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Mediterranean oak savannas cover about 4 million ha in California (northwest Ameri-
ca) and 3 million ha in Spain and Portugal (southwest Europe), and are ecologically and
socio-economically important systems. Here we review literature on the interactions
between the two dominant elements of savannas — the oak overstorey, the herbaceous
understorey, and the surrounding grassland matrix. We focus on the main ecological
factors affecting the oak understorey environment: shade, soil moisture, soil nutrients,
and animal-mediated effects. We then review the main features of the herbaceous com-
munity in the oak understorey, as compared to the adjacent open grassland, in terms
of species composition, biomass, diversity, and soil seed bank. We examine processes
associated with oak regeneration and growth, and their relationships with the herba-
ceous layer and other woody plants cover. Finally, we discuss the complex facilitative
and interference interactions that occur in oak—grassland systems and review models
proposed to explain the dynamics and coexistence of oak trees and herbaceous plants
in savannas.
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Mediterranean savannas are landscapes with a continuous
herbaceous cover and scattered trees. Savannas are usually
intermingled with patches of woodland, shrub-land, tree-
less grasslands, and crop-lands forming a complex mosaic.
Heterogeneity in topography, soil and climate, interac-
tions among species, and the superimposed selective activ-
ity of wild and domestic herbivores, in addition to human
activities such as clearing, ploughing and burning are main
agents forging this type of landscape.

Oaks are the dominant trees in the wooded pastures
(called dehesas or montados) of the Iberian Peninsula
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(west Mediterranean Basin) and in the savannas of Cali-
fornia (northwest America). However trees and shrubs
belonging to many taxonomic groups may form savanna-
like systems in other regions with Mediterranean climate.
These include Juniperus sp. and Retama sphaerocarpa in
Spain, Pistacia atlantica and Ceratonia siliqua in north Af-
rica, Acacia caven in Chile, other Acacia species in central
Africa, Protea nitida in south Africa and Eucalyptus sp. in
Australia.

Interactions between the two contrasting life-forms,
trees and herbs, in savannas may be synergistic or antago-
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nistic, and may reflect stochastic variation or positive feed-
backs (Scholes and Archer 1997). Overstorey trees com-
pete with the understorey plants for resources, but they also
provide benefits for them, such as shade, higher nutrient
levels, more available moisture, protection from herbivores,
more favourable soil micro-flora, and shared resources via
mycorrhizae (Callaway and Pugnaire 2007). This combi-
nation of positive and negative effects of oaks on herba-
ceous species often result in understorey communities very
different from the surrounding open grass-land (Callaway
etal. 1991, Rice and Nagy 2000, Ludwig et al. 2004).

Perceptions of the role of trees in mixed tree—herb
systems has historically differed between the Iberian Pe-
ninsula and California, although there has been a recent
convergence. In the old, traditional management of Ibe-
rian dehesas there was a perception of oaks as benefactors
because of their acorn production and shelter for domes-
tic animals (Parsons 1962). More recently, the ecological
benefits of tree persistence for the system sustainability
and to maintain biodiversity has been documented and
promoted in Spain and Portugal (Gonzdlez-Berndldez et
al. 1969, Marafién 1988, Joffre et al. 1988, 1999, Pulido
et al. 2001, Pereira and da Fonseca 2003, Eichorn et al.
20006). Before European settlement in California, native
inhabitants gathered acorns and probably set fires to hunt,
both of which were likely to have impact on oak popula-
tions. By the 1950, however, oak trees were mechanically
and chemically removed to increase forage production for
cattle (Leonard 1956). More detailed ecological effects
were studied in the 1960-1980s (Murphy and Crampton
1964, Murphy and Berry 1973, Holland 1980, Parker and
Muller 1982, Kay 1987, McClaran and Bartolome 1989)
and the facilitative (beneficial) effects of blue oak (Q. doug-
lasii) trees on herbaceous populations were explicitly dem-
onstrated (Callaway et al. 1991). An integrated hardwood
rangeland management plan (IHRM) was designed in the
1980s to make oak regeneration and persistence compat-
ible with livestock grazing on oak woodlands (Greenwood
1991, Pavlik et al. 1992).

In this paper, we review the interactions between the
two plant elements of the savanna system: the oak tree
overstorey and the herbaceous community. First, we in-
troduce the historical and ecological scenarios of the Ibe-
rian dehesa (for simplicity we use this term to include
also montados in Portugal) and the Californian savanna.
Second, we focus on the main ecological factors affecting
the oak sub-canopy environment: shade, soil moisture, soil
nutrients and animal-mediated effects. Third, we review
the main features of the herbaceous community in the oak
understorey, compared to the adjacent open grassland, in
terms of species composition, biomass, diversity and soil
seed bank. We then look at oak regeneration and growth,
examining possible influences of the herbaceous layer and
also of shrub and tree canopy cover. We further discuss the
interactions between facilitation and interference processes
in the oak—herb system. Finally, we give an overview of
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models proposed to explain the dynamics and coexistence
of oak trees and herbaceous plants in savannas.

Two contrasted historical and
ecological scenarios

The Iberian dehesa

Historical human occupation and land use has replaced the
once dominant closed forest and shrub-lands in the Medi-
terranean Basin with open grass-lands and crop-lands. The
subsequent extensive disturbance associated with grazing
led to the expansion and diversification of early succes-
sional species, already existing in naturally disturbed ar-
eas. On the other hand, successive westward migrations
of mostly Irano—Turanian, steppic species in many cases
accompanying the movement of human populations and
livestock, brought new herbaceous species. The result of
the combined processes of evolution and migration is the
rich and heterogeneous assemblage of herbaceous species
currently found in the dehesas (Le Houérou 1981, Ma-
ranén 1986).

Savanna landscapes in Europe can be traced back to the
Pleistocene, resulting from the combined action of eco-
logical factors and human uses of land (Rackham 1998).
The extermination of large herbivores (such as elephants),
expansion of domestic livestock, alteration of fire regimes,
added to wood-cutting and recent forestry practices have
affected the transition between forest (being reduced) and
savanna (being expanded) in prehistoric and historical
times. Oak savannas are old cultural landscapes in Spain
and Portugal, already mentioned in the historical travel
writings of King Alfonso XI (ca 1350) and Fernando Colén
(ca 1510, see references in Rackham 1998). These Iberian
oak savannas have much expanded and developed from
the 18th century onwards, currently occupying about 3
million ha (Eichhorn et al. 20006).

The Californian oak savanna

The Californian oak savanna is formed by sparse evergreen
and deciduous oaks within a grassland matrix dominated
by introduced annuals. This landscape occupies about 4
million ha on shallow soils, mainly on low elevation slopes
surrounding the Central Valley. Northwards (above 42°
latitude) it is replaced by conifer forests under moister and
cooler conditions, while southwards (below 33° latitude) it
is replaced by chaparral and more xeric types of vegetation
(Allen-Dfaz et al. 2007).

Savannas and grasslands became increasingly extensive
with the progressive reduction in rainfall (in particular
during summer months) that began in the Miocene and
persisted until the end of the Tertiary. Pleistocene climatic
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fluctuations were probably responsible for increasing the
prominence of the Arcto-Tertiary Geoflora; from this
origin would stem the bunchgrasses which dominated the
primeval California prairie (Baker 1989).

During pre-European time, native Californians used fire
to open woodlands, facilitate acorn harvest, promote forage
growth and deer hunt, but their role shaping the present
savanna landscape is not clear. Early European ranchers,
coming from Mexico about 250 years ago, brought seeds
of Euro-Mediterranean weeds, probably mixed with hay
and grain, and initiated a large-scale replacement of the
native grassland (Baker 1989). A few annual species, such
as Avena fatua, A. barbata, Bromus diandrus, B. hordeaceus,
Lolium multiflorum, Erodium spp., Hypochoeris glabra and
Medicago polymorpha, probably pre-adapted to a high dis-
turbance regime by soil ploughing and cattle grazing and
trampling, were highly successful in invading the expand-
ing human-disturbed landscapes of California. In contrast,
once dominant bunchgrasses, such as Nassella pulchra,
which has not been exposed for millennia to large herbiv-
ores and is sensitive to heavy grazing, is now restricted to
serpentine soils and other unusual substrates (Bartolome
et al. 2007).

Oak understorey environment

Isolated oak trees in the savanna create distinct micro-envi-
ronments which may positively or negatively affect the her-
baceous community living underneath. In an early study of
oak canopy effects in Spanish dehesas, Gonzdlez-Berndldez
et al. (1969) listed eight factors affecting the herbaceous
community: interception of radiation, rainfall, and wind,
root competition, organic substances in root and litter, lit-
ter humification and mineralization, cation mobilization
from deep soil layers, and attraction of animals, which ac-
cumulate products from other parts of the ecosystem.

The positive effects of nurse plants and shelter-woods
facilitating seedling establishment and growth have been
widely documented, but it is difficult to separate the effects
of temperature, light, moisture and nutrients. There is ex-
perimental evidence showing different responses of planted
seedlings beneath and away from the tree canopies (Man
and Lieffers 1997). Field experiments of reciprocally trans-
planted soil blocks (thus including seed banks) between
open grassland and oak understorey found differences in
germination and seedling establishment for the species
composing the community, but it is difficult to take apart
the intervening factors (Marandn and Bartolome 1993).

The observed facilitation of trees and shrubs on herba-
ceous plants has been attributed in most cases to indirect
canopy effects such as increased soil moisture (Holmgren
et al. 1997), higher nutrient availability (Callaway et al.
1991) and amelioration of temperature extremes (Franco
and Nobel 1989). In the following sections we review the
main factors characterizing the understorey environment
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as opposed to the open grassland: shade, soil moisture and
nutrients, and animal-mediated effects.

Shade

Interceptions of sunlight and of long-wave radiation emis-
sion from the soil at night are fundamental physical effects
of the tree canopy. In savannas, tree canopies may reduce
direct and indirect sun radiation reaching the understorey
by 25-90% (Belsky et al. 1989, Georgiadis 1989, Jackson
et al. 1990, Callaway et al. 1991, Ko and Reich 1993).
A model to optimize Quercus ilex density for silvopastoral
use in the Iberian dehesas estimated that radiation available
for pasture decreased up to 21% with a density of 24 oaks
ha™ and 13% canopy cover (Montero et al. 2008). In spite
of this light reduction, understorey plants appear to have
enough radiation to sustain a relatively high rate of pho-
tosynthesis (Mordelet and Menaut 1995, Moreno et al.
2007). On the other hand, annual plants benefit from the
winter-deciduous habit of oaks in California (such as Q.
lobata and Q. douglasii) which are leaf-less during most of
these plants’ growing season.

Shade has other effects, such as buffering soil tempera-
ture extremes, which affects seed germination and seedling
establishment. Ameliorating temperature extremes also
reduces water loss and reduces photo-inhibition during
stomatal closure, but at the cost of reducing energy for
photosynthesis (Callaway and Pugnaire 2007). However,
transpiration and leaf temperatures may remain high in
the understorey because of the heated air and energy ad-
vected from the surroundings (Scholes and Archer 1997).
Shade tolerance is produced by complex mechanisms
which depend on the efficiency of carbon gain in low light
and on the resistance to biotic and abiotic stresses in the
understorey environment (reviewed by Valladares and Ni-
inemets 2008).

The sharp reduction in light caused by the dense
canopy of evergreen oak (Q. agrifolia) precluded seed-
ling establishment of most grassland species in soil blocks
transplanted to the understorey (Maraiién and Bartolome
1993). Shade-tolerant species, such as Montia perfoliata
and Stellaria media, seem to be excluded by competition in
open sites, whereas light-demanding species, such as Bro-
mus hordeaceus and Hypochoeris glabra would not survive
under closed evergreen oak canopies. A few species, like
Bromus diandrus and Carduus pycnocephalus have a wider
ecological range and grow in both habitats (Maranén and
Bartolome 1993, 1994).

The distributions of the two Bromus congeners, B. di-
andrus and B. hordeaceus, in oak savannas are influenced by
a combination of shade and soil nutrients factors as well as
interspecific competition. Both species were planted in the
open and the understorey of Q. douglassi. The low abun-
dance of B. hordeaceus under canopies was not simply due to
the environment created by the canopy, but because of com-
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petitive exclusion from B. diandrus, as shown by a significant
decrease in reproductive rate with increasing B. diandyus den-
sity. Bromus diandrus, on the other hand, did not appear to be
significantly influenced by competition from B. hordeaceus,
suggesting that its close association with oak canopies is due
in part to its inability to adapt to lower nutrients in the soils
of the open grassland (Rice and Nagy 2000).

In semi-arid eastern Spain, shade effects by the legumi-
nous shrub Retama sphaerocarpa have been documented.
Under Retama canopies there is about 60% less radiation
and 7°C lower soil temperatures than in the open, result-
ing in higher environmental heterogeneity which in turn
may allow different herbaceous species to coexist (Moro

etal. 1997).

Soil moisture

Water availability is a limiting factor for plant growth dur-
ing the dry season in Mediterranean-type climates. The
pattern of rainfall interception by the tree canopy, flow to
the ground, infiltration and storage in soil as well as losses
through surface flow and evapo-transpiration will deter-
mine the water balance and the type of interaction between
the tree and the herbaceous understorey. The tree under-
storey may receive 5—-50% less rainfall than the overstorey
because of rain interception; although stem-flow can con-
centrate moisture near the trunk base, and the edge drip
can also increase the soil moisture at the canopy perimeter
(Strang 1969, Stuart-Hill et al. 1987). The proportion of
precipitation reaching the ground under the oak tree will
depend on the intensity and amount of the rainfall events
(Callaway and Nadkarni 1991) and the characteristics of
the particular tree: canopy size and architecture, leaf area,
and bark texture (Haworth and McPherson 1995). Un-
der isolated oak trees in Spain, Luis et al. (1978) recorded
19-24% less rainfall than in the open, with northern and
eastern aspects (opposite to prevailing moist winds) show-
ing the least throughfall inputs.

The water status of plants in the understorey is the out-
come of both positive and negative effects caused by the
tree canopy on the soil and air beneath it. The shade of
trees lowers the soil temperature, which has several hydro-
logic consequences: reduced evaporative demand and water
stress on understorey plants, enhanced soil moisture storage
and availability and higher water-use efficiency (Joffre et al.
1988, Belsky et al. 1989, Ko and Reich 1993, Mordelet
and Menaut 1995). Hydraulic lift from deep roots of the
oak tree may also increase soil moisture to shallow-rooted
understorey herbaceous plants (Dawson 1993).

Canopy throughfall (and litterfall) increase soil nutrients
near the trees and may explain the higher understorey grass
productivity (Holland 1980, Callaway et al. 1991). In addi-
tion, Ishikawa and Bledsoe (2000) observed diurnal fluctua-
tions in water potential in soils under Q. douglasii that were
indicative of hydraulic lift. The water lifted at night dur-

WEB ECOLOGY 9, 2009

ing the dry summer (estimated amount of 0.25-8.8 | per
day and tree) is redistributed to the upper soil layers and
made available to the fine roots of the oak tree as well as
for the understorey plants, mycorrhizal fungi and decom-
posers (Kurz-Besson et al. 2006, Querejeta et al. 2007).
This hydraulic lifc may play a role in the general facilitative
effect of the oak trees, despite the fact that diurnal patterns
did occur until later in the summer when the annual grasses
had already senesced. Thus, the water released by oak roots
could delay the rate of soil water depletion in understorey
communities.

On the contrary, there are negative effects of trees on
understorey soil moisture. Fine feeder roots of trees can be
very efficient at depleting the near-surface soil moisture,
while large root channels facilitate the deep percolation
and storage of water, only available to the deep-rooted
trees. Tree litter accumulated underneath oak canopy can
reduce the amount of moisture reaching the mineral soil,
hence decreasing water available to herbaceous plants.

At the landscape level, the mixture of oak trees and her-
baceous plants influences the pattern of water distribution
because a dense grass cover improves infiltration (Joffre and
Rambal 1993). When trees depress herbaceous production
and cause bare ground patches, water and nutrients can be
lost via surface flow (Schnabel 1997).

In dehesas of Spain, Alonso and Puerto (1978) found
higher water storage capacity and total soil porosity, asso-
ciated with higher organic matter, in soils under oak trees
than in the open; there was also a higher soil permeability
which they attributed to the dense root system of herba-
ceous plants found underneath. Joffre and Rambal (1988,
1993) measured a significant delay in soil water loss under
Quercus rotundifolia and Q. suber relative to soils in the
open.

On transects perpendicular to the oak understorey—
open grassland ecotone, Marafién and Bartolome (1994)
found that after relatively consistent soil moisture through-
out the winter, the water content decreased more rapidly
in the open (to 15%) than in the understorey (26%) later
in the spring. The longer period of soil moisture availabil-
ity under the oak canopy allows for a longer growth period
and may favour perennial species like Elymus triticoides and
Lathyrus vestitus living in that habitat.

Woody plants can also be positively affected by the her-
baceous layer in terms of water availability. In semi-arid
southeastern Spain, a dense understorey cover of herbs
may help to retain rainfall water in the soil accumulated
under the shrub Rewama sphaerocarpa, improving its water
status by lowering evaporation (Pugnaire et al. 1996b, Do-

mingo et al. 1999).

Soil nutrients

The pattern of nutrient enrichment of soils under tree
canopies, forming ‘islands of fertility’, has been widely
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documented in tropical savannas (Kellman 1979, Virginia
1986, Belsky et al. 1989, Georgiadis 1989, Weltzin and
Coughenour 1990, Isichei and Muoghalu 1992, Vetaas
1992, Mordelet et al. 1993, Belsky 1994), as well as in
Mediterranean oak savannas of Spain (Gonzdlez-Berndl-
dez et al. 1969, Alonso and Puerto 1978, Escudero et al.
1985, Joffre et al. 1988, Moreno et al. 2007) and Califor-
nia (Holland 1980, Parker and Muller 1982, Jackson et
al. 1990, Callaway et al. 1991, Marafién and Bartolome
1994, Dahlgren et al. 1997). Nutrient enrichment is par-
ticularly important for the herbaceous plants since most
oak savannas are developed on relatively nutrient-poor
soils.

In dehesas of Spain, oak trees increased soil organic
matter (2.5-5.6 times) compared to open grassland; these
increments were greater on sandy soils (Alonso and Puerto
1978). Isolated oak trees were major sources of temporal
and spatial heterogeneity of soil N: the potential minerali-
zation rate (2.3 times), microbial biomass-N (1.7 times),
and soil mineral N (1.8 times) were higher under oak
canopies than in open grassland (Gallardo et al. 2000).
Maximum levels of soil ammonium and nitrate were as-
sociated with minimum potential mineralization rate
(during autumn and winter), indicating a nutrient accu-
mulation caused by the reduced plant uptake. In general,
understorey soil nutrients increase with time and age of
the tree (Facelli and Brock 2000). This temporal pattern
induced by overstorey age has been shown for soil carbon
and nitrogen (Bernhard-Reversat 1982) as well as phos-
phorus and potassium (Pugnaire et al. 1996b).

Several complementary mechanisms have been pro-
posed to explain the observed soil nutrient enrichment
under trees in savannas (Virginia 1986): 1) the trees, acting
as nutrient pumps, draw mineral elements from a large soil
volume explored by their root systems (from deep hori-
zons and from areas beyond the canopy) and deposit those
nutrients on the ground beneath the canopy, via litterfall
and canopy leaching (Kellman 1979, Scholes 1990); 2)
the tree canopy, a tall and leafy structure with high sur-
face/volume ratio acts as a trap for atmospheric dust and
mineral elements contained in it (Pugnaire et al. 1996a,
Whitford et al. 1997); 3) rain may wash the mineral ele-
ments in the dust covering leaves and twigs to the ground
(Bernhard-Reversat 1982, Escudero et al. 1985); 4) tree
canopies attract birds and large herbivores, which tend
to concentrate nutrients (and also seeds) with their drop-
pings in the understorey (Georgiadis 1989, Belsky 1994,
Archer 1995); 5) shrubs and trees that fix nitrogen, such as
legumes, contribute to those ‘fertility islands’ in savannas
(Virginia 1986, Vetaas 1992, Facelli and Brock 2000).

Animal-mediated effects

Trees attract different kinds of animals, from large herbiv-
ores to small invertebrates, which direct or indirectly af-
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fect the herbaceous understorey. Soil may be enriched by
faeces dropped by wild and domestic herbivores, secking
the oak shade as protection, and hence favouring nutrient-
demanding plants underneath the canopies.

Herbaceous fodder under oak trees in dehesas of Spain
was richer in N, B, K, Ca and Mg than adjacent open grass-
lands (Montalvo et al. 1980), and similar differences were
found for oaks and grasslands in California (Holland and
Morton 1980). Oak trees provide the sub-canopy herba-
ceous community with mineral elements initially seques-
tered in the oak litter, which is mineralised and taken up
by herbaceous plants, thus becoming available for large
herbivores attracted by the oak canopy environment. This
tree-induced increase in nutritional value of sub-canopy
plants may raise them above the critical threshold for
digestion by ruminants grazing in the savanna system
(Scholes 1990).

Birds perch on the trees and disperse seeds underneath,
increasing the abundance of bird-dispersed plants in the
understorey and contributing to regeneration nuclei in
the system (Galindo-Gonzdlez et al. 2000, Manning et
al. 2006). On the contrary, trees may attract small mam-
mals, birds and insects, which will predate on seeds and
seedlings of the trees and also of the herbaceous plants in
the understorey. For example, the preferred habitat of the
invader Hypericum perforatum in shaded areas of Califor-
nia savannas has been interpreted as a consequence of the
breeding behaviour of the beetle Chrysolina quadrigemina
(introduced as pest control) that prefers unshaded sites for
egg-laying (Harper 1977).

At the landscape level, grazing reduces fuel load of the
herbaceous layer, hence diminishing the risk of fire and
tree mortality; however, a heavy grazing pressure may sup-
press tree regeneration. The interaction of grazer—browser—
fire strongly influences the tree—grass dynamics (Scholes
and Archer 1997, Higgins et al. 2000).

Tree canopies in savannas are usually kept above the
browsing line by large herbivores, which also feed on the
herbaceous understorey. However, in the Mediterranean
landscape there are often closed clumps of tough, thorny
or spiny shrubs such as Pistacia lentiscus, Olea europaea,
Crataegus monogyna, Maytenus senegalensis and Zyzyphus
lotus, inside of which herbaceous plants may find refuge
from large herbivores. In the overgrazed Mediterranean
systems, protection from grazing and browsing may be the
main cause of facilitation and survival of many palatable
plants, more importantly than other positive effects (Cal-
laway et al. 2000).

Herbaceous communities

Isolated oak trees in savannas affect species composition,
diversity and biomass of the herbaceous communities un-
derneath, in comparison with those in the open, between-
tree spaces. The growth pattern of individual herbaceous
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plants under the oak canopy is determined by require-
ments for light, water, and nutrients, which are modified
in this microhabitat, and conditioned also by interference
with other plant species, by their resistance to litter accu-
mulation, and by disturbance caused by animals.

In the following sections we review the main changes
in species composition, biomass, diversity, and soil seed
banks of understorey herbaceous communities compared
to open grasslands.

Species composition

There can be strong effects of oak canopies on the growth
and reproduction of herbaceous plants beneath, often in-
ducing a species replacement and consequent change in
the herbaceous community. The spatial distribution of
species shows a gradual change from the oak trunk to the
canopy edge (drip line) and into the open, inter-tree gaps
(Marafién 1986, Marafién and Bartolome 1994, Scholes
and Archer 1997). Marafnén (1986) detected a main trend
of floristic variation associated with oak canopies in south-
west Spain dehesas, that was consistent over a wide range
of sites (40 sites with pH values from 4.8 to 7.5). ‘Can-
opy-seeker” species like Hordeum murinum, Urospermum
pycroides, Cynosurus echinatus and Dactylis glomerata were
abundant in the oak understorey while other species were
mostly found away from the canopy. Other studies have
also documented changes of species composition in her-
baceous communities under oak trees, in comparison with
adjacent open grasslands, in dehesas of Spain (Gonzdlez-
Berndldez et al. 1969, Puerto et al. 1980), and in savan-
nas of California (Holland 1980, Parker and Muller 1982,
McClaran and Bartolome 1989, Callaway et al. 1991, Ma-
ranén and Bartolome 1994).

Facilitation seems to favour perennial grasses such as
Dactylis glomerata, Lolium perenne and Festuca ampla in
the oak understorey in Spanish dehesas (Puerto et al. 1980,
Marandn 1985a, 1986) and Elymus triticoides in Califor-
nian woodlands (Marafién and Bartolome 1994). On the
contrary, herbaceous species of lower stature and high light
demand, such as Trifolium arvense and Logfia minima tend
to avoid the oak understorey; they are excluded by the
tree, directly through shade and litter accumulation, and
indirectly by competitive displacement from tree canopy-
favoured species (Marafion 1986). A reverse situation is
illustrated in California by some herbaceous species, such
as the native Montia perfoliata, which find refuge under the
oak canopy from intense competition by more aggressive,
annual invaders that dominate the open grassland (Ma-
ranén and Bartolome 1993).

Differences in species composition between the under-
storey and the open tend to be accentuated in drier climates,
because the environmental gradient is stronger and so is
facilitation, as evidenced from Californian savannas (Mc-
Claran and Bartolome 1989) and tropical savannas (Belsky
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et al. 1993a). Heavy grazing can, on the other hand, ho-
mogenise the spatial patterning of herbaceous communi-
ties, by suppressing shade-dominant plants and favouring
overall grazing-resistant species (Belsky et al. 1993b).

Biomass

There are no clear patterns of grassland productivity be-
neath oak trees. Productivity under oak canopies can be
higher (Holland 1980, Callaway et al. 1991, Moreno
2008), lower (Parker and Muller 1982, McClaran and
Bartolome 1989, Marafién and Bartolome 1994), or not
significantly different (Jackson et al. 1990) from open
grassland. These inconsistencies may be explained by en-
vironmental factors and specific growth forms in the un-
derstorey (McPherson 1992).

Plant growth under Q. agrifolia canopies was slower
than in the open but the growth period under the canopy
extended much farther into the dry season (Marafién and
Bartolome 1994). Managers of Spanish dehesas value the
oak sub-canopy grassland (about 10-30% of total grass-
land area) because it provides forage early in the autumn
and winter (as perennial grasses resprout quickly after the
first autumn rains), and also in late season (as senescence
delays). This adds to the value of acorns and browsing of
the oak itself (Joffre et al. 1988).

Rainfall gradients affected herbaceous production in
Californian Q. douglasii savannas. It was proportionally
higher under tree canopies relative to that in gaps, in dry
climates, but proportionally lower where annual rainfall
was above 500 mm (McClaran and Bartolome 1989,
Radliff etal. 1991). This changing pattern was explained as
facilitation by amelioration of environmental conditions,
the alteration of substrate characteristics, and increased
resource availability in the understorey (Callaway 1995,
2007). However Moreno (2008) found that the positive
effect of oak trees on pasture yield was more prominent on
the wettest sites (yield increased 33% for 661 mm rainfall
versus 17% for 452 mm), and suggested that competition
for water could counterbalance beneficial shade and fertil-
ity effects in semi-arid dehesas. In other cases (such as in
African savannas) there were no significant effects of rain-
fall variation on grassland productivity under tree canopies
(Mordelet and Menaut 1995).

Facilitation may be more important than competition
when trees are young, increasing grass production under-
neath; however, as trees and shrubs grow larger, competi-
tion may overshadow facilitation and reduce herbaceous
production in tropical savannas (Archer 1995, Scholes and
Archer 1997). In contrast, in Californian savannas older
and larger Q. douglasii appear to have stronger facilitative
effects than smaller trees (Callaway et al. 1991). At the
landscape level, total herbaceous production may increase
from the tree-less grassland to savannas, but decrease as tree
density increases in woodlands (Scholes and Archer 1997).
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The whole ecosystem productivity, i.e. oaks (browse and
acorns) plus herbaceous layer productivity, should be con-
sidered by savanna managers (Joffre et al. 1988, Jackson
etal. 1990).

On the other direction of the tree—grass interaction, the
grassland layer may have contrasting effects on tree growth,
depending on soil type and water balance. Removal of grass
increased production of Acacia tortilis trees in a nutrient-
rich savanna with fertile, fine-textured soil, but did not
affect growth of Burkea africana trees in adjacent nutrient-
poor savanna woodland with coarse-textured soil (Knoop
and Walker 1985). Tree roots are able to use water from
deeper layers in coarse-textured soils (being independent
from grasses), while grasses limit the water recharge on
the fine-textured soils and hence reduce tree growth. The
outcome of these interactions is regulated by further inter-
actions between rainfall amount and seasonality, and soil
texture and grass cover (Scholes and Archer 1997).

Diversity

Grazed oak savannas in the Mediterranean Basin are ex-
traordinarily rich in plants species, showing the highest
diversity records (among temperate and Mediterranean
vegetation) at the 0.1 ha plot scale: 179 species in an open
Pistacia lentiscus shrubland in Israel (Naveh and Whittaker
1979), and 135 species in a Quercus ilex subsp. ballota de-
hesa in south Spain (Marafién 1985a).

Several ecological and evolutionary factors appear to
promote high species richness in the Mediterranean Ba-
sin grasslands (Naveh and Whittaker 1979). 1) due to its
transitional biogeographical location, the Mediterranean
Basin has received floristic elements from neighbouring
Euro—Siberian, Irano—Turanian and (to a lesser extent)
Saharo—Arabian regions, added to the own Mediterranean
derivatives; 2) the complexity of the mountain relief origi-
nates isolation and speciation processes; and 3) the long
history of intense human impact has promoted species di-
versification (mainly of annual plants) in a variety of forms
adapted to drought, fire and grazing. In this ecologically
rich scenario, the isolated oak trees of the savannas repre-
sent a source of environmental heterogeneity that increases
landscape diversity (Marafién 1986).

At a reduced spatial scale, and focusing on the her-
baceous community under the oak canopy, the species
richness there is lower than in the open grassland. For ex-
ample, in a comparative study of 41 oak trees in a wide
geographical range of south Spain, average species richness
under oak trees was 41% lower than in the open grassland
(Marafdn 1986). In California, the herbaceous commu-
nity under Quercus agrifolia had about 40% lower species
richness than in the open (Marafién and Bartolome 1994).
Several factors have been suggested to explain this pattern.
Some of them imply direct interference processes, such as
the lower light reaching the soil, allowing less ‘packed’ spe-
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cies underneath, or physical and allelopathic impact of oak
litter. Interference can be also mediated by animals over-
using tree shade and trampling underneath. On the other
hand, facilitation processes associated with soil enrichment
and improved water conditions may favour competitive
dominance by few perennial grasses which displaces other
plants and reduces community diversity (Rice and Nagy
2000). Other arguments are more subtle, acting at the
community-level, like the canopy-induced homeostatic
effect on micro-climate variability, which would reduce
the ranges of the available regeneration niches and there-
fore herbaceous diversity (Marafién and Bartolome 1989).
Species-poor understorey communities might also indicate
that comparatively fewer shade-tolerant herbaceous spe-
cies have evolved in Mediterranean climates.

Lower species richness under oak trees, however, does
not mean a diversity loss at the landscape level because
there is a species replacement between the oak understorey
and the open grassland, as discussed above. The average
species turnover, or beta diversity, between the two micro-
habitats was calculated as 1.8 for southwest Spain dehesas
(Marafién 1986). Moreover, the canopy edge or drip line
represents an ecotone between two micro-habitats and fre-
quently shows a species diversity peak (Gonzdlez-Berndl-
dez et al. 1969, Maraién 1986).

At the landscape level, there is a combination of facilita-
tion and interference processes. Oak trees facilitate growth
and reproduction of ‘canopy-seeker’ species, which barely
survive in the open grassland. At the same time, oak trees
interfere and displace ‘canopy-avoider’ species, only found
in the open conditions; these herbaceous species would
eventually disappear from a closed forest. There are also
some generalist species sharing both habitats. The net out-
come is a savanna landscape of high diversity, partly due
to the micro-habitat heterogeneity and facilitation effects
associated with the oak trees (Puerto et al. 1980, Marafién
1986). The species specifically related to the oak canopy
may represent about 40—60% of the total landscape spe-
cies richness in Mediterranean savannas (Marafién 1985a,
1986, Marafién and Bartolome 1994).

Scattered trees in savannas are keystone structures be-
cause they have important ecological functions, and pro-
vide unique habitats (within the grassland matrix) for a
variety of animals, plants and micro-organisms, thus en-
hancing the biodiversity of the system (Manning et al.
20006).

Soil seed bank

Oak trees can affect the demographic fate of herbaceous
plants underneath and thus determine community struc-
ture and composition. The soil seed reserve and the pat-
terns of seedling emergence are key stages in the annual-
dominated communities (Bartolome 1979). Species com-
position and abundance, at the seedling stage, depends on
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the dormancy of the seeds and environmental conditions
during emergence and establishment.

In general, there are fewer seeds in forest soils than
in open grassland soils (Thompson 1987). In a dehesa
of southwest Spain, the estimated seed bank was much
higher in the open grassland soil (about 50 000 seeds m~2)
than under the oak canopy (31 000 seeds m™). Seedling
emergence was also lower (2.8 times) in the oak understo-
rey (Marafién 1985b).

In California, the estimated soil seed bank was 41 000
seeds m~ in open grassland, but only 7000 seeds m™ in
adjacent Quercus agrifolia woodland (Marafién and Bar-
tolome 1989). Seedling emergence represented 30% of the
seed reserve in both habitats, but varied greatly between
species, e.g. from 81% (Montia perfoliata) to 7% (Stel-
laria media) in the understorey, and from 52% (Hypoch-
oeris glabra) to 1% (Silene gallica) in the open grassland.
Species with high seed bank and low seedling emergence
(such as Stellaria media and Silene gallica) seem to have
a disturbance-adapted, persistent seed bank. In general,
species composition and relative abundance of seedlings
reflected what was in the soil seed bank, probably because
many annual species have a transitory seed bank. Seeds in
the soil bank are ready to germinate and emerge with the
early autumn rains. Some exceptions are the small-seeded
species like Stellaria and Silene, and the hard-seeded leg-
umes, such as Trifolium spp. and Medicago polymorpha
(Bartolome 1979, Marafién and Bartolome 1989).

The average seed mass, at the community level, tends
to be higher under shaded conditions in forest habitats
(Baker 1972). Shade and low radiation would be a selec-
tive pressure towards larger investment in nutritional seed
reserves, producing larger and more vigorous seedlings
able to overcome the limited light resource.

The broad spectrum of regeneration requirements
(seed production, seed bank, safe sites, seed dormancy and
seedling emergence) favours the coexistence of species with
different regeneration niches in the herbaceous commu-
nity (Marafién and Bartolome 1989, Moro et al. 1997).
The unpredictable pattern of rainfall during the growing
season in the Mediterranean climate, in particular during
the early autumn, may allow coexistence of species that
differ in their regeneration niches (Peco and Espigares
1994). However, in the oak understorey habitat, environ-
mental fluctuations are buffered by tree canopies reducing
the spectrum of regeneration syndromes and hence species
diversity (Marafién and Bartolome 1989).

Oak regeneration

Oak trees have dominant effects on micro-environments,
and hence on the herbaceous community underneath (as
discussed in detail above), however, the herbaceous plants
may affect tree demography, particularly at the juvenile
stage. Woody plant recruitment may be regulated by the
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herbaceous community, either directly through competi-
tion for light, water, and nutrients, or indirectly by grass-
induced fire frequency and intensity (Scholes and Archer
1997). Grass biomass influences the fire regime and may
suppress tree sapling growth in savannas. Frequently, dwarf
trees with well-developed root systems are mixed with the
grasses until a drought event or increased grazing pres-
sure reduce grass growth. At that moment trees grow and
escape from the grass layer achieving vertical dominance
(Scholes and Archer 1997).

Shade from shrubs can also positively affect oak regen-
eration. In an experiment planting oak seeds in different
micro-habitats, Callaway (1992) found that all unshaded,
caged, oak seedlings in a grassland died, whereas 35% of
the shaded and caged seedlings survived for at least one
year. In southern France, germination of Quercus humi-
lis acorns improved under shrubs (Buxus sempervirens and
Juniperus communis), and significantly more seedlings oc-
curred under the shrubs than in the open (Rousset and
Lepart 2000).

The canopy cover of trees and shrubs is a main factor
influencing oak regeneration. Seedling survival of Q. 7lex
seedlings decreased linearly with light availability in south-
ern Spain (Gémez-Aparicio et al. 2008). In more exposed
sites, the combination of high radiation and summer
drought negatively affected seedling water status, aggra-
vated with photoinhibition and overheating. In a parallel
experiment seedling survival of deciduous Q. canariensis
was also negatively affected by light, whereas evergreen Q.
suber did not show a significant effect. Instead, time of
emergence (in turn affected by local winter water-logging)
was the main predictor of cork oak seedling survival (Ur-
bieta et al. 2008).

There are structural and physiological evidence to sup-
port that shade alleviate drought stress for oak seedlings.
Under drought conditions, seedlings subjected to artificial
shade treatment had higher specific leaf area, higher pho-
tosynthetic rate, stomatal conductance, and N-concentra-
tion than seedlings under full light (Quero et al. 2006). In
contrast, other experiments demonstrated that oak seed-
lings in the shade were less efficient in osmotic adjustment
and effective control of water loss (Aranda et al. 2005).
Under natural conditions, the tolerance to simultaneous,
multiple stresses, and the interaction with herbivores,
pathogens and other plants will determine the outcome
of oak seedlings.

Nurse plants may have a very important role in pro-
tecting oak seedlings from herbivores. Callaway (1992)
found that acorns of the Californian oak Quercus douglasii
were more intensely predated on by rodents under shrubs,
while emergent seedlings were eaten preferably by deer in
the open grassland. The most favourable outcome of these
two main predation risks is that acorns surviving early ro-
dent predation under shrubs become seedlings, and oc-
cupy sites relatively free from deer grazing. Not all shrubs
have the same efficiency as nurse plants; in fact there is a
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non-random distribution of oak seedlings associated with
different shrub species in the Californian savannas. After
experimental manipulations, Callaway and D’Antonio
(1991) found that 43% of the germinating seedlings sur-
vived under Ericameria ericoides and 34% under Artemi-
sia californica, while there was no survival under Lupinus
chamissonis. Species specificity in the facilitation effects of
nurse shrubs suggest that, besides the modification of the
micro-climatic conditions, there are particular traits in
shrubs that favour oak seedling establishment (Callaway
1998). For example, the possession of spines, tough tis-
sues and chemical defences can allow shrubs to provide
protection against herbivores. Moreover, rather than di-
rect protection by spines or toxic compounds, plants may
also indirectly benefit from being within a complex com-
munity where foraging efficiency by herbivores is reduced
(Callaway and Pugnaire 2007).

A high proportion of the fallen acorns are harvested
and predated upon. In a mixed oak woodland of southern
Spain, the probability of oak seed removal was higher under
denser plant cover (almost 100% in a few days) than in the
open, which was attributed to the action of small rodents
that are more active in shrubby sites where they are protect-
ed against predators (Pérez-Ramos et al. 2008). However, a
small fraction of the removed and buried seeds can survive
and they are crucial for the long term viability of oak popu-
lations. In the open oak savannas, the role of mice trans-
porting acorns to the few shrubby sites can allow for some
oak seedlings to escape from the intense grazing pressure in
the pasture (Pulido and Diaz 2005). At the landscape scale,
recruitment of Quercus agrifolia was higher in shrub-dom-
inated patches in central California (Callaway and Davis
1998): e.g. 61% of the recruits were found in coastal sage
scrub, which occupied only 35% of the landscape.

In some cases, there are stronger negative effects, super-
imposed by the positive nurse effects of trees and shrubs,
and the net outcome is the inhibition of seedling estab-
lishment in the understorey. This may be the case for the
creosote bush in the Sonoran Desert, where allelopathic
compounds produced by their roots may inhibit growth
of other plants, thus impeding its function as a nurse plant
(Mahall and Callaway 1992). In the case of the evergreen
tree Phillyrea latifolia a lower seedling survival (only 10%)
was found under conspecific adults, compared with those
under shrubs (41% under Rosmarinus officinalis and 22%
under Pistacia lentiscus). The depression in seedling emer-
gence and survival under plants of the same species could
partly be caused by intra-specific inhibitors in the leaf litter
(Herrera et al. 1994).

Balance between facilitation and
interference

A system of oak trees and herbaceous plants forms a mosa-
ic with different intensities of competition and facilitation.
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In general, the type of plant—plant interactions in savannas
may change in time and space, due to climatic fluctua-
tions, fire incidence or herbivore impact. In consequence
a net facilitative effect will be appreciated some years and
a net competitive effect in other years (Knoop and Walker
1985, Vetaas 1992, Greenlee and Callaway 1996, Scholes
and Archer 1997).

Facilitative mechanisms of shade and nutrient inputs
have the potential to facilitate understorey species, but their
effects can be outweighed by root interference (Callaway
and Pugnaire 2007, Moreno 2008). In Californian savan-
nas, Callaway et al. (1991) demonstrated in bioassays that
soil enrichment and litter of Quercus douglasii had strong
facilitative effects on the growth of the annual grass Bromus
diandrus. However, in field experiments, individual trees
with high fine root biomass in the upper soil layers had
strong negative effects on the understorey productivity.
Negative effects were cancelled in the field in experiments
with root exclosures, demonstrating that the interference
by oak roots by these particular trees outweighed the posi-
tive effects of nutrient addition. In contrast, other Q. doug-
lasii trees rooted into the water table and with much lower
amounts of fine roots in the upper horizons (trees with
much higher water potential) had strong positive effects
on the growth of herbaceous plants, and these effects were
not affected by root exclosures.

Benefactor species, such as oak in savannas, may have
facilitative effects on some herbaceous species (shade-
tolerant or nutrient-demanding), but competitive effects
on other species (light-demanding or tolerant to nutrient-
poor soils). The result is a replacement of species in the
understorey community, compared to the open grassland,
as we discussed previously.

The importance of facilitation over competition tends
to increase in conditions of higher abiotic stress or increas-
ing consumer pressure (Bertness and Callaway 1994, Cal-
laway and Pugnaire 2007, Brooker et al. 2008). According
to this ‘abiotic stress hypothesis’, a shift from net competi-
tion to facilitation may be expected in plant communities
under harsh environmental conditions, prompted by an
increase in facilitation rather than by a decrease in com-
petition; see McClaran and Bartolome (1989) for Califor-
nian savannas, and Pugnaire and Luque (2001) for south-
east Spanish shrublands.

In some cases, competitive interactions that occur be-
tween two species, early in development, may be followed
by facilitation once one of the species develops a taller
canopy and deep roots, thus establishing niche separation.
In semi-arid Spain, young Rezama sphaerocarpa shrubs in-
terfere with and displace Artemisia barrelieri during early
stages of succession, but in later stages Artemisia plants are
preferentially found under large Retama shrubs (Haase et
al. 1996).

In the Mediterranean oak savannas, complex combi-
nations of negative and positive interactions, operating
simultaneously between the oak trees, shrubs and herba-
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ceous plants, under the influence of animals and micro-or-
ganisms, must be considered to understand the function of
the whole ecosystem. In particular, a better knowledge of
the aboveground and belowground resources and their use
by oak trees and herbaceous plants would help to develop
better management of this agroforestry system (Moreno
et al. 2007).

Savanna dynamics

The fact that a site persists as a savanna rather than as a for-
est or woodland may indicate that certain portions of that
landscape do not provide appropriate conditions for tree
establishment, or that tree recruitment is impeded by graz-
ing or fire (Scholes and Archer 1997, Higgins et al. 2000).
There are several models to explain the coexistence of trees
and herbaceous plants, and to describe savanna dynam-
ics (Walker et al. 1981, Belsky 1990, Scholes and Archer
1997, Higgins et al. 2000, Sankaran et al. 2004).

Rooting niche separation model. Plants with contrasting
life-forms, such as trees and small herbs, use resources dif-
ferently in space and time. Deep-rooted trees are able to
explore deep soil layers and take up deeper water reserves,
therefore acquiring a niche that is somewhat separate from
that of small herbs, which depend mostly on surface soil
moisture (Walker et al. 1981, Knoop and Walker 1985,
Moreno et al. 2007). Oak trees in Spanish dehesas have
large root systems exploring a huge soil volume (more than
20 m away from the trunk and 4 m deep), and in con-
sequence limited competition with shallow-rooted herba-
ceous plants (Moreno et al. 2007).

In general, plant geographers, based on this ‘two-layer
hypothesis’ (Walter 1971), have suggested that trees would
have advantages on soils of low-water holding capacity
(rocky or sandy soils) in wet climates, and that grasses
would thrive on shallow soils underlain by impervious
layers, water-retaining clays, in arid environments. This
hypothesis has been formalized in Walker and Noy-Meir
(1982) analytical model to demonstrate that rooting niche
differentiation may allow the stable coexistence of trees
and grasses. However, there is substantial contrary evi-
dence suggesting that this theory is not universally valid.
For example, many woody species are shallow-rooted and
strongly compete with herbaceous plants for the top-soil
moisture (Tolsma et al. 1987, Evans and Ehleringer 1994,
Hipondoka et al. 2003). In addition, this hypothesis is fo-
cused on adult trees and ignores the smaller root depth
of seedlings and saplings, and potential competition with
grasses (Sankaran et al. 2004).

Phenological separation model. The phenological separa-
tion between trees and herbaceous plants can contribute
to their coexistence in savannas. Trees take advantage of
stored carbohydrates and nutrients, and their ability to

WEB ECOLOGY 9, 2009

take up water deep in the soil, to have a wider phenologi-
cal activity and thus exclusive access to resources early and
late in the growing season. While herbaceous plants are
more dependent of current rainfall and temperature re-
gimes. The continuous growth and overtopping strategy of
trees would be favoured in seasonal, predictable, moist en-
vironments while the opportunistic strategy of herbaceous
plants would be more favourable in the arid, unpredictable
environments (Scholes and Archer 1997).

In Mediterranean-climate savannas plants are limited
by cold in winter and by drought in summer. The grow-
ing season of annual plants peaks during the few months
of warm and moist conditions. Oak trees are evergreen
and active most of the year, although there are winter-
deciduous oaks, like Quercus douglasii in California. De-
spite evidence indicating niche separation by phenology
in savannas, how they contribute to coexistence of the two
life forms has not been investigated in detail (Sankaran et

al. 2004).

Balanced competition model. This model is alternative to
the niche separation model, although equally assuming
equilibrium conditions. It proposes that intra-specific or
intra-functional type competition is greatest but becomes
self-limiting at a biomass insufficient to eliminate the inter-
specific, poorer competitors (Scholes and Archer 1997). A
form of balanced competition is found in savannas where
mature trees outcompete herbaceous plants, but these, in
turn, are able to outcompete establishing trees. In this case
the model predicts two meta-stable states: dense woodland
and tree-less grassland.

Tree density will be limited by the competition for wa-
ter between trees and the needed rooting volumes to meet
their water demands. Grasses will persist by using water in
the interspaces between trees (Sankaran et al. 2004). This
model can be applied to optimize management of oak
density, water use and grassland production in agroforestry
systems (Joffre et al. 1999, Moreno et al. 2007).

Dis-equilibrium model. Frequent disturbance or environ-
mental change will prevent the competitive exclusion or
even reverse the competitive hierarchy. According to this
type of models, the interaction of a variety of stresses and
disturbances, acting differently on trees and herbs, scat-
tered in time and space will determine the savanna dynam-
ics (Scholes and Archer 1997). Grass—tree coexistence in
savannas has been explained through interactions between
life history and disturbance, by a non-equilibrium mecha-
nism called ‘storage effect’ (Higgins et al. 2000). Given
the overlapping generations and fluctuating recruitment
rates, the reproductive potential is ‘stored” between genera-
tions (hence the ‘storage effect’), and allows the population
to recruit strongly when conditions are favourable. In sa-
vannas, the variation in rainfall and fire intensity leads to
variation in tree seedling establishment and recruitment
that, against a background of low levels of adult mortality,
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allows the storage effect to promote coexistence (Higgins
et al. 2000).

Rather than in competitive interactions, this type of
models focuses on demographic mechanisms limiting tree
establishment and persistence. In particular, Iberian dehe-
sas can be viewed as transitional dis-equilibrium systems,
in which grazing and other disturbances maintain the open
woodland state avoiding the transition to forest.

Facilitation model. In contrast to the processes associated
with competition between tree and herbaceous plants and
their release for allowing coexistence (such as niche parti-
tioning, variation in the physical environment, frequent
disturbances, heterogeneity in the ratio of limiting re-
sources, development of local resource depletion and spa-
tial structures that suggest niche facilitation), the positive
interactions may directly promote coexistence and increase
community diversity (Michalet et al. 2006, Callaway and
Pugnaire 2007).

Callaway and Davis (1998) showed a positive asso-
clation between Quercus agrifolia recruitment and shrub-
dominated patches in central California, partly explained
by facilitation processes, particularly in habitats with high
abiotic stress such as south-facing slopes. This shrub-
favoured preferential recruitment of oaks may lead to a
conversion of shrubland into woodland, given certain
conditions of topography, substrate and disturbance re-
gime (Callaway and Davis 1993). Therefore, facilitation
processes play a significant role in the model predicting a
shifting mosaic of shrubland, woodland and grassland for
Californian landscapes.

Synthesis. Several factors act at different scales influencing
species coexistence and diversity (Willis and Whittaker
2002). The climate regulates savanna composition at re-
gional or continental scales. At the landscape scale, there are
topographic and geomorphic processes related to rainfall,
water re-distribution and availability. At local and patch
scales, water distribution and disturbance and fire events
affect tree-grass mixtures (Coughenor and Ellis 1993).
Models proposed to explain the coexistence of tree and
grasses as well as savanna dynamics, should be integrative
and include facilitation and competition interactions, tree
population demographic limitations, and climate and dis-
turbance regimes, all of them interacting in complex ways

(Sankaran et al. 2004).
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