J. Range Manage.
56: 319-327 July 2003

Sustainability of Inner Mongolian Grasslands: Application

of the Savanna Model

LINDSEY CHRISTENSEN', MICHAEL B. COUGHENOUR?, JAMES E. ELLIS**, AND ZUOZHONG CHEN®

Authors are 'Postdoctoral fellow, Center for Environmental Science and Policy, Stanford University, Stanford, Calif. 94305-6055; *Senior Research
Scientist, Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, Colo. 80523; 3Professor, Ecology Research Center, Institute of
Botany, Chinese Academy of Science, Beijing, China 100093; *Deceased. At time of the research, the senior author was Research Assistant, Natural Resource

Ecology Laboratory, Colorado State University, Fort Collins, Colo.

Abstract

The sustainability and resilience of an Asian typical steppe
grazing ecosystem was assessed by determining thresholds and
stable states with an ecosystem simulation model. This analysis
used the Savanna model to simulate spatial climate, vegetation,
and livestock grazing dynamics, at 14 different stocking rates
(5.5—59.8 AUY km™). Grazing effects on vegetation were
assessed, including effects on primary production, vegetation
composition, and root biomass. Simulations were run for 100
years: 50 years to examine sustainability and 50 years to examine
resilience of the system. Results showed that a grazing intensity
(1-g/u; g = biomass in grazed area, u = biomass in ungrazed area)
of 0.49 was sustainable for this particular system. This region
was resilient to grazing up to the intensity of 0.49, where the sys-
tem remained dominated by herbaceous production. Grazing
intensities higher than 0.49, in combination with low precipita-
tion events, resulted in decreased herbaceous net primary pro-
duction and root biomass, and increased shrub net primary pro-
duction and root biomass. Herbaceous vegetation was unable to
gain a competitive advantage over shrubs in areas where grazing
intensities were above 0.49; consequently, the system shifted to a
stable shrub-dominated state that could not return its original
composition even without further grazing.

Key Words: grazing management, modeling, thresholds, sustain-
ability and resilience, typical steppe, Inner Mongolia

The long-term sustainability and resilience of Asian grassland
ecosystems may be under threat as a result of changes in grazing
management patterns and intensification of land use. In Inner
Mongolia, Peoples Republic of China, the predominant land use
pattern has shifted, over the last 50-60 years, from one of mobile,
extensive range utilization, to sedentary livestock operations,
increased stocking rates, and expansion of dryland cultivation.
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Resumen

La sustentabilidad y resilencia de un ecosistema de pradera
Asidtica tipica para apacentamiento fue evaluada con modelos de
simulacion de ecosistemas para determinar los umbrales y los
estados estables. Este analisis uso la Savanna para simular la
variabilidad espacial del clima, vegetacién y dindmicas de
apacentamiento con 14 diferentes cargas animal (5.5 - 59.8 UAA
km™). Se evaluaron los efectos del apacentamiento sobre la veg-
etacién, incluyendo los efectos sobre la produccién primaria,
composicién de la vegetacién y la biomasas de raices. Las simula-
ciones se corrieron para 100 afios: 50 para examinar la sus-
tentabilidad y 50 para examinar la resilencia del sistema. Los
resultados mostraron que a una intensidad de apacentamiento de
(1-g/u; g = biomasa en el area apacentada , u = biomasa en el
drea sin apacentar) 0.49 fue sustentable para este sistema partic-
ular. Esta region fue resilente al apacentamiento hasta una inten-
sidad de 0.49, donde el sistema permanece dominado por la pro-
duccién herbacea. Intensidades de apacentamiento mayores de
0.49, en combinacion con eventos de baja precipitacién, resul-
taron en reducciones de la produccion de primaria neta herbicea
y biomasa de raices y aumento la produccién primaria neta y bio-
masa de raices de los arbustos. La vegetacién herb4cea fue inca-
paz de ganar ventaja competitiva sobre los arbustos en dreas
donde la intensidad de apacentamiento fue superior a 0.49; con-
secuentemente, el sistema es desviado a un estado estable domina-
do por arbustos que puede no regresar a su composicién original
aunque este no se someta mas a apacentamiento.

Results include land degradation in the form of activated sand
dunes in heavily degraded regions and altered vegetation struc-
ture in other areas (Jianguo and Loucks 1992, Chen and Xiao
1993, Williams 1996a, Renzhong and Ripley 1997, Sneath 1998).
These changes in management style and increases in demand for
livestock products have contributed to improved economic
returns to livestock production in the short run. However, many
scientists believe that present exploitation rates are unsustainable
in the long run and that major declines in ecosystem production
and/or irreversible changes in vegetation state are probable.
Grassland systems are subject to shifts among stable states due
to threshold effects in grazing systems (Noy-Meir 1975, Westoby
et al. 1989, Friedel 1991). The recent shifts in vegetation and
increases in livestock populations on the Asian typical steppe, a
bunch-grass steppe with many or few forbs in a semi-arid climate
(Lavrenko and Karamysheva 1993, Zhu 1993), demonstrate a
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lack in understanding of grazing manage-
ment and an urgent need to determine
appropriate grazing regimes (National
Research Council 1992). Models can be
used to understand interactions between
abiotic and biotic factors to determine
which grazing practices and intensities of
use are sustainable and do not lead to
degradation (Caughley et al. 1987, Agren
et al. 1991, Ellis et al. 1993, Hall and Day
1997). We chose the Savanna ecosystem
model (Coughenour 1993) to examine
these interactions.

The Savanna model is a spatial and
dynamic model that simulates ecosystem
processes including vegetation and live-
stock production. The model takes a
process-oriented approach to represent
grassland ecosystems including flows of
biomass, nitrogen, and organisms, and
subsequent changes in system states. The
capabilities of the model to simulate inter-
active responses to grazing can be used to
further our understanding of the sustain-
ability and resilience of semi-arid grass-
lands. Sustainability is defined as the non-
degradive use of ecosystems that main-
tains system health for present and future
generations (Lubchenco et al. 1991, Lele
and Norgaard 1996) and resilience is
defined as the amount of disturbance an
ecosystem can experience before it shifts
to an alternate state (Holling 1973,
Gunderson 2000). Here we used this
model to examine plant competition and
grazing on the typical steppe of Northern
China to determine the implications of dif-
ferent grazing regimes to ecosystem sus-
tainability and resilience.

Methods

Study area

This study was focused on the Baiinxile
livestock farm, which is located on the
typical steppe of Inner Mongolia, China
(43.5°N, 116.5°E). The farm is 3,680 km?,
divided into an administrative village and
12 branches. A branch is an administrative
division of land, ranging in size from 79
km? to 655 km”. Herders are sedentary
with the majority of their land allocated to
grazing. The farm is grazed predominately
by a mixture of cattle, sheep, and horses.

Long-term mean annual precipitation at
Baiinxile is 360 mm but varies between
180 mm and 500 mm. Mean annual tem-
perature is —0.4° C, ranging from -27.0° C
to 28.6° C (Li 1989, Xiao et al. 1997). The
3 main soil types in this area are kas-
tanozems, chernozems, and eolian sandy
soils (FAO 1991). Dominant grasses
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include Stipa grandis and Leymus chinen-
sis, which have a C3 photosynthetic path-
way. Dominant forbs include Artemisia
frigida and Potentilla sp., while the prima-
ry shrubs are Caragana microphylla and
Astragalus melilotoides (Li 1978).

Model description

The Savanna model (Coughenour 1993)
is a spatially explicit, process-oriented
model of grassland, shrubland, savanna,
and forested ecosystems. The model simu-
lates processes at a landscape through
regional spatial scales over annual to
decadal time scales. The model is com-
posed of site hydrology, plant biomass
production, plant population dynamics,
ungulate herbivory, ungulate spatial distri-
bution, ungulate energy balance, and
ungulate population dynamics submodels

(Fig. 1).

Ungulate Submodels
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Fig. 1. Savanna model structure

(Coughenour 1993).

The Savanna model has a nested spatial
structure that is spatially explicit (repre-
senting spatial position) at the landscape
scale. Grid-cell size is scaled to the spatial
extent of the simulated ecosystem. A land-
scape is covered by grid-cells. The model
is spatially inexplicit at sub-grid patch
scales. The model represents the propor-
tions of each grid-cell that are covered by
vegetation patches or “facets”. Patch loca-
tions are not modeled, but the model does
represent the fractions of ground area cov-
ered by patches of herbaceous plants,
shrubs, and trees in each grid-cell. Since
plant growth is simulated, patch cover is a
dynamic outcome of simulated vegetation
growth and mortality. The results are
scaled-up to the grid-cell level by multi-
plying the fractions of the grid-cell area
covered by each patch type.

Water is redistributed by modeling
runoff and runon. By simulating water
movements among landscape positions,
the model accounts for effects of patch-

scale landscape structure on soil water
storage and subsequent plant growth.
Runon potentially recharges deeper soil
layers, thus affecting the balance between
deep and shallow rooted plant species, and
the length of the period during which
water is available to support plant growth.

The Savanna model is driven by month-
ly weather data. Precipitation data may be
from multiple weather stations, or it may
simply be comprised of data from a single
station. Monthly temperature data from a
base station at known elevation are cor-
rected for grid-cell elevations according to
temperature lapse rate. A snowmelt sub-
model simulates snow water content and
depth, and snow crusting is stochastically
related to temperature.

The water budget submodel simulates
soil moisture dynamics and use on each
patch type on each grid-cell. Soils map data
are used, in conjunction with soil properties
for each soil type, to determine soil water
holding capacities of each subarea on each
grid-cell. The water budget includes terms
for precipitation, interception, runoff,
runon, infiltration, deep drainage, bare soil
evaporation, and transpiration.

The net primary production (NPP) sub-
model simulates plant biomass dynamics.
Plant biomass production is affected by
light, water, temperature, nitrogen, and
herbivory. The NPP submodel is explicitly
linked to the water budget submodel
through an empirical relationship between
carbon assimilation rate and stomatal con-
ductance (Ball 1988). Biomass is allocated
to leaves, stems, and roots. Plant tissues
die due to water or temperature stress or
phenological state, and they turn over at a
nominal rate that reflects their maximal
longevities. The NPP submodel also simu-
lates losses due to herbivory and tissue
mortality.

Plant population submodels simulate
plant establishment, size, and mortality.
Plant establishment is affected by herba-
ceous standing crop, water and tempera-
ture. The population models simulate
either a single variable-size class or up to
6 fixed-size classes of plants. Mortality
occurs at a nominal rate accentuated by
water and temperature stress. Competition
between plants occurs at the functional
group level, based on water, nutrient, and
light resources. When demands for soil
resources exceed availability, plants
acquire the available resources based upon
relative demands in each of 3 rooting lay-
ers. The plant population submodels are
explicitly linked to the NPP model.

Simulated forage biomass and nutrient
content are used to predict forage offtake
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and ungulate distribution across the land-
scape. Forage intake then affects ungulate
energy balance, which subsequently
affects ungulate population dynamics,
which are modeled separately for each
type of livestock. Forage offtake is affect-
ed by forage quantity and availability, and
ungulate diet composition and preference,
maximal species intake rates, and stocking
rates, which are unique to each ungulate
type. Ungulate weight dynamics are
derived by modeling herbivore energy
intake and expenditure, and resultant
changes in body mass. An animal condi-
tion index is then calculated, and can be
used to affect ungulate population distrib-
ution. The Savanna model distributes
ungulate populations based on habitat
locations of suitable forage and manage-
ment practices. For this analysis sheep,
horses, and cattle per km® were entered as
model input.

The model’s structure includes raster-
ized GIS maps of vegetation, soil, eleva-
tion, slope, and aspect for the Baiinxile
farm. Spatial analyses and model output
are provided at the scale designated by the
grid-cell size. A 1-km’ grid-cell size was
used for this analysis. Management strate-
gies are incorporated into the model by
limiting and restricting livestock move-
ments with forcing and boundary maps
created in a GIS. The model therefore has
the ability to simulate ecosystem respons-
es to alternative livestock management
practices involving movements of animals
amongst pastures.

The Savanna model has been used to
simulate vegetation and ungulates in a
wide variety of ecosystems such as Rocky
Mountain National Park, Colo. (Weisberg
2000); Yellowstone National Park, Wyo.
(Coughenour and Singer 1996a, 1996b);
Ngorongoro Conservation Area, Tanzania
(Boone et al. 2002); and Kruger National
Park, South Africa (Kiker 1998).

Model parameterization/verification
Fieldwork conducted in Inner Mongolia
was used to parameterize the vegetation
and soil portions of the model (Xiao et al.
1996, Christensen et al. 1998). Vegetation
biomass and percent cover data from light-
ly grazed plots were used in Savanna ini-
tialization parameter files to describe the
vegetation at the Baiinxile farm
(Christensen et al. 1998). The purpose was
to use the model to simulate vegetation in
a non-disturbed state. Both percent cover
and vegetation biomass of each functional
group were used in model initialization
files. Other plant parameters specific to
this region, such as plant physiological

Table 1. Vegetation categories used in Savanna
simulation runs, simplified from Xiao et al.
(1997).

Vegetation classification

meadow steppe

typical steppe

Artemisia frigida
desertificated land

saline alkaline land
wetland

cropland

fallow cropland

sand dunes with Ulmus sp.

O 01NN W -

characteristics, were taken from several
chapters in Yang (1987). The base vegeta-
tion map consists of 9 vegetation types
(Table 1) modified from a vegetation clas-
sification of Landsat TM imagery (Xiao et
al. 1997). Biomass data from 1980 to 1989
(Xiao et al. 1996) were used for model
verification analysis.

Field soil texture data from soil samples
were used to parameterize soil water holding
capacity and water infiltration rates. A digi-
tized soil map of China (scale 1:4 million)
was used as the soil base vegetation map.

Simulated livestock species included
sheep, horses, and cattle, the primary graz-
ers on the livestock farm. Information
needed for model parameters such as live-
stock height, weight, and diet were gath-
ered from livestock data specific to the
typical steppe (Yang 1987). Herbaceous
plants were selected as the preferred for-
age type due to the overall dominance of
grass and forbs in this ecosystem.

On the typical steppe, areas of grassland
are reserved for hay cutting and winter
grazing. To reproduce this spatial effect in
model simulations, “force maps” were
used. Force maps blocked use of specified
areas during summer months, and were
then removed during winter months to
make the areas available. Vegetation cells
classified as meadow steppe were blocked
from grazing during April through
November to simulate areas reserved for
fodder growth during the growing season.
Grid-cells classified as meadow steppe
were chosen because these areas were
more productive, higher in elevation, and
further away from water holes, and were
therefore reserved for fodder growth (per-
sonal communication with local herders).
Areas classified as sand dunes were
reserved for winter grazing because of the
shelter they provided against winter cli-
mate events.

Climate data from the Inner Mongolia
Grassland Ecosystem Research Station
(IMGERS), centrally located in the
Baiinxile Farm, and 6 surrounding weath-
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er stations were used in Savanna simula-
tions. Nineteen years of maximum and
minimum temperatures, precipitation,
wind speed, humidity, and radiation data
collected at the station were used in model
analyses. Random years were chosen from
the original 19 to create a weather data set
for 50 years. Precipitation data from 6 sur-
rounding weather stations were used in the
weather interpolation submodel of
Savanna.

Model validation

Model validations compared satellite
imagery, not used in model parameteriza-
tion, to final model output to determine
model simulation accuracy (Jorgensen
1994). Eleven years, 1982-1992, of
Normalized Difference Vegetation Index
(NDVI) bimonthly composites derived
from satellite imagery (Tucker 1979,
Justice et al. 1985, Tucker et al. 1985,
Malingreau 1986), totaling 66 images,
were used to validate Savanna simulation
output (Christensen et al. 1999). The
NDVI data were analyzed in Idrisi
(IDRISI 1997). The Idrisi software was
used to extract time series of mean NDVI
values for each branch of the farm. These
trends were plotted and compared to
Savanna green vegetation biomass out-
puts, which were also averaged over cells
for each branch. A regression analysis of
NDVI data versus simulated model results
was used to test the model. The Savanna
model green vegetation biomass output
included summation of green leaf mass of
herbaceous, shrubs, and trees and green
herbaceous stem biomass. The 11-year
cyclic trend in NDVI compared directly to
model output rather than biomass values
derived from NDVI. Ideally conversions
to biomass would be used, if corrections
could be made for errors in the Advanced
Very High Resolution Radiometer data
arising from satellite orbital drift and vol-
canic aerosols (Privette et al. 1995,
Malmstrom et al. 1997, Asner 2000).
However, since these errors were poorly
characterized, added errors could result
from conversions of NDVI values to bio-
mass (Asner 2000). Due to these compli-
cations, NDVI was not converted to bio-
mass in this analysis.

The NDVI data are from a region that is
grazed. Therefore it was necessary to
incorporate grazing activity in the Savanna
model runs for an accurate comparison. A
light grazing treatment of 14.65 animal
units per year (AUY km?) was included in
simulation runs for the validation analysis
to incorporate realistic grazing activity on
the grasslands. Vegetation data from heav-
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ily grazed plots were compared to
Savanna output data in grazing scenarios
with heavy grazing.

Model experiments

The first goal of this analysis was to
determine through model experiments, the
stocking rates that were sustainable on the
typical steppe. For the purpose of this
paper, the system was defined sustainable
if herbaceous plants remained the domi-
nant vegetation and could support grazing
as a form of land use. This was accom-
plished by modeling the effects of differ-
ent stocking rates on vegetation. A stock-
ing rate analysis is only 1 of many differ-
ent types of management that could be
tested, but was chosen based on the scale
and type of this analysis. Fourteen differ-
ent stocking rates were chosen for model
runs, ranging from extremely low to
extremely high rates (Table 2). The model

Table 2. Livestock composition of each density
(km'z) and its total animal unit per year
(AUY) equivalent used in model experiments.
Animal unit equivalents: cow = 1, sheep =
0.14, horse = 1.8.

Stocking
rate Sheep Horse Cow AUY
1 5 1 3 5.55
2 7 2 4 8.65
3 10 2 6 11.10
4 15 3 7 14.65
5 20 4 8 18.20
6 23 5 12 24.45
7 25 6 15 29.55
8 27 7 17 33.65
9 30 8 20 38.90
10 33 8 22 41.35
11 35 8 25 44.65
12 40 8 30 50.40
13 43 9 32 54.65
14 45 10 35 59.75

averages stocking rate over the entire grid-
ded area, so at any particular moment,
some grid-cells could have a higher num-
ber of specified animals, whereas others
could have fewer. Proportions of animals
in each livestock species group were based
on typical herd sizes in that region.
Therefore there were proportionally more
sheep than cattle, and very few horses.
Population numbers of sheep, horses, and
cattle were converted into AUY km? for
analysis. Grazing intensity, otherwise
known as the proportion of vegetation
removed, was used to describe effects of
stocking rate on vegetation. McNaughton
(1979) defined grazing intensity as:

Gl=1-(g/) (4Y)
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where g = biomass in grazed area and u =
biomass in ungrazed areas. Grazing inten-
sity data were averaged for the growing
season May through October for analysis.

Each model run was 50 years in length.
Model output of herbaceous and shrub
above ground net primary production
(ANPP); grass, forb, and shrub live roots,
averaged from May through October, and
then averaged in 10-year increments; and
percent vegetation offtake, averaged May
through October, from each stocking rate
were used in grazing intensity analyses to
determine the effect of stocking rate on the
simulated grassland. Vegetation that
remains dominated by herbaceous plants
while grazed exists as an herbaceous sta-
ble state system. If vegetation composition
changes with grazing, to one dominated by
shrubs, then the system has shifted to a
different stable state.

To examine the resilience of the system,
animal populations were removed from
model runs to simulate grasslands recover-
ing from grazing. State variable outputs
from each stocking rate run were saved
and used to initialize a set of “resilience”
runs to examine if vegetation composition
and production could return to an herba-
ceous dominated stable state. Stocking
rate was set at 0 for each of the 14
resilience runs and vegetation production
was modeled for 50 years following
removal of grazing (Burke et al. 1995). If
herbaceous vegetation does not recover,
then the system was not resilient to that
intensity of grazing. The same weather file
was used in this analysis as the previous
set of runs. Herbaceous and shrub ANPP,
grass, forb, and shrub live roots were used
in the resilience analysis.

Results

Validation analysis

Monthly Normalized Difference
Vegetation Index (NDVI) images were
compared to Savanna green vegetation
biomass output for the growing season,
May through October, to validate vegeta-
tion biomass model predictions. For analy-
ses, NDVI images and Savanna output
were averaged for each branch and plotted
over time (Fig. 2). Accuracy in Savanna’s
predictions of green vegetation biomass
varied depending on branch. Correlations
between predictions and NDVI data
ranged from R? = 0.34 (P = 0.00021) at
branch 9 to R? = 0.57 (P < 0.0001) at
branch 3 (Table 3).
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Fig. 2. Validation data of Savanna output
from branch 3. Continuous line represents
green biomass data (g m?) from Savanna,
dotted line represents NDVI data, rescaled
to the interval -1 to 1. Values from May to
October are shown on graph.

Sustainability

Mean seasonal grazing intensity in 50
year simulations increased as stocking rate
increased (Fig. 3). Animal units per year
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Fig. 3. Relationship between stocking rate
(AUY km) and grazing intensity (x1
SD). Line I represents 5.6-18.2 AUY km™
(light grazing), line II represents
24.5-38.9 AUY km™ (moderate grazing),
and line III represents 41.4-59.8 AUY
km? (heavy grazing).

(AUY) values are averaged over entire
simulated area. Effects of grazing intensity
on annual herbaceous above ground net
primary production (ANPP}) varied (Fig.
4). The ANPPy, decreased slightly as graz-
ing intensity increased from 0.09 to 0.49
(5.6-38.9 AUY km?, refer to Table 2).
Grazing intensities 0.09 to 0.23 (5.6—18.2
AUY km™) had the least effect on ANPP,
where trends did not differ from ANPPy
with no grazing. Grazing intensities 0.30
to 0.49 (24.5-38.9 AUY km™) caused a
proportionally higher decrease in ANPP,
than lower grazing intensities, but still fol-
lowed a similar trend as ANPP}, with no
grazing. When ANPP}, dropped below 100
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Table 3. Regression statistics for branches 1-12 com

(4 km?) data (n = 65).

paring simulated biomass from May through October to 11 years of NDVI Global Area coverage

Branch 1 2 3 4 5 6 7 9 10 11 12
Area (km®) 196 334 323 212 301 130 655 208 609 412 141 79
Adjusted R¥x 0.343 0.532 0.574 0.385 0.410 0.560 0.467 0.397 0.340 0.431 0.429 0.543
Standard Error 0.082 0.090 0.090 0.092 0.086 0.091 0.092 0.081 0.081 0.082 0.090 0.078

***Significant at the 0.001 level.

g m? year' with grazing intensity 0.49,
annual shrub above ground net primary
production (ANPP,) increased to ~ 65 g
m? year' as compared to 18.5 g m? year’!
at low grazing intensities (Fig. 5). This
grazing intensity did not suppress herba-
ceous biomass to the point that shrubs
were able to gain a competitive advantage.

A grazing intensity of 0.64 and higher
(41.4-59.8 AUY km) on herbaceous veg-
etation was not sustainable and caused a
sharp decline in ANPPy, subsequently fol-
lowed by an increase in ANPP (Fig. 5).
After 43 years of grazing with intensity
0.64, ANPP}, dropped to an average of 10
g m? year' and the system shifted to a
shrub dominated state (Fig. 4). This shift
was reached more rapidly with higher
grazing intensities, where ANPPy was
reduced to an average of 9.0 g m? year
after 18 years with intensity 0.84 and after
11 years with intensity 0.89-0.90. This
switch from grass-dominated vegetation to
shrub-dominated vegetation demonstrates
a key state change with the new system
being inferior for livestock that graze
herbaceous plants. There was a rapid
replacement of the herbaceous community
by a shrub-dominated one due to shrub’s
access to water in deep soil layers and lack
of browsing on shrub vegetation in this
simulation.

Biomass output data from grazing inten-
sity 0.64 was compared to field data
(Christensen et al. 1998) to check model
accuracy in a heavy grazing simulation.
Heavily grazed areas were randomly cho-
sen within a 2 km radius of herder’s
households. Herbaceous biomass collected
in the field during the month of August
1997 ranged from 26.5 g m? to 98.1 g m*
in heavily grazed plots, with an average of
63.85 g m™”. These values closely matched
modeled herbaceous biomass data (45.2 g
m?) from areas grazed with intensity 0.64,
during August of the same year.

Grass root biomass ranged from 328.0 g
m? to 476.0 g m* with grazing intensities
0.09 to 0.49, but contrary to ANPP, root
biomass increased as grazing intensity
increased with grazing intensities 0.09-
0.23 (Fig. 6). Herbaceous live root bio-
mass decreased as grazing intensity
increased from 0.30 to 0.49, averaging a

24 g m™ decrease with each intensity
increment of 5 AUY km™ Although root
biomass decreased, their dynamics fol-
lowed the same trend as roots with lighter
grazing intensities. Grazing intensities of
0.49 and higher resulted in a sharp decline
of grass root biomass.

Shrub root biomass with grazing intensi-
ties 0.09 to 0.49 remained stable, between

12.9 g m? and 19.8 g m? (Fig. 7). Biomass
values are low because model output
expresses shrubs as g per total area in the
steppe. Shrubs cover only 12 percent of the
total area in the typical steppe vegetation,
therefore reported shrub biomass is lower
than data, which is expressed in terms of
grams per meter squared of shrub-patches.
Shrub root biomass in areas grazed with
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Fig. 4. Annual herbaceous ANPP from 50-year simulation runs with no grazing (0) and 14
different grazing intensities (5.6- 59.8 AUY km™) and annual precipitation data.
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Fig. 6. Root dynamics from grass vegetation (g m?) averaged for the growing season May
through October, then averaged in 10-year increments. Each line represents different

grazing intensities (stocking rates 1-14).

intensity 0.64 and higher gained a competi-
tive advantage over herbaceous root bio-
mass and increased to levels ranging from
179.8 gm?to 238.7 g m™.

Based on results from Savanna output,
grazing intensities were categorized into 3
groups: light, moderate, and heavy (Fig.
3). A light grazing intensity included graz-
ing intensities of 0.09-0.23 (the 5 lowest
stocking rates of 5.6-18.2 AUY km™).
Light grazing intensity did not have a
large effect on root biomass dynamics as
annual average root biomass slightly
increased as grazing intensities increased
from 0.09 to 0.23 (Figs. 6 and 7). There
was a slight decrease in ANPPy, as grazing
intensity increased, but ANPP}, under light
grazing intensity followed closely the
trend of ANPPy without grazing.
Moderate grazing occurred at grazing
intensities of 0.30 to 0.49 (24.5-38.9
AUY km?), a range where the herbaceous
system was sustained. Averaged annual
root biomass decreased as grazing intensi-
ty increased within the moderate intensity
category. Heavy grazing occurred at graz-
ing intensities above 0.49, and herbaceous
production was not sustainable at these
levels (the five highest grazing rates of
41.4-59.8 AUY km?).

Thresholds in herbaceous production, or
point where higher grazing intensities
result in a shift to a shrub dominated sys-
tem, occurred with heavy grazing only
when there were repeated years with
below average precipitation and herba-
ceous production dropped below 70 g km™
yr and root biomass fell below 200 g m™
(Figs. 4 and 6). Average annual precipita-
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tion at the Baiinxile farm for these simula-
tions was 334.7 mm. In the 5* year of sim-
ulation, annual precipitation dropped to
274.3 mm and ANPP}, began to decrease
as grazing intensity increased. The follow-
ing 3 years, annual precipitation was
below average (315.6 mm, 297.6 mm, and
299.2 mm respectively) and ANPPy
grazed at intensities 0.89 to 0.9 dropped to
10 g m? year" (Fig. 4). Subsequent to year
8, the threshold was passed and shrub pro-
duction increased and became dominant at
these grazing intensities (Fig. 5). In the
12" year of simulation, ANPP}, at grazing
intensity 0.84 dropped, but the following

year had above average precipitation and
ANPP;, recovered. Starting with the 17"
year, there were 3 consecutive years with
below average precipitation and ANPPy
dropped to 43 g m? year'. This grazing
intensity passed the threshold of 70 g m™
year' in ANPP, and 200 g m” in grass
biomass, and shrubs became dominant.
The drop in ANPP}, with grazing intensity
0.64 occurred after simulation years
36-38, all of which had below average
annual precipitation (192.5 mm, 274.3
mm, and 315.6 mm respectively). While
herbaceous vegetation was dominant and
grazing intensity was light, shrub produc-
tion remained low. When herbaceous veg-
etation was removed by heavy grazing
intensity, which coincided with low pre-
cipitation years, the threshold was passed
and shrub production increased to maxi-
mum values.

Resilience

Results from simulation runs that exam-
ined resilience of the system were similar
to results from sustainability runs. The
herbaceous above ground net primary pro-
duction (ANPPy}) in areas previously
grazed with intensities 0.085 to 0.49 (5.6-
38.9 animal units per year (AUY) km?)
returned to levels similar to runs with no
grazing. The ANPPh associated with a
grazing intensity of 0.49 took 46 years to
recover to the same biomass levels as with
no grazing, but the reduction in ANPPy
was small, therefore the system was
resilient with this grazing intensity. The
ANPP;, that was grazed with intensities
0.64 to 0.9 was unable to recover, and
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Fig. 7. Shrub root dynamics from grass vegetation (g m?) averaged for the growing season
May through October, then averaged in 10-year increments. Each line represents different

grazing intensities (stocking rates 1-14).
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shrub above ground net primary produc-
tion (ANPP,) remained high. Herbaceous
vegetation grazed with intensity 0.64
slightly increased ANPP}, to 32.5 g m?,
but was unable to compete with shrubs
and did not return to the original biomass
level.

Root biomass from simulation runs
examining resilience of the system was
analyzed in a similar fashion as sustain-
ability runs. Grass root biomass ranged
from 405 g m? to 467 g m? in runs that
had previously been grazed with intensi-
ties 0.085 to 0.49. Grass root biomass
decreased as grazing intensity increased
from 0.085 to 0.49 and followed a trend
similar to grass root biomass with no graz-
ing. Shrub root biomass was not affected
by the removal of grazing. Shrub root bio-
mass in areas that had been grazed with
intensities 0.085 to 0.49 remained stable,
while in areas previously grazed with
intensity 0.64 to 0.9, shrub root biomass
ranged from 201.9 g m? to 253.7 g m™
Shrub root biomass maintained the com-
petitive advantage over grass root biomass
in areas that had grazing intensities of 0.64
and higher for 50 years after grazing was
removed.

Discussion

Ecosystems that are grazed are subject
to change due to shifts in human and live-
stock population levels, changes in cli-
mate, changes in land use from grazing to
agriculture, alteration of management
technologies, and changes in management
such as the change from nomadic to
sedentary grazing practices (Archer et al.
1995, Walker and Abel 1999). Management
changes have occurred in the Inner
Mongolia region without an understanding
of their consequences and therefore have
left the system vulnerable to change, and
the arid climate of this region makes the
system more likely to exhibit vegetation
state changes under grazing (Ellis and
Swift 1988). Despite the aridity of the sys-
tem, present day herders maintain a style
of management where livestock numbers
are kept constant or gradually increased,
despite varying weather patterns (Bilik
1996, Williams 1996b). As a result of
these increases, grassland degradation is
increasing (Li 1989, Sheehy 1993, Chen
1996) and the number of livestock die-offs
is increasing (Chen 1996). Heavy grazing
during low precipitation years may bring
this system to a threshold beyond which
there can be a shift to an alternate stable
state (Holling 1973, Sheehy 1993), and

grazing should be managed with this in
mind (Ellis and Swift 1988, Ellis et al.
1993). It is vital to recognize these thresh-
olds in order to devise sustainable man-
agement regimes (Cowling 2000).
Westoby et al. (1989) proposed the
State-and Transition model for range man-
agement. This model recognizes the
dynamics of rangelands by describing dif-
ferent vegetation states, and the impor-
tance of understanding the mechanisms
causing transitions among states.
‘Transitions’ occur when thresholds in a
particular stable state are passed and the
system shifts to an alternate stable state.
Grazed landscapes are vulnerable to shifts
between stable states when subject to poor
management or the combination of inten-
sified grazing pressure and extreme cli-
mate events (Friedel 1991, Laycock 1991,
Ellis et al. 1993, Rietkerk and van de
Koppel 1997). For these reasons, a sys-
tems approach was used to more specifi-
cally address the problems of grazing
management at a particular site. From
modeling results, this system was hypoth-

esized as having the potential to switch
from a grass to a shrub dominated stable
state when heavy grazing is combined
with below average precipitation events.
In model simulations above a certain graz-
ing intensity, herbaceous plants could not
recover from grazing removals and shrubs
were able to capitalize on available
resources once the herbaceous vegetation
was suppressed (Archer 1995). Because
shrubs were not browsed they displaced
the overgrazed herbaceous plants and
became the dominant functional group.
The Savanna model determined what
combinations of grazing intensities, pre-
cipitation, and vegetation patterns were
sustainable for the Xilingol region and
found where thresholds and stable states
exist. Results of the model analysis helped
to explain how heavy grazing intensities,
above 0.49, in combination with 2 or more
years of below average precipitation
events surpassed the threshold of sustain-
ability and caused a sharp decline in grass
vegetation. Angell (1997) conducted a 4-
year study in the Northern Great Basin
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Fig. 8. Grass/shrub stable state system, one dominated by grass (region I) and the other
shrubs (region II). Horizontal lines (above Grass and below Shrub) represent systems in a
stable state. As grazing intensity (GI) increases, the system increases in shrubby biomass
(horizontal line shifts diagonally). The system is resilient if grazing intensity is below
threshold zone (GI 0.49-0.63) and will return to a grass stable state if grazing is removed
(arrows) despite precipitation being below average. If GI is higher than threshold zone (GI
> 0.63) and precipitation is below average, the grassland system is not resilient to grazing
and will gradually move towards a shrub stable state (arrows). The higher the GI, the
shorter amount of time it takes for the system to move towards a shrub stable state.
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Experimental Range, Oregon, on the
effects of grazing on grass and shrub vege-
tation. His results were similar to this
study in that grass standing crop decreased
in years 2, 3, and 4 with heavy grazing,
and low precipitation events limited grass
regrowth after grazing. Standing biomass
in heavily grazed sites (1.2 animal units
(AU) ha') was reduced by 43% as com-
pared to continuously grazed (0.6 AU ha')
sites. He also found an increase in juvenile
sagebrush survival due to heavy grazing
on herbaceous vegetation. Gillen et al.
(1998) also found decreases in standing
crop due to heavy as compared to light
grazing, decreasing by as much as 50%
during 1 growing season. Although these
were short-term studies, they show a simi-
lar trend to the first 10 years of model sim-
ulations in this analysis.

Field data from the Inner Mongolian
Grassland Ecosystem Research Station
(Christensen et al. 1998) in the high-stock-
ing rate areas did not show an increase in
shrubs as predicted by the model. Possible
explanations are that the fieldwork was
conducted in 1 season, while the increase
in shrubs in the modeling experiments
occurred over a 38-year period. Also, live-
stock numbers have only recently
increased at the Baiinxile farm, whereas
the modeling results are predictions of
what could happen after many years of
heavy grazing. Soil information was limit-
ed at the scale used, which could poten-
tially affect shrub growth and/or effects of
grazing on shrub growth (Rietkerk and
van de Koppel 1997, van de Koppel et al.
1997). There is uncertainty in how fast
shrubs in this region can spread, based on
seed production and establishment rates,
which could also affect responses to graz-
ing (Archer 1995).

Model simulations included only grazers
because sheep, horses, and cattle dominate
the current system in Inner Mongolia. If
goats, which browse shrubs, were simulat-
ed, then results from model simulations
would likely be different. In neighboring
Mongolia, increases in shrubs are not seen
with heavy grazing (Fernandez-Gimenez
and Allen-Diaz 1999, Fernandez-Gimenez
2000), possibly because goats, which con-
sume shrubs, are a major component of
livestock herds in that region. Fire does not
occur naturally in this area, but it could
suppress shrubby encroachment (Ellison
1960, Archer 1995, Scholes and Archer
1997) and could potentially suppress the
competitive advancement of shrubs with
heavy grazing in model scenarios.

A graphical representation of the
dynamics of the system in regard to
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thresholds and stable states describes 2
steady state systems divided by a thresh-
old zone where section I is dominated by
grass vegetation and section II is dominat-
ed by shrubby vegetation (Fig. 8). The
angled line between the 2 stable-state
regions represents a transitional system.
As grazing intensity increases towards the
threshold isocline (grazing intensity =
0.49, herbaceous productivity = 70 g m™
year’, root biomass = 200 g m*) the pro-
portion of shrubs increases. But when
grazing is removed, the system is resilient
to these levels of grazing and is capable of
returning to a grass steady state (represent-
ed by arrows) despite precipitation being
below average. If grazing intensity
increases above a threshold value (grazing
intensity = 0.49-0.64, herbaceous produc-
tivity < 70 g m? year”, and root biomass <
200 g m?) the system shifts to a shrub
dominated stable-state (region II). When
grazing intensity ranges from 0.64 to 0.89
during below average precipitation events,
the grassland system is not resilient. These
levels of grazing will eventually result in a
shrub dominated system, represented by
the vertical line in region II.

The Savanna model experiments identi-
fied potential grazing thresholds in this
system, providing better understanding of
sustainability and resilience for future suc-
cessful management. Understanding
thresholds in grazing systems has impor-
tant policy implications in the Inner
Mongolian region. Because of the highly
variable climate pattern, it is important not
to overstock grazing areas and/or to main-
tain grazing reserves for use during peri-
ods of climate stress (Cowling 2000). This
simulation analysis as well as other
research has shown the negative impact of
high grazing intensities. To avoid negative
impacts on this grassland region, policy-
makers must limit the amount of livestock
or limit high levels of grazing intensity in
certain areas to maintain sustainable live-
stock production.
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