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Abstract. Can the interaction of episodic and chronic disturbances explain the maintenance of savanna-like patterns?
We explored the morphological and spatial patterns of the
leguminous shrub Retama sphaerocarpa in a Mediterranean
environment in relation to disturbance. Various morphological
variables of R. sphaerocarpa shrubland were found to be determined by a combination of two types of disturbance: (1)
mechanical cutting: an episodic, heavy, short-term disturbance of anthropogenic origin for management purposes,
and (2) herbivore activity primarily by rabbits: generally a
chronic, more lenient, long-term disturbance. The intensities
of these two types of disturbance were not correlated. Mechanical cutting effects on R. sphaerocarpa shrubland morphology predominated quantitatively over herbivore effects.
Herbivores generally produced open shrubland with fewer,
more scattered, thicker branched, larger R. sphaerocarpa shrubs.
In contrast, intense sprouting after cutting produced a higher
density of smaller R. sphaerocarpa shrubs with denser aerial
biomass. However, heavy herbivory in abnormally dry periods produced some effects similar to those of mechanical
cutting. The size of R. sphaerocarpa shrubs was positively
related to seed production. Thus, the means of propagation
depended upon the type of disturbance: episodic disturbances
resulted in intense sprouting, whereas chronic herbivore activity resulted in the formation of thick branches that produced a
large number of seeds. The combination of these two disturbances determine, in part, space occupancy patterns of dominant woody species in this Mediterranean landscape and similar savanna-type ecosystems. Investigations of environmental
constraints on vegetation distribution and abundance should
take into account the historical role of herbivores in shaping
present systems.
Keywords: Animal-plant interaction; Chronic disturbance;
Episodic disturbance; Herbivory; Mechanical cutting; Rabbit;
Seed production; Shrubland management; Sprouting.

Introduction
Disturbance interferes with a settled state; it can be
defined as any event in time that removes biomass or
organisms. Disturbances can be classified into episodic,
sudden changes such as intense fire and cutting or more
chronic, continuous changes such as herbivory. Although
the joint influence of different types of disturbance on

various characteristics of plant community structure has
been considered in several studies (e.g. Vieira et al.
1994; Frelich & Reich 1995; Greenberg et al. 1995;
Hobbs & Mooney 1995; Jeltsch et al. 1996; Pivello &
Coutinho 1996; Liu et al. 1997; Tester et al. 1997), we are
unaware of any studies which have actually quantified the
interactive effects of episodic and chronic disturbances
on plant morphology and their implications in plant community physiognomy. In this paper we show how the
effects of two kinds of disturbance and their interaction
maintain a savanna-like pattern in central Spain.
Species responses to disturbance are governed primarily by their life history and physiological traits and by the
characteristics of the disturbance. Species reproductive
traits are especially important in determining the potential of species to establish and to persist following disturbance (Chambers 1995).
Retama sphaerocarpa (L.) Boiss. is a leafless shrub
up to 4 m tall which mostly occurs in the dry regions of
North Africa and the Iberian Peninsula. Architecturally,
multiple branches hold green, photosynthetic stems
(cladodes) arising from thick roots that can penetrate into
the soil to depths of > 25 m (Haase et al. 1996a). These
subterranean parts easily sprout when the aerial biomass
is removed. Sexual reproduction is less successful because seedlings die easily due to abiotic factors, herbivory
and competition from herbs (Haase et al. 1996b and
unpubl. data).
R. sphaerocarpa is a xerophytic, N-fixing leguminous shrub which ameliorates climatic conditions in its
understorey, thus increasing diversity and productivity
of herbaceous species (Moro et al. 1997a, b; Pugnaire et
al. 1996). In the Iberian Peninsula it is grazed by domestic and wild herbivores, especially rabbits. It is also a
promising species for re-vegetation projects in those
sites that satisfy its ecological requirements.
A characteristic of open shrubland and savanna-like
formations is the presence of old and scattered individuals of one or a few dominant woody species within a
matrix of herbaceous vegetation. The microclimate and
soil features under woody canopies differ from those
found between individuals, creating heterogeneity in
the landscape and acting as ecological islands. R.
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sphaerocarpa shrubland covers large areas of the Iberian Peninsula and it is often the only woody species in
this shrubland. The herbaceous flora is primarily annual.
We have observed that rabbits can produce both chronic
and episodic disturbances in these areas. They normally
feed on herbaceous vegetation and rarely browse R.
sphaerocarpa shrubs. However, they intensively browse
the shrubs during periods of drought when herbaceous
productivity is abnormally low, and may cause severe
damage in a short time.
The main objective of this study is to explore how the
joint action of episodic and chronic disturbances may
explain the maintenance of savanna-like patterns. The
two disturbances were: mechanical cutting – the removal
of R. sphaerocarpa aerial biomass: an episodic, heavy,
short-term disturbance of anthropogenic origin for management purposes and herbivore activity: generally a
chronic, weaker (compared to cutting) long-term disturbance.

Material and Methods
Field site
The study site is a 250-ha shrubland where R.
sphaerocarpa is the only woody species. The shrubland
is located in Fresno del Torote, 30 km NE of Madrid,
central Spain, 40°35' N, 3°25' W. The climate is dry,
continental Mediterranean, with precipitation of 450 mm/
yr and a mean annual temperature of 13.5 °C. The years
previous to the field work (1995) were abnormally dry:
precipitation figures for 1992, 1993, 1994, and 1995
were 303, 418, 302 and 306 mm, respectively.
At the study site, mechanical cutting of R. sphaerocarpa shrubland at ca. 30 cm above the ground is periodically practised to foster game populations and facilitate
hunting (new R. sphaerocarpa sprouts are more accessible to rabbits). Parts of this shrubland are under different
pressure from herbivores (rabbits, hares and sheep) and
time since last R. sphaerocarpa mechanical cutting varies
from 1 to > 10 yr. The impact of rabbits on the shrub
canopy is greater than that of hares and sheep: rabbits
reach a higher density, and hares and livestock do not
feed on R. sphaerocarpa. In addition to feeding on R.
sphaerocarpa when the herb cover is scarce, rabbits dig
holes, which mixes soil horizons.
Field sampling
Our sampling was designed to measure the morphology of R. sphaerocarpa and intensity of herbivory.
Time since last R. sphaerocarpa mechanical cutting
was determined by interviewing local land managers. In

our field site, there was a mosaic of shrubland patches
belonging to four age classes according to time since
last cutting: 1, 2, 3 and >10 yr. The first three classes
have a low biomass compared to the >10 yr class. We
selected seven R. sphaerocarpa shrubland patches for
sampling based upon time since last mechanical cutting
and apparent herbivory. We included in our analyses
three patches of 1, 2 or 3 yr since last mechanical cutting
(1 patch per time class) and four patches >10 yr since
last mechanical cutting. These four patches >10 yr were
selected based upon indicators (see below) denoting
different intensities of herbivory. A later analysis confirmed significant differences in herbivore disturbance
among these four patches.
In the summer of 1995, each shrubland patch was
sampled along two parallel 50-m transects at the time of
fruit maturity. Every transect included five observation
stations at regular intervals. At every observation station the following variables were measured:
1. A 0.5 m × 0.5 m quadrat was sampled for cladodes
cut by rabbits, number of rabbit pellets, number of
rabbit scrapings and number of R. sphaerocarpa seeds.
2. A circle of 5-m radius (ca. 78.5 m2) was sampled for
number of rabbit and hare dens or sleeping-places,
warrens, burrows, pellet-dropping sites, rabbit scrapings
and number of R. sphaerocarpa shrubs.
3. The five R. sphaerocarpa shrubs closest to the centre
of the circles were sampled for their physiognomy,
including distance between them and the circle centre
(a measure of spread), volume, percentage cover,
number of branches, basal diameter of the thickest
branch and number of seed pods they contained (by
classes): 0, 1 - 10, 11 - 50 and > 50 pods per shrub.
Data analysis
We used two measures of herbivore activity. The
first one was the number of cladodes cut by rabbits, a
measure of recent herbivory since these cladodes remain recognizable on the ground for only 1 yr. The
second was a synthetic variable inferred from a principal component analysis (PCA) performed on a subset of
six selected relevant variables indicating herbivore activity. The selected variables were cladodes cut by rabbits and number of beds, warrens, burrows, dropping
sites and scrapings. This analysis provided a first PCA
axis as an estimate of overall herbivore disturbance
(not only herbivory) in the last few years. The axis
distinguished sites subject to heavy herbivore disturbance from those with low herbivore disturbance.
Disturbances through herbivore activities and mechanical cutting were not correlated (rS = 0.17, P < 0.2, N =
70). There is a spatial segregation of feeding and
resting activities by rabbits that are related to the dif-
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differences for overall herbivore activity and cladodes
cut by rabbits among the four patches of > 10 yr since
last mechanical cutting (F = 45.12, P < 0.0001 and
F = 4.42, P < 0.009, respectively).
We used ANOVAs and Tukey’s tests for overall
comparison of the various R. sphaerocarpa morphology
variables among the seven shrubland patches. An additional ANOVA was used to compare R. sphaerocarpa
morphology in two groups of shrubland patches: recently
(1 to 3 yr) cut patches and a patch with clear evidence of
having been heavily and recently attacked by rabbits. The
morphology of R. sphaerocarpa was related to herbivore
disturbance and to mechanical cutting disturbance, and
their interaction, in a series of general linear models
(GLM) performed on an observation station basis. In this
analysis, mechanical cutting disturbance was measured
as the inverse of time (in years) after last cutting. A nonparametric correlation analysis was used to highlight the
relationships between R. sphaerocarpa size, seed production and the intensity of disturbances.

Results
Effects of herbivore- and mechanical cutting disturbances on the morphology of R. sphaerocarpa
There were overall significant differences for all
morphology variables among the seven patches (Table
1). However, these differences did not hold for all
between-patch comparisons. Fig. 1 and the results of the
GLM (Table 2) indicate that herbivore and mechanical
cutting disturbances had opposite effects on the morphology of R. sphaerocarpa. Thus, figures 1a - f depict
relatively well clumped field observations for the various morphology variables according to their values for
both types of disturbance. All models in Table 2 were
found to be highly significant, and all effects of herbiv-
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ore and mechanical cutting disturbances and their interaction were significant with only three exceptions out of
18 cases. These three exceptions refer to cover of aboveground biomass and herbivore effects and the interaction effects, and number of branches and mechanical
cutting effects. Generally, herbivore disturbance produced shrubland patches with fewer, more scattered,
larger shrubs with thicker branches. In contrast, mechanical cutting disturbance produced smaller and closer
shrubs, in greater number and with denser aerial biomass
due to intense sprouting.
An additional result is that the effects of mechanical
cutting on the morphology of R. sphaerocarpa were
always dominant compared to the effects of herbivore
disturbance. This is shown by the greater values of the
parameter estimates for mechanical cutting, and the sign
of the interaction terms, which always coincided with
the sign of this variable (Table 2).
There are general trends shown in Fig. 1 regarding
the morphology of R. sphaerocarpa and the overall herbivore activity in the equally aged, > 10 yr old, patches.
However, the patch with relatively high herbivore activity – indicated by the position on the PCA-axis – and the
highest recent herbivory level – measured by the number
of cladodes cut by rabbits – (Patch 6 in Table 1) formed
noticeable outliers in some cases, particularly in Fig. 1a.
The results of the ANOVA used to compare the morphology of R. sphaerocarpa in this patch, which was recently
heavily attacked by rabbits and in recently (1 - 3 yr)
mechanically cut patches, indicated no significant differences for number of shrubs, spread or number of
branches (Table 3). Only three morphological variables
converged. This suggests that heavy herbivore disturbance can have effects on the morphology of R.
sphaerocarpa shrubland resembling some of those of
mechanical cutting, and that these two types of episodic
disturbances did not produce exactly the same shrubland
morphology.

Table 1. Means and standard deviations of the morphological variables and disturbances by herbivores for the seven Retama
sphaerocarpa shrubland patches. The table includes the results of the ANOVAs used for overall comparison among patches. All
comparisons are significant at P < 0.0001 except for number of shrubs (P < 0.007), and cladodes cut by rabbits (P < 0.004) and the
Tukey’s test used for between patch comparisons (means with the same superscript are not significantly different at P < 0.05).
F

R2

– 1.69 ± 0.23d
15.1 ± 15.3ab

33.01
3.63

0.76
0.26

28.5 ± 10.6bcd
142.7 ± 41.5b
1.14 ± 0.97bc
51.6 ± 10.2c
7.6 ± 5.5b
10.5 ± 3.9c

12.21
5.95
30.6
11.15
3.31
35.46

0.54
0.36
0.74
0.51
0.24
0.77

Patch label
Time since last
mechanical cutting (years)

4

3

5

1

2

6

7

1

2

3

>10

>10

>10

>10

Disturbances by herbivores
Overall herbivore activity
Cladodes cut by rabbits

– 0.30 ± 0.63bc
13.6 ± 12.6ab

– 1.07 ± 0.37cd 0.33 ± 0.81b – 0.34 ± 0.38bc
13.1 ± 14.6ab 33.9 ± 26.8ab 12.2 ± 15.4b

2.82 ± 1.62a
30.7 ± 26.4cb

0.26 ± 0.57b
38.8 ± 16.9a

Morphological variables of R. sphaerocarpa
Number of shrubs
63 ± 20.5a
Shrub spreading (cm)
147.7 ± 58.7b
Shrub volume (m3)
0.52 ± 0.34c
Cover of aerial biomass (%)
70.4 ± 5.6a
Number of branches
9.9 ± 6.9b
Branch thickness (mm)
8.0 ± 2.0c

20.2 ± 3.9b
47.1 ± 27.0ac 22.1 ± 7.32bd
189.2 ± 52.9ab 145.2 ± 67.0b 191.5 ± 46.2ab
0.67 ± 0.34c
0.74 ± 0.41c
0.78 ± 0.65c
68.4 ± 7.9a
64.4 ± 6.7ab
53.9 ± 7.9c
19.9 ± 11.3ab
16.3 ± 6.0ab
12.2 ± 6.4ab
10.1 ± 2.9c
9.8 ± 2.5c
11.7 ± 3.0bc

12.8 ± 5.1b
251.5 ± 47.1a
9.61 ± 4.08ª
52.3 ± 7.5c
26.6 ± 24.0a
28.4 ± 5.6a

41.7 ± 19.4ad
144.8 ± 50.8b
3.57 ± 2.65b
57.4 ± 5.1bc
12.5 ± 6.6ab
16.2 ± 4.8b
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Fig. 1. Relationships between the morphological variables of Retama sphaerocarpa shrubland and the intensity of herbivore
disturbance, measured by a PC axis. The symbols refer to time since last mechanical cutting and to the shrubland patch heavily
attacked by rabbits.

Effects of herbivores and mechanical cutting on the seed
production of Retama sphaerocarpa
Increasing time since last mechanical cutting and the
size of R. sphaerocarpa (measured as volume) were

significantly related to greater seed production (rS =
0.44 and 0.6, respectively, P < 0.0001, n = 70). There
was also a high correlation between number of seeds
counted on the ground and shrub size (rS = 0.55, P <
0.0001, n = 70). Thus, the absence of mechanical cut-

Table 2. Results of the multiple regression of Retama sphaerocarpa morphology variables on overall herbivore and cutting
disturbances.
Parameter estimated and P-values (in parentheses)
Morphology variable
Number of shrubs
Shrub spreading (cm)
Shrub volume (m3)
Cover of aerial biomass (%)
Number of branches
Branch thickness (mm)

Herbivore effects
– 5.9
21.8
8.1 × 106
– 0.8
4.2
4.1

(0.004)
(0.001)
(0.0001)
(0.4)
(0.0005)
(0.0001)

Mechanical cutting effects
54.1
– 50.2
– 14.8 × 106
20.7
– 1.0
– 9.6

(0.0001)
(0.05)
(0.0004)
(0.0001)
(0.3)
(0.0001)

Interaction
43.6 (0.0001)
– 77.2 (0.009)
– 12.2 × 106
(0.01)
2.0
(0.6)
– 2.2
(0.03)
– 6.1 (0.0001)

R2
0.41
0.17
0.59
0.41
0.23
0.65

P-value
0.0001
0.005
0.0001
0.0001
0.0007
0.0001

- Effects of disturbance on Retama sphaerocarpa shrubland -

369

Table 3. Means and standard deviations of the morphological variables for two groups of Retama sphaerocarpa shrubland patches: (1)
a patch heavily and recently attacked by rabbits and (2) recently (3 years or less) mechanically cut patches. The table includes the results
of the ANOVAs used for the comparisons.
Number of shrubs
Shrub spreading (cm)
Shrub volume (m3)
Cover of aerial biomass (%)
Number of branches
Branch thickness (mm)

Heavily attacked patches

Recently cut patches

F

R2

P

42.8 ± 26.1
144.8 ± 50.8
3.57 ± 2.65
57.4 ± 5.1
12.5 ± 6.6
16.2 ± 4.8

0.01
160.7 ± 61.3
0.64 ± 0.36
67.7 ± 70.2
15.3 ± 9.2
9.3 ± 2.6

0
0.54
36.4
18.3
0.81
33.4

0.9
0.01
0.49
0.32
0.02
0.47

< 0.5
< 0.0001
< 0.0001
< 0.4
< 0.0001

ting and high levels of herbivore disturbance resulted in
larger shrubs that produced higher numbers of seeds,
whereas mechanical cutting pushed R. sphaerocarpa
towards vegetative propagation.

Discussion
Terrestrial plants often live in environments in which
above-ground organs are removed by disturbances. Our
results show that the morphology of a R. sphaerocarpa
shrubland depends upon the conflicting effects of episodic and chronic disturbances. More importantly, the
interaction of the two types of disturbance had a significant effect on the morphology of this shrubland. Disturbance by herbivores produced R. sphaerocarpa patches
with fewer, more scattered, thicker branched and larger
shrubs, i.e. an open shrubland or savanna-type structure.
In contrast, mechanical cutting produced smaller and
denser shrubs with greater canopy biomass and cover,
i.e. a closed-shrubland morphology. However, herbivore activities may also imply episodic disturbance, when
the climate is abnormally dry – because they feed on
shrubs when herbaceous cover is scarce. Episodic disturbances such as wildfires and severe droughts are
frequent but unpredictable in dry Mediterranean environments. We hypothesize that mechanical cutting of shrubs
in this plant community mimics natural high-intensity
disturbances such as fires or intense browsing, and the
observed pattern of morphology is the product of episodic
and chronic disturbances. Dehesas (Mediterranean manmade oak savannas) represent an analogy of the system
under study at a different scale. Medium and large size
domestic and wild herbivores are responsible for the
existence of some old, scattered Quercus trees in a matrix
of predominantly herbaceous communities by killing or
stunting small woody plants (Marañón 1988). Oak management in dry periods includes heavy trimming which
makes soft tissues available to cattle.
Other theoretical and empirical studies have also
documented the role of various types of disturbance
(anthropogenic and natural, catastrophic and mild) as
being partly responsible for spatial patterns of woody

vegetation in other ecosystems of the world. Intense
sprouting of woody species after catastrophic disturbances, mostly fire and cutting, is well documented
(Perelevotsky & Haimov 1991; Frelich & Reich 1995;
Vilá & Terradas 1995). Studies on the effects of herbivore
activities, including digging, on the morphology of woody
vegetation have produced comparable results when the
intensity of the disturbance is taken into account (Bullock
1991; Swihart & Picone 1991; Dinerstein 1992; Dolman
& Sutherland 1992; Manning et al. 1996).
The differences in seed production under the two
types of disturbance may have implications for the
propagation of R. sphaerocarpa. Less recent mechanical cutting and herbivore activity produced larger shrubs
which had greater seed production. In contrast, cutting
stimulated vegetative propagation in R. sphaerocarpa.
In shrubland under these two types of disturbance we
find an alternation of patches resulting from vegetative
propagation and patches consisting of seed producers
selected by herbivores. Several studies have shown that
the preference of animals is negatively correlated to the
occurrence of chemical and physical defence mechanisms in plants (Stock et al. 1993; Milton 1995; Woodward & Coppock 1995). Thus, R. sphaerocarpa adopts a
propagation strategy that depends upon active disturbance: (1) intense sprouting as a response to episodic
disturbance and (2) generation of thick branches producing flowers in response to chronic disturbance by herbivores.
We conclude that disturbance history is a major
factor controlling local variation in community structure. Passive recovery by woody vegetation is constrained
by both climatic and biological factors. Unfavourable
weather conditions, occurring at random, result in unusually heavy episodic disturbance (Iwasa & Kubo 1995).
Our data illustrate how transitions from closed shrubland to open shrubland and to savanna-like vegetation
can be mediated by herbivores. Herbivores probably
maintain grassland, open shrubland and savannas by
preventing woody species such as R. sphaerocarpa
from establishing or attaining dominance. In Mediterranean environments, management of vegetation has
led to the extension of savanna-type ecosystems. Inves-
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tigations of environmental constraints on the distribution of vegetation and the abundance of its species should
take into account the historical role of herbivores in
shaping present systems (Weltzin et al. 1997). To mimic
natural disturbances, mechanical removal of biomass
may be a suitable ecosystem management practice, where
burning is impractical.
Acknowledgements. We are indebted to Peter Haase, Daniel
Milchunas, Francisco Pugnaire, Sam Scheiner and Anna
Traveset for their comments on this manuscript. Three reviewers greatly improved the presentation and contents of the
paper. This research has been funded by the following projects:
“Implantación de especies leñosas en sistemas de matorralpasto de zonas semiáridas” (Universidad de Alcalá) and
“Determinantes de la diversidad biológica en ecosistemas
mediterráneos. Papel de los procesos locales y regionales”
(CICYT AMB96-1161). Additional funding was provided by
a research assistantship to A.L-P. from the Consejería de
Educación y Cultura de la Comunidad de Castilla-La Mancha.
References
Bullock, S.H. 1991. Herbivory and the demography of the
chaparral shrub Ceanothus greggii (Rhamnaceae). Madroño
38: 63-72.
Chambers, J.C. 1995. Disturbance, life history strategies, and
seed fates in alpine herbfield communities. Am. J. Bot. 82:
421-433.
Dinerstein, E. 1992. Effects of Rhinoceros unicornis on riverine
forest structure in lowland Nepal. Ecology 73: 701-704.
Dolman, P.M. & Sutherland, W.J. 1992. The ecological changes
of Breckland grass heaths and the consequences of management. J. Appl. Ecol. 29: 402-413.
Frelich, L.E. & Reich, P.B. 1995. Spatial patterns and succession in a Minnesota southern-boreal forest. Ecol. Monogr.
65: 325-346.
Greenberg, C.H., Neary, D.G., Harris, L.D. & Linda, S.P. 1995.
Vegetation recovery following high-intensity wildfire and
silvicultural treatments in sand pine scrub. Am. Midl. Nat.
133: 149-163.
Haase, P., Pugnaire, F.I., Fernández, E.M., Puigdefábregas, J.,
Clark, S.C. & Incoll, L.D. 1996a. An investigation of rooting depth of the semi-arid shrub Retama sphaerocarpa (L.)
Boiss. by labelling of ground water with a chemical tracer.
J. Hydrol. 177: 23-31.
Haase, P., Pugnaire, F.I., Clark, S.C. & Incoll, L.D. 1996b.
Spatial patterns in a two-tiered semi-arid shrubland in southeastern Spain. J. Veg. Sci. 7: 527-534.
Hobbs, R.J. & Mooney, H.A. 1995. Spatial and temporal variability in California annual grassland: results from a long
term study. J. Veg. Sci. 6: 43-56.
Iwasa, Y. & Kubo, T. 1997. Optimal size of storage for recovery
after unpredictable disturbances. Evol. Ecol. 11: 41-65.
Jeltsch, F., Milton, S.J., Dean, W.R.J., & Van-Rooyen, N. 1996.
Tree spacing and coexistence in semiarid savannas. J. Ecol.
84: 583-595.

Liu, C.X., Glitzenstein, J.S., Harcombe, P.A. & Knox, R.G.
1997. Tornado and fire effects on tree species composition
in a savanna in the Big Thicket National preserve, southeast
Texas, USA. For. Ecol. Manage. 91: 279-289.
Manning, S.J., Cashore, B.L. & Szewczak, J.M. 1996. Pocket
gophers damage saltcedar (Tamarix ramosissima) roots.
Great Basin Nat. 56: 183-185.
Marañón, T. 1988. Agro-sylvo-pastoral systems in the Iberian
Peninsula: dehesas and montados. Rangelands 10: 255-258.
Milton, S.J. 1995. Effects of rain, sheep and tephritid flies on
seed production of two arid Karoo shrubs in South Africa. J.
Appl. Ecol. 32: 137-144.
Moro, M.J., Pugnaire, F.I., Haase, P. & Puigdefábregas, J. 1997a.
Effect of the canopy of Retama sphaerocarpa on its understory
in a semiarid environment. Funct. Ecol. 11: 425-431.
Moro, M.J., Pugnaire, F.I., Haase, P. & Puigdefábregas, J.
1997b. Mechanisms of interaction between a leguminous
shrub and its understory in a semi-arid environment.
Ecography 20: 175-184.
Perelevotsky, A. & Haimov, Y. 1991. Structural response of
mediterranean woodland species to disturbance: evidence
of different defense strategies. Israel J. Bot. 40: 305-313.
Pivello, V.R. & Coutinho, L.M. 1996. A qualitative successional model to assist in the management of Brazilian
cerrados. For. Ecol. Manage. 87: 127-138.
Pugnaire, F.I., Haase, P., Puigdefábregas, J., Cueto, M., Clark,
S.C. & Incoll, D. 1996. Facilitation and succession under
the canopy of a leguminous shrub, Retama sphaerocarpa,
in a semi-arid environment in south-east Spain. Oikos 76:
455-464.
Stock, W.D., Le Roux, D. & Van der Heyden, F. 1993. Regrowth
and tannin production in woody and succulent karoo shrubs
in response to simulated browsing. Oecologia (Berl.) 96:
562-568.
Swihart, R.K. & Picone, P.M. 1991. Effects of woodchuck
activity on woody plants near burrows. J. Mammal. 72:
607-611.
Tester, J.R., Starfield, A.M. & Frelich, L.E. 1997. Modeling for
ecosystem management in Minnesota pine forests. Biol.
Conserv. 80: 313-324.
Vieira, I.C.G., Uhl, C. & Nepstad, D. 1994. The role of the shrub
Cordia multispicata Cham as a succession facilitator in an
abandoned pasture. Vegetatio 115: 91-99.
Vilá, M. & Terradas, J. 1995. Sprout recruitment and selfthinning of Erica multiflora after clipping. Oecologia (Berl.)
102: 64-69.
Weltzin, J.F. Archer, S., & Heitschmidt, R.K. 1997. Smallmammal regulation of vegetation structure in a temperate
savanna. Ecology 78:751-763.
Woodward, A. & Coppock, D.L. 1995. Role of plant defense in
the utilization of native browse in southern Ethiopia.
Agroforest. Syst. 32: 147-161.
Received 3 July 1997;
Revision received 3 November 1998;
Accepted 10 November 1998.

