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Tree-grass dynamics in a Prosopis-thornscrub
savanna parkland: Reconstructing the past and

predicting the future'

Steve ARCHER, Department of Rangeland Ecology & Management, Texas A&M University, College Station,

Texas 77843-2120, U.S.A., ¢-mail: sarcher @zeus.tamu.edu

Abstract: Although trends toward increased woody plant abundance in grasslands and savannas in recent history have heen
reported worldwide, our understanding of the processes involved is limited. Here I review and integrate a series of studies
which quantify the rates, dynamics, spatial patterns and successional processes involved in tree patch and woody plant com-
munity development at a savanna parkland site in southern Texas, U.S.A. Stable carbon isotope ratios of soil organic carbon
indicate Cy woody plants currently occupy sites once dominated by C grasses. Historical aerial photographs (1941-1990),
tree ring analysis and plant growth models all indicate this displacement has occurred over the past 100 to 200 years.
Succession from grass— to woody plant-domination occurs when the N,—fixing arborescent, honey mesquite (Prosopis glan-
dulosa (Torr.) var. glandulosa), invades and cstablishes in herbaceous patches. Over time, this plant modifies soils and
microclimate to facilitate the ingress and establishment of additional woody species. The result is a landscape comprised of
shrub clusters of varying ages organized around a Prosopis nucleus. As new clusters form and existing clusters enlarge, coa-
lescence occurs. This process appears to be in progress on upland portions of the landscape and has progressed to completion
on lowlands. Rates of cluster development and patterns of distribution appear regnlated by subsurface variations in clay con-
tent and by variations in annual rainfall. Simulation models based on reconstructions and forward projections indicate suc-
cession from grassland to woodland steady states would require 400-500 years, with the most dramatic changes occurring
over a 200-year period. The shrubs initially facilitated by Prosopis appear to contribute to its demise and prevent its
re—establishment. Structure and function of future communities may therefore depend on how remaining woody plants react
to changes in microclimate and nitrogen cycling that occur after Prosopis is gone.
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Résumé: Bien qu’on rapporte partout dans le monde une tendance vers un accroissement, au cours de I'histoire récente, de
["abondance des plantes ligneuses dans les prairies et les savannes, notre compréhension des processus en cause est plutdt
limitée. Nous passons ici en revue et tentons d'intégrer une série d’études quantifiant les taux ainsi que la dynamique des
patrons spatiaux et des processus successionnels en cours dans le développement de communautés d’lots arborescents et de
plantes ligneuses, dans un site de la savanne arborée du sud du Texas, aux Etats-Unis. Le rapport des isotopes stables de
carbone dans le carbone organique des sols indique que des plantes ligneuses C,, occupe actuellement des sites jadis dominés
par des graminées C,. Les photographies aériennes anciennes (1941-1990), 'analyse dendrochronologique ainsi que les
modéles de croissance des plantes indiquent que cette substitution est survenue dans les 100 & 200 dernizres années. Ce
changement de dominance depuis les graminées vers les plantes ligneuses est survenue au moment ol Prosopis glandulosa
(Torr.) var. glandulosa, un arbre fixateur de N,, a envahi le site et s’est ¢tabli dans les plaques herbacées. Avec le temps,
cette plante contribue a modifier le sol et le microclimat, ce qui favorise I"arrivée et I'établissement d'autres espéces
ligneuses. La résultante de ce processus est un paysage comprenant de petits groupes d'arbustes d'dges variables s’organisant
autour d'un noyau de Prosopis. La coalescence survient au fur et & mesure qu'apparaissent de nouveaux regroupements et
que s'aggrandissent les noyaux existants. Ce processus est en progression dans les hautes terres et est en voie d'achevement
dans les basses terres. Le taux de développement des groupes et leurs patrons de répartition semblent réglés par Jes variations
dans la teneur en argile des sols et les variations dans la précipitation annuelle. Des modeles de simulation reposant sur des
reconstitutions et des projections indiquent que la succession depuis la prairie jusqu’a un état d'équilibre des foréts exigerait
de 400 & 500 ans, les changements les plus draconiens survenant sur une période de 200 ans. Les arbustes dont I'établissement
initial a été favorisé par Prosopis semblent contribuer & sa mort et ils empéchent son rétablissement sur le site. La structure et
le fonctionnement des communautés subséquentes dépendraient par conséquent de la fagon dont les plantes ligneuses subsis-
tantes vont réagir aux changements dans le microclimat et le recyclage de I’azote aprés la disparition de Prosopis.

Mots-clés: frontidres, compétition, facilitation, Prosopis glandulosa, 8'3C édaphique, succession.

Introduction

In savannas, trees produce discontinuities in an otherwise
continuous layer of graminoids. These discontinuities
represent patches where both the local microclimate and the
availability of resources have been altered in concentric
zones surrounding the woody vegetation (Belsky &
Canham, 1994). Characteristics of these patches have been
widely studied, but little is known of their dynamics and
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how patch properties change as woody plants establish,
develop and die. Patch and community dynamics in savannas
are the combined result of external forces such as climate,
interacting with internal processes such as competition and
chance events (Walker, 1987b). Edaphic properties,
seasonality and amount of rainfall, and the frequency and
magnitude of disturbances such as grazing, browsing and
fire interact to influence the distribution and relative
proportion of grasses and woody plants (Walter, 1979:
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Sinclair & Norton-Griffiths, 1979; Huntley & Walker,
1982; Tothill & Mott, 1985; Walker, 1987a; Werner, 1991).
The presence of grasses may influence the size and density
of woody plants by affecting their establishment, growth
and development either directly, via interference, or indirectly,
by influencing the fire regime. Conversely, the presence of
woody vegetation may have a positive, neutral or negative
impact on the herbaceous layer, depending on the species of
woody plant and its growth form, canopy architecture, rooting
pattern, size and density. Preferential utilization of grasses
by grazing animals may promote an increase in woody plant
stature and density by reducing herbaceous competition and
fire frequency or intensity. Conversely, utilization of trees
and shrubs by browsers may prevent woody plant domination
by reducing their growth and resource consumption and by
keeping them within the flame zone of grass fires. Annual
or seasonal variation in rainfall or disturbance may be such
that one life form is favored in some seasons or years, while
the other life form is favored in other seasons or years. As a
result, savanna vegetation is often in a state of disequilibrium,
such that neither grasses nor woody plants can exclude the
other and dominate the site. Given the dynamic nature of

TaBLE I. Documented instances of increased abundance of woody plants in arid and semi-arid ecosystems in recent history

processes interacting at various spatial and temporal scales,
it may be difficult to distinguish fluctuation from direction-
al (successional) change in savanna ecosystenis.

Trends toward increased woody plant abundance in
temperate and tropical grasslands and savannas in recent
history have been reported worldwide (Table I). These
changes in physiognomy have resulted from the introduction
of exotic woody species or when climate or disturbance
regimes have changed to enable native woody species to
extend their geographic range or increase in stature and density
within historic ranges. Although the phenomenon has been
widely recognized, surprisingly little is known of the rates,
dynamics, patterns or successional processes involved.
The studies in Table [ indicate that invasion of woody
plants into grasslands or “thicketization” of savannas has
often been (1) rapid, with substantial changes occurring
over 50-100 year time spans; (2) non-linear and accentuated
by extreme climatic events such as drought; (3) associated
with heavy livestock grazing, elimination of browsers or
fire suppression; (4) influenced by topoedaphic factors; (5)
driven by an influx of unpalatable, stress—tolerant evergreen
or (potentially) N,—fixing woody plants; and (6) irreversible

_ Encroaching tree—shrub genera

Geographic location and reference

hrub genera

Encroaching tree—s

NORTH AMERICA
Arizona
Brown (1950)
Bahre & Shelton (1993)
Glendening (1952)
Humphrey & Mehrhoff (1958)

Prosopls

Prosopis

Prosopis, Opuntia

Larrea, Prosopis, Aplopappus,

Opuntia

Hastings & Turner (1965) Larrea, Prosopls, others

Johnsen (1962) Juniperus

Martin & Turner (1977) Prosopls

Smith & Schmutz (1975) Prosopis
California

McBride & Heady (1968) Baccharis

Hobbs & Mooney (1986) Baccharis

Williams, Hobbs & Hamburg(1987)  Baccharis

Young &Evans (1981) Juniperus

Bossard & Rejmanek (1994) Cytisus
1daho

Zimmerman & Neuenschwander (1984)  Pseudotsuga, Physiocarpus
Kansas

Bragg & Hulbert (1976) Rhus

Quercus, Juniperus

Petranka & McPherson (1979)
South Dakota

Progulske (1974)

Tieszen & Archer (1990)
Texas

Archer (1990)

Bogusch (1932)

Rhus, Quercus, Ulmus

Pinus
Quercus, Celtis, Fraxinus, Tilia

Prosopis, Condalia, Zanthoxylum
Prosopis, others

Ellis & Schuster (1968) Juniperus
McPherson, Wright & Wester (1988)  Prosopis, Juniperus
McPherson & Wright (1990) Juniperus

Nelson & Beres (1987) Acacia, Larrea
Smeins & Merrill (1988) Juniperus

Scanlan & Archer (1991) Prosopis, others
Wondzell (1984) Larrea

Utah

Madany & West (1983)
Sparks, West & Allen (1990)
Other

Humphrey (1958)
Humphrey (1987)

Robinson (1965)

Miller & Wigand (1994)
AFRICA

Pinws, Juniperus, Quercus
Juniperus

various species
various species
Tamarix
Juniperus, Pinus

Abrams (1986)

Briggs & Gibson (1992)
Knight et al. (1994)
Nebraska

Steinauer & Bragg (1987)
Steuter et al. (1990)
MNew Mexico

Buffington & Herbel (1965)
Hennessy e al. (1983)
York & Dick-Peddie (1969)
Montana

Arno & Gruell (1986)
Nevada

Blackburn & Tueller (1970}
North Dakota

Potier & Green (1964)
Ohio

Hardin (1988)
Oklahoma

Snook, E.C. (1985)

Quercus, Celtis, Ulmus, others
various species
Quercus, Juniperus, Ulmus

Pinus
Pinus, Quercus, Juniperus

Prosopis, Larrea, Flowurensia
Prosopis

Larrea, Prosopis, Juniperus
Psendotsuga

Pinus, Juniperus

Pinus

Quercus

Juniperus

Acacks (1964)

Bond, Stock & Hoffman (1994)
Trollope (1982)

Van Vegten (1983)

Skarpe (1990)
AUSTRALIA

Burrows er al. (19853)
Harrinzton, Oxley & Tongway(1979)
Booth & Barker (1981)
Cunningham & Walker (1973)
Lonsdale & Braithwaite (1988)
Burrows ef al. (1990)
INDLA

Singh & Joshi (1979)
SCAMNDINAVIA

Rosen (1988)
SOUTH AMERICA

Adamoli et al. (1990)
Schofield & Bucher (1986)

Bucher ( 1987)_

Acacia

various species

various species

Acacia, Dichrostachys, Grewla
Acacia, Grewla

Eremophila, Dodonaea. Acacia,
various shrub species

Acacia, Cassia, Dodonaea
Acacia

Mimosa

Acacia, Eucalyptus, others

various species
Juniperus
various species

various species
various species




over time frames relevant to ecosystem management. Shifts
from grass— to woody plant—domination inevitably alter bio-
geochemical cycles (Schlesinger et al., 1990), biodiversity
and wildlife habitat. [n addition, the replacement of grasses
by unpalatable woody perennials has important socioeco-
nomic implications for sustainability of pastoral or subsis-
tence grazing (Rappole, Russel & Fulbright, 1986; Young
& Solbrig, 1993).

The Rio Grande Plains of southern Texas, U.S.A. and
northern Mexico appears to be one region where shifts from
grass to woody plant domination have occurred in recent
history. The potential natural vegetation of this area has
been classified as Prosopis—Acacia-Andropogon—Setaria
savanna (Kuchler, 1964). However, the present—day
vegetation is dominated by a subtropical thorn woodland
complex consisting of dense thickets of shrubs and small
trees (McMahan, Frye & Brown, 1984; McLendon, 1991).
Historical accounts indicate the conversion from grassland
and open savanna to woodland began in the mid- to late
1800s (Johnston, 1963; Inglis, 1964). However, historical
accounts of vegetation structure are conflicting (Malin,
1953) and can be misleading (Forman & Russell, 1983). In
this paper, [ review a series of studies which have asked the
following questions: Have thorn woodlands replaced grass-
lands and savannas? If so, what successional processes
were involved? What were the rates and dynamics of
change? Could it have occurred within the 150-year time
span suggested by historical accounts? Results presented to
address these questions are from a case study conducted in
southern Texas in collaboration with numerous students and
colleagues.

Study site

Tree—grass dynamics have been a primary research
focus at the Texas A&M University La Copita Research
Area , 80 km west of Corpus Christi in Jim Wells County,
Texas U.S.A. (27° 40’ N, 98° 12” w). Prior to its designa-
tion as a research area, the site was a working cattle ranch
with a history of moderate to heavy, continuous grazing
since the mid—1800s. The climate is subtropical, with warm,
moist winters and hot, dry summers. Mean annual tempera-
ture 1s 22.4°C. Daily maxima in July and August commonly
exceed 38°C. Mean annual rainfall (715 mm) is bimodally
distributed with maxima in late spring (May—June) and
early autumn (September). Elevation ranges from 75 to 90 m
above sea level. In a floristic survey, Coffey (1986) collected
a total of 334 vascular plant species at the site. Poaceae was
the dominant family (73 species), followed by Compositae
and Leguminosae. The La Copita is habitat for 207 non-
grass herbaceous species, 39 species of trees and shrubs,
and 10 suffrutescent herb species. See Norwine (1978),
Scifres & Koerth (1987), and Loomis (1989) for more com-
plete descriptions of climate, plant communities and soils of
the site.

Savanna parkland and thorn woodland characterize the
local physiognomy. An aerial view reveals a polygonized,
reticulate landscape pattern in vegetation and soils (Figure 1).
Sandy loam soils of uplands are characterized by a
two—phase vegetation pattern consisting of clusters of
woody vegetation (discrete phase) embedded within a
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matrix of C, grasses and herbaceous dicots (continuous
phase) (Whittaker, Gilbert & Connell, 1979). Uplands give
way (1-3% slope) to linear bands of continuous—canopy
woodlands in low-lying, mtermittent drainages with clay
loam soils. Laguna or playa depressional landforms with
vertic clay loams also occur within the drainages. This
patterning is apparently the result of preferential dissolution
of an underlying petrocalcic formation along fractures
caused by deep—seated geological stresses (Barton, 1933).
Honey mesquite (Prosopis glandulosa [Torr.] var.
glandulosa) dominates the overstory in discrete clusters and
woodlands. Understory shrubs common to both uplands
and lowlands include Zanthoxylum fagara (L.) and
Diospyros texana (Scheele.), broad-leaved evergreens;
deciduous Celtis pallida (Torr.) and Condalia hookeri (M.C.
Johnst.); Ziziphus obtusifolia (T. & G.), stem photosynthetic
and drought deciduous; and Berberis trifoliolata (Moric.), a
sclerophyllous evergreen (plant nomenclature follows
Correll & Johnston [19797).

Methodological overview

Research to date has focused primarily on the sandy
loam uplands which comprise about 80% of the land area.
Our initial investigations sought to quantify the spatial and
temporal development of shrub clusters and changes in
overstory—understory relationships (Archer er al., 1988;
Scanlan, 1988; Loomis, 1989). Spatial changes were quan-
tified by collecting data along transects extending from
herbaceous zones to the center of woody clusters. Temporal
changes are inferred from comparisons of clusters with
different floristic composition, plant sizes and soil properties.
Long—term assessments of vegetation dynamics have been
derived from 13C/'2C ratios in soil organic carbon (Tieszen
& Archer, 1990, Boutton et al., 1993; 1994), tree ring
analysis and '*C analysis of woody tissue. An historical
sequence of aerial photographs was used to determine
changes in cluster size, total woody canopy cover, and the
movement of woodland boundaries over the past 50 years
(Archer et al., 1988; Archer, 1989). Field experiments on
woody plant dispersal, seedling establishment and plant
growth have been conducted (Brown 1987; Brown &
Archer, 1987; Huebotter, 1991; El Youssoufi, 1992).
Results from these efforts have been used to develop
simulation models to assess rates and dynamics of vegetation
change (Archer, 1989; Scanlan & Archer, 1991; Hsieh,
1993). Specific details of methods of data collection and
analysis can be found in the studies referenced.

Successional processes

SHRUB CLUSTER FORMATION

Quantitative field inventories indicate that woody clusters
on uplands represent age—states organized around a
Prosopis glandilosa nucleus (Archer et al., 1988). Their
data indicate:
* Cluster development begins when Prosopis, a leguminous
arborescent, invades and establishes in herbaceous zones.
* As the Prosopis plants grow and develop, they serve as
recruitment foci, facilitating the ingress and establishment of
subordinate woody species from other habitats (Figure 2).
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FiGure 1. Aerial photograph of the La Copita Research Area in southern Texas, U.S.A. Convex sandy loam uplands are characterized by a two—phase
pattern consisting of discrete clusters and groves of woody vegetation embedded within a grassy matrix. These grade (1-3% slope) into clay loam, inter-
mittent drainages domirated by closed—canopy woodlands and depressional lakebeds or playas. Research to date has focused on cluster formation in

uplands and on upland-lowland vegetation boundaries.

» There 1s typically only one Prosopis plant per cluster and
it is the largest plant in terms of height, basal diameter and
canopy area.

 Cluster size and the number of subordinate species are
positively correlated with Prosopis size. At advanced stages
of development, clusters organized around the Prosopis
nucleus may be 5 to 7 m in diameter and contain [0-15
understory species.

* Species composition, dominance and size—class structure
of mature clusters is much like that of closed—canopy wood-
lands in neighboring ephemeral drainages.

¢ 50% of the clusters on the landscape are within 5 m of
another and 95% are within 15 m of another. Analysis of
the size class distribution of clusters suggests most have yet
to reach their growth potential. Coalescence will become
increasingly probable as new clusters form and existing
clusters enlarge. This phenomenon appears to be in progress
on upland portions of the landscape, and appears to have
reached completion to form closed—canopy woodlands on

.

the moister drainage sites.

There secims to be a general recruitment hierarchy n
clusters. Opuntia lindheimeri and Zanthoxylum fagara are
among the first to appear in association with Prosopis.
Species such as Ziziphus obtusifolia and Berberis trifoliolata
arc consistently present only in large, well-developed clus-
ters. It also appears that while woody species are added to
clusters over time, few are lost. Adult understory shrubs are
well-represented in the scedling/sapling size class,
suggesting that they will persist into the future. Shrub
species distributions appear to be random within clusters
(Scanlan, 1988). One exception is the cactus, Opuntia lind-
heimeri, one of the first species to appear beneath Prosopis.
This plant is present at all stages of cluster development,
but occurs only at the cluster perimeter. Declining light
levels associated with understory shrub canopy development
appear to cause differential recruitment and mortality
among ramets of this clonal succulent. Cladophylls to the
shaded interior side of the cluster perimeter die and are not
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FIGURE 2. Hypothesized transition states in grassland retrogression, cluster development and landscape succession at patch (a-f) and landscape (insert)

scales. See text for elaboration. Note log scale for height and depth.

replaced, while vegetative recruitment and growth continues
on the outward, sunlit edge of the clone. We are not yet sure
of the role this Opuntia plays in cluster development. It may
serve as a secondary nurse plant, enhancing shrub recruit-
ment near its spiny cladophylls by protecting seeds and
seedlings from granivores and herbivores.

PROSOFIS ESTABLISHMENT

Prosopis has numerous adaptations which make it an
aggressive invader of grassland not easily eliminated once
established. Prosopis seeds are potentially long-lived in the
soil (Tschirley & Martin, 1960). Germination and
establishment can occur on a wide range of soil types having
a variety of physical and chemical properties (Ueckert,
Smith & Allen, 1979) and moisture regimes (Scifres &
Brock, 1969). Prosopis is also capable of N,-fixation (see
next section), a factor which may further contribute to its
ability to establish in grasslands. Seedlings are capable of
vegetative regeneration within a week of germination
(Scifres & Hahn, 1971) and two—week old seedlings can
tolerate repeated shoot removal (Weltzin, 1990). Survival of
2— and 3-year-old seedlings can exceed 80% following
very hot fires (Wright, Bunting & Neuenschwander, 1976).
Our experiments further suggest that livestock are much
more effective agents of Prosopis seed dispersal than native
fauna (Brown & Archer, 1987). Dispersal of Prosopis into
grasslands would thus have increased dramatically following
introduction of cattle, sheep, and horses into North
America. Prosopis seedlings quickly develop a deep tap
root which enables them to effectively access soil moisture
at depths not effectively used by grasses (Brown & Archer,
1990). As a result of this resource partitioning, Prosopis
seedling establishment in grasslands may be high, even in
lightly grazed systems dominated by long-lived perennials
with good ground cover and high levels of above and
belowground standing crop (Brown & Archer, 1989;
Goerner, 1993). These seedling establishment trials, conducted
on sites where mean annual precipitation ranges from 680
to 950 mm, occurred in years of normal to slightly

below-normal monthly and annual rainfall, suggesting that
Prosopis recruitment 1s not episodic with respect to climatic
variables. This interpretation is also borne out in age class
distribution data from the La Copita site (Archer, 1989).
Results from these studies suggest recruitment of Prosopis
from seed dispersed into grasslands may be primarily limited
by abiotic factors associated with rainfall, soil texture and
fire. Interference from grasses may be of secondary
importance.

FACILITATION: ACTIVE OR PASSIVE?

Once established in the herbaceous zone, Prosopis
plants initiate a chain of events that may ultimately drive
succession from grassland to woodland (Figure 2). Seeds of
woody plants which appear in association with Prosopis are
typically produced in succulent, fleshy fruits. As such, they
are dispersed primarily by birds. Prosopis may thus play a
passive role in cluster development by providing a perching
structure attractive to avifauna consuming seeds of woody
plants in other habitats. This hypothesis was tested by
constructing artificial perching structures in grasslands at a
distance of up to 120 m from existing woody vegetation
(Huebotter, 1991). Avian seed rain was compared among
paired seed traps with and without elevated perching struc-
tures for 1.3 years. A total of 2300 seeds from 10 woody
species were recovered from traps associated with vertical
structures, whereas none were recovered from traps lacking
an elevated perch. The general absence of seedlings of
woody species other than Prosopis from the herbaceous
zones on this site may thus reflect dispersal rather than
establishment constraints.

Potential for recruitment at perching sites may be further
enhanced if birds preferentially utilize fruits whose seeds
have higher viability than average (Johnson & Adkisson,
1985, Nilsson, 1985) and if seed germinability is enhanced
by bird handling (Smith, 1975). The importance of perch
availability has a demonstrated influence on rates of fence
line, power line, old field and mine land succession
(McDonnell & Stiles, 1983; McClanahan & Wolfe, 1987),

Q7
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and succession in Chilean matorral (Fuentes er al., 1984)
and disturbed rain forest (Guevara, Purata & Van Der
Maarel, 1986).

§ 0.09 [ (= Pioneer cluster a)
5008 [ |© Developing cluster

-1 [ |® Mature cluster

2 0.07

5 0.06 -

1 ol <=

ﬁ 0.04 j%ﬂ

& of b)
§ 1.0 C

§ 0.8 P

F 0.6 :k g ; : .

ﬁ 0.4 -

Depth(em): [5 30 45 15 30 45 15 30 45
Herbaceous zone Cluster edge
Horizontal location

Cluster center

FiGuri: 3. Changes in soil nitrogen (a) and soil carbon (b) along spa-
tial gradicnts (herbaceous zone to cluster centers) and temporal gradients
(tire of occupation of site by woody vegetation) (Loomis & Archer,
unpublished). Distinctions between pioneer, developing and mature clusters
based on data from Archer er al. (1988) and reflect increases in Prosopis
size (basal area, height and canopy diamecter) and cluster size and woody
species richness.

In addition to passively facilitating the ingress of
woody plants, Prosopis may play an active role in facilitation
by altering soils and microclimate in ways that increase the
probability of germination and establishment of seeds of
other woody species accumulating beneath its canopy. As
clusters develop, surficial soil nutrient levels increase
(Figure 3) and light levels and high temperature extremes
decrease (Figure 4). The abiotic environment thus changes
from a high light-low nutrient environment to a low light-
high nutrient environment. Theoretical studies (Tilman,
1982) show that such changes in resource ratios can play a
role in the species or growth form appearance sequence.

Prosopis 1s capable of symbiotic N,—fixation (Johnson
& Mayeux, 1990). However, the extent to which this
potential is realized under field conditions may depend
upon a variety of factors., At the La Copita study site,
Prosopis seedlings nodulate readily and reduce ethylene
when inoculated with soils collected beneath and away from
adult Prosopis plants to depths of 60 cm (Zitzer, Boutton &
Archer, 1991). >N mass balance calculations further indi-
cate that Prosopis obtains 30— 50% of 1ts N from fixation at
this site (Boutton er «/., 1992). Nitrogen inputs via leaf lit-
terfall are estimated at 8 to 11 kg N/ha. Foliar litter deposi-
tion, combined with inputs via stemflow, throughfall and
root turnover (Angerer, 1991), have likely contributed to the
enrichment of surficial soil N pools with time of site occu-
pation (Figure 3). In addition, peak rates of seasonal N
mineralization (g N/g soil/d) are an order of magnitude
higher in developed clusters (1.3) than in herbaceous zones
(0.2); annual N, in clusters is about 5X that of herbaceous
zones (200 versus 42 pg N/g soil) (Hibbard er al., 1993).
Increases in nutrient concentrations and turnover rates
following Prosopis establishment presumably benefit both
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seedling and adult understory shrubs, many of which arc
shallow-rooted (Watts, 1993). Controlled environment
growth of seedlings emerging on surficial soils collected
from beneath clusters is superior to that of plants grown on
soils collected from herbaceous zones (Scanlan, 1988; E]
Youssoufl, 1992), confirming the potential benefits of nutri-
ent enrichment.

Changes in microclimate may interact with changes in
soil chemistry to further enhance establishment of plants
beneath Prosopis. Reductions in growing season peak sur-
face soil temperatures (Figure 4a, d) coupled with the
concentration of precipitation and nutrients input via stem-
flow (Angerer, 1991) could create microclimatic conditions
more conducive to seedling establishment than those away
from the Prosopis canopy. Prosopis plants on site are
deeply rooted (Watts, 1993) and utilize moisture from deep
in the soil (Brown & Archer, 1990; Midwood et al., 1993).
The possibility for ‘hydraulic lift" or the transport and rede-
position of deep soil moisture to surficial lavers (Caldwell,
Richards & Beyschlag, 1991) thus exists. Understory
shrubs, most of which are shallow-rooted (Watts, 1993),
would be further benefitted if this were the case.

HERBACEOUS RETROGRESSION

Changes in herbaceous composition and production
accompany shrub cluster development. Generally, as clusters
develop, there is a loss of herbaceous species diversity
(Figure 5a) and a replacement of C, grasses with C; forbs.
The response of herbaceous species to developing woody
vegetation ranges from an immediate displacement (Figure
6a,b) to initial increase in frequency of occurrence followed
by subsequent elimination (Figure 6¢). In contrast, some
grass (Setaria texensis) and forb (Eupatorium spp.) species
absent from herbaceous zones appear soon after Prosopis
occupation and increase in frequency of occurrence as clus-
ters develop (Figure 6d). The net result of modification of
soils and micro-climate by Prosopis is a slight, initial
stimulation of standing crop biomass in the herb layer
(Figure 5b). However, as subordinate shrubs establish and
grow beneath Prosopis, herbaceous production declines
markedly, Ground cover in clusters at advanced stages of
development is only about 20% (Figure 5¢). The loss of
herbaceous vegetation associated with cluster development
is likely the combined result of decreasing light levels
(Figure 4b, ¢, e) and an increasing density and biomass of
wood plant roots in upper 40 cm of the soil horizon (Watts,
1993).

FACILITATION - COEXISTENCE - ASYMMETRIC COMPETITION
Species interactions in clusters appear to be strongly
asymmetric and to change with time (Figure 2). The facili-
tation of other woody species by Prosopis has an overall
and dramatic negative impact on herbaceous vegetation
(Figure 5). There is typically one Prosopis plant in a cluster,
and no scedlings or saplings (Archer ef al,, 1988). Lack of
Prosopis seedling recruitment in clusters appears to reflect a
combination of (a) low levels of seed production; (b) high
rates of seed and seedling predation; and (c) low light inten-
sities at the soil surface (El Youssoufi, 1992). Field experi-
ments suggest that even when limitations imposed by seed
availability, predation and moisture are overcome, low light
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levels in clusters (Figure 4b, ¢, e) will prevent seedling
establishment. Woody plants facilitated by Prosopis thus
prevent its regeneration subsequent to their establishment.
Prosopis and subordinate shrubs appear to partition
resource use, both spatially and temporally as clusters go
through a phase of species co—existence (Figure 2d, e).
Root systems of understory shrubs are shallow and dense
(60-100% of biomass in upper 40 cm of soil) relative to
those of Prosopis (60-90% of root biomass below 40 c¢m)
(Watts, 1993). Accordingly, Prosopis plants appear to be
relatively uncoupled from surficial moisture conditions,
whereas photosynthesis, water relations, and growth of
Zanthoxylum fagara, a dominant evergreen understory
shrub, is closely linked to seasonal patterns of soil moisture
in the upper profiles (Figure 7) (see also Brown & Archer,
1990; Angerer, 1991; Midwood er al., 1993). In addition,
several of the understory shrub species are deciduous.
These plants presumably carry on significant growth during
warm, moist periods when leaf area of wintergreen
Prosopis plants is minimal (ca November—March).

As understory shrubs increase in size and density, we
see little evidence of facilitation by Prosopis. Shoot growth,
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FIGURE 6. Functional classification of herbaceous species in sandy
loam uplands based on their response to woody cluster development (P =
pioneer cluster; D = developing; M = mature). The number of species per
group ranged from one (1) {(Group 1) to five (5) {(Group 2) (see Scanlan,
[983 for species composition). Rare species (< [% cover; < 2% frequency)
excluded from analysis.

understory shrubs in well-developed clusters with and with-
out a Prosopis overstory are seasonally comparable (Barnes
& Archer, 1994). In contrast, radial trunk growth (Miller,
Archer & Zitzer, 1994) and seed production (EI Yousoufi,
1992) of Prosopis is reduced relative to that of Prosopis
plants where the understory has been removed. Latter stages
of cluster dynamics may thus be characterized by strong
asymmetric competition (Figure 2e,f). Field surveys indi-
cate Prosopis has died in about 25% of the clusters on the
landscape (Archer er al., 1988) and that the canopies of
many live plants are moribund. Thus, 1t appears that the
understory shrubs initially facilitated by Prosopis may
contribute to its eventual demise, while at the same time
preventing its regeneration. Field observations indicate that
several of the understory shrubs in clusters have the genetic
growth potential to “overtop™ Prosopis. However, many of
these species are near their northern distributional limit and
infrequent episodes of freezing temperatures cause canopy
mortality (Lonard & Judd, 1985) and prevent this from
happening. Farther south, this may not be the case and clus-
ter dynamics may be quite different.

EDAPHIC INFLUENCE ON SUCCESSION

Woody plant modification of surficial soils beneath
their canopy (Figure 3) is well-documented for a variety of
systems (West, 1989: Belsky er al., 1989; Weltzin &
Coughenour 1990; Schlesinger er al., 1990, Vetaas, 1992;
Mordelet, Abbadie & Menaut, 1993). Reciprocal effects
also occur, whereby soil texture or geomorphic properties
determine the distribution, size and density of woody plants
(Morison, Hoyle & Hope-Simpson, 1948; Walter, 1979:
Johnson & Tothill, 1985; San Jose & Farinas, 1983; Knoop
& Walker, 1985). We initially hypothesized that groves
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(Figure 1) represented areas where discrete clusters had
coalesced. However, subsequent horizon descriptions
revealed that sotls associated with groves lacked an argillic
(B, ) horizon (zone of clay accumulation at about 40-100
cm depth) and were coarse—textured throughout the profile
(Loomis, 1989). By contrast, the argillic horizon was
well-developed and strongly expressed in upland soils
supporting herbaceous vegetation and discrete clusters
(Figure 8¢).

The Prosopis plants on the non-argillic inclusions
were larger than their counterparts growing on argillic soils
in well-developed, but solitary clusters (Table II). This
reflected the fact that Prosopis plants in groves were, on
average, older and growing faster than Prosopis plaats in
discrete clusters. In addition, woody plants on non-argillic
inclusions supported nearly 3X the above-ground biomass
with only slightly (ca 30%) more below-ground biomass.
The superior performance of woody plants on the
non—argillic inclusions is consistent with observations in
other savanna systems which indicate that their growth and
development is favored on coarse-textured soils {Walter,
1979; Knoop & Walker, 1985). These coarse-textured
inclusions may also capture and concentrate sub-surface
water and nutrients moving along the top of the claypan
horizon, further enhancing woody plant growth and pro-
duction.

ECOSCIENCE, voL. 2 (1), 1995

Tapie II. Mean (x S.D.) size, age and biomass of Prosopis glan-
dulosa plants on upland landscapes in southern Texas

Parameter Clusters ~ Discrele groves
Canopy diameter (m) 6.5 (L) 72 22)
Basal diameter {cm) 157 (2.4) 24.1 (6.2)
Height (m) 3.7 (0.6) 5.8 (0.7)
Radial trunk growth?*

(mm/month) 0.04 (03 010 (07
Trunk age®

Mean 49 (12) 75 (6)

Max 64 81
Biomass (kg/m?)*

Belowground biomass! 0.7 (0.2) 09 (0.2)

Aboveground biomass 25 (1.9) 74 (44
_Roouwhole plant ratio 0.22 . on

* From dendrometer bands over a 2-year period.
b From annual ring counts (Flinn et al., 1994).

€ From Watts (1993),

4 To depth of 2 meters.

The presence of grove vegetation on coarse-textured
soil inclusions raised the following questions: Has the
presence of woody vegetation disrupted a once laterally
extensive argillic horizon? Or, are the non—-argillic inclusions
pre—existing conditions of the landscape being differentially
exploited by woody plants? Initially, we hypothesized that
rodents and leaf—cutter ants (Atta texensis) attracted to
woody clusters have disrupted and obliterated a once con-
tinuous argillic horizon via their burrowing and excavating
activities. Field observations along the faces of trenches
excavated through some groves did reveal extensive evidence
of belowground faunal activity. For example, numerous leaf
cutter ant cavities were encountered. One such cavity
occurred at a depth of 2 m and was > | m in diameter. If the
faunal mixing hypothesis is correct, we reasoned that (a) the
degree of expression of the argillic horizon would diminish
with cluster development and (b) total amounts of clay,
when summed across all horizons, would be similar among
grove and non—grove soils. These hypotheses were tested by
Loomis (1989) using soil reconstruction techniques, and
rejected. His work indicated a low total clay content in
grove soil profiles, suggesting that non-argillic inclusions
are the result of prehistoric patierns of sediment deposition
and pedogenesis. The abundance of leaf—cutting ant
chambers and rodent burrows observed in some groves thus
appears to reflect a preference of these organisms for a
sandy loam subsoil, rather than a cause of its formation.
Accordingly, these faunal activities were notable in only 2
of 3 trenches excavated by Loomis (1989) and in neither of
the two trenches excavated by Watts (1993).

It non-argillic inclusions are pre—existing conditions
on the landscape being differentially exploited by woody
vegetation, we reasoned there might be non-argillic
inclusions which, by chance, have not yet been occupied by
woody vegetation. We have recently prospected for such
sites using ground-penetrating radar and electromagnetic
induction. To date, three such sites have been located (Stroh
& Archer, unpublished). Cluster density, growth and
coalescence in uplands may be ultimately constrained by
the size, distribution and abundance of these coarse-textured
inclusions,
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FiGUrE 8. Hypothesized patterns of succession from grassland or savanna to woodland on sandy loam uplands. Each panel depicts characteristic hori-
zonation on the site (based on data from Loomis, 1989). (a) Pre-settlement vegetation with short to mid-height grasses dominating where the laterally
extensive argillic (B)) horizon is present; mid—height and tall grasses dominate non~ argillic (B,) inclusions. (b) Pre-settlement vegetation similar to (a)
except groves occur on non-argillic inclusions instead of grasses. (c) Present-day vegetation with groves on non-argillic inclusions and small, discrete
clusters dispersed among herbaceous vegetation where argillic horizon is present. Arrows suggest pathways of directional change. Available data suggest

a—>c is most likely. See text for elaboration.

Reconstructing the past

DIRECT ASSESSMENTS OF VEGETATION CHANGE

The hypothesized sequence of events in succession
from grassland or savanna to thorn woodland (Figure 2) are
based upon ‘space—for—time’ studies of vegetation structure.
Inferences derived from this static approach can be misleading
(Glenn-Lewen & van der Maarel, 1992). However, direct
assessments of vegetation change using historical aerial
photographs and stable carbon isotopes confirm that woody
vegetation now dominates portions of the landscape
previously occupied by grasses.

83C INDICATORS.

Ratios of 13C/12C (expressed as 6'°C) provide diagnos-
tic signatures which can be used to differentiate organic car-
bon derived from C; and C, plants. Woody plants at the La

.Copita site possess the C, photosynthetic pathway (3!3C

range = -27 to -32%o), whereas vegetation of grass-dominated
zones between clusters are characterized by grasses with the

C, pathway (8'3C range = -13 to -17%o) (Tieszen & Archer,
1990). If woody clusters have been long-term constituents
of upland landscapes, the 8!C signature of organic carbon
in soils beneath them should reflect this and fall in the -27 to
-32%o range. However, if C4 shrubs have displaced C,
grasses, then (1) the soil 8!3C value would be larger (less
negative) than -27 to -32%e, (2) the degree of departure from
the expected ratio would decrease as time of site habitation by
shrubs increases, and (3) soil 8!13C values would become less
negative with depth along the cluster chronosequence.

An analysis of soil organic carbon 8!3C has confirmed
these predictions (Figure 9). Results indicate organic carbon
of soils beneath herbaceous zones was primarily C, in origin
and generally reflected the composition of the current
vegetation throughout the profile (8'3C = -14 to -18%). In
contrast, the mean 8!3C value in upper horizon of soils
beneath developing and mature clusters was -21 and -23%,
respectively. The decrease in 8'3C from 18 to -21 and
-23%o appears to reflect the additional input of Cy carbon
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values at depth for groves versus mature clusters may reflect greater Cy
biomass inputs and higher rates of organic matter turnover in groves
relative to clusters.

associated with the passage of time required for Prosopis
plants and clusters to develop. Among upland soils supporting
woody vegetation, the contribution of C;~derived carbon
decreased with depth to 60 cm, converging on the values
observed for the herbaceous zones. The lowland areas
dominated by closed—canopy woodlands (Figure 1) also
have a much stronger C, isotopic signature than would be
expected from the present vegetation (Boutton, Archer &
Midwood, 1994). Thus, even these areas appear to have
been more open and savanna-like than at present.

HISTORICAL PHOTOGRAPHY

Aerial photographs dating back to 1941 have been used
to document changes in woody plant and grass distribution
on the La Copita site. Total woody plant cover has
increased from a mean (n = 3 sites) of 13% in 1941 to 36%
in 1983. These changes were distinctly non-linear. Total
woody cover decreased slightly during the 1941-1960 period,
apparently the result of a major drought in the 1950s.
During the subsequent 19601983 period of generally
normal to above—normal annual rainfall, woody cover
increased 3 to 8 fold. Increases in total woody plant cover
were the combined result of cluster enlargement in uplands
and upslope migration of closed—canopy woodlands. The
areal extent of woodlands decreased an average of 6% during
the 1941-60 period, the result of fragmentation along
upland margins. By 1990, however, clusters on the
two—phase portion of the landscape had expanded and
coalesced along these margins, generating a 38% increase
in the mean area of closed—canopy woodland relative to
1941. Some woodland margins have remained static over
the past 50 years, whereas others have been quite dynamic
(Figure 10). The hypothesis that static boundaries represent
inherent edges associated with edaphic or geomorphic

properties remains to be investigated,
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RATES AND DYNAMICS OF VEGETATION CHANGE
GROWTH RATE ANALYSIS

Growth rates of individual clusters were determined
from historical aerial photography. The photography
encompassed a period of drought (1941-1960) and a period
of normal to above-normal annual rainfall (1960-1983).
We found that small clusters grew faster than large clusters
and that cluster expansion in wet periods exceeded that
which occurred during dry periods (Archer et al., 1988).
Estimates of cluster growth rates were then used to model
size and age relationships for Prosopis plants and clusters
across a range of annual rainfall scenarios. Size—class
distribution of Prosopis plants and clusters determined in
field surveys were then converted to age—class distributions
using modelled size—age relationships (Archer, 1989).
Results indicated that for annual rainfall regimes bracketing
those likely to have occurred over the past 100 years, the
age—class distribution of Prosopis plants and clusters on the
site was that of a young population {mostly <90 years of
age) expanding geometrically. Model results indicate
understory shrubs begin to appear 10-15 years after
Prosopis colonization of the herbaceous zone. By the time
Prosopis plants are 50-60 years of age they may have
10-15 associated woody species.

TRANSITION PROBABILITY ANALYSIS

The probability of transition between herbaceous
zones, cluster age—states and woodlands was calculated on
the historical aerial photography described above to generate
another perspective on vegetation history. These transitions
were used in conjunction with historical annual rainfall
records to reconstruct and project landscape states (Scanlan
& Archer, 1991). Results suggest that under a rainfall
regime likely for this region, the landscape of 200 years BP
would have been much more open than the one today (50%
versus 15% of area occupied by herbaceous vegetation and
pioneer clusters) (Table 111).

Scale (m)

L1
0 20

Two phase upland

Drainage

FiGure 10. Scanned image overlays of a sandy loam upland (in white;
small discrete clusters omitted for clarily) and closed—anopy woodlands
of a neighboring intermittent drainage at the La Copita site. Location of
woodland boundary in 1941 (solid line) and its location in 1990 (stippled
area) are shown. Nole that in some areas the woodland boundary has been
fairly static; in other arcas it has moved significantly as discrete clusiers
and groves in the two-phase zone coalesee into its border,
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TasLE III. Changes in savanna vegetation structure predicted by a
precipitation-driven transition matrix model (from Scanlan &
Archer, 1991)

~ Proportion of grid cells on landscape

Vegetation state Reverse _ Observed Forward
- _projection 1941 1983  projection
Woodland 32 49 59 72
Coalesced clusters 12 12 17 12
Mature clusters 06 06 05 01
Pioneer clusters 38 27 17 12
Herbaceous zones 12 06 02 03
Predicted time to 200 - 150

steady state (years)

MODEL EVALUATION

Historical photographs and &'3C values for soil organic
carbon indicate that woody vegetation has replaced grassland
over much of the La Copita site. Contrasting models, one
based on individual plant and cluster growth (Archer, 1989)
and the other based on landscape-level transition
probabilities (Scanlan & Archer, 1991) both predict that
these changes have occurred over the past 100 to 200 years.
These model-based reconstructions are consistent with
historical observations indicating that prior to the 1800s,
landscapes in this region were grasslands and open savannas
(Inglis, 1964). In addition, we have recently demonstrated
that Prosopis produces true annual rings (Flinn et al.,
1994). In accordance with model predictions, ring counts on
trunks of the largest Prosopis plants in discrete clusters and
groves indicate ramets are typically <100 years of age
(Table 1I). '4C dating has indicated that the belowground
lignotubers giving rise to these trunks were “modern” (< 200
years old) in 4 of the 5 genets checked (Archer, unpub-
lished). Finally, the timing and rates of woody plant
encroachment reconstructed for this system are consistent
with the timing and rates of woody plant encroachment
documented in other arid and semi—arid grassland and
savanna ecosystems around the world (Archer, 1994).

A WORKING HYPOTHESIS OF HISTORICAL LANDSCAPE
DEVELOPMENT

Historical records and data collected to date at the La
Copita site, with its long history of grazing, suggest the
following scenario of landscape change. Prior to settlement,
sandy loam uplands were dominated by tall and mid-height
C, perennial grasses (Figure 2a). Prosopis density was
low, perhaps the result of dispersal limitations (Brown &
Archer, 1987). Alternatively, Prosopis densities in these
grasslands may have been high (Brown & Archer, 1989),
but the population was suppressed by recurring fires ignited
by lightning or set by Native Americans. With the introduction
of large numbers and high concentrations of domestic live-
stock (cattle, sheep and horses), Prosopis dispersal into
grasslands would have increased markedly. Establishment
of Prosopis seedlings, or the “‘release™ of already established,
but suppressed plants, would have been favored by a variety
of direct and indirect effects of grazing (see review by
Archer, 1994). With continued grazing, tall and mid-height
perennial grasses gave way to the shallow-rooted, weakly
perennial short—grasses, ephemeral forbs and annuals present
today (Figure 2b).

This new herbaceous vegetation may have been even
more susceptible to invasion by Prosopis and other
unpalatable subordinate shrubs, especially if fine fuel loads
and continuity were kept low by continuous grazing, thus
reducing or eliminating fire. As Prosopis plants grew and
developed, clusters began to form ([ligure 2c—e) and coalesce,
the process occurring most rapidly in mesic lowlands and
on non-argillic inclusions in uplands. Periodic drought
magnified grazing-induced stresses on the herbaceous
vegetation and set the stage for pulses of woody plant
recruitment during subsequent years of higher rainfall
(Archer et al., 1988). This process has led to the formation
of groves in uplands and to the formation of much of the
continuous canopy woodlands in lowlands (Figure 1). If the
processes observed over the past 50 years continue (Figure
[0), the two—phase pattern of discrete shrub clusters and
groves embedded within a grassy matrix will give way to
monophasic woodlands (Table 111 and Figure 2 insert).
Available weather records for this region dating back to
1900 (Norwine, 1978) show cylces of drought and
above—normal annual rainfall, but no clcar directional
climatic changes which might have produced a vegetation
change.

Present day landscapes at the La Copita site contain
moderate densities of discrete shrub clusters where the
argillic horizon is present; groves of larger Prosopis trees
occur where the argillic horizon is absent (Figure 8c), The
postulated historic grasslands or savannas may have been
edaphically controlled, with mid~ and short—statured grasses
dominating the upland, but interspersed with patches of
taller, more productive grass species on the non-argillic
inclusions (Figure 8a). Alternatively, woody plants may
have dominated the coarse-textured soils of the non-
argillic inclusions (Figure 8b). This latter physiognomy
would be eonsistent with some historical reports from this
region that refer to “mottes™ (i.e. small patches of woodlands
within a prairie land) (Crosswhite, 1980). In either case,
woody vegetation would have been competitively 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 community development. Three pathways of succession
are thus hypothesized in Figure 8: (1) a —c; (2) b > ¢y or
3Ha—b—c

Which of these pathways is most likely? Soil organic
carbon in discrete clusters and groves has a significant C,
component, suggesting past occupation by grasses (Figure 9).
Even though Prosopis trees growing on the non-argillic
soils are much larger than the largest Prosopis plants grow-
ing on argillic soils in terms of height, canopy area and
trunk diameter, they are only about 20 years older (Table
II). The differences in size therefore partially reflect the fact
that the growth rate of Prosopis plants on the coarse—
textured inclusions is greater than that of plants on the
argillic soils. Together, these data suggest that the a—c¢
pathway in Figure 8 to be the most likely. If this were in
fact the case, Prosopis invasion would have been initiated
randomly across the upland portions of the landscape, with
recruitment of plants which happened to establish on
non--argillic inclusions being slightly favored over that of



plants establishing where the argillic horizon was present.
Thus, there is a post—settlement element of a -»b-»¢, but
state b does not appear to have been part of the pre-settle-
ment configuration.

Predicting the future

Forward simulations using transition probabilitics
calculated for the periods 1941-1960 and 1960-1983 predict
the present landscape will develop into closed-canopy
woodland within the next 180 years (Table II1). This predic-
tion is based on the following assumptions:

* The processes operating between 1941 and 1983 continue,
e.g. livestock grazing and lack of fire;

* The intensity of cluster—to—cluster interactions is minimal,
If this is the case, future coalescence will be likely; if not,
cluster densities in uplands may stabilize prior to coales-
cence. Available data suggest these interactions are minimal:

o Historical aerial photographs indicate clusters have

coalesced with cach other and into woodland margins

(Archer et ai., 1988; Figure 10).

o minimal lateral root extension beyond cluster or

grove canopies (Watts, 1993) suggests inter—cluster

competition should be minimal.

o Production and ground cover in herbaceous zones asso-

ciated with pioneer, developing and mature clusters is

comparable (Figure 5b, ¢). This may not occur if roots

of shrubs in clusters were exploiting soils beyond

canopies.
* Edaphic constraints to clusler development are minimal. In
uplands, the presence/absence of argillic horizon seems to
affect primarily plant and cluster growth, not presence or
absence. However, the fact that some woodland margins
have been highly stable over the past 50 years while others
have changed markedly (Figure 10), suggests some areas
may remain open,
» Extent of canopy closure does not vary along the 1-3%
slope from crown of the upland to bottom of the adjoining
drainage. Changes in moisture and soil properties along this
potential catena gradient have not yet been quantified.
However, increases in total woody cover between 1941 and
1983 attributed to coalescence of distinctly upland clusters
was comparable to that contributed by coalescence of
clusters into woodland margins (Archer et al., 1988);
* Clusters will persist following death of Prosopis. Adult
woody plants appear to possess sufficient physiological
plasticity to maintain growth and productivity following
Prosopis mortality. In addition, shrubs in clusters regenerate
rapidly following disturbance (Scanlan 1988). To date, we
have no evidence to suggest that loss of Prosopis initiates
a downgrade phase in a cyclic pattern of cluster initiation,
growth and mortality.

Summary

The Rio Grande Plains of southern Texas and northern
Mexico offer some distinct examples of processes involved
in the physiognomic conversion of grasslands and savannas
to woodlands. The potential natural vegetation of this
region has been classified as Prosopis—-Acacia-
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Andropogon—Setaria savanna (Kuchler, 1964). However,
much of the present vegetation is subtropical thorn woodland
(McMahan, Frye & Brown, 1984). A component of the
Tamaulipan Biotic Province, the large shrubs and small
trees in this system have counterparts throughout much of
the world’s tropical and subtropical zones (Brown, 1982).
Lowe and Brown (1982) argue that “the most complex,
least known and certainly most misunderstood vegetation
and flora in the North American Southwest are the
tropic—subtropic deciduous forest and thorn scrub.” Often
transitional between savanna and moist forest, these vegeta-
tion types may result from disturbance to dry forests or
woody plant encroachment into savannas. The latter has
been the case throughout much of southern Texas, Mexico,
Africa, South America and Australia (Table 1). Although
extensive in their geographic distribution and global
acreage, ecological research in these systems is limited rela-
tive to that of tropical savannas and tropical forest (Murphy
& Lugo, 1986).

Field surveys have identified key processes involved in
sticcession from grassland to woodland at the La Copita site
in southern Texas (Figure 2). PC values of soil organic
carbon (Figure 9) corroborate inferences derived from
space—for—time surveys and provide direct evidence that C,
woody plants occupy sites once inhabited by C, grasses.
Historical aerial photographs (1941-1990) provide a visual
record of patterns of cluster initiation, growth and coalescence
and woodland expansion (Figure 10). Growth rates of
clusters and state—transition probabilities determined from
these photographs enabled the parameterization of models
of cluster development and landscape change. These
contrasting models generated similar predictions of rates of
community development and are in accordance with obser-
vations from early settlers which described grasslands and
open savannas in the early to mid-1800s. Based on elapsed
time between predicted past and future steady states,
succession from open grassland to closed—canopy woodland
may occur in ca 400 to 500 years (Table III). However, the
most dramatic changes occurred over much shorter time
periods (Scanlan & Archer, 1991).

Changes in livestock grazing and fire regimes appear to
have been the driving force behind these historic changes in
vegetation; however, the possibility of climatic change and
the effects of increases in atmospheric CO, over the same
period must also be considered (Archer, Schimel &
Holland 1995 and references therein). The extent to which
future, predicted landscape states are reached may depend
upon edaphic constraints (Figure 8) and on the response of
woody vegetation to the eventual loss of Prosopis. The
shifts in life form composition described in this paper may
have significant implications for understanding global
processes in arid and semi-arid systems (Schlesinger et al.,
1990; Walker, 1994). The potential impacts of succession
from grassland to woodland on carbon sequestration,
nitrogen cycling, non—methane hydrocarbon emissions, and
biophysical aspects of land surface—atmosphere linkages are
the focus of an ongoing investigations at this site.
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