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Tree-shrub interactions in a subtropical savanna parkland:
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Abstract. Prosopis glundulosa var. glandulosa has played a
cenltral role in the encroachment of woody plants in southern
Texas, grasslands and savannas by acling as u nurse plant {or
various shrubs that establish in its understory. To test for contin-
ued facilitation of established understory shrubs by Prosopis
and to determinc if established shrubs compete with the Prosopis
nucleus, selective removal experiments were conducted and
monitored over a 2 -5 yr period. Shori-term (I - 3 days) and
long-term (2 yr) growth and physiological activities (midday
net photosynthesis and leaf/shoot water potential} of two com-
mon understory shrubs, Zanthoxylum fagara and Berberis
trifoliolara, growing with Prosopis, were generally comparable
to those ol individuals occurring in clusters where Prosopis was
removed. Shribs growing with an intact Prosopis occasionally
showed significantly higher leaf-[N] and pre-dawn water
potentials than those in clusters lacking a live Prosopis, espe-
cially under drought conditions; however, these differences
did not translatc into grecater midday leat gas exchange or
shoot growth. By comparison. removal of understory shrubs
elicited large increases in Prosopis nct photosynthesis, annual
trunk growth in each of the 5 yr monitored, and sced pod
production in three of the four years monitorcd. Seven of 26
Prosopis plants in experimental clusters with an intact
understory died over a 5-yr period, compared to only two of
the 26 plants in clusters with the clearcd understory.

Results indicate that (1) the founding overstory Prosopis
plant may continue to facilitate understory shrubs following
their establishment, but these beneficial effects appear to be
small and transitory, and (2) the understory shrubs have a
pronounced negative effect on Prosopis, such that competi-
tion between overstory and understory woody plants is strongly
asymmeirical. These findings suggest that undersiory shrubs
will likely persist despite changes in microclimate and soils
(potentially) that occur after the Prosopis plant, which facili-
tated their ingress or establishment, has died. Soil resource
depletion by shallow-rooted understory shrubs appears tobe a
primary tactor contributing to the demise of the deeply rooted,
overstory Prosopis plants, cspecially on upland sites with
duplex soils where below-ground competition is accentuated.

Keywords: Asymmetric competition; Berberis trifoliolatu;
Nitrogen: Nurse plant; Qverstory-understory interaction: Pho-
tosynthesis; Prosopis glandulosa; Removal experiment; Wa-
ter relation; Woody patch dynamics; Zanthoxylum fagara.

Nomenclature: Corrcll & Johnston (1979).

Introduction

Studies of plant-plant interactions in savannas have
traditionally emphasized effects of individual trees on
grasses, soils and microclimate; far fewer studies have
examined interactions between woody species (Vetaas
1992; Belsky & Canham 1994; Scholes & Archer 1997).
Although woody plant ‘clumping’ phenomena and the
occurrence of ‘tree islands’ have been widely reported
in savannas, ‘parklands’ (e.g. Whittaker et al. 1979;
Archer et al. 1988: McPherson et al. 1988; Mordelet et
al. 1993), and other arid and semi-arid ecosystems (e.g.
Fuentes et al. 1984; Callaway 1992; Kellman & Kading
1992}, little is known of the nature of interactions among
the constituent woody plants. These woody clumps or
patches are often initiated when a pioneering woody
plant facilitates the dispersal or establishment of other
species and thereby serves as a ‘nurse plant” and ‘nu-
cleation’ site for subsequent vegetation deveiopment
(Yarranton & Morrison 1974). In time, and depending
on soils, these woody clumps may eventually expand
and coalesce to form closed-canopy woodlands (Archer
1995). Thus, woody patch development is often a key
element of the more general phenomenon of woody plant
invasion of grasslands and savannas that has been docu-
mented worldwide over the past century (Archer 1994).

Facilitation has long been viewed as an important
process in succession (Clements 1916) and there is a
growing recognition that beneficial interactions between.
plants may be more widespread and important than
previously thought (Callaway & Walker 1997; Holmgren
et al. 1997). Many examples exist of the nurse plant
aspect of facilitation in arid and semi-arid ecosystems
(Callaway 1995}, and also in entirely different alpine
systems (Kikvidze & Nakhutsrishvili 1998). However,
the mechanisms enabling facilitation, the circumstances
under which it occurs, and the extent to which facilita-
tion persists beyond the seedling establishment phase
are not well documented. In the Clementsian model of
succession, [i.e. the facilitation model of Connell &
Slatyer (1977)], facilitation is thought to operate for a
relatively short time and to be of greatest importance
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early in succession. For many nurse plant associations,
facilitation eventually gives way to competition as seed-
lings develop into adults and resource limitations in-
crease (Franco & Nobel 1990; Aguiar et al. 1992). In
some cases, the original nurse plant is thought to be
competitively excluded from the site by the plants that it
initially facilitated (McAuliffe 1984; Valiente-Banuet et
al. 1991z). In other cases the nurse plant and associated
species appear to successfully coexist, either because of
resource partitioning (Haase et al. 1996) or the develop-
ment of mutualistic relationships (Pugnaire et al. 1996).
In a case study in southern Texas, snccession from
grassitand to woodland has been shown to begin when
Prosaopis glandulosa establishes in grassland (Brown &
Archer 1989, in press), and subsequently facilitates the
mgress, establishment or growth of many subordinate
shrub species beneath its canopy (Archer et al. 1988).
Over time, distinct shrub clusters thereby develop within
a matrix of herbaceous grassland. On most upland sites,
these Prosopis-mixed shrub clusters persist as discrete
entities, while in lowland, intermitient drainages and
certain upland sites, the Prosopis-shrub clusters have
expanded and coalesced to form a continuous, closed-
canopy cover (Archer 1989; Scanlan & Archer 1991).
The nature and duration of the Prosopis-mediated
facilitation of understory shrubs in these woody patches
is not well understood and the factors contributing to the
different pathways of cluster development remain un-
clear. Results from our previcus studies, which exam-
ined the growth and physiology of shrubs growing in
patches with and without a live Prosopis, indicated that
the presence of a Prosopis canopy had little overriding
positive or negative effect on associated established shrubs
{Barnes & Archer 1996). This suggest that understory
shrubs are not highly dependent upon Prosepis following
their establishment. However, direct tests for facilitation
in mature shrub clusters have not yet been conducted. In
addition, the observation that the Prosopis plant has died
in ca. 25 % of the clusters on the landscape (Archer et
al. 1988) suggests that understory shrubs, many of which
are shallow rooted (Watts, M.Sc. Thesis, Texas A&M
University, 1993), may competitively exclude Prosopis
from clusters by sequestering resources that normally
percolate to deeper depths where Prosopis roots are con-
centrated. Thus, cluster dynamics and the symmetry of
species interactions may shift over time from faciiitation-
driven and Prosopis-dominated, to competition-driven
and understory-dominated. In the present study, we re-
moved either Prosopis or the understory shrub compo-
nents of woody clusters and monitored the response of the
remaining plants to these manipulations o test the hy-
potheses that Prosopis continues to facilitate understory
shrubs in mature woody patches, and understory shrubs
compete against the founding, overstory Prosopis.

Methods

Study site

Studies were conducted at the Texas Agricultural
Experiment Station La Copita Research Area, Jim Wells
county, eastern Rio Grande Plains of S. Texas (27° 40"
N; 98° 12" W; 75 - 90 m a.s.L). The regional climate is
subtropical with warm winters, hot summers (mean
annual temperature = 22.4 °C) and emratic rainfall {mean
annual precipitation = 680 mm with maxima in May/
June and September; C.V. = 35 %). During the study
period (1988-1995), precipitation ranged from 368 -
908 mm/yr. The La Copita study site is an 1100-ha tract
of rangeland grazed by domestic livestock since the late
1800s and is representative of subtropical thorn wood-
Iand habitats of southern Texas (McLendon 1991). The
vegetation at La Copita consists of savanna parklands
on sandy loam uplands that gradually grade (1 -3 %
slope) mnto closed-canopy woodlands on lowland clay
loam drainages (Archer 1995). Uplands exhibit a mo-
saic of herbaceous vegetation dominated by C,-grasses,
interrupted by patches of woody plants that vary in
successional age, size and overstory development (Archer
et al. 1988). Understory woody vegetation consists of
shrub species that vary in leaf habit — evergreen, sum-
mer-deciduous, winter-deciduous —, leaf longevity and
time of arrival during woodland succession (Archer et
al. 1988). Our studies were conducted on discrete shrub
clusters underlain by a well-developed argillic {claypan)
horizon (Archer 1995). Based on vegetation composi-
tion and size (Archer 1990), our shrub closters were
classified as mature, (ca. 30 - 60 yr of age), but not
advanced, in terms of their successional development.

The overall goal with this paper is to characterize the
nature of overstory-understory interactions. However,
logistical, personnel and financial constraints prevented
us from performing overstory- and understory-removal
experiments simultaneously at this remote site, or from
maintaining a consistent and identical levei of replica-
tion and monitoring through time. Also, based on our
prior studies examining the performance of shrubs grow-
ing in the presence or absence of a live Prosopis (Barnes
& Axcher 1996), we anticipated that if shrubs were 1o
show responses 10 Prosopis removal, that changes in
ecophysiological performance (gas exchange and water
relations) measured over months following removal
would precede changes in canopy growth or survival
that may not be manifested for decades. Monitoring of
understory shrub stem growth, as was done on the large,
single-trunked Prosopis trees was not possible in these
small-diameter, multi-stemmed plants. Thus, in the
overstory removal experiment, we emphasized inten-
sive physiological measurements over growth responses
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of the shrubs. In contrast, our prior cxperience with
Prosopis at the site indicates that leaf photosynthesis
and water relations in this deep-rooted species can be
less sensitive to seasonak changes or habitat differences
in tesource levels than that of the more shallow-rooted
understory shrubs (Archer 1995; Barnes & Archer 1996;
P. Barnes & S. Archer unpubl.). We were also unable to
reach a similar level of the labor-intensive ecophysio-
logical sampling in Prosopis. Thus, for the understory
removal study, we concentrated on Prosopis trunk growth
and reproduction responses that could be readily and
inexpensively quantified, and which were known to
show marked variation across the landscape (Archer
1995). Ecophysiological measurements on Prosopis were
made when possible but are of limited extent. These
differences in the time-course of measurements, levels of
replication and types of response variables measured
limit direct comparisons of the overstory and the understory
removal experiments. Nevertheless, to best allow for an
integrated assessment of overstory-understory interac-
tions, we present the results of both experiments.

Overstory removal experiment

Six discrete shrub clusters possessing a single live
Prosopis and located within the same 161-ha fenced
pasture were selected in July 1992. Prior to manipula-
tion, cach cluster was characterized for overstory/understory
structure and cornposition, light attenuation and soil chem-
istry. Photon flux density (PFD; 400 - 700 mm) beneath
and above the shrub canopy was measured using a
horizontally-placed, 1-m long quantum sensor (Model
LI-191SA; Li-Cor, Inc., Lincoln, NE; 11 - 24 readings /
cluster). Measurements were made under clear skies® 1 h
of solar noon. Simultaneous measurements of incoming
(above-canopy) PFD were made using a point quantum
sensor (Model LI- 190SA; Li-Cor, Inc.) placed in anearby
clearing. Non-destructive estimates of understory leaf
area index (LAI; m*m?) were obtained using a plant
canopy analyzer (Model LAI-2000; Li-Cor. Inc.. 43°
view; 9 - 12 measurements/cluster). Soil samples (0 - 20
cm) were collected from near the center of each shrub
cluster (three/cluster) and were processed and analyzed
for total N and organic C (see Barnes & Archer 1996).

In three of the six selected clusters (controls) the live
Prosopis was left intact. In the three others the above-
ground part of the Prosopis plant was removed using a
chain saw. Some basal re-sprouting of Prosopis occurred
in one of the removal clusters, but the amount of regrowth
was small — and minimized by hand pruning at ca. 6-month
intervals. Because ecophysiological measur¢ments are
time-sensitive, we needed to minimize the time moving
equipment from cluster to cluster. Control and removal
clusters were therefore interspersed with one another

(minimum spacing between clusters = 25 m) and treat-
ments were assigned such that control and removal
clusters could be alternately sampled along a walking
transect (care was taken to alter the sequence of sam-
pling such that one cluster in the pair was not systemati-
cally sampled before or after the other cluster).

Shrub performance before and after Prosopis re-
moval was assessed using a combination of physiologi-
cal and growth measurements. At each sampling date,
measurements of net CO,-uptake and H,O-loss were
made on fully-expanded, outer-canopy, sunlit leaves
(three/replicate; i.e. nine total leaves/species/treatment)
using a closed-path, photosynthesis system (Model LI1-
6200, LiCor, Tnc.) with a 0.25 L cuvette (Barnes &
Archer 1996) for all sampling dates prior to September
1993. An open-path photosynthesis system (Model
CTRAS-1; PPSystems, Inc., Haverhill, MA) was used
for measurements in September 1993 and July 1994,
Leaf gas exchange measurements were conducted under
clear skies and ambient [CO,] and temperature. Most
sampling was conducted from 9.00 - 13.00 Central Stand-
ard Time (‘midday’). Morning (7.00 - 9.00 CST) meas-
urements were also made in July 1994, where a different
subset of leaves was sampled at the morning and midday
sampling periods. Following gas exchange measure-
ments, individual leaves were collected for total (Kjel-
dahl) N-determinations (see Barmnes & Archer 1996).
Total N was also determined on oven-dried leaf tissue
that was harvested from outer-canopy regions of the
experimental species (4 - 15 leaves/ replicate depending
on species; total leaf area collected = 40 - 100 cm?). Pre-
dawn (ca. 1 h prior to sunrise) and midday leaf/shoot
walter potentials were measured using a pressure cham-
ber (Model 3000; Soil Moisture Equip. Corp.. Santa
Barbara, CA) on three shoots or leaves/replicate. Sam-
ples for water potential determination werc kept in a
humid plastic bag prior to, and during measurement.
Shoot elongation was determined by permanently mark-
ing terminal shoots (three shoots/replicate on different
plants = nine total shoots/species/treatment) with
aluminum bands and periodically measuring the dis-
tance from the band to the shoot apex. For each species,
response data from leaves or shoots of different indi-
viduals within a cluster were averaged prior to statistical
analyses (i.e. the cluster and not the plant was consid-
ered as the experimental unit such that # = 3 for each
shrub species and all response variables).

Two shrub species, Berberis trifoliolata (1 - 4 plants/
cluster) and Zanthoxylum fagara (4 - 13) were measured
in all replicates of each ireatment. They were not sampled
with the same frequency over time; thereforc their growth-
and physiological data were analyzed separately using
ANOVA/ANCOVA; SYSTAT MGLH; Anon. {1992).
Because we were interested in exploring the possibility
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of differences in short-term (days) vs. long-tertn (months)
responses, the pre-removal and 1-day post-removal data
set was analyzed separately from the longer term data set.
ANOVA was used for the short-term data set {collected
July 7-9, 1992) to test for a significant treatment X time
interaction that would be indicative of an immediate
response to overstory removal. For the long-term data
set (September 1992 - July 1994), pre-treatment gas ex-
change and water potential data were used as covariates
in each of the respective data sets to adjust for initial
differences that might have existed between treatment
and controls. Unless otherwise noted, pre-planned com-
parisons between treatment and control means were
made using Fisher’s least significant difference (LSD)
test; differences were considered statistically significant
at P <0.05. As the physiological data-were not consist-
ently gathered from the same individual plants at each
sampling date, the data at the various sampling dates
were treated as independent samples for statistical analy-

sis. Shoot elongation data were log, -transformed (Zar .

1984) and analyzed using univariate repeated measures
ANOVA (Anon. 1992). Number of shrubs and shrub
species were subjected to square-root transformation
(Zar 1984).

Understory removal experiment

This experiment was initiated in 1968, when the
shrubs growing beneath Prosopis were hand-cleared
(cut io ground level) and removed from a 14 ha portion
of a large pasture as part of ranch management opera-
tions. No shrub clearing occurred in adjacent pastures
with similar soils, topography and grazing history.
Because the understory shrub removal treatment was
initially imposed with management objectives in mind,
the understory removal experiment is pseudo-repli-
cated with respect to pasture. However, our sample
units (individual woody clusters) were randomly se-
lected (within a soil series) from throughout this 14-ha
acreage and from within an adjacent non-treated pas-
ture (ca. 70 ha}. Thus, although there werc inherited
constraints in the experimental design at the landscape
level, comparisons between individual clusters with
and without a woody understory should be generally
valid and robust for upland sites. Our data on Prosopis
growth reflect a history of periodic shrub understory
removal which preceded the monitoring period.

In 1987, 60 Prosopis clusters in each pasture {(intact
and cleared understory) were selected for monitoring.
Understory shrubs which had regenerated since the last
pasture-wide clearing were pruned to ground level and
were re-pruned annually for the duration of the monitoring
period. Seed pod production was assessed in the selected
Prosopis plants with (rn=060) and without (=60) an

understory by rating pod production on a scale of 1 to 5:
[ =no pods; 2= 1 - 5 podsftree; 3=6-20; 4 =21 - 100; 5 => 100.
This was done yearly in June/July (time of peak produc-
tion) 1987-1990. A subsample of pods from producing
trees was collected in a haphazard fashion for determi-
nation of pod length, no. of seeds/pod and air-dry seed
mass. Scarcity of pods in 1990 precluded quantification
of pod and sced attributes. In March 1988, subsets of
these Prosopis plants with and without (n =26 each) a
shrub understory were arbitrarily selected for stem growth
measurements. Dendrometer bands (Palmer & Ogden
1983) were placed around the bole of each experimental
piant, ca. 10 - 15 cm above the soil surface. Because of
band breakage and the death of plants, only 19 control and
20 treatment trees were included in data analysis.
Dendrometer bands were read seasonally (4 - 6 dates/yr),
but only annual trunk growth data are presented here.
Annual growth increments are based on live plants (i.e.
plants that died were excluded).

In August 1994 and 1995, leaf biomass production,
and the elongation and production of the current year’s
stem (twig) growth was assessed in 20 arbitrarily selected
control and treatment Prosopis plants (n = 10 each) by
harvesting and measuring stem and foliar tissuc from
cight terminal shoots (two from each of the four cardinai
directions on the canopy) per plant. All tissue was oven-
dried (60 °C) and weighed. At the dme of sampling,
current-year shoots had completed elongation and leaves
were fully expanded. Individual leaf gas exchange meas-
urements were made on fully-expanded, outer-canopy,
sunlit leaves using the CIRAS-1 photosynthesis system
on a subset of controi and treatment Prosopis plants in
June and September, 1995 (n = 6 cach). Leaf water po-
tential was measured with a pressure chamber. June
physiclogy measurements were made from 14.00 - 14.30
CST, those in September from 10.00 - 10.40 CST.

Radial trunk growth data from the dendrometer
bands were analyzed using a repeated measure general
linear model (GLM) with polynomial contrasts (Anon.
1988). Because of a significant time X treatment inter-
action, treatment effects were also tested separately for
each date. Within each treatment, one-way ANOVA
with least-square means was used to detesmine differ-
ences in annual growth among years from 1989-1993.
Pearson’s correlation cocfficients were determined for
the relationships between annual growth and annual
precipitation and late winter/spring precipitation (i.e.
January-Junc) from 1989-1992. Statistical differences
in the frequency distribution of pod production classes
between Prosopis plants with and without an understory
were assessed with the SAS-Catmod procedure; pod
and seed attributes were compared using SAS-GLM.
Leaf/shoot production data from 1993-1995 were
analyzcd using a two-way ANOVA (treatment X azi-
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muth position), and the physiological data were
analyzed using repeated measures ANOVA.

Results

Overstory removal experiment

Prior to experimental manipulation, treatment and
control clusters were statistically comparable (ANOVA;
P > 0.05) with respeet to overstory and understory canopy
diameter, LAI, species composition, light attenuation,
and soil nitrogen and carbon congcentrations (data not
shown). Plant physiological status (net photosynthesis,
stomatal conductance, and leaf water potential) was also
similar (P > 0.05) tor reatment and control clusters at the
start of the experiment (Figs. 1. 2). The only notable
exception was in Zanthoxylum fagara, where plants in
control clusters showed higher pre-removal photosynthe-
sis (P < 0.001) and conductance {P =0.06) than those in
clusters slated for Prosopis removal. Annual precipitation
was 34 % above the long-term mean in 1992 (908 mm),
when the overstory removal study was initiated, and was
3 % below normalin 1994 (644 mm), when the last measure-
ments were taken. Accordingly, midday net photosyn-
thesis, stomatal conductances and pre-dawn water
potentials of the experimental species were highest early
in the study and lowest later on (Figs. [, 2).

With the exception of changes in midday leaf water
potential for Berberis, neither shrub species showed an
immediate (1 - 3 day) response to Prosopis removal
(Figs. 1, 2; Table 1). After adjustment for pre-removal
differences, there were no detectable etfects of overstory
removal on midday photosynthesis, stomatal conductance
and water potential in either Berberis or Zanthoxylum
when averaged over the long-term (September 1992 - July
1994; Table 1). Non-significant date X treatment inter-
action terms (ANCOV A P = 0.15 - 0.95) for these three
response variables further indicated that overstory re-
moval had no differential effect, positively or nega-
tively, on daytime physiological activity or status dur-
ing the early/wet or late/dry periods for these shrub
species. Similarly, no significant (P > 0.05) treatment
differences were detected in photosynthesis and sto-
matal conductance in Zanathoxylum or Berberis for a
morning sampling period in July 1994 (Fig. 10, W). In
contrast to the results for midday physiological activity,
plants of both shrubs in the control ¢lusters showed signifi-
cantly higher pre-dawn water potentials than removals
when averaged over the long-term (Fig. 2; Table 1). For
both Berberis and Zunthoxylum, the greatest treatment
differences in pre-dawn water potentials were observed
under the driest conditions, which occurred > 1 yr fol-
lowing Prosopis removal.
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Fig. 1. Midday net photosynthesis (A) and stomatal conduct-
ance (g) of Prosopis glandulosa (a) and understory shrubs,
Zanthoxylum fagara (b) and Berberis trifoliolata (€). in up-
land woody clusters with (control) and without an intact
Prosopis canopy (removal). 3, B in (b) and (e): photosynthesis
data collected in the moming. Data are means £ 1 SE (n=3;
three leaves/replicate} and show values prior to (7 July). and
following Prosopis removal (dashed vertical line).

Total N-concentrations of gas cxchange leaves were
nearly two-fold higher in Zanthoxylum, an evergreen
species with leathery leaves, than in Berberis. a sclero-
phyllous evergreen; both species showed signilicant vari-
alion (P < 0.001) in lcaf-[N] over time (Fig. 3). Leal-[N]
of Prosopis was higher than that of the shrubs (mean
ranged from 27 to 34 mg/g; data not shown). Prosopis
removal had no significant overall effect on leaf-|[NJ in
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60 L o — : (ANOVA; P=0.002) in Zanthoxylum (20.1 £2.0 cm)
than in Berberis (4.7 + 1.2 cm). The shoot growth response
of each species to overstory removal was similar (P> 0.89
for treatment x date interactions), with neither species
being significantly (P > 0.97) affected (Fig. 4; Table 1).
Understory removal experiment
: E Stem biomass and length in 1994 were slightly, but
sol 2002 significantly greater (P = 0.04) for Prosopis plants with
! 100'?_ a shrub understory than for those without an understory
8.0 b~ 0 {Fig. 5a, b), whereas leaf and total shoot biomass were
75ul 10Jul 26Sep SJun 18Sep Zul
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Fig. 2. Pre-dawn and midday leaf/shoot water potentials (y; )
of Prosopis glandulesa (a) and understory shrubs, Zanthoxylum
Jagara (b) and Berberis trifolioiara (c), in upland woody clus-
ters with (control) and without (removal) an intact Prosopis
canopy. Data are means 1 SE (n = 3; three leaves/replicate)
from pror to (7 July) and following Prosopis removal {(dashed
vertical line). On-site monthly precipitation shown in (¢). * =
significant weatment differences at P < 0.05. Midday water
potential data for Zanthoxylum missing for the last two sam-
pling dates (18 September and 7 July 1994).

Zanthoxylum (Table 1); however, the treatment X date
interaction was significant {P = 0.05) and plants in clus-
ters lacking the Prosopis overstory showed a signifi-
cantly lower leaf-[N] relative to controls one year fol-
lowing overstory removal (July 1993). This treatment
difference, however, was not apparent at a sampling
period two months later. The removal of Prosopis had a
small, marginally significant (P = 0.10), negative effect
on leaf-[N} in Berberis (treatment X date interaction
P =0.62). No wreatment differences in leaf-[N] were de-
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50 © controt
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Fig. 4. Elongation of terminal shoots of Berberis trifoliolata
and Zanthoxylum fagara in woody clusters with (control) and
without (removal) an intact Prosopis glandulosa canopy. All
data (means X | SE; n = 3; three shoots per replicate) were
collected following Prosopis removal. Growth increment is
the shoot elongation measured between dates, where the initial
measurements were made on 9 July 1992.
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comparable between treatments. None of these growth
measurements varied significantly with respect to canopy
azimuth position (P =0.13 - 0.46). In contrast, shoot
growth and production in 1995 was similar or slightly
greater for Prosopis in the removal treatment than in the
control. Understory removal had a significant overall
effect (P =0.008; n=06) on leaf photosynthesis in
Prosopis at two dates in 1995, with mean net CO,
uptake rates nearly 2 % higherin plants without understory
than in those with an intact understory (Fig. 5¢). Simuilar
results were found for stomatal conductance (P = 0.055).
However, the treatment effect on midday leafl water
potentials differed for the sampling dates. Plants in the
removal treatment showed significantly lower water
potentials than controls in June, but this was reversed in
September (Fig. 5d). No treatment differences (P = 0.49;
n = 6) were found in pre-dawn water potentials in June.

Prosopis trunk growth was markedly enhanced by
understory shrub removal {Fig. 6}. The initial trunk basal
diameters of Prosopis plants in the understory shrub
removal treatment were, by chance, significantly greater
(mean= 16.1 cm: range =69 - 27.5 ¢m) than those of
Prosopis plants in the intact understory trcatment
(mean = 10.2 cm; range = 3.9 - 19.1 cm). However, trunk

Table 1. Responses of the shrubs Berberis trifoliolaia and
Zanthoxyhum fagara to removal of the Prosopis glandulosa
overstory in mature, upland, woody patches. Values are ratios
of control to overstory-removal trcatment means (C/R, n=3)
and associated #-values for the main effect of removal treat-
ment (Trmt) and the treatment X date interaction (Trmt*D).
All shori-term data and leaf-|N] and shoot elongation long-
term data, were analyzed using ANOVA, whereas ANCOVA
(covariate = the pre-removal value) was uscd to analyze long-
term photosynthesis, conductance and water potential data.
Short-term C/R values are [rom data colleeted | - 3 days after
Prosopis removal; long-term C/R values are from data aver-
aged over all sampling dates following overstory removal (i.e.,
sampling dates > 2 months post-removal). Values of C/R for
water potential data are inverted to reflect the fact that absolute
water potential values are negative (i.e., control means are
higher (less negative) than treatment means when C/R > 1).

Response variable Berberis trifoliolata Zanthoxylum fagara

C/R Trmt Temt*D  C/R - Trmt Trmt*D

Short-term (1 - 3 days)

Net pholosynthesis' 132 025 7 126 000 060
Stomatal conductunce! 129 0.8 D51 121 0.8 (44
Water potential! 078 024 0.00 111 052 092
Water potential® L.l 070 085 20! 58 015
Long-term (2 yr}

Nt photosynthesis! 105 054 040 099 090 083
Stomatal conductance! 088 035 039 .15 ¢.21 015
Water potential® 1.02 072 095 0,98 093 076
Water potential? 1.38 <001 022 1.36 002 041
Laal-[NT - gas exchange leaves1 10 010 0.62 1.4 020 0.05
Leal-[N] - bulk samples §.02 0.53 0.22 1.00 093 011
Shoot elongation 092 097 097 097 099 089

IMeasured midday; *meusuored pre-dawn

&, shoot length
1994

*

.
! 1995
'
'
'
'

3 control 1
. removal
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Fig. 5. Mean (£ 1 SE) current year’s shoot length (a), biomass
{(b), leaf net photosynthesis (€) and leal’ water potential (d) of
Prosopis glandulosa in clusters with an intact (control) and
cleared (removal) woody understory. Growth and biomass
data (2 = 10; eight shoots/plant) collected in August 1994 and
1995. Physiological measurements in June 1995 (n = 6; one
leaf /replicate) taken ca. 14.00 CST; in September ca. 10.00
CST. =* =P <.01:*=P<0.05 +=P<0.10.

size was not significantly correlated with annual trunk
growth rate for either group (P > 0.46). Thus, differences
in growth rates are deemed to be treatment-induced. The
annual increment of trunk growth of surviving Prosopis
plants with understory shrubs removed was significantly
greater (P < 0.003) than that of Prosopis plants with an
intact understory over the entire study, and for each
annual increment trom 1989-1993 (Fig. 6). For Prosopis
plants with a cleared understory, annual growth incre-
ments increased significantly from each preceding year
(P < 0.05), except between 1990 and 1991 (P =0.36).
Trunk growth rates of Prosopis planis with intact
understories were statistically comparable (P > 0.44) from
one year 1o the next. As a result, therc was a signilicant
time X treatment interaction (P <0.0001). During the
course of our monitoring, seven Prosopis plants in clus-
ters with an intact understory died, compared to two
plants in clusters with the cleared understory.

Prosopis plants with a cleared understory were also
more responsive Lo precipitation than were plants with
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Fig. 6. Mean (1 SE; n =19 - 20) annual basal area growth of
Prosopis glandulosa plants with intact (control) and cleared
(removal) woody understory (a), and annual precipitation at
the La Copita research site (b). Growth increments based on
live plants only.
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Fig. 7. Relative frequency distributions of seed pod produc-
tion classes among upland Prosopis glandulosa plants with
intact {control) and cleared (removat) woody understory. Sig-
nificant treatment differences (P < 0.01; r = 60; SAS Catmod)
occurred in 1987, 1988 and 1989.
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Fig. 8. Atiributes (mean= 1 SE; n =60) of Prosopis glandulosa
pods and seeds produced by trees with (control) and without

{removal) a shrub understory. Inserts show ANOV A summa-
ries for each variable; ** = P < 0,01; * = P < 0.05.

intact understories. Regression analysis indicated that
annual and seasonal (January-June) rainfall each accounted
for only 10 % of the variance in annual Prosopis trunk
growth when understory shrubs were present, However,
when understory plants were removed, the proportion of
variance in Prosopis growth explained by annual (42 %)
and seasonal (46 %) rainfall increased fourfold,

The number of seed pods produced by Prosopis
plants with a cleared understory was significantly greater
(P < 0.01) than that of uncleared controls in three of the
four years monitored (1987, 1988 and 1989; Fig. 7). In
1990, few pods occurred in either treatment. The effects
of understory removal on pod production varied with
year and precipitation, with the greatest treatment dif-
ferences occurring in the doest years (1988 and 1989).
Prosopis plants without understory shrubs generally
had slightly greater pod length, seeds per pod and mass
per seed than did Prosopis plants with an intact understory
(Fig. 8). However, the magnitude of differences be-
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tween treatments varied significantly from year to year
(year X treatment interactions: significant at P < 0.05).

Discussion

Prosopis effects on understory shrubs

Despite the apparent positive effects of the Prosopis
(Archer ctal. 1988; Fulbright et al. 1995; Franco-Pizafia
etal. 1996) nurse plants on the germination and recruit-
ment of other woody species in these savannas, results
from our overstory-removal experiment indicate few per-
sistent or strong beneficial effects of Prosepis on estab-
lished understory shrubs . This is consistent with findings
from an earlier study which revealed little difference in
soils ar performance of shrubs in clusters with intact, live
Prosopis plants and these found in clusters where the
Prosopis had naturally died (Barnes & Archer 1996).
This study, which collected data over the days, weeks and
years immediately following experimental Prosopis re-
moval, suggests there would be no substantive short-
term, transient period of physiological adjustment among
understory shrubs tfollowing loss of Prosopis.

Although removal experiments have been used to
probe for the existence of competition and facilitation
between plants (Aarssen & Epp 1990), few studies have
attempted to separate the immediate (short-term) effects
of neighbors on resource availability from the longer-
term effects associated with the exploitation ol space
previously occupied by the other species. We examined
both the immediate and longer-term effects of Prosopis
removal on shrub performance and. with few excep-
tions, found no clear differences between the two. Our
assessment of shrub performance in this experiment was
largely based on several ecophysiological attributes.
Because field measurements of some of these attributes
are logistically difficult and time-consuming, replica-
tion was limited. Even so, we consider our lield sam-
pling of these variables intensive and robust. Others
have found leaf gas exchange and water potential to be
sensitive indicators of neighbor removal in arid environ-
menis {e.g. Fonteyn & Mahall 1981; Ehleringer 1984).
In our previous study examining shrubs growing in the
presence and absence of Prosopis (Barnes & Archer
1996), replication was higher and we measured canopy
foliar biomass production in addition to these leaf pa-
rameters. Thus, we suspect that if undetectable treal-
ment differences did occur in the present study, they
would still be relatively small in magnitude.

When beneficial cffects of Prosopis were detected
(i.e. pre-dawn water potentials and leaf-[N]). they were
most pronounced under the drought conditions that oc-
curred 2 yr after overstory removal (Fig. 2). This is in

agreement with other studies that have shown facilitative
effects to vary depending on precipitation and tempera-
ture (e.g. Greenlee & Callaway 1996) and support the
more general hypothesis that facilitation is of greatest
importance under conditions of high abiotic stress
(Bertness & Callaway 1994). Maybe the higher pre-
dawn water potentials of the relatively shallow-rooted
shrubs growing in association with a live Prosopis was
the resuit of Prosopis-mediated nocturnal transport of
decp soil moisture to drier surface layers (“hydraulic
Iift . Caldwell et al. 1998). Indeed, Prosopis glandulosa
has been characterized as a facultative phreatophyte
(Nilsen etal. 1981; Ansley et al. 1990) and root excava-
tions (Watts 1993) indicate plants at our study site are
deeply rooted. While no studies have yet demonstrated
hydraulic lift of Prosopis at this site, measurements of
&H and 8'*Q in seil and plant xylem water by Midwood
et al. {1998) indicated convergence in isotopic signa-
tures between Prosopis (deep-rooted), Zanthoxylum
(shallow-rooted) and deep soil water. Regardless of the
mechanism resulting in higher pre-dawn water potentials
in shrubs associated with Prosopis, we found no indica-
tion that this resulted in higher rates of photosynthesis,
midday water potentials or shoot growth.

Prosopis glandulosa is a species capable of symbi-
otic Ny-fixation (Zitzer et al. 1996) and enhances soil
fertility (Archer 1995) and N-mineralization (Hibbard
1995) at the La Copita site, as well as other sites in the
southwestern USA (Virginia & Jarrell 1983; Tiedemann
& Klemmedson 1986). So, the loss of Prosopis from
clusters could depress N-cycling and N-availability.
Indeed, we found some indication of a decline in leaf-
IN] following removal of Prosopis in the individual
leaves of Berberis and Zanthoxylum sampled for gas
exchange measurements. But these effects were small
and not evident in bulk leat samples collected from
outer canopy positions. Selective removal experiments
such as ours typically leave below-ground tissues in
place, and this may ultimately increase nutrient avail-
able to remaining plants as decomposition occurs. Pos-
sibly decomposition of Prosopis roots provided enough
additional soil nitrogen to offset the loss of inputs from
symbiotic N -fixation. Overall. the lack of an appreci-
able decline in leaf-|N] in shrubs following removal of
Prosopisis in agreement with our previous study (Bames
& Archer 1996). Similarly, Hibbard (1995) found no
differences in N-concentrations, N-mass, or N-miner-
alization rates in soils of clusters with and without
Prosopis. The studies from La Copita are in accordance
with experiments in hot desert ecosystems, which indi-
cate that nutrient enhancements associated with Prosopis
occupation of soils may persist for decades following
Prosopis removal (Klemmedson & Tiedemann 1986;
Tiedemann & Klemmedson 1986).

QU - 3 £31 3 P-3d
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Prosopis is also known to alter temperature, light
and seil moisture conditions beneath its canopy (Archer
1995: Fulbright et al. 1995), and in upland shrab clus-
ters at this study site, its canopy attenuates midday light
levels by about 40 % (P. Barnes & S. Archer unpubl.).
However, the maximum average PFD at the top of the
shrub canopy underneath Presopis duning summer is
stitl ca. 1200 pmol m—2 s~!, which is well above the light
saturation point for leaf photosynthesis in these Cs-
understory species (C. McMurtry & P. Barnes unpubl.).
Thus, the shading provided by the Prosopis overstory
likely had little direct effect on canopy photosynthesis
in these shrubs, though there could have been some
indirect benefits associated with reduced leaf tempera-
tures and heat stress. In more arid systems, the alteration
of radiant energy regimes and the redistribution of inter-
cepted rainfall can lead to preferential recruitment and
growth on certain sides of the nurse plant (Franco &
Nobel 1989; Valiente-Banuet et al. 1991b). However,
directional (azimuth) development is not evident in
mature Prosopis-mixed shrub clusters (Archer et al.
1988; Scanlan 1988; Franco-Pizafia et al. 1995). These
observations, together with the fact that physiological
performance of understory shrubs was largely main-
tained after overstory removal, suggest that Prosopis-
induced modifications of microclimate may have little
influence on the dynamics of well-developed clusters.

Overall, our findings suggest that, while Prosopis
may continue to facilitate established understory spe-
cies under certain conditions, the associated shrubs are
not highly dependent upon Prosopis. Over the course of
this study (2 yr), we observed no mortality of shrubs in
cither control or removal treatments. These shrubs are
capable of vegetative and seedbank propagation and rapid
growth following disturbances which destroy above-
ground biomass (Scanlan 1988; Flinn et al. 1992). To-
gether, results imply that the loss of Prosopis from shrub
clusters will not initiate a ‘downgrade phase’ in a cyclic
succession of cluster initiation, development and death as
has been proposed for other shrub cluster systems {e.g.
Yeaton 1978). Rather, the shrubs associated with Prosopis
will likely persist in the landscape long after the plant
which facilitated their ingress and establishment is gone.

Understory shrub effects on Prosopis

Whereas the effects of the overstory Prosopis plants
on established understory shrubs were neutral or posi-
tive, the woody understory species had strong negative
effects on Prosopis photosynthesis, growth and repro-
duction. Competition between Prosopis and understory
shrubs is therefore highly asymmetrical. Our data show-
ing cnhanced bole growth of Prosopis following
understory shrub removal are in agreement with that of

Cornejo-Oviedo et al. (1992} and support the hypothesis
that intense competition from understory shrubs may
lead to, or at least hasten, the demise of Prosopis in
clusters and prevent its regeneration. For example, of
the 110 clusters sampled by Archer et al. {1988), none
contained Prosopis seedlings or saplings and 25 % pos-
sessed a dead Prosopis; where Prosopis was alive, its
canopy often appeared sparse and poorly developed.
During the course of our study, more Prosopis plants
died in clusters with an intact understory died than in
clusters with cleared understory. Lack of Prosopis re-
cruitment in clusters probably reflects a combination of
decreases in seed production over time and unsuitable
conditions for seedling establishment. Prosopis is a
heliophyte, and PFD at ground level in clusters (100 -
200 pmol m—2 s-!; P, Barnes & S. Archer unpubl.) is
well below that required for seedling growth (Bush &
van Auken 1987) and survival {Scifres et al. 1973). In
addition, field observations of discrete clusters show no
evidence of ‘gap formation” as occurs in forest stands. If
such gaps occur, they are apparently quickly occupied
by understory shrubs which have a substantial ‘seedling
bank’ (Archer et al. 1988).

1t is likely that these competitive effects are the
resultof differential rooting patierns and depths of woody
species in these clusters. The dominant understory shrubs
are relatively shallow-rooted (Watts 1993) and appar-
ently extract moisture and nutrients that might other-
wise percolate to deeper depths where Prosopis toots
are concentrated. This is consistent with the fact that
seasonal or annual rainfall accounted for only ca. 10 % of
the variance in Prosopis trunk growth when understory
shrubs were present, as compared to 42 - 46 % when
understory shrubs were absent. The hypothesis of differen-
tial utilization of soil moisture with depth is also in agree-
ment with findings which showed understory shrubs to be
much more responsive to surface irrigation than were
Prosopis plants (C.R. McMurtry and J.A. Nelson, M.Sc.
Theses, SW Texas State University, 1997).

Spatial variation in overstory-understory interactions?

The presence of restrictive soil horizons is of funda-
mental importance to plant distributions in savannas
(Johnson & Tothill 1985; San José & Montes 1991) and
shrublands (McAuliffe 1994). The interpretation of tree-
shrub interactions presented here is based on discrete woody
patches underlain by a well-developed argillic (B,) horizon
(zone of clay accumulation) at 40 - 100 em. This horizon
acts to create a relatively shallow soil for these species
by restricting root development (Watts 1993) and the
percolation of water and nutrients. However, tree-shrub
patches at this site also develop on portions of the uplands
where this horizon is absent and soils are coarse-textured
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throughout the profile. These patches tend to support high
densities of Prosopis plants whose canopies intersect to
form extensive groves. The Prosopis plants in these up-
land groves are larger (basal diameter, canopy area, height),
produce more seed and exhibit higher growth rates than
those in nearby discrete clusters (Archer 1995). Photo-
synthesis and water potentials of understory shrubs are
lower in groves than in clusters (C. McMurtry & P.
Barnes unpubl.). On coarse-textured, deeper soils, the
intensity of stress induced by competition of understory
woody species with overstory Prosopis may be relaxed.
This could result in contrasting successional trajectories
for discrete cluster and grove patches. The extent to
which species interactions and vegetation change in this
landscape is mediated by this subsurface heterogeneity is
the focus of ongoing study-

Acknowledgements. We thank A. Bilger, P. Gamett, C.
McMurtry, J. Nelson. A. Rodriguez, 8. Tan, 5. Zitzer and
others for their field assistance, M. Longnecker and J. Ou for
statistical advice, B. Riggle for C- and N-analyses. and D.
McKown for on-site logistical support and meteorological
data. Comments and suggestions by D. Goldberg and three
anonymous reviewers greatly improved the manuscript. This
research was supported in part by Hatch Project 6717, NSF
Grant BSR-9109240. NASA Grant NAGW-2662 and a
SWTSU Faculty Research Enhancement Grant.

References

Anon. 1988, SAS/STAT User's Guide. Release 6.03 ed. SAS,
Carey, NC.

Anon. 1992. SYSTAT: Swtistics, Version 5.2 Ed. Evanston. IL.

Aarssen, L.W. & Epp, G.A. 1990, Neighbour manipulations in
natural vegetation: a review. J. Veg. Sci. 1: 13-30.

Aguiar, M.R., Soriano, A. & Sala. Q.E. 1992, Competition and
facilitation in the recruitment of seedlings in Patagonian
sleppe. Funct. Ecol. 6; 66-70.

Ansley, R.1.. Jacoby, P.W. & Cuoma, G.J. 1990. Water rela-
tions of honcy mesquite following severing of lateral
roots: influence of location and amount of subsurface
water. J. Range Manage. 43: 436-442.

Archer, 8. 1989. Have southern Texas savannas been converted
to woodlands in recent history? Am. Nar. 134: 545-561.
Archer, S. 1990. Development and stability of grass-woody
mosaics in a subtropical savanna parkland. Texas, USA.

J. Biogeogr. 17: 453-462.

Archer, 8. 1994. Woody plant encroachment into southwest-
ern grasslands and savannas: rates, patterns and proximate
causes. In: Vavra, M., Laycock, W. & Picper, R. (eds.)
Ecological implications of livestock herbivory in the West,
pp. 13-68. Society for Range Management, Denver, CO.

Archer, S. 1995. Tree-grass dynamics in a Prosopis-thornscrub
savanna parkland: reconstructing the past and predicting
the future. Ecoscience 2: 83-99.

Archer, S., Scifres, C., Bassham, C.R. & Maggio. R. 1988.
Aultogenic succession in a subtropical savanna: conver-

sion of grassland io thorn woodland. Ecol. Monogr. 58:
111-127.

Barnes, P.W. & Archer, S. 1996. Influencc of an overstory tree
(Prosopis glandulosa) on associated shrubs in a savanna
parkland: implications for patch dynamics. Oecologia
(Berl.) 105: 493-500.

Beisky. A.J. & Canham, C.D. 1994. Forest gaps and isolated
savanna trees: an application of patch dynamics in two
ecosystems. Bioscience 44: 77-84.

Bertness, M.D. & Callaway, R. 1994. Positive interactions in
communities. Treads Ecol. Evol. 9: 191-193.

Brown, J.R. & Archer, 8. 1980. Woody plant invasion of
grasslands: establishment of honey mesquite (Prosopis
glandulosa var. glandulosa) on sites differing in herba-
ceous biomass and grazing history. Qecologia (Berl.) 80:
19-26.

Brown. J.R. & Archer, S. In press. Shrub invasion of grass-
land: recruitment is continuous and not regulated by her-
baceous biomass or density. Ecelogy

Bush, J.K. & van Auken, O.W. 1987. Light requirements for
growth of Prosopis glandulosa scedlings. Southw. Nat.
32: 469-473.

Caldwell, M.M., Dawson, T.E. & Richards, J.H. 1998. Hy-~
draulic lift: consequences of water efflux from the roots of
plants. Qecologia (Berl.) 113: 151-161.

Callaway, R.M. 1992, Effect of shrubs on recruitment of
Quercus douglasii and Quercus lobata in California.
Ecology 73: 2118-2128.

Cailaway. R.M. 1995. Positive interactions among plants.
Bor. Rev. 61: 306-349.

Callaway, R.M. & Walker, L.R. 1997, Competition and facili-
tation: a synthetic approach to interactions in plant com-
munities. Ecology 78: 1958-1965.

Clements, F.E. 1916. Plunt succession. Camegie Institution of
Washington Publication 242. Camegie Institution of Wash-
ington, Washington. D.C.

Connell, J.H. & Slatyer, R.O. 1977. Mechanisms of succes-
sion in natural communities and their role in community
stability and organization. Am. Nar. 111: 1119-1144.

Cornejo-Oviedo, E., Gronski, S. & Felker, P. 1992. Maturc
mesquite (Prosopis glandulosa var. glandulosa) stand
description and preliminary effects of understory removal
and fertilization on growth. J. Arid Erviron. 22: 339-351.

Correll, D.S. & Johnston, M.C. 1979. Manual of the vascular
plants of Texas. University of Texas Press, Richardson, TX.

Ehleringer, 1.R. 1984. Intraspecific competitive effects on
water rclations, growth and reproduction in Encelia
Jarinosa. Oecologia (Berl) 63: 153-138.

Flinn, R.C., Scifres, C.J. & Archer, S. 1992. Variations in
basal sprouting in five co-occurring shrubs: implications
for stand dynamics. J. Veg. Sci. 3: 125-128.

Fonteyn, P.J. & Mahall, B.E. 1981. An experimental analy-
sis of structure in a desert plant community. J. Ecol. 69:
883-896.

Franco, A.C. & Nobel, P.S. 1989, Effect of nurse plants on the
microclimate and growth of cacti. J. Ecol. 77: 870-886.

Franco. A.C. & Nobel, P.S. 1990. Intluences of root distribu-
tion and growth on predicted water uptake and interspecific
competition. Qecofogia (Beri.) 82: 151-157.

Franco-Pizafia, J.Gi., Fulbright, T.E. & Gardiner, D.T. 1995,

e 11



Mar U U4 Ul: 3Up

University of Hrizona

SPZU-/43-231Y

536 Barnes, PW. & Archer, S

Spatial relations between shrubs and Prosopis glandulosa
canopies. J. Veg. Sci. 6: 73-78.

Franco-Pizafia, J.G., Fulbright, T.E., Gardiner, D.T. & Tip-
ton, A.R. 1996, Shrub emergence and seedling growth
in microenvironments created by Prosopis glandulosa.
J. Veg. Sci. 7: 257-264.

Fuentes, E.R., Otaiza, R.D., Alliende, M.C., Hoffmann, A. &
Poiani, A. 1984. Shrub clumps of the Chilean matorral
vegetation: structure and possible maintenance mecha-
nisms, Occelogia (Berl.) 62: 405-411.

Fujbright, T.E., Kuti, J.O. & Tipton, A.R. 1995, Effects of
nurse-plant canepy temperatures on shrub seed germina-
tion and seedling growth. Acta Oecol. 16: 621-632.

Greenlee, . T. & Callaway, R.M. 1996. Abiotic stress and the
relative importance of interference and facilitation in
montane bunch grass communities in western Montana.
Arn. Nar. 148: 386-396.

Haase, P., Pugnaire, T.L, Clark, S.C. & Incoll, L.ID. 1996.
Spatial patterns in a two-tiered semi-arid shrubland in
southeastern Spain. J. Veg. Sci. 7: 527-534.

Hibbard, K.A_ 1995. Landscape patterns of carbon and nitro-
gen dynamics in a subtropical savanna: observations
and models. Ph.D. Dissertation, Texas A&M University,
College Station, TX.

Holmgren, M., Scheffer, M. & Huston, M.A. 1997. The inter-
play of facilitation and competition in plant communities.
Ecology 78: 1966-1975.

Huston, M. 1979. A general hypothesis of specics diversity.
Am. Nat. 113: 81-101.

Johnson, R.W. & Tothill, J.C. 1985. Definition and broad
geographic cutline of savanna tands. In: Tothill, J.C. & Moit,
1.Y.(eds.) Ecology and management of the World's savan-
nas, pp. 1-13. Australian Academy of Science, Canberra.

Kellman, M. & Kading, M. 1992. Facilitation of tree seedling
establishment in a sand dune succession. J. Veg. Sei. 3:
679-688.

Kikvidze, Z. & Nakhutsrishvili, G. 1998. Facilitation in subnival
vegetation patches. J. Veg. Sci. 9: 261-264.

Klemmedson, J.O. & Tiedemann, A.R. 1986. Long-term ef-
fects of mesquite removal on soil characteristics: 1L Nutri-
ent availability. Seil Sci. Soc. Am. J. 30: 476-480.

McAuliffe, J.R. 1984. Sahuaro-nurse tree associations in the
Sonoran Desert: competitive effects of sahuaros. Qecologia
(Berl) 64: 319-321.

McAuliffe, J.R. 1994. Landscape evolution, soil formation,
and ecological patterns and processes in Sonoran desert
bajadas. Ecol. Monogr. 64: 111-148.

McLendon, T. 1991, Preliminary description of the vegetation
of south Texas exclusive of coastal saline zones. Texas J.
Sci. 43: 13-32.

McPherson, G.R., Wright, H.A. & Wester, D.B. 1988. Pat-
terns of shrub invasion in semiarid Texas grasslands. Am.
Midl. Nat. 120: 391-397.

Midwood, A.J., Boutton, TW. Archer, S.R. & Watts, S.E.
1998. Water use by woody plants on contrasting soils in a
savanna paridand: assessment with #H and &'%0. Plans
Soil 205: 13-24.

Mordelet, P., Abbadie, L. & Menaut, J.C. 1993. Effects of tree
clumps on soil characteristics in a humid savanna of West
Africa (Lamte, Cote d’Ivoire). Plant Soil 153: 103-111.

Nilsen, E.T., Rundel, P.W. & Sharifi, M.R. 1981. Summer
water relations of the desert phreatophyte Prosopis
glandulosa in the Sonoran Desert of southern California.
Oecologia (Berl.) 50: 271-276.

Palmer, J. & Ogden, §. 1983. A dendrometer band study of the
seasonal pattern of radial increment in kauri (Agathis
australis). N. Z. J. Bot. 21: 121-126.

Pugnaire, F.I., Haase, P. & Puigdefibregas, J. 1996. Facilita-
tion between higher plant species in a semiarid environ-
ment. Ecology 77: 1420-1426.

San José, J.J. & Montes, R. 1991. Regiconal interpretation of
epvironmental gradients which influence Trachypogorn
savannas in the Orinoco Llanos. Vegetario 95: 21-32.

Scanlan, J.C. 1988. Spatial and temporal vegetation patterns
in a subtropical Prosopis savanna woodland, Texas. Ph.D.
Diss., Texas A&M University, College Station, TX.

Scanlan, J.C. & Archer, S. 1991. Simulated dynamics of
succession in a North American subiropical Prosopis sa-
vanna. J. Veg. Sci. 2: 625-634,

Scholes, R. & Archer, S. 1997. Tree-grass interactions in
savannas. Annu. Rev. Ecol. Syst. 28: 517-544.

Scifres, C.J., Kienasti, C.R. & Elrod, D.J. 1973. Honey mesquite
seedling growth and susceptibility to 2,4,5 T as intluenced
by shading. /. Range Manage. 26: 30-38.

Tiedemann, A.R. & Klemmedsen, J.0O. 1986. Long-term ef-
fects of mesquite removal on scil characteristics: 1. Nutri-
ents and bulk density. Soil Sci. Soc. Am. Proc. 500 472-475.

Valiente-Banuet, A, Vite, F. & Zavala-Hurtado, J.A. 1991a.
Interaction between the cactus Neobuxbaumia tetetzo and
the nurse shrub Mimosa luisana. J. Veg. Sci. 2: 11-14.

Valiente-Banuet, A., Bolongaro-Crevenna, A., Briones, O.,
Ezcurra, E., Rosas, M., Nudez, H., Bamard, G. & Vazquez,
E. 1991b. Spatial relationships between cacti and nurse
shrubs in a semi-arid environment in central Mexico. J.
Veg. Sci. 2: 15-20.

Veraas, Q.R. 1992. Micro-site effects of trees and shrubs in
dry savannas. J. Veg. Sci. 3: 337-344.

Virginia, R.A. & Jarrell, W.M. 1983. Soil properties in a
mesquite-dominated Sonoran Desert ecosystem. Soil Sci.
Soc. Am. J. 47: 138-144,

Whittaker, R_H_, Gilbert, L.E. & Connell, J.H. 1979. Analysis
of two-phase pattern in a mesquite grassland, Texas. J.
Ecel. 672 935-952.

Yarranton, G.A. & Morrison, R.G. 1974. Spatial dynamics of
a primary succession: nucleation. J. Ecol. 62: 417-428.

Yeuaion, R.I. 1978. A cyclical relationship between Larrea
tridentata and Opuntia leprocaulis in the northern
Chihuahuan desert. J. Ecol. 66: 651-656.

Zar, J.H. 1984. Biostatistical aralysis. Prentice-Hall, Inc.
Englewood Cliffs, NJ.

Zitzer, S.F., Archer, S.R. & Boutton, T.W. 1996. Spatial
variability in the potential for symbiotic N, fixation by
woody plants in a subtropical savanna ecosystem. J. Appl.
Ecol. 33: 1125-1136.

Received 19 March 1998;
Revision received 15 January 1999:
Accepted 20 January 1995.



