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Abstract. Can theinteraction of episodic and chronic distur-
bances 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. sphaerocar pa shrubland were found to be deter-
mined by a combination of two types of disturbance: (1)
mechanical cutting: an episodic, heavy, short-term distur-
bance of anthropogenic origin for management purposes,
and (2) herbivore activity primarily by rabbits: generally a
chronic, morelenient, long-term disturbance. Theintensities
of these two types of disturbance were not correlated. Me-
chanical cutting effects on R. sphaerocarpa shrubland mor-
phology predominated quantitatively over herbivore effects.
Herbivores generally produced open shrubland with fewer,
morescattered, thicker branched, larger R. sphaer ocarpa 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 peri-
ods 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 inintense sprouting, whereas chronic herbivore activ-
ity resulted in the formation of thick branchesthat produced a
large number of seeds. The combination of these two distur-
bances determine, in part, space occupancy patterns of domi-
nant woody speciesin this Mediterranean landscape and simi-
lar savanna-type ecosystems. | nvestigations of environmental
constraints on vegetation distribution and abundance should
take into account the historical role of herbivoresin shaping
present systems.
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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 asherbivory. Although
thejoint influence of different types of disturbance on

various characteristics of plant community structure has
been considered in several studies (e.g. Vieira et a.
1994; Frelich & Reich 1995; Greenberg et a. 1995;
Hobbs & Mooney 1995; Jeltsch et al. 1996; Pivello &
Coutinho1996; Liuetal. 1997; Tester et a. 1997), weare
unawareof any studieswhich haveactually quantified the
interactive effects of episodic and chronic disturbances
on plant morphology and their implicationsin plant com-
munity physiognomy. In this paper we show how the
effects of two kinds of disturbance and their interaction
maintain a savannarlike pattern in central Spain.

Speciesresponsesto disturbance are governed prima-
rily by their lifehistory and physiol ogicd traitsand by the
characteristics of the disturbance. Species reproductive
traits are especially important in determining the poten-
tial of speciesto establish and to persist following distur-
bance (Chambers 1995).

Retama sphaerocarpa (L.) Boiss. is a leafless shrub
up to 4 m tall which mostly occursin the dry regions of
North Africa and the Iberian Peninsula. Architecturally,
multiple branches hold green, photosynthetic stems
(cladodes) arising from thick rootsthat can penetrateinto
the soil to depths of > 25 m (Haase et a. 19964). These
subterranean parts easily sprout when the agrial biomass
is removed. Sexua reproduction is less successful be-
causeseedlingsdieeasily dueto abioticfactors, herbivory
and competition from herbs (Haase et a. 1996b and
unpubl. data).

R. sphaerocarpa is a xerophytic, N-fixing legumi-
nous shrub which ameliorates climatic conditionsin its
understorey, thus increasing diversity and productivity
of herbaceous species(Moro et al. 19973, b; Pugnaire et
a. 1996). Inthelberian Peninsulait isgrazed by domes-
tic and wild herbivores, especialy rabbits. It is also a
promising species for re-vegetation projects in those
sitesthat satisfy its ecological requirements.

A characteristic of open shrubland and savanna-like
formationsisthe presence of old and scattered individu-
as 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 Ibe-
rian Peninsula and it is often the only woody speciesin
this shrubland. The herbaceous flora is primarily annual.
We have observed that rabhbits can produce both chronic
and episodic disturbances in these areas. They normaly
feed on herbaceous vegetation and rarely browse R.
sphaerocarpa shrubs. However, they intensively browse
the shrubs during periods of drought when herbaceous
productivity is abnormdly low, and may cause severe
damagein ashort time.

The main objective of thisstudy isto explore how the
joint action of episodic and chronic disturbances may
explain the maintenance of savannalike patterns. The
two disturbanceswere: mechanical cutting—theremoval
of R. sphaerocarpa aeriad biomass: an episodic, heavy,
short-term disturbance of anthropogenic origin for man-
agement purposesand herbivore activity: generaly a
chronic, weaker (compared to cutting) long-term distur-
bance.

Material and M ethods

Field site

The study site is a 250-ha shrubland where R.
sphaerocarpaisthe only woody species. The shrubland
islocated in Fresno del Torote, 30 km NE of Madrid,
central Spain, 40°35' N, 3°25' W. The climate is dry,
continental M editerranean, with precipitation of 450 mm/
yr and amean annual temperature of 13.5 °C. Theyears
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. sphaero-
carpa shrubland at ca. 30 cm abovetheground isperiodi-
cally practised to foster game populations and facilitate
hunting (new R. sphaerocarpa sprouts are more accessi-
ble to rabbits). Parts of this shrubland are under different
pressure from herbivores (rabbits, hares and sheep) and
timesincelast R. sphaerocarpamechanical 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 morpho-
logy of R. sphaerocarpa and intensity of herbivory.
Time since last R. sphaerocarpa mechanical cutting
wasdetermined 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 alow 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 patchesof 1, 2 or 3yr sincelast mechanical cutting
(1 patch per time class) and four patches >10 yr since
last mechanical cutting. Thesefour patches>10yr were
selected based upon indicators (see below) denoting
different intensities of herbivory. A later analysis con-
firmed 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 thetime of
fruit maturity. Every transect included five observation
stations at regular intervals. At every observation sta-
tion the following variables were measured:

1. A 0.5 m x 0.5 m quadrat was sampled for cladodes
cut by rabbits, number of rabbit pellets, number of
rabbit scrapingsand number of R. sphaerocarpa seeds.

2. A circle of 5-m radius (ca. 78.5 m?) was sampled for
number of rabbit and hare dens or deeping-places,
warrens, burrows, pellet-dropping sites, rabbit scrapings
and number of R. sphaerocarpa shrubs.

3. Thefive 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 re-
main recognizable on the ground for only 1yr. The
second was a synthetic variable inferred from a princi-
pal component analysis (PCA) performed on a subset of
six selected relevant variables indicating herbivore ac-
tivity. The selected variables were cladodes cut by rab-
bits and number of beds, warrens, burrows, dropping
sites and scrapings. Thisanalysis provided afirst 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 distur-
bance from those with low herbivore disturbance.
Disturbancesthrough herbivoreactivitiesand mechani-
cal cutting were not correlated (rg=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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ferences in morphology of shrub patches. There were
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 ANOVASs and Tukey's tests for overall
comparison of thevarious R. sphaerocar pa morphology
variables among the seven shrubland patches. An addi-
tional ANOVA was used to compare R. sphaerocarpa
morphology intwo groupsof 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. sphaerocarpawasrelated to herbivore
disturbance and to mechanica cutting disturbance, and
their interaction, in a series of general linear models
(GLM) performed on an observation station basis. Inthis
analysis, mechanical cutting disturbance was measured
astheinverse of time (in years) after last cutting. A non-
parametric correlation analysis was used to highlight the
relationshipsbetween R. sphaer ocar pa size, seed produc-
tion and the intensity of disturbances.

Results

Effects of herbivore- and mechanical cutting distur-
bances 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 resultsof the
GLM (Table 2) indicate that herbivore and mechanical
cutting disturbances had opposite effects on the mor-
phology of R. sphaerocarpa. Thus, figures 1a - f depict
relatively well clumped field observations for the vari-
ous morphology variables according to their values for
both types of disturbance. All modelsin Table 2 were
found to be highly significant, and all effects of herbiv-
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ore and mechanical cutting disturbances and their inter-
action were significant with only three exceptions out of
18 cases. Thesethree exceptionsrefer to cover of above-
ground biomass and herbivore effects and the interac-
tion effects, and number of branches and mechanica
cutting effects. Generally, herbivore disturbance pro-
duced shrubland patches with fewer, more scattered,
larger shrubs with thicker branches. In contrast, me-
chanical cutting disturbance produced smaller and closer
shrubs, in greater number and with denser aerial biomass
due to intense sprouting.

An additional result isthat the effects of mechanical
cutting on the morphology of R. sphaerocarpa were
aways dominant compared to the effects of herbivore
disturbance. Thisis shown by the greater values of the
parameter estimatesfor mechanical cutting, and thesign
of the interaction terms, which always coincided with
the sign of thisvariable (Table 2).

There are general trends shown in Fig. 1 regarding
the morphology of R. sphaerocarpa and the overdl her-
bivore activity in the equally aged, > 10 yr old, patches.
However, the patch with relatively high herbivore activ-
ity —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.
Theresultsof the ANOV A used to compare the morphol-
ogy of R. sphaerocarpainthispatch, whichwasrecently
heavily attacked by rabbits and in recently (1-3 yr)
mechanically cut patches, indicated no significant dif-
ferences for number of shrubs, spread or number of
branches (Table 3). Only three morphological variables
converged. This suggests that heavy herbivore distur-
bance can have effects on the morphology of R.
sphaerocarpa shrubland resembling some of those of
mechanical cutting, and that these two types of episodic
disturbancesdid 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 ANOV As 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).

Patch label 4 3 5 1 2 6 7 F R2

Timesincelast

mechanical cutting (years) 1 2 3 >10 >10 >10 >10

Disturbances by herbivores
Overal herbivore activity -0.30+063* -1.07+037¢ 033+081° -034+038*c 282+1622 026+057° —1.69+0.23¢ 3301 0.76
Cladodes cut by rabbits 136+126% 131+146% 339+268% 12.2+154° 30.7+£26.4% 388+1692 151+153% 3.63 0.26

Morphological variables of R. sphaerocarpa
Number of shrubs 63 + 20.52 202+39°  47.1+27.0°¢ 221+7.32x 128+51° 41.7+19.4@ 285+ 10.60d 1221 054
Shrub spreading (cm) 147.7+587° 189.2+529% 1452+67.0° 191.5+46.2% 2515+47.12 1448+50.8° 142.7+415P 5.95 0.36
Shrub volume (m3) 0.52 + 0.34° 0.67+0.34° 0.74+0.41° 0.78+0.65° 9.61+4.08 357+265° 1.14+097 30.6 0.74
Cover of aerial biomass (%) 70.4+5.62 684+79%  644%6.7P 53.9+7.9° 52.3+7.5¢ 57451 516+10.2° 1115 051
Number of branches 9.9+6.9° 199+113% 163+6.0% 122+6.4% 26.6+2402 125+6.6% 7.6+55° 3.31 0.24
Branch thickness (mm) 8.0+2.0° 101+ 2.9¢ 9.8+25° 11.7 + 3.0 28.4+5.62 16.2+ 4.8° 105+ 3.9¢ 3546  0.77
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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 herbivoresand mechanical cutting onthe seed significantly related to greater seed production (rg =
production of Retama sphaerocarpa 0.44 and 0.6, respectively, P <0.0001, n = 70). There
was aso a high correlation between number of seeds

Increasing timesincelast mechanical cutting and the counted on the ground and shrub size (rg= 0.55, P <
size of R. sphaerocarpa (measured as volume) were 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 Herbivore effects Mechanical cutting effects Interaction R? P-value
Number of shrubs -59 (0.004) 54.1 (0.0001) 43.6 (0.0001) 041 0.0001
Shrub spreading (cm) 218  (0.001) -50.2 (0.05) -77.2 (0.009) 0.17 0.005
Shrub volume (md) 8.1x105 (0.0001) —14.8x 105 (0.0004) -122x105  (0.01) 0.59 0.0001
Cover of aerial biomass (%) -08 (0.4) 20.7 (0.0001) 20 (0.6) 0.41 0.0001
Number of branches 4.2 (0.0005) -10 0.3 -22 (0.03) 0.23 0.0007

Branch thickness (mm) 4.1 (0.0001) —9.6 (0.0001) —6.1 (0.0001) 0.65 0.0001
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Table 3. Meansand standard deviations of the morphological variablesfor two groups of Retama sphaerocar pa shrubland patches: (1)
apatch heavily and recently attacked by rabbitsand (2) recently (3 yearsor less) mechanically cut patches. Thetableincludestheresults

of the ANOV As used for the comparisons.

Heavily attacked patches  Recently cut patches F R2 P
Number of shrubs 428+26.1 0.01 0 0.9
Shrub spreading (cm) 144.8 + 50.8 160.7 £ 61.3 0.54 0.01 <05
Shrub volume (m3) 357+265 0.64 +0.36 36.4 0.49 < 0.0001
Cover of aerial biomass (%) 574+5.1 67.7£70.2 18.3 0.32 < 0.0001
Number of branches 125+ 6.6 153+9.2 0.81 0.02 <04
Branch thickness (mm) 162+ 4.8 9.3+26 334 0.47 < 0.0001

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

Discussion

Terrestrial plantsoftenlivein environmentsinwhich
above-ground organs are removed by disturbances. Our
results show that the morphology of aR. sphaerocarpa
shrubland depends upon the conflicting effects of epi-
sodic and chronic disturbances. More importantly, the
interaction of the two types of disturbance had asignifi-
cant effect on the morphology of this shrubland. Distur-
bance 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, herbiv-
oreactivitiesmay a soimply episodic disturbance, when
the climate is abnormally dry — because they feed on
shrubs when herbaceous cover is scarce. Episodic dis-
turbances such as wildfires and severe droughts are
frequent but unpredictablein dry Mediterranean environ-
ments. 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 morphol ogy isthe product of episodic
and chronic disturbances. Dehesas (M editerranean man-
made 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 someold, scattered Quercustreesinamatrix
of predominantly herbaceous communities by killing or
stunting small woody plants (Marafion 1988). Oak man-
agement 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 spatia patterns of woody

vegetation in other ecosystems of the world. Intense
sprouting of woody species after catastrophic distur-
bances, mostly fire and cutting, is well documented
(Perdlevotsky & Haimov 1991; Frelich & Reich 1995;
Vila& Terradas 1995). Studiesontheeffectsof herbivore
activities, including digging, onthemorphol ogy of woody
vegetation have produced comparable results when the
intensity of the disturbanceistaken into account (Bullock
1991; Swihart & Picone 1991; Dinerstein 1992; Dolman
& Sutherland 1992; Manning et a. 1996).

The differences in seed production under the two
types of disturbance may have implications for the
propagation of R. sphaerocarpa. Less recent mechani-
cal cutting and herbivoreactivity produced larger shrubs
which had greater seed production. In contrast, cutting
stimulated vegetative propagation in R. sphaerocar pa.
In shrubland under these two types of disturbance we
find an aternation of patches resulting from vegetative
propagation and patches consisting of seed producers
selected by herbivores. Several studies have shown that
the preference of animalsis negatively correlated to the
occurrence of chemica and physica defence mecha
nisms in plants (Stock et al. 1993; Milton 1995; Wood-
ward & Coppock 1995). Thus, R. sphaerocarpa adoptsa
propagation strategy that depends upon active distur-
bance: (1) intense sprouting as a response to episodic
disturbance and (2) generation of thick branches produc-
ing flowersin response to chronic disturbance by herbiv-
ores.

We conclude that disturbance history is a major
factor controlling local variation in community struc-
ture. Passiverecovery by woody vegetationisconstrained
by both climatic and biological factors. Unfavourable
weather conditions, occurring at random, result in unusu-
aly heavy episodic disturbance (Iwasa & Kubo 1995).
Our dataillustrate how transitions from closed shrub-
land 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 Mediter-
ranean environments, management of vegetation has
|ed to the extension of savanna-type ecosystems. Inves-
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tigations of environmental constraints on the distribu-
tion of vegetation and the abundance of its speciesshould
take into account the historical role of herbivores in
shaping present systems (Weltzin et al. 1997). To mimic
natural disturbances, mechanica remova of biomass
may be asuitabl e ecosystem management practice, where
burning isimpractical.
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