since settfement, a result of fine-fuel removal by live-
stock grazing, cessation of ignition by Native Americans and active fire suppres-
ston (Young and Evans 1981, Madany and West 1983, Arno and Gruel! 1986, Bai-
son and Swetnam 1990, Savage and Swetnam 1990). Reductions in lire frequency
may have enabled fire-sensitive woody species o invade and establish in grassiands
and savannas and/or may have enabled fire-tolerant, but suppressed woody species
to assume greater dominance and subsequently redirect successional processes by
altering soils and microclimate, In cases where woody plants suppress herbaceous
production andfor create discontinuities in fine fuel distribution, a positive feedback
miay develop, whereby the propensity for fire is reduced as additional woody planis
establish and assert dominance. On many shrub- and woodlands, the potential for
ignition and spread of fire is low, owing W woody plant-induced discontinuity in
fine fued (e.g., McLaughlin and Bowers 1982).

Temporal patterns of fire and soil moisture are the primary factors inlluencing
wouody plant-grass biomass ratios in the semi-arid woodlands of Australia (Har-
rington and Hodgkinson 1986) . Under the influence of above-average rainfall in
critical seasons, shrub seedling establishment is high (Harrington 1991). However,
because such rainfall events also produce an unusually large grass biomass, fire
becomes a possibility which, if realized, kills most juvenile shrubs. Grazing may
increase the frequency of woody piant seedling establishment by reducing the soil
mwoisture utilized by grasses and by reducing fire frequency. These two lactors com-
bine 1o lavor vegetation dominated by woody plants.

With u sufficient fire-free interval, woody plants can eventually overtop grasses
and persist despite subsequent fires (e.p.. Bragg and Hultbert 1976). The length of
the fire free pertod required for at tree or shrub to reach sullicient size or age to tol-



P.l%

P Nl W R S = B < N W |

Ar-rli1Zona

UN1versity ot
PLANT HEIGHT (cm)

: 1048

U4t uJs

rrar Ji

3

crate lire varies wmong species. Western juniper (Juniperus occidentalis) plants
less than 50 years old are quite susceptible to wildfires (Burkhardt and Tisdale
1969). In contrast, survival of 2- and 3-year old honey mesquite seedlings exposed
to flame (emperatures approximating that of hot grass fires exceeded 60 and 90%,
respectively (Wright et al. 1976). Only short fire-free intervals would thus be
required for its establishment. Recurring fire may have kept Prosopis plants low
in stature in pre-settlement grasslands, but would not necessarily have eliminated
them from a site. Plants thus suppressed might persist for long periods, then enter
a rapid phase of aboveground growth (Fig. 7) and overtop the herbaceous vegeta-
tion and achieve heights less sensitive o subsequent fire. Trunks and crowns of
tadler plants may incur minimal damage from surface fires, of, if crowns and trunks
are killed, rapid vegetative regeneration from crowns, burls or roots oceurs for
many species. Following fire, recovery of shrubs may equal or exceed that of peren-
nial grasses (Cornelius 1988). Prehistoric wildfires, which might typically occur
at the end of the growing season when dry litler has accumutated and air temper-
atures are high, may have been more effective in causing woody plant mortatity
than prescribed fires implemented during cooler periods. However, reductions in
rass production, basal area and survival following late-summer fires (Ewing and
tngle 1988) may also generate windows of opportunity for invasive species.

PROSOPIS GROWTH (1984-1991)
Overall Survival 31-35%

PLANT AGE (YEARS)

Figure 7. Recruitment and growth of Prosopis glandulosa secdlings on sites with contrasting leng-
term grazing histories and differing in herbaceous biomass production and composition
{Archer, unpublished). See Brown and Archer (1989) for details on site characteristics und emer-
gence and survival over first two years. About 800 seedlings einerged on each site; after 8 years,
survival was highest on the site protected from grazing (283 vs. 247 plants) but growth rates
were preatest on the grazed site. Note lack of shoot development for first 3-4 years on both sites.
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Herbivore Determinants

Changes or fluctuation in broad-scale climatic regimes or atmospheric CO;
enrichient in recent history cannot account for small-scale vegetation patterns and
cannol explain why grasslunds and savannas have persisted on some lundscapes
within a region, but not others. As spatial and temporal [rames of observation are
diminished and resolution increased, edaphic heterogeneity and disturbance
assume greater importance in determining vegetation siructure (Prentice 1986).
The utilization of plants by animals is superimposed on a backdrop of topoedaphic
heterogeneity and climatic variability to influence ecosystem processes. As a
result, plant species whose adaptations to the prevailing climate and soils would
make them compelitive dominants of the community when herbivore populations
are low may assume subordinate roles or even face local extinction as levels of her-
bivory increase.

Native Herbivores

Numerous examples exist to illustrate the role of vertebrate and invertebrate her-
bivores in regulating vegetation structure, composition and productivity, {see spe-
cial issue of BioScience 38 (11) | 1988] on “How Animals Shape Their Ecosys-
tems™). Specific examples illustrate how browsing mammals can maintain
grasslands, meadows and savannas and/or change closed woodland, thickets or
heathland into open, grass-dominated systems (see Crisp and Lange 1976, Sinclair
and Norton-Griffiths 1979, Hunter et. al. 1980, Belsky 1984, Berdowski 1987,
Yeaton 1988, Cantor and Whitham 1989). Patterns of Holocene vegelation devel-
opment subsequent to extinction of megafauna (Martin 1975, Lundelius 1976)
were potentially much different from those which would have occurred had these
herbivores persisted. The conversion of open, park-like woodlands and mosaic
grasslands of the Pleistocene to the more uniform forests, shrublands and grass-
lands of today may, to some extent, reflect faunal extinctions and alteration of
browsing and seed dispersal influences (Janzen 1986, Owen-Smith 1987).

Ditierential levels of grazing, browsing, and granivory on grasses and woody
plants by various classes of herbivores can be a locally important control over veg-
ctation composilion. However, the inlluence of various classes of herbivores (e.g.,
rool-leeding nematodes, grasshoppers, lermites, rodents, lagomorphs, jackrabbits)
on vegetation relative to that of more conspicuous ungulate herbivores is difficult
Lo assess. When taken into account, the influence of native herbivores on vepeta-
tion can be pronounced. For example, in the 12 years following removal of kan-
garoo rats (Dipodomys spp.) from a Chihuahuan Desert site in southeastern Ari-
zona, the cover of tall grasses increased (Fig. 8), bare ground decreased, litter
accumulated and snow cover persisted longer relative to plots where kangaroo rats
remained (Brown and Heske 1990), Exclusion of livestock only produced no sig-
nificant or detectable change in vegetation during the same period. The herbaceous
vegetalion maintained by kangaroo rats (shortgrasses, annuals) may be less effec-
tive at competitively excluding woody vegetation. In addition, kangaroo rats may
be an important agent of woody plant seed dispersal (Reynolds and Glendening
1949, Reynolds 1954). Changes in vegetation ostensibly attributed to livestock
may thus be similarly effected by activities of less conspicuous rodent herbivores.
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Figure 8. Differences in perennial tall and shortgrass cover on Chihushuan Desert sites with
kangaroo rats (Dipodomys spp.) und after 12 years of Dipodomys exclusion (from Brown and
Heske {990).

Prairie dogs (Cynomys spp.) represent another example of a once wide-spread
native herbivore whose aclivities are known lo influence grassland patch struciure,
nutrient cycling and feeding-site selection by other herbivores (Whicker and
Detling 1988 a, b). However, their role in regulating the distribution and abundance
of trees and shrubs in grasslands has not been widely considered. Available data
(Weltzin 1990) suggests that on landscapes otherwise suited for woody plants,
recruitment of trees and shrubs would be minimal when prairie dogs were present
(Fig. 9). Spatial/temporal variation in prairie dog distribution may help explain
inconsistencies in historical accounts of woody plant distribution and abundance.
Elimination of prairie dogs from landscapes by natural (drought, famine, disease)
or anthropogenic {poisoning) causes would remove & primary and locally perva-
sive mortality factor and either release suppressed populations of woudy plants or
mike new habitats available for their colonization.

{ivestock

Utilization of grassland vegetation by domesticated and feral livestock in south-
western North America dales back Lo the 1500s (Lehman 1969, Wagoner 1949,
Hastings and Turner 1965, Jordan 1981, Hanselka and Kilgore 1987, Wagner 1989,
Robinett 1990). By the early 1900s, uncontrolled grazing by horses, sheep, cattle
and burrows had so degraded vegetation and soils that federal legislution (the Tay-
lor Grazing Act of 1934) was enacted in ap attempt to curtail further deterioration
(Stoddart et al. 1975). Scenarios paralleling those of the North American South-
west occurred in Australia (Harrington et al. 1979) and South America (Schofield

Figure Y. (A) Landscape in the Rolling Plains of northern Texas illustrating a grassland main-
tained by prairie dogs (Cynoemys Iudovicianus) and a Prosopis shrubland off-colony. Seedlings
and transplanted Prosopis saplings were eliminated on-colony, unless protected by exclosures
{arrows denote transplanted saplings). Seedlings and sapling planted off-cotony had high rates
of survival both in and out of exclosures. (13) A prairie dog coluny on this landscape was pai-
soned out in 1950, Aeria) photographs from the late 1940s showed this site to be grassland with
scattered Prosopis (rees, By the time of this photograph (1989) a Presopis woodland had devel-
oped. See Weltzin 1990 for additional details, (Photoe by S. Archer}.

“i
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and Bucher 1980, Bucher 1987). The widespread invasion ol woody plants inte
grusslands, “thicketization” and increases in their stature and density in savannas
(Table 13 typically coincide with the development of the livestock industry and
intensification of grazing.

Grasslands of the Great Plains and southwest evolved with grazing animals. Yet,
in conlrast to native herbivores whose numbers or patterns of grazing may vary
widely, concentrations of domestic livestock can be artificially maintuined at con-
sistently high levels by suppiemental feeding and watering and by protection from
natural predation and discase. Fences prevent migration 10 new areas when the
abundance of preferred forages decreases, resuiting in higher frequencies and
intensities ol deloliation and maintenance ol grazing pressure over a greater por-
tion of the year and over a higher frequency of years than might otherwise occur.
The end results can be radical changes in species composition and significant soil
erosion that are not reversible over time-frames relevant to management. The
impacts of domestic herbivory on plants (see Briske 1991, Briske and Richards,
this volume) and ecosystems (see Archer and Smeins 1991, Thurow 1991, Skarpe
1991, Pieper, this volume) have been recently reviewed. In this section, factors con-
tributing to the replacement of grasses with woody plants are considered.

Preferential utilization of grasses variously tolerant of defoliation alters plant
competilive interactions in a community and changes patierns of resource distrib-
ulion and availabilily. Grazing by livestock can potentially increase the probabil-
ity of woody plant recruitment in numerous, self-reinforcing ways:

+ Livestock may effectively disperse woody plant seeds, particularly those of
some leguminous shrubs and arborescents (see Brown and Archer 1987).

« Increased light levels at the soil surface could increase chances for germina-
tion and early establishment of woody seedlings.

» Concomitant reductions in transpirational leaf area, rool biomass and root
activily associated with grazing of grasses can
+ increase surficial soil moisture (Archer and Detling 1986) to enhance woody
seedling establishment and growth of shallow-rooted woody species

» increase the amount of water percolating to deeper depths and benefit estab-
lished wouody species with deep root syslems

+ increase nulrient availability to woody plants (Fig. 10)

+ “release” suppressed populations of established tree or shrub seedlings (e.g.,
Merz and Boyce 1956, Harper 1977:634, Grubb 1977, Hara 1987) (Fig. 7)

» Grazing decreases plant basal area, increases mortality rates and decreases
seed production and seedling establishment of palatable grasses (e.g., O'Con-
nor 1991, O'Connor and Pickett 1992). Grazing may also increase suscepti-
bility of grasses to other stresses such as drought (Nelson 1934, Paulsen and
Ares 1962, Herbel et al. 1972, Clarkson and Lee 1988). These factors would
combine to increase the rate of gap formation and available area for woody
plant seedling establishment, especially in post-drought periods.

+
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Figure 10, Phosphorus uptake hy Artemisia tridentata plants with defoliated vs. non-defoliated
Agropyron spicatum and A. desertorum neighbors (from Caldwell et al. 1987). P-uptake by
Artemisia increased significantly from the side with defoliated grass plants within one week.

« Shifts in herbaceous composition accompanying grazing may be to assem-
blages less effective at sequestertng resources and competitively excluding
woody plants or limiting their growth and seed production.

+ Reductions in fine fuel biomass and continuity would reduce fire frequency
and intensity (Savage and Swetnam 1990),

« Invading woody species are often unpalatable relative 1o grasses and furbs and
are thus not browsed with sufficient regularity or severity to limit establish-
ment or growth.

+ Reductions in soil fertility and alterations in physiochemical properties occur
with loss of vegetaiive cover and erosion (Harringlon et al. 1979, Denevan
1967, Thurow 1991). This would favor N,-fixing woody plants (e.g., Prosopis,
Acacia) and growth forms tolerant of low nutrient conditions (Cohn et al.
1989, Bush and Van Auken 1989, Van Auken and Bush 19891 Fig. 6).

Widespread eradication of prairie dogs, viewed as competitors with livestock
for forage and whose burrows pose injury hazards, would have removed a sig-
nificant barrier to woody plant recruitment on many landscapes (Weltzin
1990).



p.17

DE2U-/43-2313

Uni1versity of Hrizona

U4 UY/:18a

J1

Mar

4y

Mudilication of microclimate, plant compelitive inleractions, soil fertility and
tire frequency associated with the defoliation and preferential utilization of grasses
cun thus result in increased likelihood of successful woody plant invasion, estab-
lishinent and growth (Fig. 7)(Blackburn and Tueller 1970, Bush and Van Auken
1990, Van Auken and Bush 1987,1988, 1990, McPherson et al, 1988, Brown and
Archer 1989, Owens and Norton 1989, McPherson and Wright 1990, Skarpe
1990), decreased time to reproductive maturity (McPherson and Wright 1987),
increased frequency and magnitude of seed production, and extended woody plant
longevity (West et al. 1979).

The rate, pallern and extent of livestock-induced change in community struc-
ture would be expected 1o vary with the type of animal and degree of grazing pres-
sure (stocking rate, frequency, duration, season and intensity of plant utilization).
Within a landscape or watershed, livestock grazing pressure is effectively con-
trolied by distance from water and by topography (Andrew 1988, Stuth 1991). Veg-
etation change on grazed landscapes may be accentuated or mitigated, depending
on climatic influences (see Climatic Determinants section) und may be non-lin-
ear and abrupt once criticai disturbance thresholds are exceeded (Figs. 3 and 11).
Once established on a site, woody plants may re-direct successional processes and
persist, despite subsequent relaxation of grazing (Archer and Smeins 1991, Lay-
cock, this volume).

The effects of livestock grazing may be most important in influencing estab-
lishment of woady plant seedlings. Most research on woody plant germination and
establishment has focused on abiotic factors. Studies of woody plant seedling
establishment in competition with grasses are often short-term or involve potted
plants with restricted rooting volumes experiencing relatively low light intensities
and (likely) artificially high CO, concentrations. Field investigations pertaining lo
biotic limitations, are scarce. Based on controlled-environment experiments and
non-experimental field observations, it has been generally assumed that estab-
lished, climax-dominant grassland species would exclude woody seedlings and
that grazed areas are more prone to woody plant invasion, other factors held equal.
There are few guidelines for refating changes in woody plant seedling establish-
ment probabilities to grazing intensity. It is also well-known that herbaceous ret-
rogression accompanies intensive grazing, yet there are few reliable guidelines for
determining how grazing at different stages of retrogression alters susceptibility
ol sites 1o invasion by woody plants. In the case of honey mesquite, field experi-
ments and diverse field observations indicate that level of grazing and grazing his-
tory may have little influence on Prosopis seedling emergence or survival in pre-
sent-day systems (Brown and Archer 1989 and references therein; but see Bush
and Van Auken 1991b). Thresholds of herbaceous biomass production or compo-
sition required to limit establishment of some woody seedlings may thus be
exceeded even at low levels of grazing. However, site grazing history and herba-
ceous composition markedly influence Prosopis growth rate and time to repro-
ductive maturity (Fig. 7).

Given the potential ability of Prosopis to successfully establish in stands of
highly productive, late seral grasses, why has its abundance within its historic range
increased since settlement? One hypothesis is that prior o settlement and the intro-
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Fipure L1. Predicted changes in crested wheatgrass and big sagebrush production under differ-
ent stocking rates (from Torell 1984}, Doubling the namber of animals from 100 to 200 had lit-
tle impact on production. However, increasing stocking from 200 to 225 head [12.5% increase)
had a marked impact.

duction of livestock, Prosopis was absent from grass-dominated portions of the
landscapes because of dispersal limitations (Brown and Archer 1987). Alterna-
tively, Prosopis may have been present, but suppressed (not eliminated) by herba-
ceous competition and periodic fire (see Pyric Determinants section). With the
advent of livestock grazing, seed dispersal would have been greatly increased,
competition from grasses would have been relaxed and set-backs associated with
periodic fire eliminated. Prosopis plants would then have rapidly increased their
stature and dominance.
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Evaluation of Proximate Causes of Woody Plant Invasion

The preceding sections highlight the potential independent role of climate,
atmospheric CO,, soils, fire and herbivory in regulating the balance between
grasses and woody vegetalion, Three important concepts in evaluating the relative
contribution of these faclors are: (1) inteructions; (2) necessary and suflicient con-
ditions; and {3) feedbacks. Case studies indicate that direct and indirect effects of
livestock grazing (including reductions in fire [requency), angmented by climatic
fluctuation, are reasonable explanations lor replacement ol grasslands and savan-
nas by shrub and woodlands.

Interactions

In experimental manipulations, the significance of main effects and interactions
are lested. In an ecosystem context, we are interested in identifying the primary
factors governing ecosysiem processes (i.e. the main effects) and the extent 1o
which the infiuence of those primary fuctors might be mediated (lessened or mag-
nilied) when other factors are operational (i.e., interactions). Main effects, in the
conlext of identifying Factors controlling grass vs. woody plant composition, would
include climate, soils, fire and grazing. Unfortunately, because of logistical con-
straints, most experimentul research has focused on but one of these main effects.
Results from such studics are thus out of context, since other potentially important
factors and interuaction terms are not takea into account, Simulation models are one
(ool for eircumventing this problem. However, the degree to whicly such models
can successfully represent a system will be directly related to our tevel of under-
standing and the quality and availability of information used in their construction.
Conceptual models of woody plant encroachment into desert grassiand (Fig. 12),
sagebrush steppe (Fig. 13), Prosopis savanna (Fig. 14), and pinyon-juniper savanna
(Fig. 15) illustrate the variety of factors that have interacted since settlement to
produce the current vegetation. The driving force for the changes depicted in each
of these models centers around livestock grazing.

Necessary and Sufficient Conditions

Lt is necessary for some conditions to chunge if ecosysiems are to change. How-
ever, because of thresholds, inertin and negative feedbacks, a change in some cen-
ditions does nol necessarily mean that a change in ecosystem status will ocecur,
Thus, certain kinds of changes may be necessary, but by themselves are not sulfi-
cient 1o elicit a change in ecological systems. The influence of changing a certain
variable(s) on ecosystem structure will be determined by the magnitude, direction
and duration of the change and the extent to which the change is either augmented
or negated by other variables.

Figure 3 shows changes in woody plant cover at a suvanna parkland site in south-
ern Texas. The sile had experienced continuous, high levels of cattle grazing since
ihe late 1800s, extending through the early 1980s, During the severe drought of
the 1950s, woody cover decreased on all three sites. In the subsequent period char-
aclerized by normal to above-normal annual rainfall, woody cover increased 3- to
4-fold. Would an increase of this magnitude have been observed al pre-setllement
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Figure 12, Conceptual model of Prosopis and Larrea invasion ol desert grassland {from Grover
and Musick 1990).

levels of atmospheric CO17 Droughi, with iis adverse affect on grasses, may have
been necessary Lo set the stage for woodland expansion, but would drought acling
alone have been sufficient to produce the patiern and magnitude of change
observed? Grazing by livestoek during the drought period likely increased grass
plant susceptibility to drought-related stresses. In addition, Prosopis pod produc-
tion during the drought period was likely maintained or even stimulated (El Yous-
souti 1991). Utilization of puds and subsequent dispersab of seed by livestock dur-
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Figure 13, The role of grazing, fire and intreduced annual weeds in changing grass-shrub bal-
ance in the Great Basin over the past 150 years (from West 1988).

ing the drought period would translate to increased opportunities for Prosopis
recruitment in the post-drought period, especially where the density and produc-
livity of grasses had been reduced. Grazing in the post-drought period would have
slowed grass recovery and minimized the likelihood of fire. The interaction
between drought, atmospheric CO; levels, and livestock grazing may therefore
have generated a change in vegetation that could not have been produced by these
factors operating independently.

Feedbacks

Interactions among ecosystem components are often regulated by positive or
negative feedbacks which confer a degree of homeostasis. Positive feedbacks are
those which reinforce deviations from a set point, whereas negative feedbacks are
those which halt or reverse movement away from a steady-state condilion. Pesi-
tive (eedbacks can thus accelerate change, whereas negative feedbacks may enable
systens (o resist chunge. Schlesinger et al. (1990) hypothesize that positive feed-
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Figure [5. Tree expansion and conversion of Great Basin savanna to pinyon-juniper woodland
(from West and Van Pelt 1987).
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backs are operational in desertilicativn, In their proposed scenatio, Jong-lerm griy-
ing of semi-arid grasslands by livestock produces spatial and temporal hetero-
geneily of soil resources such as nitrogen and water. Heterogeneity of suil
resources subsequently promotes invasion by desert shrubs which leads to a fur-
ther localization of soil resources under shrub canopies. In the grazed areas
between shrubs, soil feetility is lost by erosion and gaseous emissions, further
increasing susceptibility to shrub encroachment., As grassiand is replaced by shrub-
land a greater percentage of the soil surtace is exposed. Svil surface and air tem-
peratures thus increase and produce a warmer, drier micro- und mesoclimate which
favors drought-tolerant shrubs over grasses. This positive feedback process con-
linues until a new steady-state is achicved {see Archer 1990, Grover and Musick
1990 and Laycock, this volume for other examples).

Lessons From Case Studies

As discussed in the Climatic Determinants section, the fact that succession from
grassland and savanna (o shrub- and woodland has oceurred over similar e
frames and over such broad geographic areas constitutes one line of evidence that
broad-scale Factors like climate change and atmospheric 0, enrichment may he
operating, Local and regional studies also offer some evidence that seasonal pil-
terns of rainfall and temperature may have changed i recent history to favor
woody plants over grasses in portions of North Americ. In addition, grasslands
and savannas which established under previous climatic regimes may be oply mar-
ginally suited to the recent limate and were perhaps prone to woudy plant inva-
sion. However, changes or fluctuations in broad-scale climatic regimes cannol
explain how grasslands and savannas have persisted on some sites within a climatic
sone bul not others. Most lines of evidence point to grazing effects as the proxi-
e cause for recent vegetation shifls:

Case 1. In their analysis of primary production and carbon balance of the cen-
wad Greai Plains, Burke etal. (1991) concluded that land management decisions
may be more important than chimate change in affecting carbon balance. In many
arid land ecosystems, these lund management decisions center around livestock
grazing.

Case 2. "Although the grasslands of southern New Mexico were exlensive and
dominated the area, they were on the xeric edge of the continental Grassland
Formation. A single factor such as grazing was evidently enough to set inmotion
a series of relatively rapid events which culminated ina desert shrub vegetation™
(York and Dick-Peddie 1969:165).

Case 3. The stability of grass-shrub mosaics in relation 1o climate, soils, fire and
grazing is being investigated in an ongoing field project in southern Texas
{ Archer 1990). While all have interacted Lo influence rates and patterns of woody
plant encroachment, grazing appears o have been the driving foree. The poten-
tial natural vegetation of this region has been classified by plant geographers as
Prosopis-Acacia savannas (Kuchier 1964), and historical accounts suggest the
upland vegetation was grassland or savanna (Table 2). Field investigations indi-
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cale thal upland soils are characterized by o lukerally extensive argillic or clay
pan horizon (fine-textured clays) which contain non-argillic inclusions (soil tex-
ture coarse throughoul prolile) (Looimis 1989). The historic grasslands or savan-
nas may (hus have been edaphically controlled, with mid- and shorigrasses dom-
inaling the upland, but interspersed with patches of tall grass species on the
non-argillic inclusions (Fig. 4a). Alternitively, Prosopis and other shrubs may
have dominated the non-argillic inclusions (Fig. 4b). In cither case, woody veg-
etution would have been compelitively excluded under the historic rainfall
regimes where the argillic horizon was present. Such a system would have been
prone to fire, which may have served as a secondary deterrent to woody plant
establishment,

Present day landscapes in southern Texas contain high densities of discrete shrub
ctusters where the argillic horizon is present; groves of lurger Prosopis trees
oceur where the argillic horizon is absent (Fig. 4c¢). Clusters dominaled by C;
shrubs occur on soils whose organic carbon reflects prior domination by Cj
grasses (Tieszen and Archer 1990). Models based on shrub growth rates (Archer
1989 and transition probabilities (Scanlan and Archer 1991) indicale this veg-
elation transformation occurred over the past 100-150 years. Three pathways of
succession are hypothesized in Figure 4: (1) A2 C (2) B-»Cor (3) AB—-C.
Even though Prosopis trees growing on the non-argillic soils are much larger
than the lacgest Prosopis plants now growing on argillic soils in terms ol height,
cunopy arca and trunk diameter, they are comparable in age (Table 5). The dif-
{erences in size therefore reflect the fact that the growth rate of Prosopis plants
on the non-argillic soils is greater than that of plants on the argillic soils. This
suggests that the prior state of the vegetation would have been as shown in Fig-
ure i, with Prosopis invasion occurring across the landscape, bul growing and
developing faster on the non-argillic microsites.

A climatic explanation for the ebserved shift in vegetation structure would have
1o center around increased raintall or a shifl to increased winter rainfall (see Cli-
matic and Eduphic Determinants Sections; Scanlan and Archer 1991). However,
there is little evidence to suggest this has occurred (Norwine 1978). Analterna-
tive explanation centered around livestock grazing seems plausible. Reductions
in trunspiring leal area, concomitant with reductions in inttiation, extension, and
biomass of grass roots, would increase soil moisture in the fine-textured upper
horizons for establishing shrub seedlings. Shifts in herbaceous species compo-
sition to assemblages potentially less effective ul sequestering soil resources
would also occur. At the same time, livestock would have greatly increased
Prosopis seed dispersal from populations restricted to intermittent drainages into
surrounding grassland (Brown and Archer 1987) while fire frequency decreased.
Periodic drought may have magnified grazing-induced stresses on the herba-
ceous vegetation and set the stage for subsequent pulscs of woody plant recruit-
mient (Fig. 3). The result has been a rapid, non-linear shift from grassiand to
woodland over a short {150-200 y) period, coincident with the intensification of
livestock grazing.

o S

Case 4. On a local seale, lire, prazing and soil propertics interact within i var-
able climate o determine the bulance between grasses und woody plants. How
might the relative contributions ol these interacting fuctors be detenmined? Ina
unique field study in Utah, Madany and Wesl (1983) have documented a case in
which a savanna protected from cattie grazing was maintained, whereas nearby
edaphically-similar sites subjected to cattle grazing changed from savanna to
dense woodland soon after the introduction of livestock in the late 1800s. Low
frequencies of fire were documented on the savanna site protected from grazing,
indicating that frequent fire was not required to maintain the grass/tree balance
in this system. Both sites experienced the same climate and atmospheric condi-
tions (e.g., CO, concentrations), yet one changed dramatically over the past 100
years, whereas the other did not. Such data indicate that livestock grazing has
been the proximate cause of vegelation change on this site, not changes in fire
or climatic regimes. Although climate change or fluctuation in recent history
may have been necessary to have caused the change on the grazed site, it was
not sufficient to cause change on the ungrazed site.

Case 5. The photograph in Figure 16 depicts a fenceline contrast in the Mitchell
grass plains of central Australia. The properties on both sides of the fence have
similar sotls, have experienced the same climate and have the same general his-
tory of livestock grazing, However, prickly acacia (Acacia nilotica) plants from
Alrica were introduced along waler courses on the property to the left of the
fence in the 1940s (3.0. Carter, pers. comn). At the time of this photograph
(1988), prickly acacia had spread throughout the pasture and formed dense

Figure 16. Fenceline contrast in the Mitchell Grasslands, Queensland, Australia showing stand
of Acacia nilotica which has developed since the 1940s on ene properly, but not the other. Local
contrasts in physiognomy suggest differences in land managemeat practices as the cause for
vegetation change and noi broad-scale factors such as changes in climatic or atmospheric con-
ditions. {Photo by 8. Archer).
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stands. The plant was not introduced to the property on the right. The fact that
the spread of the plant hus been limited by the fence suggests thal livestock rather
than native fauna were the principal agents of seed dispersal. Field observations
indicate that seed production and seedling establishment of prickly acacia away
{from watercourses is episodic, occurring only during periods of sufficient rain-
full which are infrequent and widely spaced (Burrows et al. 1986, 1990). Thus,
while climatic variables are a key component in dictating the dynamics of prickly
acacia seedling establishment and stand development, they cannot account for
the differences in vegelation structure on these adjacent properties.

Caye 6. Woody plant densities in an arid Botswana savanna fluctuated over a 5-
year period in areas with no and moderate grazing by cattle (Skarpe 1990}, Over
the same period, the density and growth of shrubs increased on areas receiving
heavy grazing .

Case 7. Redberry juniper (Juniperus pinchotii) densities on sites inaccessible Lo
livestock in western Texas were an order of magnitude lower than those observed
on edaphically similar sites with a history of livestock grazing (288 vs. 2123
plantsfha)(McPherson et al. 1988).

Caye 8. With the implementation of the Taylor Grazing Act of 1934, land man-
agement praclices in the southwestern United States were modified. Such was
not Lhe case in Mexico. Differences in grazing management practices since that
time have produced sharp discontinuities in vegetative composition and cover
along the international border in the Sonoran Desert (Bahre and Bradbury 1978).
There are manifested in remotely sensed surface lemperatures, greenness, soil
moisture and convective cloud formation (Bryant et al. 1990). Border-line and
fence-line contrasts {e.g., Case 7) reflect the importance of grazing and overall
land use practices in shaping ecosystem structure relative to that of climate (see
also Knight 1991).

Cuse 9. “About cause, then, the best answer seems to be that the new vegetation
... has not arisen from climatic variation alone, but in response to the unique
combination of climatic and cultural stress imposed by the events of the past
cighty years; that climate and cattle have united to produce it” (Hastings and
Turner 1965:289).

Case 10. Gehlbach (1981} examined vegetation in repeat pholography along the
international boundary between the Rio Grande and the Colorado River and con-
¢luded “man’s landscape tinkering has been more influential than climate in cre-
ating unidirectional trends . . . and that . . . short-term climatic cycles not cli-
matic change, have exacerbated man-made vegelative changes” (pp. 239-241).

Case 11. Bahre (1991) used repeat photography to demonstrate changes in
woody plant distribution and abundance in southeastern Arizona since the 1870s.
After a detailed review of existing literature and historic land-use practices, he
concluded: (1) “probably more time has been spent on massaging the climatic
change hypothesis than on any other factor of vegetation change, and yet it

. 35
remains the feast convineing™ (p. 105); and (2) "the increase of woudy plants in
rungelands . . . is most likely the result of grazing and fire exchusion” (p.187).

Summary

Replacement of grasslands and savannas with shrub- and woodlands dominated
by unpalatable species appears to have been widespread since European settlement,
Available data suggest these changes have been (1) rapid, with substantial changes
occurring over 50- to 100-year time spans, (2) non-linear, (3) accentuated by cli-
matic fuctuation, (4) locally influenced by topoedaphic factors, and (5) non-
reversible aver time frames relevant 10 management,

Post-industrial atmospheric CO, enrichment and climate change may have facil-
italed shifts from grass to woody plant domination. However, case studies docu-
menting differences in the rate and pattern of woody plant encroachment on nearby
landscapes with similar topoedaphic properties suggest these were not the proxi-
mate factors driving vegetation change. In contrast, numerous cuse studies have
established a strong link belween livestock grazing and the encroachment of
unpulatable woody plants. Direct and indirect effects of livestock grazing (prefer-
ential utilization of grasses, alteration of soil structure and chemistry, seed disper-
sal, reduction of fire) generally favor woody plant establishment and stand devel-
opment. In addition, differences in livestock species and levels ul grazing pressure
across landscapes over time would explain why rates and patterns of vegelation
change have varied substantially for similar habitats within climatic zones.

Grasslands and savannas are globaily significant for their production of forage,

food and fiber. An understanding of factors controlling the balance between grasses
and woody plants is fundamental to developing natural resource management plans
for sustained utilization in these ecosystems. Shifis in grass and woody plant abun-
dance have broad implications for biodiversity, primary and secondary productiv- .
ity, soil development and stability, livestock and wildlife composition and carry-
ing capacity, recreational opportunities, water quality and wuter distribution.
Changes from herbaceous- (o wood plant-domination also constitute a potentially
important global climate feedback affecting carbon sequestering, non-methane
hydrocarbon emissions and biophysical land surface-atmosphere interactions
{aibedo, evapotranspiration, surface roughness, boundary layer dynamics). Addi-
tional information is required il we are 1o understand mechanisms and predict the
rate, pattern and extent of change in grass and woedy plant distribuion in the fuce
of expanding human populations and human-induced climale change.
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