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Abstract 

A new Sim-CYCLE grazing model has been obtained by combining a grazing model (Seligman et al. 1992, 
Ecol. Model. 60: 45-61) with the Sim-CYCLE model (Ito and Oikawa 2002, Ecol. Model. 151: 143-176). 
The new model has been validated against a set of field data obtained at Kherlen Bayaan-Ulaan (KBU) 

grassland. On the basis of the model, the root responses to grazing of KBU grassland have been studied 

under different conditions of stocking rates and precipitation. Model results indicate that both below 

ground biomass (BB) and below-ground net primary production (BNPP) generally decrease with increasing 

stocking rate. However, if stocking rate is not higher than 0.7 sheep ha-1, a sustainable state of the 

grassland ecosystem can be achieved after about 100 years, which suggests that the maximum sustainable 

stocking rate at KBU should be 0.7 sheep ha-1. At the sustainable state, the maximum BB in a year is about 

11 Mg DM ha"1 under non-grazing condition, 5 Mg DM ha"1 under 0.4 sheep ha"1 stocking rate, and 

4 Mg DM ha"1 under 0.7 sheep ha-1 stocking rate; the BNPP is 1.3 Mg DM ha"1 year-1 under non-grazing 
condition, and 0.6 Mg DM ha"1 year"1 under 0.4 sheep ha"1 stocking rate, and 0.4 Mg DM ha"1 year"1 
under 0.7 sheep ha"1 stocking rate. Ratio of non-assimilation organ to assimilation organ (C/F) increases 

with increasing stocking rate. The C/F ratio is 10.99 under non-grazing conditions, and 12.11 under 0.7 

sheep ha"1 stocking rate. Root turnover rate decreases with increasing stocking rate. The rate is 12% each 

year under non-grazing conditions, and 11% each year under 0.7 sheep ha"1 stocking rate. In addition, the 

effect of grazing on the grassland ecosystem under different scenarios of precipitation is also analyzed. Both 
BB and BNPP increase with increased precipitation, and vice versa. When precipitation is set to be 10% 

higher than the averaged from 1993 to 2002, the maximum sustainable stocking rate is 0.8 sheep ha"1, and 

when the precipitation is set to be 15% lower than the averaged, the maximum sustainable stocking rate is 
0.6 sheep ha"1. 

Introduction 

Plants allocate considerable part of their photo 

synthate for the production and maintenance of 
roots. Roots can be regarded as heterotrophic 

organs living in the soil, but in direct symbiosis 
with autotrophic shoots, which exchanges carbo 

hydrate with water and soil nutrients absorbed by 
the roots. This ensures that the above- and below 

ground functions of ecosystems are linked 
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together. However, the integration of roots and 

shoots extends beyond this symbiotic exchange of 

above- and below-ground resources (Van 

Noordwijk et al. 1998). Root functions are as 

important for whole plant survival as above 

ground functions (Buwalda 1993). Since water and 

nutrients are limiting factors for plant growth in 

many environments, root growth is particularly 

important for the competitive ability of plants. 

Ability of plants to compete for water and nutri 

ents will be greatly hindered when root growth is 

reduced. This is more noticeable in semiarid and 

arid ecosystem where water is main factor con 

trolling biological activity (Coronato and Bertiller 

1996; Engel et al. 1998). 
Carbon in a grassland ecosystem is mostly 

stored below ground in extensive, fibrous root 

system. Due to the slow rate of decay of soil 

organic matter, the root serves as an efficient 

accumulator of carbon (Hunt et al. 2002). Grass 

lands are usually utilized for grazing, but yet the 

impacts of grazing on root processes have not been 

understood clearly. Most studies often pay atten 

tion to above-ground response to grazing. How 

ever, it has been reported that grazing affects 

below-ground processes more than it does to 

above-ground processes (Stanton 1983; Richards 

1984). 
In spite of the importance of total (above- and 

below-ground) net primary production (NPP) as a 

regulator of energy flow through ecosystems 

(McNaughton et al. 1989), previous studies had 

mostly concentrated on the above-ground net 

primary production (ANPP), and therefore the 
amount of NPP allocated below-ground remains 

among the most poorly understood attributes of 

ecosystem (Lauenroth 2000). Furthermore, there is 

very little information about the effects of grazing 
on below-ground net primary production (BNPP) 

(Pucheta et al. 2004). Field experiments have 

shown that for different grassland ecosystem, 

grazing could have no effect on (Milchunas and 

Lauenroth 1989; McNaughton et al. 1998) or 

increase (van der Maarel and Titlyanova 1989) or 

decrease root biomass and BNPP (Svejcar and 

Christiansen 1987; Zhang and Romo 1994; Chaieb 

et al. 1996; Beaulieu et al. 1996; Biondini et al. 

1998; Engel et al. 1998). Nevertheless, it is widely 

accepted that excessive grazing is detrimental to 

plant communities (Cnoant and Paustian 2002). It 

is necessary to study the root response to grazing 

in a specific grassland ecosystem in order to make 
a right judgment. Understanding BNPP is 

particularly important in grassland ecosystem, 
because a large proportion of biomass is stored in 

the soil (Coupland 1992), and accurate estimation 

of BNPP is also essential to accurately estimate 

total NPP in grassland ecosystem. 

Mongolia is located in northeastern Asia, where 

ecotones (forest-grassland-desert) are formed be 
cause of climatic shift from humid condition to arid 

condition. An ecotone is a transitional area between 

two adjacent biomes and is generally sensitive to 

external disturbances such as climate change, hu 
man activities, etc. (Peters 2002). Nearly 75% of 

Mongolia's land area is grassland and shrubland 

grazed by livestock all the year round. About 20% 

of the human population is pastoralists and half of 

the population depends directly or indirectly on the 

pastoral economy for its livelihood (Fernandez 
Gim?nez and Allen-Diaz 1999). About 97% of 

livestock forage is from natural grassland (Beg 
zsuren et al. 2004). Grazing is the most extensive 

land use mode and thus the major cause of degra 
dation in this area. Unfortunately, few researches 

have been conducted on grazing effect on the 

grassland ecosystem. This study is hopefully to 

improve the understanding in this respect. 
In semiarid and arid regions, precipitation is a 

major environmental factor affecting ecosystem 

production, and is highly variable from year to year 

(Lauenroth 1979; Seligman and Van Leulen 1989). 
Land in Mongolia is generally categorized as 

semiarid and arid region (Begzsuren et al. 2004). 
The grassland productivity is greatly influenced by 
the highly variable precipitation. For example, 

Wang and Jiang (1982) and Chen et al. (1988) 
found that both above-ground biomass and below 

ground biomass of a semiarid Stipa grandis steppe 
are directly related to precipitation. In order to 

investigate the grazing effect on grassland at dif 

ferent magnitude of precipitation, modeling simu 

lations have been performed under the 10% higher 
and 15% lower than the averaged precipitation 
from 1993 to 2002. 

Simulation model is a unique tool for its diag 
nostic and prognostic abilities. In this study, a new 

Sim-CYCLE grazing model has been developed by 

incorporating a grazing model (Seligman et al. 

1992) into the Sim-CYCLE model developed by 
Ito and Oikawa (2002). The main purpose of this 

study is to investigate the grazing effect on some 
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aspects of root processes using the new simulation 

model. 

Study site and methods 

Study site description 

The study site is Kherlen Bayaan-Ulaan (47?3/ N, 
108?8' E; 1300 m a.s.l.), which is located in the 

Hentiy province of Mongolia, 100 km east of 

Ulaanbaatar. The mean annual precipitation over 

a 10 years period (1993-2002) is 187 mm, and is 

concentrated in the months from June to Sep 
tember. The mean annual temperature is 1.4 ?C. 

The growing season in this area is normally from 

late April to mid-October. 

The vegetation is natural semiarid steppe, which 

has been grazed by livestock for thousands of years 

(Begzsuren et al. 2004). The grassland is under 

grazing pressure all the year round due to inade 

quate management. The livestock are mainly cattle, 

sheep, goats, and horses. Dominant plants are 

graminoids and semi-shrub accompanied by a few 

forbs. The graminoids are more abundant than the 

semi-shrub. The plants start to grow in May and 

reach the maximum above-ground biomass in Au 

gust, when the air temperature and precipitation are 

optimum for plant growth. According to a 2-year 
field investigation conducted by us, the average 

height of the grassland is about 15 cm, the maxi 

mum LAI is between 0.6 and 0.7 m m"2, mean 

above-ground biomass is 85-110 g m"2, below 

ground biomass is about 1200 g m"2 (0-50 cm 

depth), and net primary production is 230 

280 g m"2 year"1. Dominant species are S tipa 

krylovii, Artemisia fr?gida and Cleistogenes squar 
rosa. C4 plant species occupy about 10% of total 
biomass (Mariko et al. 2003). The soil is chestnut 

soil. 

Field experiment methods 

Field experiments were conducted at KBU in 

2003. The methods of the experiments were 

reported in detail by Urano et al. (2004) and Liu 

(2004). To facilitate an easy understanding of the 

present paper, a brief introduction of the experi 
ment methods is given as bellow. 

The sampling sites were carefully selected and 

could be regarded enough representative for the 

whole KBU grassland. In order to determine the 

effect of grazing on the grassland ecosystem, an 

exclosure was made in autumn, 2002. The area of 

the exclosure is 200 m x 170 m, with a fence height 
of 1.5 m. Livestock were restrained from entering 
the exclosure. The LAI, biomass and carbon fluxes 

were measured monthly both inside and outside of 

the exclosure, from June to September, 2003. LAI 

was measured by scanning their images with a 

flatbed scanner and a PC, and the images were 

analyzed by an image processing software (Mariko 
et al. 2003). Above-ground biomass (AB) was 

measured by the clipping method. LAI and AB 
were averages of measurements from 24 quadrats 

(Mariko et al. 2003; Urano et al. 2004). In the 

non-grazing site, ANPP was the summation of all 

positive monthly increment of total above-ground 
biomass (including green biomass, standing dead 

and litter) throughout the growing season. In the 

grazing site, ANPP should be the summation of all 

positive monthly increment in total above-ground 
biomass plus intake by livestock. However, since 

the intake by livestock was not measured, ANPP 

in the grazing site could not be estimated from the 

field experiments. Below-ground biomass (BB) 
was measured by the soil boring stick method. 

BNPP was measured by the ingrowth soil core 

method. BB and BNPP were measured from 12 

quadrats (Liu 2004). 

Model description and validation 

Model description 

Up to now, most carbon cycle models for grass 
land ecosystems have not considered grazing ef 
fect. In order to simulate grazing effect on carbon 

cycle of a Mongolian grassland ecosystem, we 

combined a carbon cycle model Sim-CYCLE with 
a grazing model (Seligman et al. 1992). The Sim 
CYCLE model was developed by Ito and Oikawa 

(2002). It is a process oriented carbon cycle model, 
which has been successfully applied to various type 
of terrestrial ecosystem (Oikawa and Ito 2001; Ito 

and Oikawa 2004; Hazarika et al. 2005; Ito 2005). 
The model was developed on the basis of dry 
matter productivity theory. It is a compartment 
model: terrestrial carbon pools are conceptualized 

into a five-compartment system. Carbon in a given 

ecosystem (WE) is composed of plant biomass 
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(WP) and soil organic carbon (WS). WP is dis 

tributed in three compartments, viz. foliage (F), 
stem (C), and root (R). WS is distributed in two 

compartments: litter (L) and humus (H). 

WE = WP + WS 

WP = WPF + WPc + WPR 
WS = WSL + WSH 

C02 exchange between atmosphere and biosphere 

through three major processes: gross primary 

production or photosynthesis (GPP), autotrophic 

plant respiration (AR), and heterotrophic soil 

respiration (HR). Autotrophic plant respiration 
includes maintenance respiration (ARM) and 

growth respiration (ARG). GPP is the ultimate 

origin of all organic carbon, through which 

atmospheric C02 is fixed into dry matter. 

Instantaneous GPP (GPPINS) was calculated as 

follows: 

/ LAI 

GPPins= / PCdLAI 
Jo 

= -1 [ln{QE + KAPPFDtop} 
- 

ln{QE + KAPPFDtop * exp(-KALAI)}] 

Where PC is single-leaf photosynthetic rate, LAI is 

leaf area index, PCsat is the single-leaf 

photosynthetic rate under light-saturation, QE is 

light-use efficiency, KA is light attenuation coef 

ficient and PPFDjop is the photosynthetic photon 
flux density at the canopy top. Photosynthate (PT) 

produced by leaf, in addition to supply itself, is 

translocated to stem and root. So the leaf, stem 

and root are closely inter-related through ex 

change of carbohydrates and water: root and stem 

depend on leaf for carbohydrates, and leaf and 
stem depend on root for water. 

The net change of biomass in each compartment 

(A) during a given period are as follows, 

AWPF = PTF 
- 

ARGp 
- 

LFF 

AWPc 
= 

PTC 
- 

ARGc 
- 

LFC 

AWPR = PTR 
- 

ARGr 
- 

LFR 

where PTF, PTC, and PTR are photosynthate dis 

tributed to foliage, stem, and root. PT is the dif 

ference between GPP and ARM. LFF, LFC, and 

LFR are litterfall of foliage, stem, and root. 

NPP is the difference between GPP and AR 

under non-grazing condition. 

NPP = GPP - AR 

Under grazing condition, NPP is the summation of 

change of plant biomass, litterfall and defoliation 
rate (Dr) by livestock. 

NPP = AWP + litterfall + Dr 

We took into account of the fact that, defoliation 

of leaf and stem as a result of grazing by livestock 
will lead to a reduction in LAI and as a conse 

quence, GPP will be affected. In addition, the 
amount of photosynthate to be translocated to 

below-ground component will also change. 
Therefore, the productivity of below-ground 
component will be affected indirectly by grazing. 

The grazing model of Seligman et al. (1992) was 

adopted in this study. The model is suitable for 

semiarid grassland and was applied to a semiarid 

grassland ecosystem in Argentina. A brief intro 
duction of this model is given below, 

Dr = E * Sr * ((WPF + WPC) 
- 

(WPF + WPC)U) 
(0<Dr<SrDx), 

Where Dr is the defoliation rate (kg ha"1 d"1), E is 

grazing efficiency of livestock (ha d"1 per animal), 
Sr is stocking rate, (WPF + WPC)U is the residual 

above-ground biomass unavailable to the livestock 

(kg ha"1 dry matter), Dx is satiation consumption 
rate of the livestock ( 

= 2.4 kg d"1 per animal) 
(NRC 1985). 

The above-ground biomass is regarded as 

evenly distributed from upper layer to lower layer 
of the grassland. It is also assumed that there is 
no extreme grass clumping and no large area with 

bare soil. 

The simulated forage intake in this model is 

limited to total green leaf and stem. This is because 

fresh green parts such as stems and leaves are 

highly preferred by most livestock, and the 

amount of green component in a plant is very 
critical for both processes of photosynthesis and 

transpiration. In this study, grazing is only limited 

to above-ground grazing by livestock. Although 

below-ground grazers are important components 
of the ecosystem, it has not been taken into ac 

count in this simulation. 
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In this study, consideration of effect of grazing is 

still preliminary. Animals are considered as 'neg 
ative' consumers. Other possible direct or indirect 

effects of grazing have not been taken into account 

here, which, for example, include trampling by 

animal, changes in the nutrient cycling of grass 
land ecosystem, plant damage caused by animal, 
and changes in plant relative growth rate. Soil 

nutrients for plant growth were regarded as non 

limiting. 
The model time step is 1 month. Model inputs 

include meteorological and soil data, which were 

obtained from a local meteorological agency by 
RAISE project. These data are averages over a 

10-year period from 1993 to 2002 (Table 1). The 

model parameters have been calibrated with data 

from our 2 years field investigation and related 

work reported in the literature. 

Model validation 

We selected LAI, the maximum AB of a year, the 

maximum BB of a year, annual ANPP, and annual 

BNPP as index to show the grazing effect on the 

grassland ecosystem. The simulated results are 

compared with the measured data (Table 2). The 

simulated LAI, AB, BB and BNPP have been 

compared with measured data obtained under 

grazing condition. Because intake by livestock, one 

component of ANPP, was not measured in the 

Table 1. Input data of major environmental factors for mod 

eling. 

Month Environmental 

Factors 

Radiation Soil Air Precipitation 

(W m~2) temperature temperature (mm) 

(?C) (?Q 

Jan 101.11 -15.65 -22.45 1.77 

Feb 151.65 -10.45 -14.85 1.2 

Mar 221.03 -5.75 -6.25 1.27 

Apr 283.2 4.45 5.15 1.43 

May 327.07 11.85 12.75 3.62 

Jun 327.54 17.55 18.75 25.72 

Jul 307.94 19.85 20.75 57.2 

Aug 297.38 17.35 17.65 61.18 

Sep 227.92 11.45 10.95 20.38 

Oct 167.13 3.05 1.85 4.39 

Nov 111.5 -5.35 -9.95 2.82 

Dec 85.9 -12.75 -18.95 2.19 

field experiments, the simulated ANPP has been 

compared with the measured data under non 

grazing condition. The measured data were from 

outside of the exclosure, i.e., under natural grazing 
condition except for ANPP. The simulated results 

have been calculated using local stocking rate 

except for ANPP, which has been calculated under 

non-grazing condition. The values of LAI, AB, 
and BB presented in Table 2 are maximum values 

in a year, and the values of ANPP and BNPP are 

annual values, both for the measured and the 

simulated. The maximum simulated LAI and AB 

appeared in August and the maximum simulated 

BB appeared in September, all of them are mat 

ched well with the measured results. Table 2 shows 

the relative error (RE) between the measured data 

and the simulated results. The model greatly rep 
resents a real ecosystem in its simplest form. It was 

set up to study potential production as a function 

of soil water and temperature when soil nutrient 

did not limit plant growth in the model. In addi 

tion, there could be other sources of errors in the 

field experiment, for example as a result of human 

operations. All of these could have accounted for 

the deviation between simulated results and mea 

sured data. Despite these deviations, the simulated 

LAI, AB and BB, and annual ANPP agree well 

with the measured data. BNPP has a larger RE, 
which suggests that there are some inherent defi 

ciencies in the model which needs to be improved 
upon in future. This also reveals the difficulties 

encountered in field work of measuring below 

ground items. 

Results 

Simulated BB and BNPP at different stocking rate 

Simulated results show that BB decrease with 

increasing stocking rate (Figure 1). The maximum 

BB appears in September. The temporal dynamics 
of BB has been investigated here. The BB main 

tains constant under non-grazing condition, and 

the value is about 11 Mg DM ha"1. The BB shows 
a decrease trend under stocking rates of 0.4 sheep 
ha"1 and 0.7 sheep ha"1, and the BB reaches the 

equilibrium after 100 years. The BB is 10.87 Mg 
DM ha"1 under 0.4 sheep ha"1 stocking rate in the 

first year, and 5.49 Mg DM ha"1 at the equilibrium 
state. The BB is 10.81 Mg DM ha"1 under 0.7 
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Table 2. Comparison between the measurements and the simulated results at KBU. 

Item LAI AB BB ANPP* BNPP 

(m nT2) (Mg DM ha"1) (Mg DM ha"1) (Mg DM ha-1 year-1) (Mg DM ha"1 year"1) 

Measured 

Average 0.57 0.85 12.55 0.98 1.48 

SD 0.10 0.19 2.50 0.23 0.39 

95%CI 0.57 ?0.06 0.85 ?0.11 12.55 ? 1.41 0.98 ? 0.13 1.48 ?0.22 

Simulated 0.49 0.80 10.73 1.23 1.04 

RE(%) 16.33 6.25 16.96 20.30 42.31 

LAI, leaf area index; AB, Above-ground biomass; BB, Below-ground Biomass; ANPP, Above-ground Net Primary Production; 
BNPP: Below-ground Net Primary Production; DM, Dry Matter; SD, Standard Deviation; CI, Confidence Interval; RE, Relative 

Error = 
(Simulated 

- 
Measured)/Simulated. 

*Measured data was obtained under non-grazing condition, and simulated result was also calculated under non-grazing condition. 

12 r 
_o-o-o-o-o 

b? 
\^^^>^ 

"""" 
Hl-"-" 

? 4 _ 
^\^-"*-*-A 

1 50 100 150 200 250 

Year 

-^-SRO -"-SR0.4 -A-SR0.7 -*-SR0.8 
? 

SR1.2 

Figure 1. Below-ground biomass at different stocking rates BB, 

Below-ground Biomass; DM, Dry Matter; SRn, Stocking Rate 

is n sheep ha"1 

sheep ha"1 stocking rate in the first year, and 

4.13 Mg DM ha"1 at the equilibrium state. The BB 

decreases all the time under stocking rates of 0.8 

sheep ha"1 and 1.2 sheep ha"1. The BB is 10.79 Mg 
DM ha"1 in the first year, and decrease by 66% 

after 100 years under stocking rate of 0.8 sheep 
ha"1. The BB is 10.72 Mg DM ha"1 in the first 

year, and decreases by 82% after 100 years under 

stocking rate of 1.2 sheep ha"1. It suggests that 0.4 

sheep ha"1 and 0.7 sheep ha"1 stocking rates are 

within the grazing capacity of the KBU grassland, 
whereas 0.8 sheep ha"1 and 1.2 sheep ha"1 stocking 
rates exceed the grazing capacity of the grassland. 

Simulated BNPP also shows the same trend as BB 

(Figure 2). BNPP maintains the same value under 

non-grazing condition, and the value is about 

1.3 MgDM ha"1 year"1. BNPP decreases and then 

reaches equilibrium under stocking rates of 0.4 

sheep ha"1 and 0.7 sheep ha"1. BNPP is 1.19 Mg 
DM ha"1 year"1 in the first year under stocking 
rate of 0.4 sheep ha"1, and the equilibrium value is 

100 150 
Year 

-SRO -??SR0.4 -*-SR0.7 -x-SRO. 

200 250 

-SR1.2 

Figure 2. Below-ground net primary production at different 

stocking rates BNPP, Below-ground Net Primary Production; 

DM, Dry Matter; SRn, Stocking Rate is n sheep ha"1 

0.61 Mg DM ha"1 year"1. BNPP is 1.13 Mg DM 

ha"1 year"1 in the first year under stocking rate of 

0.7 sheep ha"1, and the equilibrium value is 0.44 Mg 
DM ha"1 year"1. BNPP is 1.11 Mg DM ha"1 - 

year"1 in the first year under stocking rate of 0.8 

sheep ha"1, and 0.39 Mg DM ha"1 year"1 after 

100 years, decreases by 65% compared to the first 

year. BNPP is 1.03 Mg DM ha"1 year"1 in the first 

year under stocking rate of 1.2 sheep ha"1, and 

0.19 Mg DM ha"1 year"1 after 100 years, de 
creases by 82%. Simulated BNPP also shows that 

0.8 sheep ha"1 stocking rate is beyond the grazing 

capacity of the grassland. 

Ratio of non-assimilation organ to assimilation 

organ (C/F) and root turnover rate 

Simulated results show that the C/F increase with 

increasing stocking rate (Table 3). The C/F ratio is 

10.99 under non-grazing condition, and 11.56 
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Table 3. The C/F ratio and root turnover rate at different 

stocking rates. 

Stocking rate C/F ratio Root turnover 

(sheep ha-1) rate (% year"1) 

0 10.99 12 

0.4 11.56 11 

0.7 12.11 11 

0.8 12.33 10 

C/F, Ratio of non-assimilation organ to assimilation organ. 

under a stocking rate of 0.4 sheep ha"1, and 12.33 

under 0.8 sheep ha"1 stocking rate. 

According to Pucheta et al. (2004), root turn 

over rate was calculated as below, 

Root turnover rate 

= 
BNPP/mean annual live biomass 

Simulated results show that 12% of the BB is 

renewed each year when there is no grazing 

(Table 3), and 11% of the BB is renewed each year 
under a stocking rate of 0.4 sheep ha"1 and 10% of 

the BB is renewed each year under 0.8 sheep ha"1. 

Grazing effect under different precipitation 
scenarios 

In order to investigate grazing effect under higher 

precipitation, the input data of precipitation has 

been increased by 10% of the averaged precipita 
tion from 1993 to 2002. The BB and BNPP under 

different stocking rate are shown in Table 4. The 

responding percentages of the increased BB and 

BNPP are shown in Table 5. Under different 

stocking rates, both the BB and BNPP increase to 

different degree. From the Table 4, we can see that 

the maximum sustainable stocking rate is 0.8 sheep 

ha"1, above which, for example 0.9 sheep ha"1, the 

BB and BNPP decrease persistently with the year. 
This maximum sustainable stocking rate is 0.1 

sheep ha"1 higher than that under the average 

precipitation. When the stocking rate is lower than 

0.8 sheep ha"1, the highest percentage of the in 

creased BB and BNPP is 12%, however, when the 

rate is 0.8 sheep ha"1 or above, the effect of the 

elevated precipitation is particularly significant in 

100 years later. This is because under the average 

precipitation, the stocking rate of 0.8 sheep ha"1 is 

overgrazing, and thus the BB and BNPP decrease 

remarkably, especially after 100 years. 
In order to investigate grazing effect under lower 

precipitation, the input data of precipitation has 

been decreased by 15% of the averaged precipita 
tion from 1993 to 2002. The BB and BNPP under 

different stocking rate are shown in Table 6. The 

responding percentages of the decreased BB and 

BNPP are shown in Table 7. Under different 

stocking rates, both the BB and BNPP decrease to 

different degree. From the Table 6, we can see that 

the maximum sustainable stocking rate is 0.6 sheep 

ha"1, above which, for example 0.7 sheep ha"1, the 

BB and BNPP decrease persistently with the year. 
This maximum sustainable stocking rate is 0.1 

sheep ha"1 lower than that under the average 

precipitation. When the stocking rate is lower than 

0.6 sheep ha"1, the highest percentage of the de 

creased BB and BNPP is 6%, however, when the 

rate is 0.7 sheep ha"1 or above, the effect of the 

decreased precipitation is particularly significant 
in 100 years later. This is because under the lower 

precipitation, the stocking rate of 0.7 sheep ha"1 is 

overgrazing, and thus the BB and BNPP decrease 

remarkably, especially after 100 years. 

Table 4. BB and BNPP under different stocking rates given precipitation 10% higher than the average from 1993 to 2002. 

Year BB (Mg DM ha"1) BNPP (Mg DM ha-1 year"1) 

SRO SR0.4 SR0.7 SR0.8 SR0.9 SRO SR0.4 SR0.7 SR0.8 SR0.9 

1 11.04 10.95 10.89 10.87 10.85 1.36 1.27 1.20 1.18 1.16 

50 11.67 8.32 6.53 6.03 5.60 1.33 0.92 0.69 0.63 0.58 

100 12.35 6.73 4.50 3.92 3.40 1.42 0.75 0.48 0.42 0.36 

150 12.68 5.88 4.20 3.89 2.21 1.45 0.65 0.45 0.41 0.23 

200 12.77 5.88 4.20 3.89 1.48 1.46 0.65 0.45 0.41 0.16 

250 12.79 5.88 4.20 3.89 1.01 1.46 0.65 0.45 0.41 0.11 

BB, Below-ground Biomass; BNPP, Below-ground Net Primary Production; DM, Dry Matter; SRn, Stocking Rate is n sheep ha"1. 

This content downloaded from 103.9.90.228 on Wed, 26 Mar 2014 08:48:36 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


272 

Table 5. Percentage of increased BB and BNPP given precipitation 10% higher than the average from 1993 to 2002. 

Year Increased BB (%) Increased BNPP (%) 

SRO SR0.4 SR0.7 SR0.8 SRO SR0.4 SR0.7 SR0.? 

112 1 17 7 6 6 
50 423 3335 3 

100 9 5 5 7 9 7 4 8 
150 11 7 2 64 12 7 2 64 
200 12 7 2 148 12 7 2 141 
250 12 7 2 267 12 7 2 273 

BB, Below-ground Biomass; BNPP, Below-ground Net Primary Production; SRn, Stocking Rate is n sheep ha"1. 

Table 6. BB and BNPP under different stocking rates given precipitation 15% lower than the average from 1993 to 2002. 

Year BB (Mg DM ha"1) BNPP (Mg DM ha"1 year"1) 

SRO SR0.4 SR0.6 SR0.7 SRO SR0.4 SR0.6 SR0.7 

1 10.92 10.84 10.80 10.78 1.24 1.16 1.12 1.10 

50 10.91 7.79 6.53 6.12 1.27 0.84 0.69 0.64 
100 10.89 6.01 4.37 3.76 1.22 0.66 0.47 0.39 
150 10.91 5.43 4.33 2.45 1.24 0.59 0.46 0.26 

200 10.91 5.43 4.33 1.69 1.27 0.59 0.46 0.18 

250 10.89 5.43 4.33 1.19 1.22 0.59 0.46 0.13 

BB, Below-ground Biomass; BNPP, Below-ground Net Primary Production; DM, Dry Matter; SRn, Stocking Rate is n sheep ha"1. 

Table 7. Percentage of decreased BB and BNPP given precip 
itation 15% lower than the average from 1993 to 2002. 

Year Decreased Decreased 

BB (%) BNPP (%) 

SRO SR0.4 SR0.7 SRO SR0.4 SR0.7 

10 0 0 2 3 3 
50 3 4 3 2 6 3 

100 4 6 12 6 6 15 
150 4 1 41 5 3 41 

200 4 1 59 2 3 59 
250 5 1 71 6 3 70 

BB, Below-ground Biomass; BNPP, Below-ground Net Primary 

Production; SRn, Stocking Rate is n sheep ha"1. 

Sensitivity analysis 

Model sensitivity to temperature and precipitation 
has been analyzed. An equilibrium state, which is 

at the year of 150 after start of the modeling, was 

chosen as the reference time. The results are shown 

in Tables 8 and 9. Under non-grazing condition, 
when the increase of temperature is from 0.25 ?C 

to 0.75 ?C compared to the long-term averaged 

temperature, the increase of BB is from 4% to 9%, 
and the increase of BNPP is from 5% to 10%; 

Table 8. Sensitivity analysis to temperature. 

Temperature BB BNPP 

(?C) (MgDM ha"1) (Mg DM ha"1 

year"1) 

0 sheep 0.4 sheep 0 sheep 0.4 sheep 
ha"1 ha"1 ha"1 ha"1 

To + 0.00 11.41 5.49 1.30 0.61 

To + 0.25 11.92 5.73 1.37 0.64 

Tq + 0.50 12.36 6.02 1.42 0.67 

To + 0.75 12.48 6.31 1.43 0.71 

To-0.25 11.10 5.47 1.26 0.61 

To-0.50 10.98 5.46 1.25 0.60 

7V-0.75 10.94 5.38 1.25 0.59 

T0, the averaged temperature from 1993 to 2002; BB, Below 

ground Biomass; BNPP, Below-ground Net Primary Produc 

tion; DM, Dry Matter. 

When the decrease of temperature is from 0.25 ?C 

to 0.75 ?C, the decrease of BB is from 3% to 4%, 
and the decrease of BNPP is also from 3% to 4%. 

Under stocking rate of 0.4 sheep ha"1, when the 

increase of temperature is from 0.25 ?C to 0.75 ?C, 
the increase of BB is from 4% to 15%, and the 

increase of BNPP is from 5% to 16%; When the 

decrease of temperature is from 0.25 ?C to 
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Table 9. Sensitivity analysis to precipitation. 

Precipitation BB BNPP 

(mm) (Mg DM ha"1) (Mg 
DM ha"1 year"1) 

0 sheep 0.4 sheep 0 sheep 0.4 sheep 
ha"1 ha"1 ha"1 ha"1 

P0x(l+0%) 11.41 5.49 1.30 0.61 

P0x(l + 10%) 12.68 5.88 1.45 0.65 

P0x(l-15%) 10.91 5.43 1.24 0.59 

P0> the averaged precipitation from 1993 to 2002; BB, 

Below-ground Biomass; BNPP, Below-ground Net Primary 

Production; DM, Dry Matter. 

0.75 ?C, the decrease of BB is from 0% to 2%, and 

the decrease of BNPP is from 0% to 3%. The 

results show that BB and BNPP are sensitive to 

increase of temperature, especially under grazing 
condition. 

Under non-grazing condition, when precipita 
tion increase by 10% compared to the long-term 

averaged precipitation, BB increase by 11%, and 

BNPP increase by 12%; when precipitation 
decrease by 15%, BB decrease by 4%, and BNPP 

decrease by 5%. Under 0.4 sheep ha"1 stocking 
rate, when precipitation increase by 10%, BB in 

crease by 7%, and BNPP also increase by 7%; 
when precipitation decrease by 15%, BB decrease 

by 1%, and BNPP decrease by 3%. The results 

show that BB and BNPP are more sensitive to the 

increase of precipitation than to the decrease of 

precipitation. 

Discussion 

The results of the study show that grazing acts as a 

negative force to the productivity of grassland 

ecosystem. The grassland ecosystem can maintain 
a much higher BB and BNPP under non-grazing 
condition than under grazing condition. However, 
the BB and BNPP decrease under grazing condi 

tion, especially under high grazing intensity. The 

reduction of above-ground biomass resulting from 

consumption by livestock will lead to a decrease in 

canopy photosynthesis and thus a reduction in 

translocation of photosynthate from shoot to root 

(Wang and Ripley 1997). Therefore, the root bio 

mass and BNPP also decreases, though root has 

not been directly grazed (Smit and Kooijiman 

2001). 

Although there are evidences suggesting that 

grazing produces undetectable or positive effects 

on BNPP (McNaughton et al. 1998; van der 

Maarel and Titlyanova 1989), a general opinion is 

that clipping or grazing reduces root growth 

(Sundriyal 1992; Beaulieu et al. 1996; Biondini 

et al. 1998). Our simulated results are consistent 

with this opinion. Furthermore, the simulated 

BNPP decreases with increasing stocking rate, 
which agrees with the finding from a Stipa brevi 

flora steppe by Zhang and Li (1997). 
Simulated results show that the C/F ratio 

increase with increasing stocking rate, that is, the 

proportion of assimilation organs (leaves) 

decrease, and the proportion of non-assimilation 

organs (root and stem) increase. As a result of 

that, photosynthesis of plant also decreases. This 

also indicates that grazing has a negative effect on 

plant productivity. Brouwer (1963) put forward an 

opinion that plants maintain a 'functional equi 
librium' between shoot and root growth. The 

opinion emphasizes the eco-physiological func 

tionality of shift in allocation of current growth 
resources over above- and below-ground parts 

during the development of an individual plant, 

depending on the relative supply of above- (light, 

CO2) and below-ground (water, nutrients) 
resources (Van Noordwijk et al. 1998). Allocation 
over above- and below-ground biomass may 

change rapidly, which reflect changes in the envi 

ronment or external disturbances of the shoot to 

root equilibrium, such as grazing of root or shoot 

(Van Noordwijk et al. 1998). Biomass allocation 

ratio to root increases with increasing stocking 
rate, which is an adaptive response of plant to 

grazing. High proportion of BB in the total bio 
mass can enhance the capacity of water uptake 
from soil and the ability of root water storage, and 

increase carbohydrate storage and the capacity to 

tolerate environmental stresses, which is favorable 

for grassland restoration (Wang et al. 2003). 
Root turnover plays a critical role in regulating 

ecosystem carbon balance and nutrient cycling 

(Pendall et al. 2004), and is important for accu 

rately evaluating carbon budget as well as nutrient 

cycling in ecosystems (Eissenstat et al. 2000). Our 

simulation results show that root turnover rate 

decreases with increasing stocking rate, which 

agrees with the results from a Stipa breviflora 

steppe in western Inner Mongolia (Zhang and Li 

1997). 
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In general, there is a strong, positive correlation 

between root turnover and mean annual temper 
ature for grassland (Gill and Jackson 2000). In our 

study, the mean annual temperature is 1.4 ?C at 

KBU. This low temperature could be one of the 

reasons why the turnover rate is relatively lower at 

KBU grassland. In addition, root turnover is also 

affected by grazing. Reduction of the above- and 

below-ground biomass resulted from grazing will 

lead to reduction of input of litter and nutrients to 

the soil, and thus the overall nutrient availability 
decreases. As a consequence, the decomposability 
of litter decreases (Hobbs 1996). Nutrient losses in 

the form of removed biomass by animal can be 

partly compensated by urine and feces deposition, 
but this compensation is only effected for limited 
area (Smit and Kooijiman 2001). 

In this study, the effect of precipitation variation 

has been evaluated based on simple assumptions 
of precipitation scenarios. Although the assump 
tions are somewhat arbitrary, they are the possible 
situations from the viewpoint of long-term climate 

change. Many uncertainties must have involved in 

our results. For example, feedback mechanism for 

water cycle has not been inadequately considered 

in the present model, the increased biomass 

resulted from the elevated precipitation might have 

been overestimated. This should be one of the 

major respects for which the model will be 

improved in our future work. 

Conclusions 

The maximum sustainable stocking rate at KBU is 

estimated to be 0.7 sheep ha"1. With increasing 

stocking rate, both BB and BNPP decrease, the 

C/F ratio increases, and the root turnover rate 

decreases. The productivity and grazing capacity 
of the grassland are affected remarkably by pre 

cipitation variation. To prevent further degrada 
tion of the grassland, it is extremely imperative for 

the governments and all the stakeholders to take 

effective measures to keep an appropriate stocking 
rate. Only in this way can the goal of a sustainable 

grassland ecosystem be hopefully achieved. 
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