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Abstract. Plant functional traits provide one tool for predicting the effects of grazing
on different ecosystems. To test this approach, we compared plant traits and grazing response
across analogous climatic gradients in sagebrush steppe, USA (SGBR), known to have a
short evolutionary history of grazing, and Patagonian steppe, Argentina (PAT), where gen-
eralist herbivores exerted stronger selective pressures. We measured grazing response by
sampling vegetation and soils across distance-from-water gradients at arid, semiarid, and
subhumid study areas in both regions. Based on a previous analysis of graminoid traits,
we predicted that: (1) high forage quality in all three SGBR communities would lead to
high utilization and large grazing effects, whereas low quality in arid PAT would constrain
utilization and grazing impacts, with semiarid and subhumid PAT intermediate in quality
and grazing response; and (2) grazing in arid PAT would cause shifts in relative abundance
within the graminoid functional group, due to the large range of forage quality among
graminoids, but in SGBR, where all graminoids arerelatively palatable, shiftsin abundance
would occur between grasses and shrubs.

Utilization in locations close to water was higher in SGBR than in PAT study areas.
This utilization difference led to differences in grazing effects consistent with our first
prediction. Abundance of graminoids increased with distance from water in all three SGBR
communities and in subhumid PAT, but not in arid PAT. Shrub and total production decreased
with distance in SGBR but not PAT study areas. Grazing variables explained less variation
in species composition in arid PAT (43%) than in any other study area (59-74%). Grazing
did not significantly influence species richness. Evidence for our second prediction was
mixed. Grazing did alter the relative abundance of SGBR graminoids and shrubs, but
abundance shifts among the graminoids in SGBR communities were larger than in PAT
communities, counter to our prediction.

This case study demonstrates how plant traits can explain relative effects of grazing on
ecosystem structure and functioning, although predicting species-specific responses remains
a challenge. Regardless of their evolutionary origin, poor-quality graminoids make the arid
Patagonian steppe more resistant to overgrazing than communities dominated by more
nutritious species.
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INTRODUCTION

Domestic livestock grazing has dramatic effects on
plant communities and soils in some arid and semiarid
ecosystems, but only subtle effects in others (Milchu-
nas and Lauenroth 1993). Attempts to explain this var-
iability have used two related, but contrasting, ap-
proaches. The first approach relies on conceptual mod-
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els that explain grazing response based on global or
regional variation in factors such as precipitation, soil
nutrient status, and the evolutionary history of grazing
(Milchunas et al. 1988, OIff and Ritchie 1998). The
second approach takes information about plant func-
tional traits, specifically traitsthat allow plantsto avoid
or tolerate herbivory, and makes predictions about
grazing response for particular plant communities or
species (van der Meijden et al. 1988, Diaz et al. 1992,
2001, Mclintyre et al. 1999, Vesk and Westoby 2001,
Westoby et al. 2002).

Both approaches have strengths and weaknesses.
Global conceptual models explain the ultimate causes
of variation in grazing response among ecosystems, but
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can be difficult to evaluate because their primary mech-
anisms are implicit: selective pressures such as precip-
itation, nutrient supply, and evolutionary grazing his-
tory lead to the development of plant functional traits
that, in turn, condition grazing response. Theseimplicit
mechanisms are rarely tested directly, and when they
are, pose methodological challenges, especialy in the
case of evolutionary history of grazing (as in Milchu-
nas and Lauenroth 1993). In contrast, predictions based
on plant traits are easily tested, but fail to explain the
origin of cross-ecosystem variation in the traits them-
selves, the ultimate cause of regional differences in
grazing impacts.

The global conceptual models and plant traits ap-
proaches naturally fit into one framework if we state
two separate hypotheses. Hypothesis 1: Variables such
as precipitation, soil nutrient status, and evolutionary
history of grazing, which constitute the direct evolu-
tionary and ecological selective pressures on plants,
determine plant functional traits. Hypothesis 2: Plant
functional traits that influence physiological responses
to defoliation, as well as herbivore nutritional status
and foraging patterns, determine how grazing will af-
fect the plant community’s structure and functioning.
Tests of the first hypothesis, a problem in evolutionary
ecology, would compare plant traitsin ecosystemswith
different levels of resource supply, evolutionary his-
tory, or other selective pressures. The challenge isteas-
ing apart the simultaneous effects of many selective
pressures. Tests of the second hypothesis, a problem
in applied ecology and the focus of this study, require
plant traits data along with observations or experiments
on the effects of grazing on vegetation and soils. The
challenge here is identifying key functional traits and
then understanding how differences in their means and
variancestranslate into differencesin grazing response.

We tested these two hypotheses by conducting a
comparative study of plant traits and grazing effectsin
the sagebrush steppe (SGBR) of the northwestern Unit-
ed States and the Patagonian steppe (PAT) of southern
Argentina, ecosystems characterized by similar cli-
mates (Paruelo et al. 1995) but believed to have dif-
ferent evolutionary histories of grazing, with a shorter
history of grazing in SGBR than PAT (Mack and
Thompson 1982, Lauenroth 1998). We evaluated the
first hypothesis, concerning the evolutionary origins of
plant traits, in a previous study in which we tested the
influence of precipitation and evolutionary grazing his-
tory on plant traits (Adler et al. 2004). We focused this
analysis of traits on graminoids, the most abundant
plant functional type and the primary forage resource
for livestock. We measured morphological traits in-
cluding height, leaf length and width, and leaf tensile
strength, and chemical traits such as concentrations of
silica, phosphorous, carbon, nitrogen, cellulose, and
lignin.

Based on Milchunas et al. (1988), we expected to
find more grazing-resistant traits in graminoids from
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the system with a longer evolutionary history of graz-
ing, Patagonia, and from arid rather than more humid
locations within each region. The comparison provided
evidence largely consistent with this prediction (Adler
et al. 2004). For example, the dominant PAT grami-
noids, especially those from the arid site, were much
lower in leaf tissue nitrogen. In PAT, crude protein
concentrations in mature green leaves of the dominant
graminoids ranged from 4.5% to 4.8% at the arid site
and from 5.6% to 6.3% at the subhumid site. In arid
and subhumid SGBR, crude protein concentrations
ranged from 6.3% to 9.4% (Adler et al. 2004). These
differences in forage quality can have large conse-
quences for animal performance because voluntary in-
take in ruminants often decreases when crude protein
content falls below 7-10% (reviewed in Mattson 1980,
Allison 1985). As crude protein content falls below this
threshold, secondary production will be limited by for-
age quality, not forage quantity, and utilization, the
proportion of available forage consumed, will decline.
Low forage quality may also influence the distribution
of utilization within a pasture, typically concentrated
around water sources, because animals will need to
forage more widely in search of therare nutritious com-
ponents of the vegetation (Redfern et al. 2003). Al-
though these differences in plant traits supported the
evolutionary history of grazing hypothesis, we could
not rule out the role of alternative selective pressures.
Nitrogen limitation created by the extremely coarse
soils common in arid Patagonia also could be respon-
sible for low N in tissues of arid Patagonian grasses
(Adler et al. 2004).

Whether the inferior forage quality of the Patagonian
graminoids represents an adaptation to a long evolu-
tionary history of grazing or to abiotic stresses such
as N limitation, we can combine the traits comparison
with Hypothesis 2 to make two predictions about the
relative effects of grazing on SGBR and PAT plant
communities. (1) Because nutritional quality of dom-
inant graminoids will influence utilization by livestock,
we should find low levels of utilization in arid PAT,
intermediate utilization in semiarid and subhumid PAT,
and relatively high utilization in all three SGBR com-
munities, at least in sites close to water sources. These
differencesin grazing intensity will lead to differences
in the effects of grazing on plant communitiesand soils,
with the weakest effects in arid PAT, intermediate ef-
fects in semiarid and subhumid PAT, and the strongest
effectsin SGBR communities. (2) Although Patagonian
graminoids range from very low to high quality, the
sagebrush graminoids fall in a narrower range of mod-
erate to high quality. Therefore, we expected grazers
to forage more selectively within the grass functional
type in PAT, leading to a decrease in the abundance of
the high-quality graminoids and an increase in the
abundance of the low-quality species. In SGBR, shifts
in relative abundance among the grasses should not be
as dramatic, but changes in the relative abundance of
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E Grass and shrub

Fic. 1. Vegetation types and location of the arid (A), semiarid (SA), and subhumid (SH) study areas in the sagebrush
steppe of North America and the Patagonian steppe of South America. For North America, the Grass area corresponds to
Kuchler's (1964) ‘‘Fescue/Wheatgrass’ and ‘‘Wheatgrass/Bluegrass” vegetation types, and the Grass and shrub area is
Kichler's ““ Sagebrush steppe.” For South America, the Grass area corresponds to the ‘* Subandean district” and the Grass
and shrub area to the ** Occidental District’” and ‘* Gulf of San Jorge District’” of Ledn et al. (1998).

grasses and shrubs, the other significant component of
the vegetation, should be larger than in PAT.

The global conceptual models could not have gen-
erated these predictions. The first prediction is novel
because it treats utilization as a response variable in-
fluenced to some extent by plant traits, rather than as
an independent variable imposed by managers. Eco-
system ecologists have recognized the importance of
plant quality in regulating levels of herbivory (Mattson
1980), but thisfeedback seems underappreciated within
the applied plant—animal interactions literature. The
second prediction, about shiftsin abundance within and
between plant functional groups, is far more specific
than predictions offered by global conceptual models,
which by definition must ignore much of the hetero-
geneity within vegetation. The plant traits approach
encourages such detailed predictions, but results are
often equivocal (Vesk and Westoby 2001). By con-
ducting our comparison in ecosystems structured by
similar abiotic factors and focusing our traits analysis
on one plant functional type of key importance for
livestock, we hoped to increase our predictive power.

We tested the predictions by sampling across dis-
tance-from-water gradients, a proxy for historical graz-
ing pressure, at arid, semiarid, and subhumid study
areas in SGBR and PAT. To test the first prediction,

concerning the magnitude of grazing effects, we col-
lected data on consumption, utilization, and responses
to grazing in primary production, species richness and
composition, and soil organic matter. To test the second
prediction, concerning shiftsin relative abundance, we
used a subset of this larger data set focused on the
abundance of the graminoid and shrub functional types
as well as the abundance of individual graminoid spe-
cies.

DescrIPTION OF CASE STUuDY
Continental comparison

The sagebrush steppe of the Columbia Plateau of
North America and the Patagonian steppe of southern
South America are well matched with respect to abiotic
factors. Both regions, located near 45° latitude (Fig.
1), occupy rain shadow deserts created by the Pliocene
uplift of the Cascades in North America and the Andes
in Patagonia (Wolfe 1969, Solbrig 1973). Pleistocene
glaciations and accompanying alluvial and aeolian de-
position created soils from similar granitic and basaltic
parent materials (P B. Adler, M. FE Garbulsky, J. M.
Paruelo, and W. K. Lauenroth, unpublished manu-
script). Current climate in both regionsis characterized
by cool winters and warm, dry summers, with precip-
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TaBLE 1. Information about study areas in the United States and Argentina.
Steppe type and site name Latitude Longitude Elev. (m) MAP (mm) MAT (°C) Soil texture

Sagebrush steppe

Wanapum State Park (arid) 46.95° N 120.01° W 300 170 11.5 silt loam, sandy loam

Ellensburg (semiarid) 46.86° N 120.42° W 550 ~250 8.6 silt loam, loam

N. Douglas County (subhumid)  48.00° N  119.30° W 800 300+ ~7.5 sandy loam, silt loam
Patagonian steppe

Rio Mayo (arid) 45.39° S 70.25° W 500 154 8.6 sandy

Lago Blanco (semiarid) 45.93° S 71.37° W 600 ~250 ~7.5 sandy

Valle Huemules (subhumid) 45.97° S 71.53° W 650 ~400 6.5 loamy sand

Notes: Werefer to the three study areas within each region as arid, semiarid, and subhumid because they span a precipitation
gradient, although not all sites fit the formal definition of these climate regimes (i.e., Bailey 1979). Extensive information
on the arid, semiarid, and subhumid sagebrush steppe sites, respectively, is given by the following three National Resource
Conservation Service ecological site descriptions for the Columbia Plateau resource area: Loamy 6-9” Precipitation Zone

(PZ), Dry Loamy 9-15" PZ, and Cool Loamy 9-15" PZ.

itation concentrated in fall through spring, resulting in
strong climatic similarity (Paruelo et al. 1995; P. B.
Adler, M. E Garbulsky, J. M. Paruelo, and W. K. Lauen-
roth, unpublished manuscript). Vegetation reflects the
similarity in climate: shrubs and caespitose C; bunch-
grasses dominate plant communities in both regions,
with grasses increasing in importance in the coolest,
wettest areas (Kuchler 1964, Ledn et al. 1998: Fig. 1).
A satellite-derived vegetation index demonstrated con-
vergence in the structure and function of SGBR and
PAT (Paruelo et al. 1998).

Although the climatic similarity of these two regions
is demonstrated by data, our understanding of the dif-
ference in their evolutionary grazing historiesrelies on
indirect evidence. Milchunas et al. (1988) used both
systems as examples of semiarid regions with short
evolutionary histories of grazing, but the presence of
apparent adaptations to grazing in the Patagonian flora
(Lauenroth 1998) and the grazing response of other
South American temperate grasslands (Diaz et al. 1994)
suggest that Patagonia may have a longer history of
grazing than the sagebrush steppe. Indigenous cultures
in Patagonia depended on the guanaco (Lama guani-
coe), the wild ancestor of the llama, for food and ma-
terials for clothing and shelter. These large herbivores
were abundant well into the last century, with 400 000
guanaco hides exported from Buenos Aires as late as
the 1970’s (Franklin 1981). In contrast, archeological
and historical evidence from SGBR makes astrong case
for the absence of dense populations of ungulates, at
least during the Holocene. Bison were never as abun-
dant in southeastern Washington during the last 10 000
years as they were in Montana at the beginning of the
19th century (Lyman and Wolverton 2002), and were
never seen by Europeanswest of the Upper Snake River
Plain (Butler 1978). Mack and Thompson (1982) noted
the absence of rhizomatous grasses and dung beetles
in SGBR as further evidence of a lack of coevolution
with grazers. The cause of such low ungulate densities
was most likely a combination of low herbaceous pro-
duction, occasional severe winters, barriers to recolo-
nization from the east following local extinctions, and

human hunting pressure (reviewed in Lyman and Wol-
verton 2002).

Study areas

In both SGBR and PAT, we selected three study areas
spanning regional precipitation gradients (Fig. 1, Table
1). We focused on the portion of the SGBR within the
Columbia Basin of eastern Washington State, one of
the few areas of SGBR containing some locations as
dry asthosein arid Patagonia, and others as productive
as those in subhumid Patagonia. In selecting study ar-
eas, we required large areas of native vegetation free
of severe invasion, current grazing management con-
sistent with historical management, and pastures large
enough to create strong gradients in grazing intensity.
Table 1 describes the location and abiotic environment
at each study area (climate data are from Priest Rapids
Dam, National Climatic Data Center; Daly et al. 1994,
Bertiller et al. 1995, Beltran 1997).

The arid and semiarid SGBR study areas are dom-
inated by the perennial bunchgrasses Pseudoroegneria
spicata, Poa secunda, and Achnatherum thurberianum,
and the shrub Artemisia tridentata ssp. tridentata,
whereas the subhumid SGBR community is dominated
by P. spicata, Festuca idahoensis, and Artemisia tri-
partita (see Plate 1). The arid PAT community is dom-
inated by the bunchgrasses Stipa speciosa, Stipa hu-
milis, and Poa ligularis, and the shrubs Mulinum spi-
nosum, Senecio filifolia, and Adesmia campestris,
whereas the subhumid PAT study areais dominated by
P. ligularis, Festuca pallescens, and M. spinosum, and
the semiarid PAT study area has a mix of dominants
from both the arid and subhumid communities. For
clarity, we refer collectively to the vegetation of the
three North American study areas as sagebrush steppe
(SGBR) and the three South American sites as Pata-
gonian steppe (PAT), even though they represent dis-
tinct community types within their respective floristic
provinces (Daubenmire 1970, Lebn et al. 1998). Bo-
tanical nomenclature follows Hitchcock and Cronquist
(1973) for SGBR and Correa (1969-1999) for PAT.
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TaBLE 2. Grazing management at each study area.

Consumptiont

Study area Grazers Season (g'm=2yr-14
Sagebrush steppe (SGBR)

Arid cattle spring, alternate years 5

Semiarid cattle spring-fall, every year 13.5

Subhumid cattle spring/summer, alternating summer/fall 18-20
Patagonian steppe (PAT)

Arid sheep continuous, every year 6.5-14

Semiarid sheep continuous, every year 26-30

Subhumid sheep continuous, every year 26-30

T For the PAT study areas, we converted stocking rate to expected consumption based on
the number of sheep-days per year grazed in each pasture and an assumed intake rate of 1 kg
dry matter per sheep per day. For the SGBR pastures, we used the number of animal unit
months (AUMs) per pasture per year and assumed an intake of 360 kg per AUM.

Grazing management

Beginning in the mid 19th century in SGBR (Miller
et al. 1994) and the early 20th century in PAT (Soriano
1983), initial development of the livestock industry in
each region featured similar grazing management.
Management practices in the two regions have since
diverged. Sheep, once common in SGBR, are now the
exception, with cattle grazing the rule. In contrast,
sheep are grazed throughout PAT, and small numbers
of cattle are found only in the most productive areas
(Soriano 1983). A second important difference is the
timing of grazing. Originally, livestock in SGBR were
turned out in early spring and brought in during fall.
As evidence of degradation caused by late-spring graz-
ing accumulated (Daubenmire 1940, Laycock 1967),
managers moved to shorter rotation systems or began
resting pastures in alternate years. In PAT, year-round
grazing is generally the norm. Stocking rates in both
regions have decreased over time due to ecological
concerns, reductions in forage production, and eco-
nomic trends such as a decrease in the price of wool
(Paruelo and Sala 1992a, Miller et al. 1994, Borelli
2001).

The study areas that we selected reflect theseregional
differences in grazing management (Table 2). First, all
three SGBR study areas are grazed by cattle raised for
beef production, and all three PAT study areas are
grazed by sheep raised for wool. The literature suggests
that spring grazing by sheep (Laycock 1967, Bork et
al. 1998) and cattle (Daubenmire 1940, Rickard et al.
1975) has similar effects on SGBR vegetation, but we
tested this assumption by sampling sites within a sheep
pasture located close to the semiarid SGBR study area,
east of Ellensburg, Washington, USA. Second, al-
though grazing is seasonal at the SGBR study areas, it
is year-round at the PAT sites. Stocking rates increase
with precipitation in both regions, but are generally
higher at the PAT study areas (Table 2), presumably
because of the presence of productive wet meadows
within these pastures. We consider the implications of
these regional management differences in the Discus-
sion.

METHODS
Sampling design

Water exerts a strong influence on livestock distri-
bution in dry environments (Coughenour 1991, Bailey
et al. 1996), creating gradients of grazing intensity in
otherwise homogeneous vegetation, with heavy graz-
ing occurring near permanent water sources and light
grazing or no grazing occurring far from water (Val-
entine 1947, Lange 1969, Andrew 1988). Following
previous work (Pickup et al. 1998, Turner 1998, Nash
et al. 1999), we documented the degree of change in
vegetation with distance from water, a measure of the
cumulative impact of livestock grazing at each study
area.

Along these distance-from-water gradients, we mea-
sured four sets of variables: (1) indicators of livestock
grazing intensity including consumption, utilization,
feces density, and a defoliation index; (2) primary pro-
duction, akey ecosystem response to grazing; (3) plant
species composition, which contains information on
population- and community-level responsesto grazing;
and (4) soil organic matter, a measure of grazing im-
pacts on long-term productive potential. In the follow-
ing sections, we first explain our site selection criteria,
describe methods for each of these sets of variables,
and provide statistical methods.

Site selection

Within each of the six study areas, weidentified three
independent permanent water sources. In most cases,
each water source was located in a different pasture.
We used pastures in which the stocking rate and the
location of water and fences had remained relatively
constant over the last 20 years. We then selected 5-7
study sites at varying distances from each water source.
On each transect, we attempted to hold aspect and soil
type constant, and only selected sites characteristic of
typical native upland vegetation (avoiding heavily in-
vaded sites). This stratification meant that we could not
use fixed distances from water. Siteswere never |ocated
within the trampled, denuded areas immediately sur-
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PLaTE 1. Characteristic vegetation of (left) the arid sagebrush steppe and (right) arid Patagonian steppe study areas.

Photo credit: P Adler.

rounding water. When possible, we also sampled nat-
ural vegetation in long-term (>20 years) ungrazed
sites, such as grazing exclosures or fenced roadsides,
that were located near each transect.

Fieldwork in SGBR was carried out during the 2000,
2001, and 2002 growing seasons, and in PAT during
the 1999—2000 and 2000—2001 growing seasons. In
SGBR, 2000 and 2001 preci pitation was 80% of normal
and 2002 precipitation was 90% of normal. In PAT,
precipitation was 70% of normal in 1999—2000, and
105% of normal in 2000—2001.

Consumption and primary production

At three sites on each distance-from-water transect,
we built temporary 10 X 10 m exclosures in order to
measure consumption and primary production. We con-
structed these exclosures during the dry season pre-
ceding sampling at each study area. At sites that were
sampled in two consecutive years, the exclosures were
not relocated. The data showed no indication that the
second year of protection from grazing affected pro-
duction.

We measured primary production using direct har-
vests inside the temporary exclosures and at the long-
term ungrazed sites at the time of peak biomass (early
to mid-January in PAT, late May to mid-Junein SGBR).
We used different procedures to estimate production of
three plant functional types: (1) annuals and perennial
forbs; (2) perennial graminoids, and (3) shrubs. For
annuals and perennial forbs, we used a standard quadrat
harvest technique. To measure the production of pe-
rennial graminoids, the group that was the focus of our
plant traits analysis (Adler et al. 2004), we harvested
on a per plant rather than per area basis to reduce var-
iability caused by spatial heterogeneity. We estimated
shrub production using the method of Fernandez et al.
(1991), calibrating their regression relationships for
SGBR shrub species. These methods are described in
detail in Appendix A.

To measure consumption at grazed sites with tem-
porary ungrazed exclosures, we followed the same pro-
tocolsin a grazed area adjacent to the exclosure. How-
ever, in the paired grazed sample, we only estimated
forage production. We defined forage as all speciesin
the annuals plus forbs and perennial graminoid func-
tional types (excluding shrubs), and defined consump-
tion asthe forage production in the temporary ungrazed
exclosure minus forage production in the adjacent
grazed area. Utilization is consumption divided by for-
age production in the ungrazed area. In the arid PAT
study area, shrubs and unpalatable Stipa grasses con-
tribute a large portion of annual production and are
consumed by livestock, but at low intensity. After fail-
ing to detect measurable consumption of the Stipa spe-
cies and shrubs at heavily grazed sites, and finding a
low frequency of defoliated leavesin Stipa species, we
did not continue harvesting them in grazed areas.
Therefore, at the arid PAT study area, our consumption
and utilization measures may represent slight under-
estimates. We decided that moving the temporary ex-
closures during the growing season to minimize errors
associated with changes in growth rate due to current-
year grazing (Oesterheld and McNaughton 2000) was
not warranted because of the short growing season and
low productivity of these systems.

In addition to direct measures of consumption and
grazing intensity that we carried out at grazed siteswith
temporary exclosures, we also used two indirect esti-
mates of grazing intensity at all sites. First, we counted
the density of livestock feces. In PAT, we counted in-
dividual fecal pellets on two 40 X 0.2 m belt transects
at each site, following Fernandez (1986). In SGBR, we
counted fecal pats on two 40 X 1 m belt transects.
Second, we used a semiquantitative measure of the fre-
quency and intensity of defoliation (Paruelo and Sala
1992b). This index scores individual plants on the fol-
lowing scale: 0, no tillers defoliated; 1, one tiller de-
foliated; 2, more than one but not all tillers defoliated:;
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and 3, all tillers defoliated. We selected two or three
dominant grass species at each study area, and averaged
the scores of 10 randomly selected individuals of each
of these species. We defined dominants as the one or
two most abundant grazing decreasers, along with the
most important grazing increaser.

Species composition

We measured the basal cover of perennial graminoids
and density of shrubs on three 40-m line transects at
each site. We distributed eight 1 X 1 m quadrats sys-
tematically on each of these transects, identified all
plant species within each quadrat, and visually esti-
mated percent canopy cover by species. We measured
density of perennial grasses and shrubs in the 1 X 1
m quadrats, but used nested 0.5 X 0.5 m quadrats to
estimate density of annual and forb species. We defined
nonnative species on a continental basis.

Soils

To measure soil texture and bulk density, at all sites
we extracted five soil cores of 5 cm depth from ran-
domly selected bare-ground microsites. To measure to-
tal soil C and N at the subset of sites also sampled for
production, we took additional soil cores from beneath
five randomly selected perennial grasses and five ran-
domly selected shrubs. For each site, we calculated
total soil C and N as the sum of C and N per square
meter in bare, grass, and shrub microsites, weighted by
the proportional cover of each microsite. Detailed field
and laboratory methods are given in Appendix A.

Satistical analysis

To analyze the effect of distance from water on uti-
lization, production, composition, and soil response
variables, we used mixed-effects linear models. In or-
der to include data from the long-term exclosure sites,
we transformed distance from water, a continuous var-
iable, into a categorical variable by creating three dis-
tance classes and a fourth class for long-term exclo-
sures. Within each study area, we defined the distance
classes so as to include aroughly equal number of sites
in each class (Table D1 in Appendix D). Analyses of
consumption and utilization, which did not include
long-term exclosure sites, permitted tests based on
these distance-from-water classes as well as tests using
distance from water as a continuous variable. For each
response variable, we started the analysis with three
fixed factors and their full interactions: (1) region, PAT
and SGBR; (2) precipitation, arid, semiarid, subhumid;
and (3) distance-from-water class. We included tran-
sect, nested within region by precipitation, as arandom
factor. We also included annual potential radiation,
which integrates slope and aspect (Swift 1976), as a
covariate. For soil response variables, we included soil
sand fraction as a covariate as well. We removed high-
est order interactions and covariates not significant at
o« = 0.10. We tested for significant differences among
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least-squares means at « = 0.05. Note that because
long-term exclosures (distance class 4) were not avail -
able at all study areas, for models in which the region
by precipitation by distance class interaction was in-
significant and |east-square means were aggregated by
region or precipitation, the least-squares means for dis-
tance class 4 are poorly estimated. We checked all re-
siduals for normality and transformed response vari-
ables as necessary. In these cases, reported |east-
squares means were back-transformed (statistical tables
are shown in Appendices B and C). All analyses were
runin SAS 8.2 using Proc Mixed (SAS Institute 1999).

Models of production responses used 2001 growing-
season data from SGBR and 2000—2001 data for PAT.
For each site where two years of production data were
available (SGBR arid and semiarid, PAT arid), we also
constructed a mixed-effects model with distance class
and year asfixed effects and transect as arandom effect.
We used these repeated-measures tests to confirm the
results from the single-year models that included all
study areas.

To compare the influence of grazing on plant species
composition at each study area, we needed a multi-
variate approach that would not be confounded by dif-
ferencesin therange of environmental variation present
within each study area. We chose Redundancy Analysis
(RDA), a constrained ordination technique analogous
to a multivariate multiple regression, because it al-
lowed us to partition the influence of grazing and en-
vironmental variables on species composition at each
study area. For each of the six study areas, we used
RDA to measure the amount of variation in species
composition explained by grazing variables, after first
removing variation explained by environmental vari-
ables, providing an index of the overall influence of
grazing on plant species composition. The environ-
mental variables were potential radiation, elevation,
sand fraction, and clay fraction, and the explanatory
grazing variables were fecal count, defoliation index,
distance-from-water class, and transect. We used
square-root transformed canopy cover estimates of all
species occurring in at least three sites in each study
area as the response variables. We ran these analyses
in CANOCO 4.0 (ter Braak and Smilauer 1999).

REsuLTs
Prediction 1: magnitude of grazing effects

Consumption and utilization.—Forage consumption,
measured by direct harvest, was significantly higher at
SGBR compared to PAT study areas (statistical tables
in Appendix B), despite higher pasture-wide stocking
rates in PAT (see Fig. D1 in Appendix D). In fact, all
consumption measurementsin PAT fell below expected
consumption based on pasture-wide mean stocking
rates, whereas at all SGBR study areas, consumption
at some sites exceeded the expected mean. At most
study areas, distance-from-water class had no signifi-
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each study area were not significant, but utilization in sagebrush steppe (SGBR, top row) was higher than in Patagonian
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in the grazed area is higher than in the temporary exclosure.

cant effect on consumption, but at the subhumid SGBR
site, consumption was highest in distance class 2,
whereas at the subhumid PAT study area, consumption
was highest in distance class 1. In the analysis based
on distance from water as a continuous variable, a qua-
dratic relationship emerged at all SGBR study areas
and the semiarid PAT study areas, indicating that high-
est consumption occurred at sites located at interme-
diate distances from water (F = 10.02, df = 1, 26.2,
P = 0.004).

Utilization, the proportion of forage production con-
sumed, likewise was significantly higher in SGBR than
PAT (Fig. 2; Appendix B). Averaged across region and
precipitation gradients, utilization showed a nonsig-
nificant decrease with distance-from-water class (P =
0.10). In the analysis based on distance-from-water as
a continuous variable, the negative effect of distance
on utilization was significant (F = 7.94, df = 1, 47, P
= 0.007). Despite this negative monotonic relationship,
at some study areasthe individual siteswith the highest
utilization occurred at intermediate distances from wa-
ter (Fig. D2 in Appendix D).

Trends based on indirect measures of grazing pres-
sure, taken at all sites in each study area, were con-
sistent with the direct measures. Values of the defoli-
ation index in the distance class closest to water av-
eraged 1.8, 1.6, and 1.6 at the SGBR arid, semiarid,
and subhumid study areas, respectively, but only 0.8,
0.9, and 1.1 at the three PAT study areas (on a scale
of 0to 3). The defoliation index declined with increas-

ing distance from water (correlation coefficientsranged
from —0.36to —0.87 for all study areas except semiarid
PAT, where the correlation was —0.19) but, as with the
direct measure of consumption, at some study areas the
maximum values of the defoliation index occurred at
intermediate distances. Fecal counts also declined with
increasing distance from water, with the highest value
occurring close to water in some pastures, and at in-
termediate distances in others.

Grazing effects on abundance of plant functional
types.—Perennial graminoid basal cover increased sig-
nificantly with distance from water at all three SGBR
study areas and at the subhumid PAT study area. The
increase was significant but less dramatic at the semi-
arid PAT study area, and there was no significant dis-
tance effect in arid PAT (Appendix B; Appendix D Fig.
D3). Perennial graminoid production showed similar
trends: production increased significantly with distance
at the SGBR and subhumid PAT study areas, but did
not respond to distance at the arid or semiarid PAT
study areas (Fig. 3; Appendix B). There was no overall
difference between regions, but production increased
significantly with increasing precipitation. A repeated-
measures test based on two years of production data at
the arid PAT sites also failed to demonstrate a rela-
tionship between distance from water and total peren-
nial grass production (Appendix C). When thistest was
run on palatable perennial graminoids only, excluding
the Stipa species, production increased significantly,
ranging from a least-squares mean of 5.3 g-m-2yr-tin
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sites closest to water to 23.8 g-m-2-yr-* in long-term
ungrazed sites (Appendix C).

Shrub canopy cover was highest in sites closest to
water in both regions (Appendix B). The region by
precipitation interaction was significant because shrub
cover was relatively constant across the precipitation
gradient in PAT, but fell sharply in SGBR with increas-
ing precipitation. Results for shrub production differed
from those for shrub cover. Using one year of data,
distance had no effect (Appendix B). However, the re-
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Fic. 4. Total aboveground production as a function of
region and distance from water, averaged across precipitation
within each region. Bars show |east-squares means and +1
se. Means sharing the same letter are not significantly dif-
ferent (o = 0.05). ‘“Excl” refersto long-term ungrazed sites.

peated-measures tests showed that shrub production
was significantly higher at the locations closest to water
inthearid and semiarid SGBR study areas, but distance
had no significant effect at the arid PAT study area
(Appendix C, Appendix D Fig. D4).

The combined production of forbs and annualsvaried
significantly with distance only at the arid PAT site,
where the mean for long-term ungrazed sites, 8.5
g-m-2-yr-1, was significantly higher than the means for
distance classes 1 through 3, which ranged from 0.5 to
1.7 gom=2yr=* (Appendix B). Mean forb and annual
production in arid PAT was much lower than the means
at all other study areas.

Total aboveground production increased with dis-
tance from water in SGBR but not PAT (Fig. 4; Ap-
pendix B). Repeated-measures tests confirmed the re-
gional difference in grazing response: at the SGBR arid
and semiarid study areas, total production increased
with distance from water, but there was no significant
difference at the arid PAT study area (Appendix C).
Total production increased with precipitation in a sim-
ilar fashion in both regions: averaged across distance
from water, means ranged from 63 and 56 g-m-2-yr—*
in arid SGBR and PAT, respectively, to 103 and 104
g-m-2-yr-! at the subhumid SGRB and PAT study areas.

Species richness and composition.—Grazing had ei-
ther weak or no effects on species richness, depending
on spatial scale. Averaged across region and precipi-
tation, the effect of distance class on the number of
species per 1 m? (the average species richness of the
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individual 24 quadrats at each site) was marginally
significant (P = 0.089), with peaks in species richness
at intermediate distances (Fig. 5; Appendix B). Rich-
ness at this scale increased with precipitation equally
in both regions. In contrast, species richness per site,
the number of species found in all 24 quadrats, was
unrelated to distance from water. In this case the region
by precipitation interaction was significant (Appendix
B), with greater increases in species richness across the

TaBLE 3. Results of redundancy analysis (RDA).

Variation
Ecosystem explained
and study area (%)

Sagebrush steppe

RDA 1 RDA 2 RDA 3 RDA 4

Arid 74 0.180 0.055 0.045 0.018

Semiarid 60 0.203 0.127 0.049 0.025

Subhumid 59 0.183 0.067 0.035 0.026
Patagonian steppe

Arid 43 0.203 0.074 0.063 0.028

Semiarid 64 0.275 0.115 0.062 0.035

Subhumid 60 0.226 0.136 0.065 0.023

Notes: Shown isthe percentage of variation in speciescom-
position explained by grazing variables in RDA axes 1-4,
after accounting for variation due to environmental factors.
Also shown are the eigenvalues of the first four RDA axes.
Grazing variables included transect, distance-from-water
class, fecal counts, and the defoliation index. Environmental
variables included potential radiation (an integrator of slope
and aspect), elevation, and soil texture (sand and clay frac-
tions).

precipitation gradient in SGBR than in PAT: mean rich-
ness per sitein arid SGBR and PAT was 20.3 and 20.6,
respectively, increasing to 40.0 and 31.6 in subhumid
SGBR and PAT. Results were similar using the Shan-
non-Weiner diversity index as the response variable:
there was a trend toward higher evenness at interme-
diate distances from water, and evennessincreased with
precipitation in both regions, but more so in SGBR
than PAT (not shown).

The number of non-native species per site, averaged
across region, was significantly higher close to water
than in more distant grazed sites, but was not higher
compared to long-term ungrazed sites (Appendix B,
Appendix D Fig. D5-A). Morestrikingly, although non-
natives increased with precipitation in both regions, the
number of exotics in the arid and semiarid sites was
much lower in PAT than in SGBR (Fig. D5-B). The
PAT data are dependable, but the SGBR data may un-
derestimate exotic richness because of our effort to
avoid sampling heavily invaded sites in that region.

Using RDA, grazing variables explained more var-
iation in species composition at the arid SGBR study
area (74%) than at the arid PAT study area (43%), after
accounting for variation due to environmental covari-
ables (Table 3). Variation explained at the semiarid and
subhumid study areas was similar in both regions (59—
64%). At the SGBR study areas, the dominant grasses
P. spicata and F. idahoensis increased with increasing
distance from water and decreasing defoliation, where-
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as bare ground, the shrub A. tridentata, the short-sta-
tured grass P. secunda, A. thurberianum, and H. comata
were more abundant in more heavily grazed sites close
to water (Fig. 6A—-C, Table 4). Grazing increasers in
arid (Fig. 6D) and subhumid PAT (Fig. 6F) included
the shrub M. spinosum, the sedge Carex andina, Stipa
species, and the rhizomatous Poa lanigunosa (one of
the few common rhizomatous graminoids at any study
area), whereas the grasses Bromus pictus, P. ligularis,
and F. pallescens were associated with lightly grazed
and ungrazed sites. However, at the semiarid PAT site,
distance from water, fecal counts, and the defoliation
index were not well correlated, making for a poorly
defined grazing intensity gradient. Instead, differences
among pastures (‘ TRANSECT" in Fig. 6E) explained
much of the variation in species composition, separat-
ing species common to arid Patagonia, such asthe Stipa
species, from species characteristic of more humid
sites, such as F. pallescens and F. magellanica.

Effects of sheep grazing on sagebrush steppe.—In
the one sheep pasture that we sampled in SGBR, trends
with distance from water were similar to the results
from the cattle pastures: grazing intensity, measured
indirectly by the defoliation index and fecal pellet
counts, decreased with distance from water; grass abun-
dance increased with distance; and shrub cover de-
creased with distance. Consistent with results from cat-
tle pastures, species richness at the site scale showed
little variation with distance from water. However, spe-
cies richness at the 1-m? scale increased with distance
from water.

Soils.—Distance from water did not have a signifi-
cant effect on total soil C or N (Appendix B). Con-
centrations of C and N, although variable across dis-
tance-from-water gradients, were on average lowest in
bare-ground microsites at all study areas (Fig. D6).
Total C and N increased with precipitation in both re-
gions, but values at the arid and semiarid sites were
higher in SGBR than PAT (Fig. 7). In a model ac-
counting for differencesin soil sand fraction, theregion
by precipitation interaction was significant, and the re-
gional difference was reversed: predicted soil C was
higher in PAT than SGBR after adjusting for texture
(Appendix B). Results for soil N were qualitatively
identical.

Prediction 2: shifts in species relative abundances

At all of the SGBR study areas, the dominant grass
species in exclosures or lightly grazed sites far from
water was replaced by another grass at sites close to
water (Fig. 8A—C). At each of the PAT study areas, in
contrast, one grass species remained most abundant
across the entire grazing-intensity gradient (Fig. 8D—
F).

Discussion
Prediction 1: magnitude of grazing effects

Based on our previous analysis of graminoid func-
tional traits (Adler et al. 2004), we predicted that uti-
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lization and, in turn, the ecosystem effects of grazing
would be greater in all three SGBR communities than
in arid PAT, with intermediate responses at semiarid
and subhumid PAT. We found strong support for both
parts of this prediction.

Utilization.—As predicted, we found few differences
in consumption and utilization among the three SGBR
communities, which all had high forage quality. Al-
though differences in utilization among the PAT study
areas were not significant, the trend toward higher max-
imum utilization and defoliation in subhumid PAT,
compared to the arid PAT community dominated by
poor-quality grasses, is consistent with our prediction.
The continental differences were also significant: uti-
lization was significantly higher in SGBR than PAT. In
fact, utilization in sites close to water in arid SGBR
was more than twofold greater than in arid PAT. We
found that the highest values of utilization and defo-
liation often occurred not in sites closest to water, but
in those at intermediate distances, suggesting that dis-
tance from water is best interpreted as a proxy for
historical, not current, grazing intensity (Adler and Hall
2005). Many of the grazing effects that we documented,
such as decreases in perennial graminoid production
near water at the SGBR and subhumid PAT study areas,
could be considered indicators of overgrazing. How-
ever, these shifts in utilization away from water fol-
lowing severe reductions in the availability of nutri-
tious forage near water may constitute the strongest
evidence of overgrazing, because they imply increased
energetic costs to livestock.

The lower utilization at the PAT study areas is par-
adoxical given their higher stocking rates. If PAT plants
compensated more than SGBR plants following defo-
liation, then our utilization measurements would be
biased. The results from the defoliation index allow us
to reject this explanation: PAT grasses were not de-
foliated as frequently or intensely as SGBR grasses,
especially in sites near water. A morelikely explanation
has to do with the presence of wet meadows in the PAT
pastures, especially common in the subhumid PAT
study area. These highly productive sites, although only
a small portion of the total landscape, provide a large
component of sheep forage (Somlo et al. 1992). The
absence of wet meadows in the SGBR study areas
means that upland vegetation is the primary forage re-
source. At the arid SGBR study area, extensive unpro-
ductive lithosols further concentrate grazing pressure
on the relatively productive sites that we sampled, ex-
plaining why observed consumption was higher than
expected.

The importance of wet meadows in PAT, however,
does not explain why upland forage is not better uti-
lized. With higher stocking rates or different manage-
ment practices, perhaps livestock would be forced to
take advantage of the apparently abundant forage in
the Patagonian uplands. However, historical data sug-
gest that these pastures are stocked to economic ca-
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TaBLE4. Speciesname abbreviations, by study area, used in the ordinations (Fig. 6). Common

synonyms are shown in parentheses.

Species code

Species name

Sagebrush steppe

Achnatherum nelsonii ssp. nelsonii (Stipa occidentalis v. nelsonii)

achnel

achthu Achnatherum thurberianum (Stipa thurberiana)
arttri Artemisia tridentata ssp. tridentata

arttrip Artemisia tripartita

carfil Carex filifolia

elyely Elymus elymoides (Stanion hystrix)

fesida Festuca idahoensis

hescom Hesperostipa comata (Stipa comata)

poacus Poa cusickii

poajun Poa juncifolia

poasec Poa secunda

psespi Pseudoroegneria spicata (Agropyron spicatum)

Patagonian steppe

adecam Adesmia campestris
bropic Bromus pictus
carand Carex andina

fesarg Festuca argentina
fesmag Festuca magellanica
fespal Festuca pallescens
horcom Hordeum comossum
koegri Koeleria grisebachii
luzchi Luzula chilensis

mul spi Mulinum spinosum
poalan Poa lanigunosa
poalig Poa ligularis
rhypic Rhytidosperma picta
senfil Senecio filaginoides
stihum Sipa humilis

stispe Stipa speciosa

pacity (Soriano and Paruelo 1990, Paruelo and Sala
1992a, Golluscio et al. 1998). Lambing rates at the arid
and semiarid study areas currently decreasein response
to increases in stocking rate (Anchorena and Cingolani
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Fic. 7. The relationship between total soil N in the top
5 cm and aboveground net primary production at the six study
areas. Solid symbols show SGBR study areas; open symbols
show PAT. Different symbols denote arid (circles), semiarid
(squares), and subhumid (triangles) study areas. Soil organic
matter is lower in PAT than SGBR at the arid and semiarid
sites. This difference is largely accounted for by a statistical
model incorporating soil texture (soils are quite sandy at the
arid and semiarid PAT study areas).

1999, Borelli 2001). Utilization and livestock produc-
tion in these pastures appear to be limited by forage
quality, not quantity.

Changes in production and composition.—Consis-
tent with our prediction, the high utilization at all three
SGBR study areas caused important changesin primary
production and species composition. Both perennial
grass abundance, measured as cover or production, and
total aboveground production increased with distance
from water, whereas shrub production decreased with
distance from water. The constrained ordinations based
on grazing variables explained a high percentage of
variation in species composition (59-74%). Within
PAT, grazing response was greater at the subhumid than
at the arid study area. Perennial grass abundance in-
creased with distance from water at the subhumid but
not the arid site. The percentage of variation in species
composition explained by grazing variables was much
higher in subhumid PAT (60%) than arid PAT (43%).
Responses at the semiarid PAT study area, similar to
arid PAT for some variables and similar to subhumid
PAT for others, further support atrend of stronger graz-
ing effects with increases in precipitation and forage
quality. The lack of differences among the three SGBR
study areas may be due to the narrower ranges of pre-
cipitation and forage quality represented, or by smaller
differences among study areas in soil texture, which
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can influence N availability in semiarid systems (see
Successes and limitations of the plant traits approach).

Grazing had stronger effectsin the SGBR study areas
thanin arid PAT, as we predicted based on lower forage
quality in the PAT community. Graminoid and total
production decreased with heavy grazing in all SGBR
communities, but were not influenced by grazing in
arid PAT. Similarly, grazing increased shrub production
in SGBR but not arid PAT. The only response variable
for which arid PAT showed more sensitivity to grazing
than any SGBR community was production of forbs
and annuals, presumably because the low quality of the
dominant arid PAT grasses forces livestock to forage
very selectively. The grazing response of subhumid
PAT was intermediate, with grazing effects on gra-
minoid abundance and overall species composition
similar to the SGBR results, but the total production
response resembled arid PAT.

Total soil C and N were not influenced by grazing
in either region. The lack of response in PAT, where
grazing did not affect total production, is not surpris-
ing. In SGBR, where grazing did lower total production
in heavily grazed sites, the absence of a significant
response in soil organic matter could be due to the slow
turnover of this large pool (Burke et al. 1997), or to
changes in belowground allocation with shifts in spe-
cies composition (e.g., Connin et al. 1997).

Our results are consistent with previous literature.
In sagebrush steppe, spring (growing-season) grazing
by both sheep (Mueggler 1950, Laycock 1967, Bork

et al. 1998) and cattle (Daubenmire 1940, Rickard et
al. 1975, Brotherson and Brotherson 1981) reduced the
abundance of perennial grasses and, in some cases,
increased the abundance of shrubs. In arid PAT, Soriano
(1976) found that grazing caused a decrease in the
abundance of the palatable grasses and increases in the
abundance of unpalatable grasses and shrubs (Soriano
1983), but the magnitude of these effects was small.
In subhumid PAT, grazing more strongly reduced cover
of the dominant, palatable bunchgrass and tended to
increase the cover of bare ground and shrubs (Lebn and
Aguiar 1985, Bertiller 1994, Bertiller et al. 1995), and
one study documented decreases in aboveground pro-
duction (Bertiller and DeFossé 1990). Our data, based
on one consistent methodology, provide a stronger
comparison, and a rare example of a cross-continent
study of grazing effects (e.g., Bock et al. 1995).
Management differences, especially the use of cattle
in SGBR and sheep in PAT, confound this comparison.
However, both the literature and our limited sampling
in one sheep pasture demonstrated that spring grazing
by cattle and sheep have similar effects on SGBR veg-
etation. Both animals preferentially graze perennial
grasses in spring and summer, leading to a decline in
grass abundance and, often, an increase in shrub abun-
dance. Although the literature suggests that sheep are
more selective and show a greater preference for forbs
(Grant et al. 1985), values of the defoliation index for
perennial grasses were similar in the sheep and cattle



788

pastures. It isunlikely that our conclusionswould differ
had we studied SGBR grazed by sheep.

A second management difference that could con-
found the comparison is timing of grazing. Could con-
tinuous grazing in PAT vs. seasonal spring grazing in
SGBR cause the observed difference in utilization and
grazing response? With respect to utilization, contin-
uous grazing could make detection of consumption
more difficult if regrowth on individual plantsis grazed
repeatedly. On the other hand, considerable consump-
tion will occur during the dormant season, when no
compensation is possible, and will be easier to detect
than consumption in a spring grazing regime. With re-
spect to grazing response, because spring grazing will
concentrate the impacts of defoliation during the grow-
ing season, when bunchgrasses are most sensitive, it
might have stronger effects on the plant community.
However, experimental results and theory suggest that
continuous grazing in SGBR would increase, rather
than decrease, differences with PAT. In SGBR, periods
of rest during the flowering period are necessary to
prevent loss of the dominant bunchgrasses (Dauben-
mire 1940, Blaisdell and Pechanec 1949, Caldwell et
al. 1981, Ganskopp 1988). Although continuous graz-
ing would reduce growing-season consumption, on av-
erage, it would also lead to aless uniform distribution
of livestock than shorter duration, higher intensity ro-
tations, which force animals to utilize forage more uni-
formly (Bailey et al. 1996). Thus, continuous grazing
in SGBR would further increase impacts in sites close
to water and could result in even more dramatic chang-
es in vegetation along distance-from-water gradients.

Trends in species richness.—Grazing had weaker ef-
fects on species diversity than on species composition
and production. Precipitation, not grazing intensity,
was the primary determinant of plant diversity. The
lack of significant grazing effects conflicts with exist-
ing conceptual models. The Milchunas et al. (1988)
model predicts slight decreases in diversity with graz-
ing in dry systems with long evolutionary histories
(PAT), steeper declinesin diversity in dry systemswith
short evolutionary histories (SGBR), and unimodal re-
sponses at sites with higher precipitation. Olff and Rit-
chie (1998) predict decreases in diversity for water-
limited ecosystems such as sagebrush and Patagonian
steppe. The responses that we observed fit neither mod-
el. At the 1-m? scale, a very weak unimodal trend
emerged, with diversity peaking at intermediate graz-
ing intensity. At the site scale, grazing had no effect
on diversity. Stohlgren et a. (1999) found similar scale
dependence in Rocky Mountain grasslands, where
grazing increased richness at the 1-m? scale, but had
no effect at the 1000-m? scale. Current models do not
explain these scale-dependent effects of grazing on
plant diversity.

Although we did not design this study to assess in-
vasibility, some of the data on nonnative species num-
bers deserve attention. The number of nonnative spe-
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ciesincreased dramatically along the PAT precipitation
gradients, rising from a mean of zero at the arid study
area to more than 3.5 exotic species per site at the
subhumid area. In SGBR, the increase was much less
pronounced, suggesting much greater environmental
changes along the PAT gradient, and making it an ideal
system in which to study resistance to invasion. De-
creases in the number of nonnatives with distance from
water in both regions suggest that grazing can facilitate
invasion in these systems (the relatively high number
of nonnatives in long-term ungrazed SGBR sites is
probably a spurious result caused by the proximity to
roads of some of these sites). The effects of grazing
on nonnative richness did not change with precipita-
tion, nor did they differ between regions, in contrast
to the predictions of Milchunas et al. (1988).

Prediction 2: shifts in relative abundance

Our second prediction focused on shifts in relative
abundance. Given the narrower range of forage quality
within the SGBR grasses, we predicted that the major
shifts in relative abundance in that ecosystem would
occur between the graminoid and shrub functional
types, whereas in PAT the major shifts would occur
within the perennial graminoid functional type, with
little effect on shrubs.

We found evidence for larger shifts between the gra-
minoid and shrub functional types in SGBR than in
PAT. Contrary to our prediction, however, shifts in
abundance within the graminoid functional type were
greater in SGBR than in PAT. The ordinations dem-
onstrated that some species were strong increasers and
others strong decreasers at all study areas. In heavily
grazed SGBR, however, less palatable species or the
low-growing Poa secunda replaced P. spicata and F.
idahoensis as the dominant, whereas the dominant PAT
grasses were never displaced, even in heavily grazed
sites.

One reason for these mixed results is that our com-
parison of changesin relative abundance is confounded
by differences in utilization. Perhaps livestock do for-
age more selectively among the grasses in PAT than
SGBR, but this difference is overwhelmed by more
intense grazing pressure in SGBR. Alternatively, the
magnitude of differencesin palatability may not matter
if small differences are sufficient to drive selective for-
aging. For example, one of the strong grazing decreas-
ers in arid PAT, P. ligularis, has tougher leaves and
equally low tissue N compared to the unpalatable Stipa
species, but a slightly higher concentration of cell so-
lubles (Adler 2003). This subtle difference is the only
indication of higher palatability, yet it is clearly a pre-
ferred forage item. A rigorous test of either explanation
would require holding grazing pressure constant in both
systems.

Successes and limitations of the
plant traits approach

We were successful in using differences in plant
traits to predict relative differences in utilization and
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the magnitude of resulting changes in primary produc-
tion and species composition both within and between
continents. The nutritional quality and palatability of
dominant grasses played akey rolein determining graz-
ing response. More generally, plant nutritional quality
influences the proportion of primary production con-
sumed as well as the growth of consumers across a
wide range of ecosystems (Mattson 1980, Cebrian
1999, Cebrian and Lartigue 2004). This perspective
recognizes that plant traits can influence utilization,
traditionally considered an independent variable in
grazing research.

We were less successful in predicting whether the
greatest shifts in relative abundances would occur be-
tween or within functional types, a more specific pre-
diction. One reason for this failure was that continental
differences in utilization confounded the comparison
of changes in relative abundance. But other studies
have al so encountered difficulties when testing species-
specific predictions, especially in arid and semiarid
ecosystems (Vesk and Westoby 2001, Vesk et al. 2004).
The plant traits approach may be better suited to mak-
ing predictions about ecosystem processes, such as
consumption and the production of broad plant func-
tional types, than community interactions, such as
changesin therelative abundance of individual species.

The main limitation of the plant traits approach is
its failure to explain the ultimate cause of variation
within and between ecosystems. Finding that poor nu-
tritional quality of dominant species contributes to
grazing resistance in arid Patagonia begs the question,
what is the origin of such poor quality? Although an-
swering this question was not our current objective (see
Adler et al. 2004), our soils results are relevant to the
issue. One explanation for poor-quality leaf tissue is
that millennia of heavy grazing by guanaco favored its
evolution as adefense against herbivory. A second pos-
sibility is that nitrogen supply is limited by the ex-
tremely coarse soils of arid Patagonia, as indicated by
N content frequently less than 0.05%. In other grass-
land systems, coarse soils accumulated less total N and
experienced higher N mineralization rates than finer
textured soils (Schimel et al. 1985a, b, Barrett and
Burke 2002). The loamier soils at the subhumid Pa-
tagonian study area accumulated more organic matter
and graminoid tissues at thissitewerericher in N. Thus,
variability in soil texture may explain the continental
differences in plant quality, as well as the differences
within Patagonia.

Rather than treat evolutionary history of grazing and
environmental factors such as soil texture as isolated
variables, we should expect interactions. However, un-
raveling the mechanisms of plant—animal coevolution
remains a considerable challenge. This case study sug-
gests that an understanding of abiotic environments
may allow predictions about whether coevolution will
favor grazing avoidance or tolerance. Nitrogen limi-
tation created by coarse-textured soilsin Patagoniamay

PLANT TRAITS AND GRAZING RESPONSE

789

have prevented the evolution of grazing-tolerant grass-
es such as those that form grazing lawns in the Ser-
engeti (McNaughton 1984) or the shortgrass steppe of
North America. Without a sufficient nutrient supply to
permit rapid regrowth, generalized defense is a better
strategy than tolerance (Coley et al. 1985, van der Me-
ijden et al. 1988, Herms and Mattson 1992). Positive
plant—animal feedbacks and extremely high animal
densities need not characterize all grazing-adapted eco-
systems. Where abiotic conditions are less favorable,
asin arid Patagonia, a negative feedback and moderate
animal densities could be the products of coevolution.

To determine the ultimate causes of variability in
ecosystem response to grazing, we need to understand
the evolution of plant functional traits. In contrast, use-
ful predictions about grazing response, a goal of ap-
plied research, only require easily collected informa-
tion about plant traits themselves. Our comparison of
communities in sagebrush and Patagonian steppe dem-
onstrates that plants of low forage quality can limit
utilization and thus make an ecosystem more resistant
to overgrazing than one dominated by undefended, pal-
atable plants.
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APPENDIX A

Detailed methods for primary production and soil sampling are available in ESA's Ecological Data Archive: Ecological
Archives A015-019-A1.

APPENDIX B

Statistical tables for single-year mixed-effects models are available in ESA’s Ecological Data Archive: Ecological Archives
A015-019-A2.

APPENDIX C

Statistical tables for repeated-measures mixed-effects models are available in ESA's Ecological Data Archive: Ecological
Archives A015-019-A3.

APPENDIX D

Table D1 (distance-from-water classes), Fig. D1 (consumption vs. distance from water), Fig. D2 (forage utilization vs.
distance from water), Fig. D3 (perennial grass basal cover vs. distance from water at six study areas differing in aridity),
Fig. D4 (repeated-measures test results for shrub production vs. distance from water), Fig. D5 (nonnative species per site
vs. distance from water and precipitation), and Fig. D6 (soil concentration of C and N at six study areas differing in aridity)
are available in ESA’s Electronic Data Archive: Ecological Archives A015-019-A4.



