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6 Sustainability modelling 
of grassland systems

Karl Behrendt, Haibo Liu, David Kemp, Taro Takahashi

Environmental, financial and political influences affect herders and farmers livelihoods because 
of the expectation that they maintain biologically and economically resilient systems. Making 
decisions regarding the management of a grassland resource is an important and complex 
bioeconomic problem. It involves the consideration of interactions between grassland ecology, the 
use of technology to improve and manage the resource, environmental externalities, utilisation of 
the resource by grazing animals and the profitability of the farming system.

Within any grazing system, decisions need to be made by managers and herders on how to best 
manage the mosaic of grassland resources available to them. This involves making decisions 
about how to utilise the existing resource through the adjustment of stocking rates and grazing 
management, or making decisions about the use of inputs and existing technologies, such as 
fencing or labour, to aid in the control of grazing, the application of fertiliser or manure and 
the sowing of introduced species. The ultimate aims of these decisions are to improve farm 
profitability, household cash flows, animal production and grassland productivity, quality and 
persistence (Scott et al. 2000; eds Kemp & Michalk 2011; Behrendt, Cacho et al. 2013). A series of 
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tactical and strategic decisions4 need to be made in a climate of uncertainty about their degree of 
success in achieving desired levels of production, profitability and environmental outcomes.

A grassland resource is dynamic in its response to utilisation and climate, and the impacts of 
decisions made at different points in time significantly influence profitability over the long term. 
Climate risk influences the future profitability and productivity of the grazing system and the 
future state of the soil and grassland resource. The more recent approach to managing grassland 
resources is the continuation of a paradigm shift that occurred during the late 1980s and 1990s, 
to one where grasslands need to be managed as continually changing ecological systems. Kemp 
and Michalk (1994) defined grassland management as the process of actively intervening in the 
production of plants and their utilisation by grazing animals to maintain or improve production 
while sustaining the resource. The options and technologies available to herders allows them to 
modify their management and utilisation of grasslands under stochastic climatic conditions. Hence 
grassland management includes the need to find a balance between grassland productivity and 
persistence, environmental outcomes, livestock production and whole-farm profit.

The use of conventional production economics to support decision-making regarding shorter-term 
production and profit objectives of livestock grazing systems is unlikely to be acceptable to modern 
community values, where the focus is increasingly on improving environmental outcomes. The 
challenge lies in identifying profitable and ecologically sustainable livestock production systems 
from dynamic grassland resources (MacLeod & McIvor 2006).

A greater realisation of environmental responsibilities over the past three decades has led to an 
increased emphasis on the development of sustainable grazing systems (Gramshaw et al. 1989; 
Humphreys 1997; Hutchinson 1992; Kemp & Dowling 2000; Wilson & Simpson 1994). A critical 
component to achieving sustainable grazing systems is one that is capable of sustaining high 
levels of productivity as well as meeting environmental objectives. Sustaining Chinese grasslands 
means developing a grassland resource that is dominated by species capable of sustaining positive 
livestock production.

The complexity of the grazing and grassland system, and the need for it to be integrated within 
the farming system in a profitable and sustainable way, limits the usefulness of relying solely on 
field experimentation to obtain answers to the complex questions of sustainability in grassland 
systems. Modelling and simulation of complex farming systems provides the most efficient 
method of undertaking systems research to improve decision-making (Bywater & Cacho 1994). The 
development of bioeconomic models that consider the biophysical system and integrate dynamic 
grassland and soil resources, with livestock production and economic analysis, provides a useful 
tool for finding sustainable solutions for grassland systems. However, existing models and decision 
support tools such as the GrazPlan suite of models (Donnelly, Moore & Freer 1997; Moore et al. 
2007) and the Sustainable Grazing Systems (SGS) Pasture Model (Johnson, Lodge & White 2003) 
are complex and require significant inputs and skills by users to create, calibrate and validate 
model outputs. In countries with limited modelling capacity and quantities of data in appropriate 
forms, parameterisation of such complex models is difficult. These models are further constrained 
in the approaches that can be taken to simulating different innovations and the interactions of a 
stochastic climate with whole-farm profitability and herder cashflows.

4 Tactical decisions represent decisions made by producers to adjust their farming strategies in response to changes in 
seasonal and market conditions (Antle 1983). Strategic decisions represent decisions made for the development of the 
business which involve inter-temporal benefits and costs (Rae 1994).
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This chapter introduces a suite of models that have been developed to help understand grazing 
systems and investigate options for changes in stocking rates and management. Several of these 
models were developed in the earlier phase of this program (eds Kemp & Michalk 2011). Although 
they have been modified since, readers are referred to the earlier work for more details. This 
chapter provides a more detailed introduction to the most recent iteration of the modelling suite, 
the StageTHREE Sustainable Grasslands Model (SGM). This model utilises the core functions and 
dynamic dimensionality of more mechanistic tools, such as those used in the GrazPlan suite 
and the SGS Pasture Model, but has been designed to minimise the skill and data required for 
parameterisation. Additionally, the StageTHREE SGM has been designed to provide a range of 
commonly assessed measures of production, economic and environmental outcomes in response 
to pertinent questions (or decision variables) that are being considered critical for sustainable 
Chinese grasslands systems. To support the parameterisation of the StageTHREE SGM, a Grassland 
Growth Calibration (GGC) tool has also been developed to enable researchers, advisers and 
analysts to calibrate the grassland growth models to different agro-ecological zones. This chapter 
demonstrates the application of the SGM to a case study in IMAR, and then (Chapter 7) applies the 
SGM to animal production systems on the Qinghai–Tibetan Plateau.

Modelling suite
The four models developed are: 

1. feed balance analyser (StageONE)

2. linear program optimiser (StageTWO)

3. dynamic sustainability (StageTHREE SGM)

4. precision livestock management (PhaseONE). 

Each of these models contains a different set of modules and features (Table 6.1), and is designed 
to address separate research questions identified in Chapter 1 (Table 6.2). The StageONE, StageTWO 
and PhaseONE models were originally developed in Excel to enable wider use, but have recently 
been incorporated into a standalone common platform, optimised management models for 
household pasture livestock farm production (OMMLP) (Figure 6.1), so they can share a common 
dataset. The StageTWO model requires the Excel add-in ‘What’s Best’ to manage optimisation 
routines, which is not needed in the OMMLP framework. The StageTHREE SGM model has 
been written in Matlab and a runtime version is used in OMMLP or as a standalone tool. The 
models require a combination of basic in-field experimental data and data from literature and 
other sources.
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Table 6.1 Modules and features of each model in the modelling suite 

Model feature StageONE StageTWO StageTHREE PhaseONE

Pasture module   

Animal module   

Soil module 

Economic module  

Multiple enterprises 

Heterogeneous animals 

Light data requirement  

Already validated    

Fine temporal resolution 

Dynamic 

Optimisation  

Table 6.2 Research questions suitable for each model in the modelling suite

Research question StageONE StageTWO StageTHREE PhaseONE

1. Livestock enterprise   

2. Animal management   

3. Animal nutrition   

4. Grassland management  

5. Infrastructure changes  

6. Government policies  

7. Capacity building Not suitable for modelling
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Figure 6.1 Initial windows of the OMMLP modelling platform for China

StageONE
The StageONE model (Takahashi, Jones & Kemp 2011) estimates the energy balance between feed 
supply and demand, using standard functions for sheep, goat and cattle nutrition (eds Freer, Dove 
& Nolan 2007; Freer, Moore & Donnelly 1997). This is a manual, steady-state model that needs 
monthly data on numbers and liveweights of livestock, and of grassland growth and digestibility for 
the desirable and less-desirable, but edible, species. The model is commonly used to check data 
collected on farms to see if it is consistent and sensible. Once the control condition is established, 
the model is used to investigate changing livestock practices and other components of feed supply 
and demand. The objective is often to minimise energy deficits through the year. 

The StageONE model also calculates a gross margin for the livestock enterprise and greenhouse 
gas production using standard functions. The functions used in the model are those from the 
literature for sheep, which are also applied to goats. Cattle are converted to SE for analyses. This 
poses a few issues with calves, which can be managed provided the user remembers they are 
using sheep equivalents. However, as the main use is often to simply evaluate contrasting options 
and get a general idea of effects, rather than to get exact predictions, this strategy has been found 
to be satisfactory. Much of the data required can be obtained from interviews with herders and 
additional information local experts that have acquired. This model was developed using Excel and 
can be used without any specialised software. It is very useful for introducing people to modelling 
and regular users do not need much ongoing guidance. It has been widely used in the program 
reported in this monograph.
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Professor Kemp (standing 
at the whiteboard), Dr Xu, 
Dr Yuan and Dr Wang (right) 
at the first workshop at 
Inner Mongolia Agricultural 
University to plan the 
StageONE model.  
Photo: D.R. Kemp

StageTWO
This model is designed to evaluate farm enterprise options, including the financial responses to 
changes in stocking rates (Takahashi, Jones & Kemp 2011). StageTWO is a linear programming 
model that optimises the livestock, grassland, feed, crops, labour and other resources to maximise 
net farm financial returns. This model uses the same basic farm data as StageONE with some 
additional items. It is also a steady-state model for a typical farm in a typical year. A constraint 
in the model, arising from the linear programming tools used, is that animals are not allowed to 
lose weight. The interesting result is that, with this constraint, farm profitability generally exceeds 
the actual net income from traditional practices. This model was developed in Excel, but as the 
linear programming structure is large, it needs the Excel add-on ‘What’s Best’ to function, or can be 
operated in the OMMLP platform.

StageTHREE
The StageTHREE SGM is a dynamic bioeconomic model that is designed to assess the long-run 
sustainability of grassland systems under climate uncertainty. It is discussed in more detail 
throughout this chapter. The current version of this model has been developed to incorporate 
cattle and a yak submodel for the evaluation of grassland management options on the Qinghai–
Tibetan Plateau (Chapter 7; Liu 2017). The cattle and yak submodels are too complex to be used 
in the StageONE and StageTWO models. In those models, cattle and yaks are simulated by being 
converted to SEs, based on liveweights.
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Dr Badgery (left) and 
Professor Behrendt (front 
row) at a workshop at Gansu 
Agricultural University to 
develop the models. 
Photo: D.R. Kemp

PhaseONE
The PhaseONE model was developed from a different perspective. This model aims to identify 
the animals in a flock or herd that should be kept or culled (Takahashi et al. 2015). It requires 
measurements of the liveweight and condition of each animal in a flock or herd, plus financial 
information and estimates of how age and condition influence fecundity. The animals are ranked 
from highest net (financial) income/head to lowest net income/head. Graphical tools are provided 
to show the animals to keep and cull and there is an intermediary group for discussion that may 
be kept or culled. The principles in this model have proved to be a great educational tool for 
researchers. They have strongly supported the other models and experiments that showed a 
significant reduction in stocking rates was needed to achieve financial viability. Examples of its use 
are in Chapter 3.

Model usage
The first three models are regarded as an integrated set (Figure 6.2). StageONE is the easiest 
model to use and requires the minimal dataset. It is used to develop a ‘typical’ farm based on the 
averages, but removing anomalies. For example, if most farms had sheep but a few had some 
cattle, the SE for the cattle is estimated (so that stocking rates and other calculations remain valid) 
and the typical farm is considered to be only a sheep enterprise. It can then be used to quickly 
evaluate various livestock management options, especially their energy balance and nutrition. This 
was done when designing the farm demonstrations (Chapter 4). Once the options of interest have 
been narrowed down, the StageTWO model can evaluate the options in a more complex framework, 
with various constraints (e.g. land, labour, capital), to assess strategies for improving grasslands 
and herder household incomes. The better options can then be evaluated dynamically over time 
with the StageTHREE model, along with other complexities in grassland management, to assess 
their impact on the sustainability of the grassland system. These models have all been built as 
standalone units, but they share data and functions to address different questions.
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Figure 6.2 Integrated set of models for analysing the livestock–grassland system

StageTHREE sustainability modelling approach
The objective of the SGM was to develop a bioeconomic method that adequately models the 
dynamic nature of grassland resources and integrates climatic uncertainty. The methods developed 
needed to be capable of identifying the inter-temporal trade-offs between the management of the 
grassland resource for herder household welfare and the resulting productivity and environmental 
outcomes from the grazing system.

The specific objectives of the model are to:

• assess the impacts of different grassland management strategies on grassland condition, soil 
erosion, ecosystem services and herder household income

• analyse grassland management strategies over the medium to long term (10–50 years)

• account for the dynamic interaction of resource condition (grassland and soils) with 
management (livestock production system, stocking rate and supplementary feeding) 
and climate.

The bioeconomic framework that has been developed is unique in that it considers the impact of 
embedded climate risk, technology application and management on the botanical composition 
of the grassland resource over time, which in turn impacts on the economics and environmental 
outcomes of different strategies (Figure 6.3). It is a dynamic model of the interaction of resource 
condition (grassland and soils) with management (livestock production system, including sheep, 
goats, cattle and yaks, stocking rate and supplementary feeding) and climate risk. The StageTHREE 
SGM operates as a simulation model that is executed for each nominated grazing area (field or 
paddock) level on a daily time step and contains 11 submodels accounting for grassland dry matter 
digestibility (DMD); herd/flock structure, size and culling; supplementary feeding policies; growth, 
production and state variables for each age cohort of females, male progeny and breeding males; 
growth indexes and grassland growth; deep soil water drainage and rainfall run-off; and soil 
erosion from wind and water run-off. Grassland composition and soil depth/fertility submodels 
predict changes at an annual time step. Livestock production and system externalities are 
aggregated to determine the environmental, economic and financial performance of the system at 
the enterprise and whole-farm level.
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Figure 6.3 StageTHREE SGM simulation framework

The additional data required for the customisation and running of the model include soil fertility 
change over time and its interaction with soil erosion from wind and water; grassland growth 
and digestibility parameters; long-term daily climate data (temperature, wind speed, precipitation 
and relative humidity); dynamics of changes in grassland botanical composition under different 
management practices, soil conditions and climate; and livestock production in relation to 
grassland quantity and quality. The model is capable of running in a deterministic mode (a single 
year type being repeated) and a stochastic mode (either a single run of randomly selected climate 
years or a selected number of iterations of randomly selected climate year sequences) to test the 
impacts of a range of decision variables (such as flock/herd size, supplementary feeding rules, 
output price variability, management systems, etc.) on system performance.

The StageTHREE SGM has been developed using Matlab (Mathworks 2017) and some specialised 
additional tools. A runtime version is available (Figure 6.4) that can be used independently of 
the specialised software and full model specifications and functionality are available from K. 
Behrendt. Monte Carlo simulation procedures, which draw upon randomised annual sequences 
of daily climate data, are used to evaluate a range of policies for managing Chinese and Australian 
grasslands. This descriptive simulation framework is used to investigate the expected production 
and environmental outcomes, and economic performance and risks associated with different 
technologies and grassland management policies over 10–50-year planning horizons.
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Figure 6.4 Runtime version of StageTHREE SGM

Modelling botanical composition of the grassland resource
Changes in plant composition are often the first signs of degradation (Chapter 8). In mechanistic 
grassland or crop models, plant composition is generally modelled on the assumption of 
competitive interference for resources such as water, light and nutrients. The limitation of applying 
this method to grassland resource management is that it does not cope well with simulating 
more than two competing species. Few models have ever been developed that do this with some 
success, and where they do it is for very specific circumstances. There is also the underlying 
assumption in some models that species persist indefinitely and homogenously occupy space 
within the sward. Rather than modelling explicitly how plants interact, the response of plants to 
changes in their environment can be represented by the net ability of a group of plants to capture 
resources and compete (Kemp & King 2001). For decision-making, the modelled changes in 
botanical composition need to respond over the long term and represent the changes in the basal 
area of competing species, especially in response to sporadic events such as droughts (Jones, Jones 
& McDonald 1995).

The empirical grassland composition submodel within the StageTHREE SGM adapts the method 
proposed by Loewer (1998) on the use of partial paddocks. In Loewer’s GRAZE model, it is assumed 
that each species is uniformly distributed throughout a paddock and that the initial area they 
occupy remains fixed. However, the dry matter availability of each species is varied through 
selective grazing (driven by differences in forage quality) and independent species growth, with 
the regrowth of these species then dependent upon the residual biomass at any one time. In 
the StageTHREE SGM, the space occupied by species is assumed to be variable and to respond to 
climate, management, inputs and the state of soil resources. This enables the cycle of grassland 
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degradation to very low populations of desirable species to be modelled adequately. This then 
enables the potentially positive response of the grassland resource condition to tactical grazing 
management, production system modification, supplementary feeding and/or fertiliser inputs to 
be modelled.

This empirical modelling approach is analogous with in-field measures of basal areas of grassland 
species and is similar to the methods of basal area adjustments applied in some rangeland models 
(Stafford Smith et al. 1995). Separation of grassland yield and basal area of different species groups 
is justified, as basal area provides a more meaningful and stable indicator of ecological or botanical 
composition change than grassland yield (Cook, Lazenby & Blair 1978).

The population of desirable species in the sward is modelled by using differential equations 
describing population growth and the impact of harvesting (determined by the consumption rate 
of the desirable component of the grassland). The value of the livestock impact parameter reflects 
the sensitivity of botanical composition change to consumption rate and species phenology. 
These represent the grassland resource as an exploitable renewable resource as described 
by Clark (1990). In the grassland composition submodel, a logistic growth model is used for 
regeneration of desirable species with the rate of change influenced by both a soil fertility factor 
(which is influenced by inputs such as fertiliser and soil erosion) and an annual rainfall factor using 
stochastic multipliers (Cacho, Bywater & Dillon 1999). This empirical method adapts the concepts 
of state and transition models of rangelands (Westoby, Walker & Noy-Meir 1989) with the benefit 
of an indefinite number of grassland states and responses to climate, management and input 
factors. The modified partial paddock approach developed allows the desirable components within 
the sward to increase their basal area over time. The spatial measure of grassland composition 
in the model is similar to basal measurements common in agronomic experiments (Whalley & 
Hardy 2000).

In the model, two grassland populations are defined. They represent desirable and less-desirable 
species groups, which are the key groups of interest to herders, farmers and officials. The two 
groups may have different growth parameters, different responses to soil fertility and different 
dry matter digestibilities. All these factors combine to influence the potential carrying capacity and 
livestock production from the system. This process allows the expression of changes in the quality 
of the grassland resource in response to changes in grassland composition and the total amount of 
herbage available to grazing livestock.

Modelling grassland growth
There are several mechanistic grassland growth models available (Thornley & France 2007) as well 
as single function models that account for net grassland production (Woodward 1998). Previous 
studies and reviews have shown that simple models of grassland growth may adequately represent 
the changes in net grassland production (Behrendt, Cacho et al. 2013; Behrendt, Scott et al. 2013; 
Cacho 1993). These simpler models may be adequate for making management decisions when 
they provide dynamic descriptions of the key variables used in predicting changes in production 
(Woodward 1998). An equation that relates grassland growth to grassland mass, LAI or height, 
coupled with descriptions of monthly changes in grassland quality (DMD), is all that is required 
in the SGM model, as the animal–plant–resource interactions are the main concern in the 
simulation model.

Using a modification of the growth index method, originally proposed by Fitzpatrick and Nix 
(1970), the effects of daily temperature (air and soil), solar radiation and soil moisture on plant 
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growth controls and interacts with a sigmoidal grassland growth function (Cacho 1993) in the SGM 
(Behrendt et al. 2018; Liu 2017). In these submodels, the growth of desirable and less-desirable 
species is modelled independently of the area being occupied, as the grazing area is assumed to 
be homogenous in microclimate, soil type and fertility. At a grazing area (field) level, soil water 
balance and dynamics are modelled using the capacitance approach described by Johnson 
(2013), which also links to rate of soil formation through deep drainage and soil erosion through 
run-off. The proportional distribution of biomass to each of the digestibility pools is based on a 
modification of the equations described by Freer et al. (1997) and the StageTHREE SGM models the 
DMD pool distribution for desirable and less-desirable species at monthly intervals, although the 
aggregated biomass within these pools are available to grazing livestock for consumption through 
selective grazing. In combination, this allows the effective representation of differences in both 
the productive capacity and quality of desirable and less-desirable species to be more rigorously 
expressed in its influence on livestock production, especially as the state of the grassland resource 
changes in response to climate and management over the long term. The grassland growth 
submodel is parameterised using the developed GGC tool that utilises biomass and daily climate 
data throughout a growing season and across multiple years.

Modelling livestock performance
To adequately represent the production of wool and meat, the livestock submodels need to 
be capable of responding to changes in the available grassland mass and changes in botanical 
composition with its inherent effect on feed quality. A more mechanistic approach was taken in 
developing the livestock submodels. The livestock submodels are based on many of the equations 
described by Freer, Dove and Nolan (eds 2007) and Freer et al. (1997). These publications 
represent a revised version of the original report by SCA (1990) and fundamentally describe the 
functions used in the GrazPlan suite of decision support tools (Donnelly, Moore & Freer 1997; 
Moore, Donnelly & Freer 1997), which have been broadly applied and shown to adequately predict 
ruminant livestock performance under diverse environments. This was required to ensure there 
were adequate feedback mechanisms between the selective grazing by livestock and changes in 
botanical composition, grassland quantity and growth. The framework has been developed for the 
modelling of sheep, goat, cattle and yak production systems.

For each livestock species, three types of animals are modelled: females, males for breeding, and 
castrated or non-castrated males not used for breeding that are the progeny of the females. For 
breeding females and non-breeding males, an unlimited number of age cohorts can be modelled 
with differing selling and supplementary feeding policies applicable across different age cohorts. In 
these submodels, grazing livestock are capable of selectively grazing between the digestibility pools 
of total combined dry matter available to them from each partial paddock. This selective grazing 
assumes that grazing ruminants will aim to maximise their intake based on the DMD of plants. To 
estimate the actual dry matter intake of grazing livestock and the digestibility of their diets from 
the dry matter available in each digestibility pool, the model assumes that the animal attempts to 
consume its potential intake from each pool from the highest to lowest digestibility in succession. 
The ability of animals to select from each pool is related to the quantity of dry matter in each pool 
and its digestibility. The more an animal satisfies its potential intake from a higher digestibility 
pool, the less will be consumed from the lower digestibility pools,, resulting in an increase in less-
desirable species. The substitutional effect of feeding supplements on grassland dry matter intake, 
as well as its impact on diet digestibility and energy consumption for livestock maintenance and 
production, is accounted for. The grassland consumption from the desirable and less-desirable 
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components are assumed to be evenly distributed throughout the grazing area, depending on the 
weighted consumption from the digestibility pools and the proportion of the grazing area occupied 
by desirable and less-desirable species groups. Such models, which base diet selection between 
species or species groups on the digestibility of the dry matter, have been validated by research into 
the influence of grassland degradation on diet selection and livestock production (Chen et al. 2002).

Flock structure has been accounted for through the modelling of flock and herd structures and 
dynamics using a daily state flow model with up to 15 age cohorts available. It allows for all daily 
state variables relating to age (in days), bodyweights, fleece/hair weights, reproductive rates and 
foetus weights to be carried between age cohorts and across multiple years. The number of 
individuals in each age cohort is determined by reproductive and mortality rates, purchasing and 
selling policies.

One of the most significant direct externalities from grazing ruminant livestock is the production 
of greenhouse gases, particularly methane from rumination. To determine the capacity of system 
management and the use of grassland resources to reduce the intensity of methane outputs 
from ruminant livestock production (i.e. the units of methane per unit of animal product), 
Intergovernmental Panel on Climate Change (IPCC) Tier 2 functions (Dong et al. 2006) have been 
embedded into the StageTHREE SGM. These functions predict the amount of methane produced 
from the whole farming system and the emission intensity for meat production.

Modelling soil erosion
The combined loss of soil through wind and water erosion processes have been determined 
through a combination of empirical and process base models that utilise daily weather data. The 
estimation of wind erosion is based on a combination of a process-based model to determine 
saltation, and an empirical model to determine the vertical flux of dust emissions into the 
atmosphere. These are calculated using the process-based models of Shao, Raupach and Leys 
(1996), Lu and Shao (2001) and applied as adapted by Kang et al. (2011). The estimation of soil 
erosion due to rainfall run-off is modelled using the Revised Universal Soil Loss Equation as defined 
by Littleboy et al. (1999). The combined total loss of soil is expressed through changes in soil mass, 
which is offset by the rate of soil formation. The rate of soil formation relates to the amount of 
deep soil water drainage and is estimated using the method described by Wakatsuki and Rasyidin 
(1992) and utilises an approach of chemical weathering and mass balance accounting (Minasny, 
McBratney & Salvador-Blanes 2008). The ratio of soil mass to initial soil mass defines the soil 
fertility index, which allows for soils to either increase or decrease in depth and fertility depending 
on the rate of soil mass change.

Modelling household economics
To understand the expected economic and financial performance of herder households, a whole-
farm system approach is required. Typically, the economic analysis of farming systems in this type 
of research has only considered the analysis to a gross margin level, usually on a unit area basis. 
Although this provides useful information on the variability of enterprise returns, it provides little 
information on the impact of such variability on whole-farm system performance and resource use 
from a community perspective. A whole-farm system approach considers the cumulative effect 
of enterprise and system performance on a herder’s cash flow, profitability and wealth over the 
long term.
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The approach applied in the StageTHREE SGM follows the standard method of analysing whole-
farm financial and economic performance described in Behrendt, Malcolm and Jackson (2014) 
and Malcolm, Makeham and Wright (2005). The whole-farm financial and economic submodel 
operates at daily, annual and planning horizon intervals. It uses the biophysical outputs to 
calculate enterprise income, cash costs and gross margins. The cumulative net flows of cash from 
enterprises (i.e. net of variable costs) and assets interact with whole-farm fixed and financial costs 
to determine a range of financial key performance indicators that measure profitability, efficiency 
and viability. Daily cash inflows and outflows are extracted (including the value of initial capital 
invested by herders and its salvage value, which predominantly represents livestock assets and 
small plant and equipment) to undertake the economic analysis of the farming systems through 
commonly used investment analysis techniques, such as net present value (NPV).

To provide insights into both household financial and economic measures that may be of interest 
to herders and policymakers alike, the StageTHREE SGM reports and aggregates economic data at 
multiple levels. At the herder household level, the operating cash margin (OCM) represents the 
cash flow of a herder household before the costs of any financing are considered (i.e. they are 
assumed to be at full equity) and may be aggregated at different intervals (e.g. annual) to indicate 
operating cash flow variability. Any volatility in the OCM represents business risk and accounts 
for any variability in the production of outputs, the use of inputs and their respective values. Key 
assumptions in the derivation of the OCM is that it allows for both the cost of the herder’s family 
labour (e.g. education, medical and other household expenses) and the cost of owning machinery.

Whole-farm financial and economic performance is analysed on both an annual and multi-year 
basis. Each simulation is initiated using a common opening balance sheet (i.e. consistent opening 
assets and long-term liabilities between all simulations of a specified farming system) into which 
the OCM is integrated to produce long-term net cash flows, profit and loss statements and balance 
sheets. Any potential costs of financing the herder household through the cash account, as well as 
existing liabilities, is calculated sequentially at a daily intervals. Additionally, any subsidy payments 
or other income received adds to the cash flow of the whole system. From this data, further 
measures of both herder household financial performance and system economic performance can 
be examined at annual (e.g. returns on assets or equity) or planning horizon intervals (e.g. NPV as 
an annuity). At this whole-farm system level of analysis, the variability in outcome accounts for both 
business and financial risk, and can provide insights into whole-system economic performance for 
policy planning.

Managing the desert steppe for sustainable 
livestock production
The StageTHREE SGM was used to evaluate current and alternative stocking rates on the desert 
steppe in Siziwang, IMAR (Figure 6.5). Further details on this region can be found in Chapters 
2, 4, 5 and 8. This area is north of the Yellow River and shares the Mongolian Plateau with 
Mongolia. Altitude is around 1,400 m and annual precipitation is around 250–300 mm. Rainfall is 
predominantly distributed during the summer months. Average daily maximum and minimum 
temperatures range from 29 °C to –20 °C (Figure 6.6). Research has shown that IMAR is a primary 
source of dust storms for the populated areas of eastern China, including Beijing (Liu et al. 2004), 
with dust at times extending to Korea and Japan. Overgrazing has been a primary factor in 
driving grassland degradation (Chapter 2). Grassland degradation and gradual desertification is 
contributing to the increased incidence of dust storms and reduced air quality both locally and in 
populated urban areas.
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Figure 6.5 Vegetation and location of the IMAR case study
Source: Li et al. (2015)
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Sheep, goats, cattle and camels are grazed on summer and winter grasslands. The summer grazing 
areas are often leased areas with an aggregation of livestock from several households, while the 
winter areas are allocated to individual households. In this application of the StageTHREE SGM, 
long-run stochastic simulations based on a variable climate (over 10 years) were used to analyse 
the effects of currently observed stocking rates on herder economics, grasslands and livestock. 
The stocking rate was varied between 50 and 750 ewes, with the flock having access to 320 ha of 
winter grazing (starting 28 October for 185 days), and 200 ha of summer grazing (starting 1 May 
for 180 days). These areas are based on survey data. As animal numbers were automatically varied 
within the model to maintain a specified level of target females, in part depending upon seasonal 
conditions and predicted animal performance, this resulted in a range of median stocking rates 
from approximately 0.1 SE/ha to 1.1 SE/ha. Using the StageTHREE SGM model, various new flock 
sizes were tested, with a typical herder (starting with around 370 animals/320 females) adjusting 
their flock size to a new level that was maintained over the simulated 10-year period. There is 
survey evidence to suggest that many herders aim to maintain in excess of 450 adult sheep (400 
females or a stocking rate of > 0.7 SE/ha assuming a grazing area of 520 ha) in an attempt to satisfy 
personal and family requirements (see Chapter 5 for an analysis of this issue). As shown in Chapter 
2, the current stocking rates in this region have been reduced from 2 SE to 0.8 SE in response to the 
program outlined in this monograph.

The model was calibrated using local farm surveys and measurements of grassland and animal 
productivity. The grassland data, including grassland composition change, was based on 
experimental data from the Siziwang experimental farm (Inner Mongolia Agricultural University) 
that has continuously run a grazing experiment since 2004 (Chapter 8). The emphasis is on sheep 
production, as that is the more profitable and prominent enterprise for the region. A key issue 
in many parts of China in identifying a more sustainable stocking rate is the risk associated with 
climate variability, which has been embedded into the model through importing regional climate 
time-series data.

To define a sustainably optimal stocking rate, the analysis considers the impact of different stocking 
rates on production, long-term economics and the environment within which the grazing system 
operates. The StageTHREE SGM predicts changes in grassland resource condition (defined as both 
the amount of grassland biomass and plant composition), soil erosion (caused by both wind and 
water), livestock production, greenhouse gas emissions (methane emissions) and economics (short- 
and long-term).

Grassland condition and environmental impacts
The condition of a grassland resource and its management is evident in the mean biomass over 
each year for each simulated stocking rate for both winter and summer grazing areas (Figure 6.7). 
The data highlights the difference between the two grazing areas, and indicates that summer 
grazing maintained the lowest biomass/ground cover. Additionally, with increasing stocking rates, 
the summer grazing area had decreasing amounts of biomass/ground cover. The winter grazing 
area also had a declining biomass, but to a lesser extent than the summer grazing area. This has 
both impacts on long-term grassland composition and the amount of soil erosion.
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Figure 6.7 Mean annual grassland biomass for winter and summer grazing areas across the 
tested stocking rates, Siziwang

The predicted ratio of desirable species to less-desirable species at the end of the 10-year 
simulation period remained around 1:1 (Figure 6.8), the starting ratio for these simulations, 
when the stocking rate averaged 0.6 SE/ha. At lower stocking rates, the desirables increased, 
while at higher stocking rates the desirable species became the minor component. These effects 
are what would be expected, as shown by the experimental results for the desert steppe and 
typical steppe (Chapters 8 and 9). In the desert steppe grazing experiment, where there were 
two main species (neither of which was ideal), the best result was with a ratio of approximately 
1:1. Over a longer period, it could be possible to achieve a result similar to this simulation. In the 
desert steppe experiment, the lowest stocking rate was still approximately 1 SE/ha. Another Stipa 
species of higher nutritive value has been invading the light and nil grazing treatments. Over time, 
this species could become important. Where the desirable species was of better quality than 
Artemisia, as shown with the typical steppe grazing experiment (Chapter 9), higher ratios would be 
possible (e.g. 10:1 or better). The outcome depends upon the basic relationships set in the model. 
Indicatively, in most grasslands, a ratio in the vicinity of 2–3:1 is arguably optimal and balances the 
energy provided by desirable and less-desirable components, the need for resource use (i.e. the 
harvesting of the desirable components for livestock production and working with a grassland that 
is not pristine) and the persistence of the desirable component within the grasslands. This is only 
maintained at stocking rates of less than 0.45 SE/ha.
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Figure 6.8 Ratio of desirable to less-desirable species at the end of the simulation period 
across the tested stocking rates, Siziwang

The resulting ratio of desirable to less-desirable species and its range of potential outcomes is 
largely driven by the interaction between the stocking rate and the effect of climate variability 
on grassland growth. In the modelled scenarios, stocking rates are strategically set. The number 
of animals only vary seasonally in accordance with local breeding and selling policies. Figure 6.9 
indicates the relationship between mean consumption rate (the proportion of total grassland 
biomass consumed by livestock) and the final proportion of desirables in the grassland at the 
end of the 10-year simulation period. When the consumption rate was < 20%, the proportion of 
desirables was > 50%. Experience in Australia (Dowling et al. 2006) suggests that the desirable 
species need to be > 60% of the total biomass to effectively exert competitive pressures on the less 
desirable components and optimise animal productivity. This level was achieved when the mean 
consumption rate was < 12%. The Siziwang grazing experiment showed that a 10% consumption 
rate was optimal for sustaining the grassland and livestock production (Chapter 8). At that rate, 
these simulations predict that the desirables would be about two-thirds the total biomass. A 2:1 
ratio occurred at a stocking rate of 0.28 SE/ha (Figure 6.8). This was lower than the light stocking 
rate testing in the desert steppe grazing experiment (Chapter 8), but could be reasonable as local 
herders have now been aiming for stocking rates of that order (Chapter 2).

Figure 6.9 highlights the difference in consumption rates between winter and summer grazing 
pastures. For the same flock size, the higher cluster of data towards the top left corner of the figure 
indicates the consumption rate and resulting proportion of desirables in the winter grazing areas. 
For example, at a flock size of 250 females, the winter grazing area is centred on a proportion 
of 65% desirables (often required to create a competitive environment where these species can 
remain the dominant component, Dowling et al. 2006) under a consumption rate of 10%, whereas 
the summer grazing area is centred on a proportion of 40% desirables and a consumption rate 
of 23%. This highlights the importance of both grazing duration and timing on resulting grassland 
condition.
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Figure 6.9 Mean consumption rate vs final proportion of desirable species in the grassland 
across the tested stocking rates, Siziwang

With decreasing biomass/ground cover under increasing grazing pressure (Figure 6.7) there is also 
a clear impact on total soil erosion. Figure 6.10 indicates the predicted amount of cumulative soil 
erosion over each 10-year simulation period for both summer and winter grazing areas in relation 
to the tested stocking rates. The modelling results indicate that both winter and summer grazing 
areas have increased rates of soil erosion with increasing stocking rates, and that summer grazing 
areas will be impacted more than winter grazing areas. The earlier consideration of the stocking 
rate to maintain consumption at 10% and the ratio of desirables to less-desirables at 2:1 indicated 
the optimum to be around 0.28 SE/ha. At that stocking rate, the average grassland biomass was 
approximately 0.6 t of dry matter per ha, similar to the sustainable values estimated in the Siziwang 
grazing experiment (Chapter 8). The annual soil loss was averaging approximately 6–7 t/ha for 
winter and summer grazing areas respectively. In the desert steppe, the grassland biomass never 
gets close to complete ground cover and some soil erosion is inevitable. At the lowest stocking 
rate tested (0.1 SE/ha), the estimated average soil erosion rate was still 5–6 t/ha each year. When 
stocking rates are greater than 0.45 SE/ha, soil erosion becomes significantly greater than the 
base rate—approximately 7–8 t/ha each year over 10 years for winter areas (33–40% increase) and 
10–17 t/ha each year for summer grazing areas (100–280% increase). 
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Figure 6.10 Cumulative soil loss per hectare over the 10-year simulation period for winter 
and summer grazing areas across the tested stocking rates, Siziwang

Any increases in flock size by herders leads to an expected increased incidence of dust storms, 
as stocking rates would need to be at least halved to manage the plant species composition 
and achieve a significant reduction in the erosion risk. Additionally, the typically leased summer 
grazing areas will degrade at a much faster rate than the herder-managed (entitled) winter grazing 
areas. Various strategies could be adopted to improve grassland management and change the 
consumption rates on grazing areas, such as increasing the area of summer grazing that herders 
can use, delaying the onset of summer grazing until adequate ground cover is reached (as most 
dust storms are in spring), increased supplementary feeding in winter to reduce demand on 
the grassland, or adjusting the area, ratio and duration of grazing between summer to winter 
grazing areas.

The intensity of greenhouse gas emissions, such as methane produced per kg of sheep meat 
produced, reflects the efficiency of production from grasslands in regard to minimising such 
externalities. At lower stocking rates, not only are total emissions about one-third lower than at 
the higher stocking rates, the externalities from meat production are also reduced. As would be 
expected, it is not possible to eliminate the externalities related to greenhouse gas emissions, but it 
is possible to minimise them.

Livestock production and economics
Meat production per hectare shows a diminishing gain at increasing risk with increasing stocking 
rate (Figure 6.11a), while production per head showed a linear decline with increasing stocking rate 
(Figure 6.11b) as found in the grazing experiment (Chapter 8). At low stocking rates, the median 
production per head was 50% greater than at high stocking rates. There was more variability at low 
stocking rates, reflecting the response to good seasons, which did not occur at high stocking rates. 
Additionally, as would be expected, production per hectare showed a curvilinear response—as 
flock size (i.e. stocking rate) increases, the marginal gain in production per extra animal decreases.
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Figure 6.11 Meat production per (a) hectare and (b) head across the tested stocking rates, 
Siziwang

When the economics at an expected gross margin level are considered (i.e. risk-neutral), the 
optimal stocking rate (or flock size) would be in the vicinity of 0.6 SE/ha on a per hectare basis 
(Figure 6.12a) and 0.1 SE/ha on a per head basis (Figure 6.12b). Variability in gross margins per 
hectare clearly increased with stocking rates, emphasising the increased farm risk. At all stocking 
rates, the gross margins were negative in some years, although the proportion of negative gross 
margin years declined with lower stocking rates. From a risk-efficiency perspective, it would be 
illogical for herders to increase their flock size beyond 0.6 SE/ha (350 females), as median gross 
margin per hectare declines and the associated risks increase.
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Figure 6.12 Gross margins per (a) hectare and (b) head across the tested stocking rates, 
Siziwang
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Gross margins reflect the short-term income levels that herders would perceive and that would 
probably be the basis for many of their decisions. However, NPV and household cash flows are 
better measures, as they give a medium–long term view of the herders’ economic performance. 
To represent the long-term economic returns of herders over the 10-year simulation period, NPV 
as annuity (NPVa) expresses the annual equivalent of all future cash flows and asset values in 
today’s currency terms. The highest NPVa values with the lowest amount of risk are achieved at 
the lower stocking rates (< 0.3 SE/ha) (Figure 6.13). This is partly a function of capital gain from 
the sale of surplus livestock under the lower flock size scenarios, and more stable incomes under 
lower stocking rates (as depicted by gross margins in Figure 6.12). If herders chose to move to 
smaller flocks, with more accurate selection of productive animals, it would be possible to further 
increase future gross margins (Takahashi et al. 2015). The fact that the NPVa is negative at all 
flock sizes indicates the overall series of net cash flows are lower than the applied conservative 
discount rate (2%).

Cumulative herder household cash flows indicate that herders achieve the highest median 
cumulative cash flows at a stocking rate of 0.45 SE/ha (250 breeding females). Given the lower NPVa 
values and lower cumulative cash flows with more risk at higher stocking rates, it should be illogical 
for herders to seek larger flock sizes, unless they had more land available and could reduce stocking 
rates (Chapter 4). The net cash position indicates that the typical herder may not be sustainable 
without seeking other forms of income or changing the scale of operations. In Figure 6.13b all 
median cash flows were negative, which may not be a true reflection of the herder households’ 
position in practice, as it was not possible to determine which assets and other costs (e.g. fodder, 
livestock, sheds, housing, fencing etc.) had been subsidised. The values estimated reflect the 
combined economic position of herders, excluding government financial support. However, the 
pattern shown is likely to be reasonably true, with the lower stocking rates generating the higher 
returns. The modelled negative cash flows align with the anecdotal evidence in the farm surveys 
that most herders borrow money each year in order to survive, not just in bad years (Chapter 5).
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Figure 6.13 (a) NPV as an annuity and (b) cumulative herder household cash flow across the 
tested stocking rates, Siziwang
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Following on from earlier theoretical work in this ACIAR program (Kemp et al. 2011), Figure 6.14 
indicates the expected responses and variability in outcomes for both production per head and 
per hectare, and gross margin and NPVa per hectare across the range of stocking rates tested. 
The results indicate that, with an increasing stocking rate, both measures of production per head 
and economics decline, although production per hectare initially shows a small increase. However, 
the rate of increase in production per hectare does not lead to higher profitability or economic 
outcomes for households. Herders in the desert steppe would be better off reducing their number 
of animals and overall stocking rate by around 20–25% (from current reduced rates, Chapter 2) 
to achieve higher long-term economic returns with less risk (volatility of production and returns). 
Based on risk-efficiency concepts, this data again confirms that it would be illogical for herders to 
maintain current or higher numbers of animals, as they are more likely to have lower economic 
returns and higher risk, unless they had more land and stocking rates could be reduced.

These analyses support the outcomes of farm surveys. They show that, while the gross margins 
were positive, herders can survive but in general they do not consider herding to be a longer-term 
viable option. That position becomes clearer when considering the NPVa and cash flow results. 
However, these simulations do show that higher financial gains would probably be achieved 
through lower stocking rates, which would help reduce environmental impacts and rehabilitate 
the grasslands.

A crucial issue is the development of more suitable ways for herders who remain in the industry 
to increase their farm size and have at least medium-term control over the land they use to 
encourage better management. Larger flock sizes are a useful way to improve incomes, but 
without increasing stocking rates. Herder households would also benefit from aiming to have 
better livestock genetics, feeding animals more effectively, having better marketing systems in 
place to enable them to receive higher prices, seeking to increase scale by acquiring access to more 
grassland and seeking more off-farm income.
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Conclusion
Components of the StageTHREE SGM have been developed to meet the need for modelling a 
dynamic grassland resource under stochastic climatic conditions over the long term. The model 
captures the predominant interactions between the production and persistence of the desirable 
components of grasslands, and that of grazing livestock harvesting the grassland resource. The 
modelling of interactions between botanical composition in grasslands, their productivity and the 
expected livestock production, externalities and subsequent economic returns, is unique. This 
model has the capacity to adequately test a range of tactical and strategic decisions available to 
herders. The StageTHREE SGM can develop insights into the expected range of outcomes from 
changes in how herders manage and interact with grasslands. With consideration of outcomes 
relating to production, grassland and soil resource condition, household finances and economics, 
and the externalities of ruminant livestock production from grasslands, herders and policymakers 
can identify more sustainable management strategies. The embedding of climate variability in 
the simulation model also presents the risk and probabilities of certain outcomes, which can then 
be considered by decision-makers. The robust nature of the functions in the model also ensures 
the model has broad applicability, especially in agro-ecological zones and systems with minimal 
experimental data.

Herders in IMAR attending 
a program training session 
on assessing the quantity 
and quality of fodder for 
feeding in winter.  
Photo: D.R. Kemp
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Siziwang herders, local 
officials and program 
members at a training 
session on winter feeding. 
Dr Li and Prof Han 
(bottom left) Mr Langford 
& Ms Junk (Australian 
livestock extension 
specialists) (centre) 
and Professor Kemp 
(middle rear).  
Photo: D.R. Kemp

Professor Wu, President, 
Gansu Academy of 
Agricultural Science 
(right), discussing farm 
demonstrations with the 
village leader and herders 
at Sunan in western 
Gansu. Photo: D.R. Kemp

International visitors at 
the China–Korea–Japan 
biennial Grassland 
Congress visiting a field 
site on the Qinghai–
Tibetan Plateau. At the 
International Grassland 
Congress in China in 
2008, visitors went to the 
Siziwang research site. 
Photo: D.R. Kemp
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