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Abstract The impact of grazing widely differs among plant communities. A generalized model published in 1988
proposed that this variation could be accounted for by the interaction between primary productivity and the
evolutionary history of grazing. As productivity increased, the model predicted larger changes of species
composition. Evolutionary history of grazing interacted with productivity: the changes in low-production systems
were smaller if evolutionary history was long, whereas the changes in high-production systems were independent
of evolutionary history. In this paper, we focus on: (i) the difficulties of determining the evolutionary history of
grazing of a community, and (ii) additional mechanisms, which, as a sequence of filters in the process of community
assembly, could be operating across the gradient of primary production. Assigning a given evolutionary history of
grazing to a site has been difficult due to the lack of information on the historical population and distribution of
herbivores with an adequate spatial and temporal resolution, and the lack of agreement on the size of the relevant
evolutionary time window. Regarding the variation through a gradient of primary production, we propose three
additional mechanisms coherent with the prediction of the model. First, the regional pool of available species
increases with primary production. Second, grazing intensity (consumption as a proportion of above-ground
production) also increases with primary production. Third, the strength of interspecific positive biotic interactions
that protect plants from herbivores decreases with primary production. We highlight an additional potential
mechanism, seed dispersal, whose variation across the gradient of productivity is not yet sufficiently understood. By
connecting the logic of environmental filters to explain community assemblage with the original proposition of the
generalized model, we suggest a series of research lines that can lead to a better understanding of why different
communities respond differently to grazing.
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INTRODUCTION

The impact of grazing on the species composition and
diversity of grasslands and savannas is highly relevant
to both ecosystem management and disturbance
ecology. For management, the central issue is which
species will be promoted or diminished by grazing.
Disturbance ecology provided the conceptual frame-
work to understand the effect of herbivores on the
structure of plant communities (e.g. McNaughton
1983; Wilson 1999). In fact, range management and
disturbance ecology have been closely intertwined over
the last century.

Milchunas ez al. (1988) proposed a model to address
why species composition is more affected in certain
plant communities than in others by grazing by large
generalist herbivores. With some modifications (Cin-
golani er al. 2005), this model is now the standard
reference for any work on the effect of grazing on
species composition. In this article, we (i) describe the
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major developments previous to the formulation of
that generalized model; (ii) describe the model; (iii)
address some problems that arise when the model is
used to predict or explain specific grazing effects, and
propose some additions; and (iv) provide a synthesis
and future lines of research.

PREVIOUS MODELS

The changes of species composition triggered by
grazing were initially explained on the basis of classical
succession theory (Clements 1916). Accordingly, all
plant communities in the absence of disturbance were
at a climax or steady state, which was only disrupted
by disturbance. Therefore, disturbance reset the plant
community to a more immature stage, after which
succession led to a single, gradual pathway of recovery
toward the climax through various intermediate seral
stages.

Clements’ ideas were applied to range management
immediately by Sampson (1917), and later by Dyk-
sterhuis (1949) who developed a model to classify the
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different rangeland conditions of communities with
similar climax according to grazing intensity (the range
succession model sensu Westoby ez al. 1989). At each
condition, determined by a particular stocking rate,
vegetation composition reached a temporary equilib-
rium resulting from two opposite forces, disturbance
(i.e. grazing) and system change (i.e. succession). The
range succession model also accounted for climatic
variability: a season with above-average rainfall would
act like succession and push the plant community
toward its climax condition, while a season with
below-average rainfall would push it toward a younger
seral condition, as grazing does. Hence, management
could increase stocking rate in wet years and reduce it
in dry years. During rangeland succession, younger,
heavily grazed seral stages were considered to be in a
poorer condition as a forage resource than older,
ungrazed or lightly grazed seral stages. The early stages
were dominated by ruderal species, often exotics, with
high dispersal ability, fecundity and growth rate.
Throughout the succession, later seral stages were
enriched in perennial species with higher forage value,
until the climax stage was reached and communities
were considered to be in an excellent condition as a
forage resource.

These ideas were modified by the state-and-
transition model (Westoby ez al. 1989), which devel-
oped in agreement with parallel developments in basic
ecology, such as the idea of alternative climax condi-
tions, the importance of chance events, or the different
mechanisms for species replacement (Drury & Nisbet
1973; Connell & Slatyer 1977). The model introduced
a management tool based on communities not at equi-
librium and not responsive to disturbance with
predictable successional trajectories. Rangelands alter-
nated among a spectrum of discrete states with the
transitions among states triggered by a combination of
grazing and other environmental factors (e.g. fire,
rainfall). The model constituted a conceptual frame-
work for developing a catalogue of state and transitions
for different rangelands, and allowed a more versatile
management (named opportunistic management) that
helped range managers to seize opportunities for desir-
able transitions and avoid undesirable ones.

Both the range succession and the state and transi-
tion models, however, were not able to explain the
variable impact of grazing on community composition
across different communities, the issue that we address
in this article. For instance, the semiarid shortgrass
steppe in the North American Great Plains is relatively
little affected by grazing (Milchunas er al. 1989; Mil-
chunas er al. 2008). The steppe, dominated by two
perennial grasses and a number of accompanying
forbs, undergoes subtle changes in species composi-
tion under heavy grazing. In contrast, the subhumid
Flooding Pampa grasslands, in Argentina, drastically
change even at moderate grazing intensity (Sala er al.
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1986). In this case, a few cool and warm season
grasses, mostly native, are replaced by a number of
exotic annual forbs and grasses (Sala er al. 1986). Mil-
chunas ez al. (1988) attempted to explain variations of
this sort.

A GENERALIZED MODEL

Milchunas ez al.’s (1988) generalized model proposed
that the position of a community across gradients of
moisture and evolutionary history of grazing deter-
mined its response to grazing (see in Appendix S1 a
commentary by Milchunas, Lauenroth and Sala with
some clarifications). The evolutionary history of
grazing is a combined measure of the length of time
and the intensity of grazing by large generalist herbi-
vores (Milchunas & Lauenroth 1993).The generalized
model was largely based on the intermediate distur-
bance hypothesis. Although the best known graphical
representation of this model (fig. 3 in Milchunas ez al.
1988) depicted species diversity as the response vari-
able, the model focused on species composition as well
as diversity (fig. 2 in Milchunas ez al. 1988). Diversity
and changes in species composition are related; distur-
bance may change species composition while diversity
remains constant. Thus, we will limit our analysis to
why species composition varies between contrasting
grazing regimes. Because mean annual precipitation
accounts for most regional variation of primary pro-
ductivity in grasslands (Sala ez al. 1988), the moisture
axis of the model also reflects a gradient of
productivity. Thus, the generalized model stated that
the moisture axis was exchangeable with above-ground
primary productivity (Milchunas ez al. 1988), an issue
that was later stressed and formalized further by Cin-
golani ez al. (2005). The model proposed four basic
situations that resulted from the interaction between
two trends: subhumid grasslands experienced a
remarkably greater response to grazing than semiarid
ones, and semiarid grasslands with short evolutionary
history of grazing had a greater response than those
with a long history (Fig. 1).

The mechanisms for the different amount of change
in species composition in response to productivity and
evolutionary history of grazing were as follows. A
central mechanism was the convergent selection for
traits that confer resistance to grazing and drought,
and the divergent selection for traits that confer resis-
tance to grazing and ability to compete for light
(Fig. 1; Coughenour 1985). Grasses from arid and
semiarid habitats have small stature, basal meristems,
high shoot density, deciduous shoots and high silica
concentration, which enhance both the ability to tol-
erate drought and to avoid grazing. On the contrary,
grasses from subhumid to humid habitats are taller
and allocate more resources above-ground, which
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Fig. 1. Generalized model of the effect of grazing on com-
munity composition. The size of the effects is depicted as a
function of moisture and the evolutionary history of grazing.
Dashed arrows represent the major mechanisms proposed
for the changes across each axis. Based on figure 3 of Mil-
chunas er al. (1988), but restricted to changes in species
composition.

confer on them higher competitive ability for aerial
resources, but lower grazing resistance (Coughenour
1985; Herms & Mattson 1992). Another central
mechanism was that as evolutionary history increased
genotypes were more resistant to grazing (Fig. 1; Mack
& Thompson 1982; Milchunas et al. 1988). As evolu-
tionary history of grazing increases, plant species tend
to have traits associated with resistance to grazing
(Diaz et al. 2007), that is, tolerance in the form of
rapid regrowth, or defence in the form of prostrate
growth or silica content. The effect of evolutionary
history of grazing on the amount of change of species
composition as a response to grazing depended, in the
generalized model, on the level of productivity. In low
production systems, it added to the already present
resistance to grazing derived from the adaptation to
aridity and resulted in lower species changes. In high
production systems, it generated a suite of species
resistant to grazing that were more or less abundant
according to the spatial variation of grazing intensity.
Thus, the generalized model predicted similar amount
of change of species composition in productive sites
with long and short evolutionary history of grazing,
but the mechanisms of species replacement were
different. With a long history of grazing, grazing-
susceptible species, which achieved dominance
because of their ability to compete for light, were
replaced by native, grazing-resistant species. With a
short history of grazing, grazing-susceptible species
were replaced by resistant species that were mostly
exotic.
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The model, originally based on a few case studies,
was later tested by a meta-analysis that contrasted a
number of situations across the world with different
grazing regimes (Milchunas & Lauenroth 1993). The
support for the model was partial (see in Appendix S1
a commentary by Milchunas, Lauenroth and Sala with
a different interpretation). For the moisture axis, the
results were as predicted by the model: as mean annual
precipitation or productivity increased, the changes of
species composition were larger (larger dissimilarity
between grazing regimes). However, the proportion
of variation of dissimilarity accounted for by mean
annual precipitation was between low and moderate
(15% overall, 13% for grasslands and shrublands, 40%
for grasslands and 62% for shrublands). On the con-
trary, the evidence did not support the prediction for
the interaction between evolutionary history of grazing
and productivity. For grasslands and shrublands, as
evolutionary history increased, the dissimilarity also
increased at both ends of the moisture gradient,
whereas for grasslands it increased at the subhumid
end, and it did not change at the semiarid end. The
proportion of variation of dissimilarity accounted for
by evolutionary history of grazing was also between
low and moderate (9% overall, 19% for grasslands
and shrublands, 5% for grasslands and 5% for
shrublands).

ADDING COMPLEXITY TO THE
GENERALIZED MODEL

The generalized model proposed by Milchunas ez al.
(1988) was critical to understand and predict how
grazing impacts species composition. More than
20 years since it was proposed, it remains as the stan-
dard reference to interpret the results of studies of
grazing impact on plant communities. We will now
focus on two central aspects of the model that could be
improved by future research on grazing as a
disturbance. First, the evolutionary history of grazing
has some operational drawbacks. Second, other vari-
ables covarying with the axis of primary production
may suggest additional mechanisms to explain why the
effects of grazing on species composition increase with
moisture or productivity. By proposing additional
mechanisms, we are not suggesting that the originally
proposed mechanisms are irrelevant. They most likely
remain as the major mechanisms. However, consider-
ing additional mechanisms that are consistent with the
model may help understand the variation of responses
to grazing.

Operational limitations of the evolutionary
history of grazing

Assigning a given evolutionary history of grazing to a
site has proven to be complicated (Milchunas &
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Lauenroth 1993; Lauenroth 1998; Adler er al. 2004).
One of the difficulties is the lack of information on the
historical population of herbivores with a spatial and
temporal resolution that matches the requirement of
users of the generalized model. We will illustrate this by
describing in some detail the approaches followed by
two studies that used the concept of evolutionary
history of grazing. First, the most thorough review of
the evidence for the generalized model (Milchunas &
Lauenroth 1993) used the opinions of five experts who
assigned to each site a value of 1 to 4 according to their
knowledge of the evolutionary history of grazing. For
each site, each expert had to combine the length and
the intensity of grazing by large herbivores for the
period between one million and one hundred years
ago. Experts also included the certainty of their esti-
mate (from 1 to 4 increasing certainty), which aver-
aged between 2.0 for European sites and 3.1 for North
American sites. Second, a thorough exploration of the
evolutionary history of grazing as a potential explana-
tory variable of the diversity of plant traits assigned
each site a category of evolutionary grazing based on
the literature (Diaz ez al. 2007). Sites were classified
into either long or short evolutionary history of grazing
based on the continuous occupation of large herbi-
vores for the last 10 000 years. The resulting pattern of
evolutionary history had a continental grain except for
North America. South American sites were assigned a
long evolutionary history of grazing, which contra-
dicted the previous classification by Milchunas and
Lauenroth (1993), which had assigned a short history
to sites in that continent (average 1.7 in the 1-4 scale
mentioned above). North America was the only con-
tinent with both long and short history sites, which
likely resulted from a better knowledge of its
paleoecology. These two examples illustrate that our
capability to use the evolutionary history of grazing as
an explanatory variable may be too coarse (continental
scale, few classes) and uncertain (low certainty, sub-
jective opinion, low consistency between studies).

The lack of hard evidence with good resolution on
the evolutionary history of grazing makes it tempting
to include plant traits as evidence. As was previously
noticed (Lauenroth 1998), this is dangerous, circular
thinking. Plant traits associated with a long evolu-
tionary history, such as spines, or silica content
should be defined a priori and be fully independent
of observed patterns of response of the species to
grazing.

Another pending issue on the quantification of the
evolutionary history of grazing is the relevant time
frame that should be taken into consideration (Fig. 2).
This time frame has varied significantly among
studies. Leaving out the last 100 years as ecological
time, evolutionary time was considered within a time
frame of about one million (Milchunas & Lauenroth
1993) to 10 000 (Diaz et al. 2007), to 2000 years
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Fig. 2. Different authors have used different time windows
as relevant to assign the evolutionary history of grazing to a
site. The size of the time window implies different processes
and thus different mechanisms for the role of evolutionary
history of grazing as an explanatory variable of the effects of
grazing on species composition. Notice that the window does
not include the last 100 years, which are considered ecologi-
cal time (Milchunas & Lauenroth 1993).

(Adler et al. 2004). How long and recent should the
continuous presence of herbivores be to be relevant as
a selective force on plants? Short-term evolutionary
history may be insufficient for species-level adapta-
tions to the evolutionary history of grazing, so most
changes of species composition will stem from ecologi-
cal processes, such as the migration of species previ-
ously adapted under conditions prevailing outside of
the time/space frame (Fig. 2). In contrast, long-term
evolutionary history may include evolutionary pro-
cesses, such as speciation, that took place in the system
under study. These issues are not exclusive of the evo-
lutionary history of grazing, but apply to any other
selective force.

The phylogeny of the grass family could become a
framework for the analysis of the evolutionary history
of grazing. There is ample evidence of the coevolu-
tion of grasses and grazers (Stebbins 1981;
McNaughton 1984). However, grass phylogeny
(Kellogg 2000, 2001; GPWG 2001) does not show a
clear association with herbivory but instead suggests
broad patterns of adaptation to shade/open environ-
ments, high or low temperature, or high or low water
availability (Edwards & Smith 2010). Grass phylog-
eny does not show how the acquisition of traits to
resist grazing could have driven grass evolution. If we
knew how certain grazing-related traits were distrib-
uted across the phylogeny of the family or across
certain subordinate groups, we could infer whether
grazing was a more important evolutionary force in
the evolution of certain genera or species than in
others. Then, through the dominance of these groups
in the field we could infer more directly the evolu-
tionary history of grazing of the site. As indicated

© 2011 The Authors

Journal compilation © 2011 Ecological Society of Australia



Species pool
(small)

GRAZING AND SPECIES COMPOSITION 885

Species pool
(large)

Dispersal . 1 L ..
(grazing-related?,

Propagules

Droughttolerants Mesic plants
Competitionl____ (smgm” ______ C _Qmpe_t_i_t_i_o_n,_ﬁ‘.’.’.‘.’g’.‘.’_’_}_._.
Community Community
composition composition
Grazing || ... | Grazing ||
(plant-plant (greater intensity)
protection) | ~Community zCommunity
composition composition
semiarid subhumid
MOISTURE

Fig. 3. Formalization of the generalized model of Milchunas ez al. (1988) under the logic of community assemblage through
environmental filters. Only the gradient of moisture is shown. Additional mechanisms that may explain why grazing impact on
species composition increases with productivity were added between brackets (bold and italic). These additional mechanisms are
the increase of the species pool size and the intensity of grazing in subhumid sites, and the increase of plant to plant protection
from grazing in semiarid sites. Dispersal effects are highlighted, but remain undefined.

above, this should be done with caution because
there is a high chance of circularity if the interpreta-
tion of grazing-related traits is based on the response
of the species to grazing.

In contrast to the lack of association between grazing
and broad phylogenetic patterns, grazing has clear
links to intraspecific and intrageneric differentiation of
grasses. A number of studies have shown intraspecific
variation in grazing-related traits. Grazing ecotypes
differ in plant height, tillering, leaf morphology,
growth rates and response to defoliation (e.g.
McNaughton 1984). There are also cases of contrast-
ing adaptation to grazing between species of the same
tribe (Caldwell ez al. 1981). These strong microevolu-
tionary changes suggest that the spatial pattern of evo-
lutionary history of grazing may be fine-grained. For
example, differences between prairie dog on-colony
and off-colony sites separated by a few metres were
responsible for large differences within grass species in
a mixed-grass prairie (Painter er al. 1989). Interest-
ingly, however, species from the drier shortgrass steppe
did not show strong intraspecific differences in the
response to defoliation (Kotanen & Bergelson 2000),
which agrees with the predictions of the generalized
model. In summary, assigning an evolutionary history
to a site may require a knowledge of past herbivore
distribution much more detailed than the current at
the continental scale.
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Additional mechanisms along the axis of
primary productivity

The composition of a plant community has been pre-
sented as the result of a series of steps that starts with
a regional pool of species and ends with the final
composition of species. Thus, community composition
results from the action of a sequence of filters or sieves
through which some species are deleted and others
retained: availability of species, dispersal, abiotic filters
and biotic filters (Keddy 1992; Diaz et al. 1998, 1999;
Wilson 2004). This logic is particularly well suited to
address the effects of disturbances on community
composition (Keddy 1992), but it has not been applied
to the generalized model of the effect of grazing and its
further developments (Milchunas & Lauenroth 1993;
Cingolani ez al. 2005). Analysed under this logic, the
generalized model focused on the effect of an abiotic
filter, moisture or rainfall, interacting with a biotic
filter, competition. This combination determined the
result of grazing (Fig. 3). In the model, the availability
of water (Milchunas er al. 1988) and of soil resources
in general (Milchunas ez al. 1988; Cingolani ez al.
2005) is a major abiotic filter that ultimately deter-
mines the response of the community to grazing. We
will here analyse the role played by the size of the
species pool, the process of dispersal, the intensity of
grazing and the strength of other biotic interactions
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across the gradient of primary productivity (Fig. 3).
These additional mechanisms are not proposed as
alternative mechanisms to competition, but as rein-
forcing mechanism that may generate the pattern pre-
dicted by the model and observed by later empirical
studies.

Availability of species

As the availability of species in the regional pool
increases, the changes in species composition triggered
by grazing will be larger (Fig. 3). The species compo-
sition of a plant community ultimately depends on the
availability of species at a broader scale (Ricklefs 1987;
Keddy 1992). The regional pool of available species is
the set of species in a region that may potentially live in
the target community (Partel ez al. 1996). If the size of
the regional pool increased with rainfall or primary
production, species availability would be an alternative
mechanism for the pattern of species change induced
by grazing across the gradient. For a given alpha diver-
sity, there will be more potential for changing species
composition as the pool size increases. We will here
analyse this prediction based on patterns of richness
among some case studies that were paradigmatic in
formulating the generalized model (Milchunas ez al.
1988; Partel er al. 1996): the Patagonian steppe and
the shortgrass steppe, as low-production systems, and
the Serengeti and the Flooding Pampa grasslands, as
high-production systems.

As a general rule, species richness of rangeland
increases with mean annual precipitation and primary
productivity across regional gradients (Adler & Levine
2007; Anderson er al. 2007). In agreement with this
general pattern, in the semiarid Patagonian steppe and
in the shortgrass steppe regional richness is low. The
Patagonian grass-shrub steppe has a total richness of
62 species and an average stand richness of 26 species
(Golluscio et al. 1982). The uplands of the shortgrass
steppe have a total of 107 species (Lauenroth 2008),
and each stand has an average of 15-27 species (Mil-
chunas er al. 1989). In contrast, the highly productive
Serengeti and Flooding Pampa grasslands, which
exhibit large changes in species composition as a result
of grazing, have a larger regional species pools. In the
Flooding Pampa, mesophytic meadows have a pool of
223 species and a stand richness of 33-39 species
(Perelman et al. 2001). In the Serengeti, Anderson
et al. (2007) found a total of 317 species: species rich-
ness ranged between 7 and 25 for a 10-m? area and
between 12 and 45 for a 100-m? area, which is roughly
similar to the Flooding Pampa’s 33-39 species for a
25-m? sample area. All these data show that wet, high-
production grasslands have more species regionally
available than dry, low-production systems. Moreover,
the increase of the pool size is much larger than the
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increase of stand richness, which indicates that as pro-
ductivity increases there are proportionally more
species available to colonize a patch disturbed by
grazing. Certainly, more data are needed to confirm
the pattern, but these four example areas, the same
used by Milchunas ez al. (1988) to illustrate their
model, suggest that regional species availability
increases with primary production. The potential role
of species availability is highlighted also by seed addi-
tion experiments combined with grazing: a common
response is that grazing does not produce the expected
changes in species composition unless seeds of the
target species are added (Oesterheld & Sala 1990;
Martin & Wilsey 2006).

The increasing size of the species pool as productiv-
ity increases could then become one additional mecha-
nism for the larger changes of species composition
induced by grazing in high- than in low-production
grasslands. The size of the regional species pool repre-
sents the potential set of species that may be added as
a result of grazing. Thus, as rainfall and productivity
increase across regional gradients, there is a larger
potential for species change, just as predicted by the
generalized model, but through a new mechanism,
different from competition.

What is the implication of the existence of this
potential additional mechanism? As indicated above,
the evidence for the prediction of the generalized
model across the gradient of production is strong but
not perfect: a significant amount of variation of species
composition response to grazing remains unexplained.
Thus, some deviation of the responses could be
accounted for by species availability (e.g. because of
the regional abundance of exotic species). The dissimi-
larity between grazed and ungrazed situations that
arises from species additions requires the regional
availability of species to be added. Thus, although the
original mechanism proposed by the generalized
model suffices to qualitatively explain the response, the
size of the species pool may be responsible for some of
the quantitative differences of response.

Dispersal

Grazing herbivores play a significant role in the dis-
persal of fruits and seeds. Most classifications of dis-
persal modes are based on the agent of dispersal and
largely rely on morphological clues of the propagule.
Major dispersal agents are wind (anemochory), water
(hydrochory), animals (zoochory) and the plants
themselves (autochory) (Levin ez al. 2003). Dispersal
of grassland species by grazing herbivores has been
underestimated because many species with no particu-
lar seed or fruit morphology are dispersed by herbi-
vores (Janzen 1984). The two most common
mechanisms are seed deposition within feces, and the
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transport of seeds attached to the surface of the
animal. A high proportion of the species present in
various grassland communities germinate in dung of
several herbivore species (Pakeman 2001; Pakeman
et al. 2002; Myers etz al. 2004). In addition, plants of
many herbaceous species are transported long dis-
tances by migrating herds of herbivores that carry
them attached to their skin (Sorensen 1986; Manzano
& Malo 2006) and may even facilitate their establish-
ment through small-scale disturbances (Milchunas
et al. 2008).

Does dispersal play a role in the patterns predicted
by the generalized model? This would be the case if
the dispersal spectra of species changed across the
gradient of production and, in particular, if the dis-
persal by herbivores changed across the gradient.
There is very little evidence for these possibilities.
The dispersal spectra of vegetation do change across
environmental gradients, such as water availability
and soil fertility (Willson er al. 1990). However, due
to the high proportion of species with no apparent
dispersal mechanism that are actually dispersed by
animals, these patterns are largely inconclusive. The
types of dispersal associated with grazing intensity
are also contradictory (McIntyre & Lavorel 2001;
Pakeman 2004).

Even if dispersal does not have a clear variation with
the gradients of the generalized model, it has such an
impact that it may be a major source of the variation
not explained by the model. For example, the conver-
sion of Texas grasslands and savannas into dense
woodlands has been tracked to the dispersal of Prosopis
glandulosa, which, once established, facilitates the dis-
persal of other woody species by birds (Archer ez al.
1988; Brown & Archer 1988). Dispersal is a critical
step in the logic of community assemblage that we are
following. In contrast to the previous step, species
availability, for which we had evidence of a variation
across the gradient of production, there is no clear
direction in which grazing and dispersal may interact
across that gradient (Fig. 3).

Covariation of production and grazing intensity

The generalized model assumed an increase of
grazing intensity across the gradient of productivity
because above-ground/below-ground ratios  of
biomass increased, and thus the proportion of total
biomass removed by grazers also increased (Milchu-
nas er al. 1988). The model was not explicit about
variations of the proportion of above-ground produc-
tivity consumed across the axis, which is a common
way of expressing grazing intensity, but stated that
the impact of grazing on community physiognomy
increased with production. The test of the model
(Milchunas & Lauenroth 1993) showed that the pro-
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portion of above-ground production consumed
remained fairly constant or slightly decreased as pro-
ductivity increased. Then, the increasing change of
species composition induced by grazing across the
gradient resulted from a given percentage of above-
ground removal having contrasting effects at both
ends of the gradient (Milchunas & Lauenroth 1993).
The evidence for this pattern of above-ground
grazing intensity came from reported estimates in the
papers included in the review, either in the form of
percentages of consumption or as herbivore density
that was translated to consumption according to
animal weight.

Other estimates of herbivore density showed that
the proportion of above-ground consumption or
grazing intensity increased across regional gradients
of rangeland primary production. The biomass of
herbivores increased exponentially with primary pro-
duction at a regional scale, both for natural and live-
stock systems (McNaughton ez al. 1989; Oesterheld
et al. 1992, 1999; Fritz & Duncan 1994; Cebrian &
Lartigue 2004). As a consequence, the percentage of
above-ground production consumed increased with
primary production from around 20-30% in the low
end of the productivity gradient to 70-80% in the
high end. The evidence for these patterns was mostly
based on animal density surveys at different scales
correlated with either rainfall or its translation into
productivity by empirical models. According to these
patterns, there could be an additional mechanism for
the larger changes in species composition induced by
grazing across productivity gradients: the average
grazing intensity expressed as a proportion of above-
ground production removed by herbivores increases
with productivity thus reinforcing the mechanism of
canopy opening initially present in the generalized
model (Fig. 3).

The contrast between the patterns of above-ground
consumption reported by Milchunas and Lauenroth
(1993) and other sources (McNaughton ez al. 1989;
Oesterheld ez al. 1992, 1999; Fritz & Duncan 1994;
Cebrian & Lartigue 2004) is intriguing, and we do not
have an explanation for it. Although the predictions of
the generalized model are not altered by how the con-
troversy is resolved, the potential mechanisms for
those predictions will be affected. One of the impor-
tant findings of the test of the generalized model was
that where grazing occurs was more important than
how it is done (Milchunas & Lauenroth 1993). The
second set of evidence discussed here indicates that
where and how grazing occurs are intimately related
because as production increases herbivore density
increases more than proportionally, and the relative
consumption of above-ground production also
increases, which would become an additional mecha-
nism leading to the predictions of the generalized
model.
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Positive biotic interactions

Facilitative interactions are more frequent in arid and
semiarid than in subhumid and humid conditions
(Callaway 2007). Palatable species are often protected
from grazing by less palatable neighbours (Milchunas
& Noy-Meir 2002) and this type of relationship has
been most often described for low production environ-
ments, such as alpine or dry steppe communities
(Rebollo er al. 2002; Oesterheld & Oyarzabal 2004;
Callaway et al. 2005). These indirect facilitative inter-
actions would have the same consequences as pre-
dicted by the generalized model and thus could
become an additional mechanism (Fig. 3): in dry envi-
ronments, these interactions that protect plants from
herbivory would be strong and thus species composi-
tion would change less after grazing than in humid
environments where these interactions are weaker.

SYNTHESIS AND FUTURE LINES
OF RESEARCH

More than 20 years later, the generalized model
remains as the best explanation of why grazing dif-
ferentially affects species composition of plant
communities. In this article, we have further developed
some early concerns with the operational problems of
evolutionary history, and incorporated the logic of
environmental filters of community assemblage in
order to point to potential mechanisms that could be
operating across the axis of primary productivity, most
of them likely in the same direction as the originally
proposed predictions of the model. The evolutionary
history of grazing is a powerful concept to explain the
variation of the impact of grazing on species compo-
sition, but it is a limited operational variable due to
the coarse availability of data on past herbivore
distribution. The mechanisms originally invoked to
explain the influence of the gradient of moisture or
productivity may be enriched with other potential
mechanisms that may produce similar results. The size
of the regional pool of species, the intensity of grazing
and the strength of biotic interactions that protect
plants from herbivores change across the gradient of
productivity in a manner consistent with the predic-
tions of the generalized model. Using the logic of
environmental filters to explain community assem-
blage, we can see how these mechanisms may drive,
together with the original mechanisms, the increasing
effect of grazing on species composition as productiv-
ity increases (Fig. 3).

The future lines of research that arise from this
analysis relate to each of the two axes of the general-
ized model. For the evolutionary history of grazing
axis, it is clear that we need to map the evolutionary
impact of grazing on the phylogeny of grasses as a

doi:10.1111/j.1442-9993.2010.02235.x

family highly relevant to rangelands. Are there certain
groups within the family that exhibit more traits
related specifically to grazing tolerance or avoidance?
Can these influences of grazing be discriminated from
the influence of aridity? It is also necessary to define
the time window of evolutionary history that is rel-
evant for the problem of explaining differences in
species composition. Obviously, we need to gain more
spatial and temporal precision on the past distribution
and abundance of herbivores.

For the productivity axis, we need experimental
control of the species pool size (e.g. seed addition
experiments), dispersal and grazing intensity to evalu-
ate if these mechanisms are important. Surprisingly,
the mechanisms proposed by the generalized model
have remained largely untested. A recent paper
(Quiroga et al. 2010) claims to be the first to show
direct experimental evidence of convergence between
aridity and grazing as selective pressures acting on
both drought resistance and grazing resistance. Thus,
the mechanisms considered by the generalized model
and the mechanisms proposed here need to be tested
under different conditions if we want to progress from
observing patterns to a mechanistic understanding of
why different communities respond differently to
grazing.
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