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ABSTRACT 
 
 
 

GRAZING MANAGEMENT IN INNER MONGOLIA, CHINA 

 

 This thesis takes the form of two essays, both addressing issues of grazing management 

in Inner Mongolia, China. Inner Mongolia is home to numerous sheep and goat producers. Sheep 

and goat production has increased substantially in the past two decades as demand for meat in 

China has risen. This increase in production has placed pressure on the grasslands, leading to 

degradation and increased incidences of Mongolian locust outbreaks. 

 The first essay addresses the question of economic vulnerability to grass loss. We use an 

equilibrium displacement model to model the livestock market in Inner Mongolia and simulate a 

market shock imposed by pasture grass loss. We find that herders are vulnerable to even small 

amounts of grass loss (~10%).  

 The second essay addresses long term management strategies over the typical herder’s 

30-year leasehold. We find that herders are better off changing their herd size from year to year 

in response to grass availability and that by using this strategy they can double their long-term 

profits.  
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CHAPTER 1: INTRODUCTION 

 

Inner Mongolian grasslands are vulnerable to a variety of threats that are amplified by the 

rise of anthropogenic land degradation. While all grassland management comes with ecological 

risk, herders in Inner Mongolia face the additional risk of locust damage from the Mongolian 

locust (Oedaleus asiaticus). The Mongolian locust and its cousin species can enter biological 

phases when they swarm, growing in numbers and consuming large quantities of biomass. They 

have been cited as economically damaging to livestock and crop producers (Brader 1988; Jiang 

et al. 2003; Cease et al. 2015). Recent study has linked their swarming behavior in livestock 

pasture to overgrazing (Cease et al. 2012). 

This work falls within the broader context of the NSF-funded Living with Locusts project, 

which studies “how human decisions about livestock management practices affect rangeland 

health” (Cease et al. “Living with Locusts” n.d. web). The Living with Locusts project team 

includes researchers in biology, stoichiometry, ecology, geography, and economics who examine 

the relationship between livestock management and locusts in three regions: Inner Mongolia 

(China), New South Wales (Australia), and Senegal. This research focuses solely on Inner 

Mongolia, but much of the analysis provided could be applied to other regions where migratory 

locusts pose a threat to livestock producers.   

This thesis is organized into two essays. Both address research questions relevant to 

sheep and goat producers in Inner Mongolia. Both address how political and economic policies 

specific to China shape optimal management practices. Data for both comes from various studies 

at Inner Mongolia Agricultural University, including an annual survey of livestock producer 

households. Ultimately the relationship between locusts and livestock can be examined through 
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the lens of livestock and their feed. Locusts compete with livestock for pasture grass, so a locust 

swarm lowers the supply of this feed source. Both essays examine locust impacts as the loss of 

pasture grass.  

Chapter two is the first thesis essay, which examines the financial impact on the typical 

Inner Mongolian herder of grass loss due to locust activity in a single year. This is done through 

the context of the typical Inner Mongolian herder’s farm budget, utilizing an equilibrium 

displacement model to capture expected market changes from differing severities of grass loss. 

Results confirm that herders are reliant on having ample pasture grass to remain profitable. We 

find that they are vulnerable to locusts or any other grass supply shock and that expected profits 

are negative when more than 10% of pasture grass is lost.  

Chapter three is the second thesis essay, which examines long-term strategies for herd 

management. Using a dynamic programming framework, this model identifies how the selection 

of herd size on a fixed parcel of land impacts expected profits over a 30-year lease term. This 

model is parameterized with a bioeconomic model for the state variable of interest: available 

pasture grass. The bioeconomic model captures the locust threat as a function of past grazing 

intensity. Results demonstrate that herd size decisions informed by pasture grass availability 

provide a major improvement over static herd sizes. They also confirm that herd sizes must be 

decreased in order to reverse degradation currently observed in the field. Optimal herd sizes and 

decision strategies are presented and discussed.  

Results from both analyses suggest that much can be done to maintain profitability of 

livestock operations in Inner Mongolia and the threats of land degradation and locusts increase. 

However, we find that it would be necessary for herders in the region to change their current 
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management practices. The actual implementation of these changes could prove difficult. Our 

next step is to examine how this work could be turned into action in Inner Mongolia.  
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CHAPTER 2: MODELING THE IMPACT OF A LOCUST EVENT ON INNER MONGOLIAN 

SHEEP AND GOAT OPERATIONS: FARM BUDGET ANALYSIS 

 
 
The Locust Threat in Inner Mongolia 

 In Inner Mongolia, China 65% of the land is grassland, mostly used to produce livestock 

that feeds the world’s largest nation (Xiao et al. 1995). The grasslands are vulnerable to a variety 

of threats, many of which are amplified by the rise of anthropogenic land degradation. 

Anthropogenic disturbances are estimated to impact 90% of the grasslands, leaving primary 

productivity in degraded areas at 50% that of areas where no degradation had occurred (Jiang et 

al. 2006). With the rise of degradation has come the threat of unpredictable but potentially 

devastating migratory locust. Locusts in a solitary state (referred to as “grasshoppers”) are 

considered harmless to agricultural production, but under proper ecological conditions they form 

swarms which can devastate crops and pasture grass, leaving herders with less feed for their 

animals. In pasture already operating at half its potential primary productivity, herders do not 

have the grass to spare.  

 Prior to the 1970’s there were few reports of locust damage on agricultural land in Inner 

Mongolia, but locusts have emerged in recent years as a dominant pest and major threat to the 

livelihoods of herders (Kang et al. 2007). Enlin (1999) estimated that 20 million ha of rangeland 

are lost on average to locusts. This translates into 1.6 billion kg of dry grass, enough to feed 

roughly 2.6 million sheep (as cited in Shi et al. 2007). Kang et al. (2007) suggests that the 

emergence of locusts as a key grassland pest is one of the three most significant findings in the 

study of Chinese grassland ecosystems. The rise of the Mongolian locust, Oedaleus asiaticus, is 

of particular concern because related species have caused economic devastation in other regions 
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of the world (Cease et al. 2015). For example, there was little concern about the impacts of a 

cousin species, the Senegalese locust (Oedaleus senegalensis), prior to 1970, but that changed 

when a plague in the mid-1980’s devastated 5 million hectares of agricultural land. Since then 

numerous swarms have occurred and the Senegalese locust is considered a major pest (Cease et 

al. 2015).  

 A study in Inner Mongolia from Cease et al. (2012) attributes the recent surge in locust 

swarms to overgrazing, which creates nutritional conditions in the grasslands that swarms favor. 

Thus increased land degradation from overgrazing in Inner Mongolia could incite more locust 

events. These results also show that there are ways for herders to mitigate swarms by reducing 

grazing pressures on their pasture, which supports a path to reducing overall degradation (Jiang 

et al. 2006).  

 Despite a long literature that documents locusts as an economically damaging pest, there 

is little written on preventative measures. For example, the book New Strategies in Locust 

Control (1997), Krall et al. report the costs of large outbreaks in various locations, focusing on 

the desert locust primarily found around the African Sahara. Lomer et al. (2001) review 

management of migratory locusts, like the Mongolian locust, specifically and note that although 

the costs of a single migratory locust outbreak may be modest, particularly when compared to a 

desert locust outbreak, their occurrence in places where most individuals rely on subsistence 

farming can be devastating to agricultural producers because migratory locust events tend to 

happen much more frequently than desert locust events. Lomer et al. (2001) also note that 

economic study of migratory locusts has focused on cost benefit analysis of pesticide treatment 

on entire systems, which neglect the distributional impacts of a locust event and do not examine 

counterfactual scenarios where no treatment is used. Thus the literature on the cost and benefits 



6 
 

of various response strategies to locust outbreaks has been well covered, but have been virtually 

no studies that explore preventative measures. While this is largely because causal mechanisms 

are not well known, recent evidence such as the link between degradation and locust outbreaks 

(Cease et al. 2012) provides a new potential pathway for management.  

 In this paper we aim to explore how impacts from locusts might impact livestock 

production, and thus the economic conditions and decisions of Inner Mongolian herders. We 

examine these impacts through the context of the typical Inner Mongolian herder’s farm budget 

by first identifying the budget of a typical herder with and without locust impacts. The changes 

are determined through a simulation model, which we parameterize with field collected data. We 

incorporate changes in costs resulting from locust damage and vertical linkages along the 

livestock and meat marketing chain. After confirming that a locust event would have a sizeable 

impact on Inner Mongolian herders, we examine impacts on brokers and consumers of meat 

using an equilibrium displacement model (EDM) in order to identify institutional policies (e.g. 

taxes, subsidies, profit-sharing, etc.) that could address financial losses experienced by herders. 

Finally, we examine alternative herd management decisions that may allow herders to decrease 

the probability and/or impact of a locust event on their long-term profitability.  

This paper contributes to the literature on livestock production management in at least 

three ways. First, our discussion of herder decision-making for locust management is the first to 

our knowledge to incorporate preventative strategies through reduced grazing.  Second, we are 

the first to examine the economic impacts of migratory locusts on livestock production utilizing 

primary data.  Third, we present a novel application of the EDM framework as a way to value the 

direct and indirect risks from a natural disaster to livestock producers who depend on pasture 
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grass as their primary input. Additionally, this paper contributes to our understanding of locust 

impacts in Inner Mongolia, a region where they have not been studied heavily.  

Locusts and Livestock Production: An Ecological Context  

 This study presents economic analysis with ecological constraints imposed by the 

grassland ecosystem of Inner Mongolia where livestock is produced.  

Kang et al. (2007) provided an overview of current knowledge of China’s grassland 

ecosystems at that time along with suggestions for research advancement. They noted that 

grasslands, particularly those dominating northern China, have traditionally been home to 

herders producing animals for a variety of animal products. Demand for these products has 

sharply increased in recent years, placing “tremendous pressures on grassland ecosystems.” They 

also note that while ecological and biological monitoring in Chinese grasslands has been 

conducted for over 40 years, studies of community dynamics and human interactions have only 

shown up in the literature since 1996. Most of socio-economic studies were conducted in the past 

decade. 

Additionally, Kang et al. (2007) noted the importance of grasshoppers (Mongolian 

locusts) in Inner Mongolia and their observed interactions with livestock grazing intensity. With 

increasing grazing intensity, locusts become more abundant. For this reason, they conclude that 

“effective grazing management can minimize outbreaks of grasshopper species.” 

Studies published since the overview provided by Kang et al. (2007) support this story of 

increased human activity, grassland degradation, and loss of grassland productivity in Inner 

Mongolia (Schönbach, et al. 2009; John et al. 2009; Han et al. 2009; Zhen et al. 2009; Milchalk 

et al. 2011; Schönbach, et al. 2011; Li and Huntsinger 2011; Briske et al. 2012; Kemp et al. 

2013). Zhen et al. (2010) note that “even a slight intensification of grazing can remarkably 
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reduce the grassland quality and sometimes even lead to the loss of productive grasslands.” They 

also found that Inner Mongolian herders were supportive of government interventions that 

support grassland ecosystem management (e.g. grazing bans, grazing intensity restrictions, 

rotational grazing). 

 We model the feedbacks between grass, locusts and livestock and how these impact the 

economic system. We focus on small ruminants, sheep and goats, because they are the dominant 

livestock types in Inner Mongolia and thus have the best data available. A recent study on this 

feedback loop comes from Cease et al. (2012) who examined Oedaleus asiaticus (also referred to 

as the “Mongolian locust”) in lab experiments. They altered plant nitrogen levels to simulate 

local empirical conditions in ungrazed, moderately grazed, heavily grazed, and overgrazed 

pasture, then compared their results to observations from actual Inner Mongolian pastureland. 

They found that locusts were most dense, and thus prefer, the nutritional conditions in heavily 

grazed pasture. Locust density was much lower in ungrazed and moderately grazed land. 

Moreover, higher locust density translates into greater consumption of grass per unit area, 

implying a negative feedback loop where overgrazing leads to greater locusts which leads to 

greater grass biomass consumption. While other negative consequences of overgrazing, such as 

soil depletion and erosion, have long been established, the results from Cease et al. (2012) 

provide additional incentive for herders to avoid overgrazing. 

 Locusts’ consumption of grass is in competition with livestock, and thus directly impacts 

the herders who produce that livestock. A locusts ‘shock’ reduces the overall supply of grass on 

the pasture. This input grass supply shift potentially impacts everyone along the livestock and 

meat marketing chain. While the economic impacts of migratory locusts have received little 

consideration in the literature, their more notorious relatives, desert locusts, have garnered much 
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attention for the past two decades. The UN Food and Agriculture Organization have dedicated an 

entire commission to the desert locust, which monitors their activity and measures their 

economic impact around the world. This commission has supported and cited several studies on 

the economic impact of desert locust. Belhaj (1998, 2001) estimated production functions for 

farmers in North Africa with adjustments for years of locust damage including the cost of 

chemical treatment, finding that their major loss came from crop loss (38% income loss) and any 

damage done to their livestock operation was relatively small by comparison (5%). He noted that 

much of that discrepancy comes from the fact that the farmers studied mostly produced crops. 

Joffe (1995, 1997) retrospectively use datasets from countries that had measured damages from 

the desert locust to perform cost-benefit and risk analysis of different treatment options, again 

focusing on crops.  

 Locust outbreaks can have compounding impacts beyond short-run economic and 

agricultural losses, particularly on those who rely on subsistence agriculture as their source of 

income. Baro and Deubel (2006) note that in Nigeria, a poor cereal harvest in 2004 was 

exacerbated by a locust outbreak, pushing that nation deeper into food crisis than they otherwise 

would have experienced. De Vreyer et al. (2015) found adverse educational outcomes for 

children born in Mali during a locust outbreak. For herders and farmers in Inner Mongolia, locust 

outbreaks of a similar magnitude could have similar social impacts.  

 Within this context, we seek to understand the impact of locust shocks on a primarily 

livestock-producing region at multiple levels of the market. Households in most of Inner 

Mongolia rarely produce crops, so damages to this sector are not as relevant here. Moreover, 

damages from the migratory locust are not well studied. Moreover, damages from 

Oedaleus locusts are not well studied. This is likely due to their lower spatial level of damages 
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produced, even though their presence is more consistent and may contribute to even greater total 

economic losses compared to the desert locust and migratory locust. (Kang et al. 2007; Maiga et 

al. 2008). We use a simulation approach, informed by in-field ecological study results from 

Cease et al. (2012) and household field data from Inner Mongolian Agricultural University to 

estimate changes in quantities, prices and surplus values resulting from locust activity. The 

results from our analysis allow us to make management and policy recommendations considering 

economic implication of locust outbreaks across the livestock and meat marketing chain.  

The Typical Inner Mongolian Herder 

We describe the typical Inner Mongolian herder through a whole farm budget, as shown 

in Table 2.1. A – F. The budget data comes from Inner Mongolian Agricultural University, 

specifically from cross-sectional household pasture surveys taken in 2012, 2013, and 2014. This 

data is supplemented with data from a controlled stocking rate experiment used to measure 

pasture biomass (grass). Livestock quantity values are reported in “Livestock Units” (LU), 

defined as a weighted average of sheep and goats in the typical herd.  

We separate accounting and economic values to address the opportunity costs of pasture 

land and the typical herder’s own labor. Opportunity costs were not directly asked in the survey. 

We estimate labor opportunity costs as the cost of hired labor as reported in the survey. Land 

opportunity costs were taken from previous study (Li and Huntsinger 2011).   

Table 2.1.A shows the size and composition of the typical herd. Sheep comprise the 

majority (81%) of the typical herd for the median herder. Herders reported that sheep are more 

profitable, but that goats have a more assertive temperament that allows them to lead the sheep, 

so a mixed herd with a smaller number of goats is ideal.  While the typical herd is 560 head, here 

we define a single LU as 81% sheep and 19% goat.  
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Table 2.1.B calculates gross income from the four sources reported in the survey: the sale 

of sheep, goats, wool and cashmere. Wool and cashmere are secondary products which account 

for less than 5% of total gross income. Selling prices are taken as the mean price per kilogram 

reported in household pasture surveys, and we use median quantities sold due to the skewed size 

of operations. In the years surveyed, the typical herder will sell about 44% of his herd annually, 

earning 183,905.92 ¥ (~$27,960 USD).  

Table 2.1.C shows variable costs for the typical herder. Pasture grass is listed as an 

economic cost, but not an accounting cost, since pasture grass is grown on land provided at no 

cost to the herder from the Chinese government. Herders may be able to rent their pasture to 

neighboring or nomadic herders. Although land markets are thin, at the margin this still 

represents an opportunity cost when they decide to use the land themselves. The pasture grass 

cost estimates are derived in three steps: (I) estimating the typical pasture size, (II) estimating 

grass production per unit area in heavily grazed pasture, and (III) deriving grass prices from 

rental rates reported in previous literature.  

We estimate a typical pasture using explanatory variables because the average values, as 

well as the number of observations, in the dataset change for each year (2012 – 2014). Pasture 

area should not change because herders are on 30-year leases, so rather than using the average 

from our observations directly, we estimate typical pasture size as a function of herd size (ܳ௅ሻ, 
assuming a linear relationship and using an OLS model. We control for age (�݃݁ሻ, education 

ܽܲ :ሻ, and estimate the following model1�ܨ) ሻ, livestock price (ܲ௅ሻ and fixed costs݀ܧ) = −͸ͷͷ.͸ͷʹ͵ + ͳ.͹ʹͲ͵ ∙ ܳ௅ + ͳ.ͷͲ͵ͺ ∙ �݃݁ + ͻʹ.͸ͳͳ ∙ ݀ܧ + Ͳ.ͳͻͳʹ ∙ ௅ܲ+ Ͳ.Ͳʹʹͳ ∙  �ܨ

                                                        
1 Herd size is the number of animals on pasture at time of survey, age is the age of the primary manager (herder), 
education is a dummy variable where 1 indicates the highest level of education achieved by the primary manager is 
junior high level or above, livestock prices and fixed costs are taken directly from the survey. 
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The coefficient on ܳ௅ is significant at the 1% level, while all other coefficients are not 

significant. Based on these estimates, we expect the typical herder (calculated using median 

values for exogenous variables) to have 493.203 ha of active pasture.  

Second, to estimate grass production per unit area, we use data collected by IMAU in 

their annual controlled stocking rate experiment. In this experiment, they have four plots of land 

that they have continuously stocked at varying levels. They find that heavily grazed pasture2 

produces an average of 630 kg of feed per ha. At this rate, we multiply the amount of grass per 

hectare by the area of pasture for the typical herder: 

͸͵Ͳ.ʹͷ͹͸ �݃ℎܽ ∙ Ͷͻ͵.ʹͲ͵ ℎܽ = ͵ͳͲ,ͺͶͶ.ͻͶ �݃ 

 
 We expect the typical herder to have 310,844.94 kg of available pasture grass each year.  

 Third, we derive grass prices from rental rates reported in previous literature. While 

rental rates are difficult to come by and no comprehensive reporting has been done to our 

knowledge, Li and Huntsinger (2011) estimated that pasture in Inner Mongolia can be rented for 

9 ¥ (~$1.37 USD) per head per month, which comes to 96 ¥ (~$14.60 USD) per head per year. 

We apply these rental rates to the amount of pasture grass identified in (II) and the typical herd 

size (560 head) to determine that herders sell their pasture grass for 0.18 ¥/kg. 

 Table 2.1.C also includes fertilizer, corn, hay and salt costs, as reported in the household 

pasture surveys. For these values, we use mean reported prices and median reported quantities. 

Additional variable costs include veterinary and health expenses, fuel and labor, also calculated 

using mean reported prices and median reported quantities. Surveyed herders did not report costs 

associated with electricity or water, so those have been omitted from the budget. They also did 

not include their own labor as a cost, so it is included here as an economic cost with the 

                                                        
2 “Heavily grazed,” as defined by IMAU ecologists in charge of the stocking rate experiment 
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opportunity cost of wages set at the same rate as what herders reported paying hired labor. Table 

2.1.C demonstrates that herders are able to cover feed costs with their income from both an 

accounting and an economic profit estimate; however, they are only able to cover variable costs 

from an accounting estimate. 

 Table 2.1.D shows fixed costs. Most herders surveyed reported zero machinery or 

equipment costs for a single year, and we found no previous studies in which such values were 

reported for herders in Inner Mongolia, so we estimate these costs from those who did make 

these purchases and provided in those costs the survey. We assume machinery has a useful 

lifetime of ten years, over which it depreciates to a resale value of zero.  Fencing and 

miscellaneous costs are estimated using mean price values and median quantity values. The 

survey data does not specify what is included in “miscellaneous,” but these likely include 

electricity and water since these items are used on most farms we observed in the field but not 

reported elsewhere in the survey.   

 Table 2.1.E shows profit in terms of income over costs. We see that from an accounting 

stance, herders are generating positive profit. From an economic stance, they are generating a 

negative profit and are unable to cover variable costs.  

 Table 2.1.F shows breakeven prices for variable and total costs. As noted, herders in our 

survey sell approximately 44% of their herd each year. The breakeven prices are the prices for 

which that 44% would have to be sold in order for the typical herder to cover variable or total 

costs for the entire operation. All breakeven prices reported here are within the range of prices 

reported in the survey, although the economic breakeven prices are above the average. Since they 

are within this range, we have evidence that herders are currently operating in circumstances 

where they can feasibly generate positive profit.   



14 
 

 The whole farm budget is used as a reference point for the changes we observe from the 

EDM simulation results. Percent changes in market prices and quantities from the EDM are used 

with the baseline farm budget presented in Tables 2.1. A – 1.F to identify expected farm budgets 

expected after a locust event.  

Modeling the Inner Mongolian Livestock and Meat Market 

 We use an equilibrium displacement model (EDM) to estimate how varying types of 

locust damage would impact the typical Inner Mongolian herder and the Inner Mongolian 

livestock and meat producers and consumers. The model estimates changes in feed, livestock, 

and meat prices, quantities exchanged, and producer and consumer surplus under varying levels 

of locust damage in the region.  

An EDM is a comparative static model used to evaluate changes in market prices and 

quantities as a result of a single supply or demand shift. Parameterized with biological and 

market values collected from primary or secondary data, the EDM provides quantitative 

estimates of comparative static results, which can be used to evaluate current and future policy or 

better understand a market (Wohlgenant 2011). The EDM approach developed by Muth in 1964 

was the first to demonstrate a multi-factor approach, connecting a single product with two inputs 

across two marketing levels. This basic framework is what we use, reworked to have a single 

input and a single product connected across three marketing levels.  

Since Muth, the EDM model has been applied to numerous settings. Perrin (1980) 

examined the impact of the shift from traditional to component pricing on soybeans and milk, 

finding that producers would be minimally impacted by new pricing schemes. Mullen et al. 

(1988) estimated the distribution of surplus gains from changes in beef processing, finding that 

cattle producers would receive at least 57% and perhaps up to 72% of surplus gains from these 
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changes in processing. Mullen et al. (1989) determined the impact of research and development 

on returns to the Australian wool industry, finding that research completed off-farm had a greater 

relative impact on financial returns to producers than technological improvements made on-farm. 

Brester et al. (2004) estimated the impact of country-of-origin labeling on cattle and pork 

producers, finding that a 4.05% increase in beef demand (4.45% for pork) would offset any 

losses in producer surplus over a 10-year period. Pendell et al. (2011) used an EDM to examine 

the impacts of adjustments in international market access and animal identification within the red 

meat market, finding that a “modest increase” in domestic beef demand would offset the costs of 

animal identification systems. We follow the structure of these models in our identification of 

our model and our estimations of changes in surplus. 

 While much of the EDM literature has focused on equilibria shifts resulting from changes 

in the producer or consumer decision set, there have been studies that have examined the impact 

of exogenous shocks to markets from environmental changes. Hoddle, Jetter and Morse (2003) 

employed an EDM to determine the changes in market prices and producer surplus in the 

California avocado market as a result of damage from thrips, a winged insect and exotic pest in 

the region. They generated supply and demand equations, parameterized with market and 

biological data, and calculated the change in surplus between avocado farms impacted by thrips 

and those not impacted by the pest. They found that producers were unable to adjust to the 

impacts of the pests in the short-run, but could reallocate resources in the long-run to mitigate 

thrips infestations and losses in surplus. Following Hoddle, Jetter and Morse (2003), we employ 

an EDM to estimate changes in Inner Mongolian livestock equilibrium prices and quantities 

resulting from a locust swarm.  
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Structural Model  

 A general structural model of supply and demand relationships in the sheep and goat 

industries lays the foundation for developing an equilibrium displacement model. The livestock 

and meat industry is modeled as a series of primary and derived supply and demand relationships 

along the marketing chain from input to livestock to meat. 3  These relationships are shown in 

bold in Figure 2.1 with variable definitions provided in Table 2.2. The structural model is used to 

determine aggregate changes to supply and demand within the livestock marketing chain.  

 The livestock marketing chain includes three sectors: input, livestock and meat. To begin 

our definition of the structural model, we start at the input level. IMAU household pasture survey 

data shows that supplemental feed is generally purchased from neighbors or other herders from 

within the province and not from sources outside of Inner Mongolia. We define primary supply 

of feed as the sum of pasture grass, ܳீ, and supplemental forage, ܳௌி, which is a function of its 

own price, ܲ ௌி. The kinked line in Figure 2.1 graphically represents this for total feed supply (1). 

The horizontal portion represents grass on pasture, priced at zero to reflect accounting costs.4 

The kink is at the quantity at which there is no more pasture grass available and supplemental 

feed must be purchased. Algebraically, this supply function is:  ܳி = ܳீ + ଵ݂ሺ ௌܲிሻ   (1)  
where ܳ ௌி = ଵ݂ሺ ௌܲிሻ and the underlying form of ଵ݂ is unknown.  

 Feed demand is derived from herders who must feed their livestock. Following 

Wohlgenant (2011), we use Shephard’s lemma to define an input demand function that requires 

the price of an input to equal marginal cost in the long run. The quantity of feed, ܳி, is a 

                                                        
3 Primary supply (demand) is the original supply (demand), which exists regardless of the supply chain construction. 
Derived supply (demand) is the supply (demand) of intermediary goods, which exist solely to connect primary 
supply to primary demand.  
4 If we wanted to reflect economic costs and include the opportunity cost of pasture grass, the input supply 

line would shift up by the value of the grass.  
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function of input price, which in this case is the price of supplemental feed, ܳௌி, and the quantity 

of Inner Mongolian livestock at the farm-level equilibrium, ܳ௅� . Graphically, this is represented 

by curve (2) in Figure 2.1 and defined by:  ܳி = ଶ݂ሺ ௌܲி , ܳ௅�ሻ    (2) 
 

where the underlying form of ଶ݂ is unknown.  

 At the farm level, the product is livestock, an intermediate good between feed and meat 

for consumption. The farm level supply and demand represent all sheep and goats produced in 

China. Following Hoddle, Jetter and Morse (2003) farm level supply of livestock is generated 

such that a portion of livestock comes from Inner Mongolia, where prices and quantities are 

shifted by locust activity, and the rest comes from elsewhere in China where locusts have not had 

an impact. The total livestock in China, ܳ௅, is the sum of livestock from Inner Mongolia, ܳ௅� , and 

livestock from the rest of China, ܳ௅�. The proportion of livestock in Inner Mongolia, ߙ, and the 

proportion of livestock from the rest of China, ሺͳ −  ሻ, sum to one. The supply of Innerߙ

Mongolian livestock is a function of the price of feed, ܳௌி, and the price of livestock, ܳ௅. 

Graphically, this is curve (3) in Figure 2.1 and represented  as:  ܳ௅ = �௅ܳߙ + ሺͳ −  ሻܳ௅�  (3)ߙ
 

where ܳ ௅� = ଷ݂ሺ ௌܲி , ௅ܲሻ and the form of ݂ଷ is unknown.  
 

 The derived demand for livestock is determined in the same manner as the derived 

demand for feed. The quantity of livestock, ܳ௅, is a function of the price of livestock, ௅ܲ, and the 

quantity of meat, ܳெ. Graphically, this is curve (4) in Figure 2.1. Algebraically defined as: ܳ௅ = ସ݂ሺ ௅ܲ , ܳெሻ   (4) 
 

where the underlying form of ସ݂ is unknown.  
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 At the retail level, the product is defined to be all meat produced and consumed in China. 

We neglect imports and exports because China’s imports and exports of mutton (sheep and goat 

meat) are small (Zhou et al. 2014). The derived supply of meat is captured as the change in the 

output (meat) price, ܲெ, as a result of a change in the price of the input (livestock), ௅ܲ. 

Graphically, the quantities, ܳெ, for which this relationship holds plotted against the price of meat 

is shown as curve (5) in Figure 2.1. Algebraically, this relationship is defined: 

ெܲ = ହ݂ሺ ௅ܲሻ   (5) 
 

where the underlying form of ହ݂ is unknown.  

 The primary demand for meat is shown as curve (6) in Figure 2.1. The quantity 

demanded, ܳெ, is a function of the price of meat, ெܲ, such that:  ܳெ = ଺݂ሺ ெܲሻ   (6) 
 

where the underlying form of ଺݂ is unknown. 

 The vertical relationships are captured by the fact that the equilibrium quantities are 

proportional to one another and shift in primary supply moves prices and quantities at all three 

levels (Figure 2.1).  

Equilibrium Displacement Model 

 The EDM is set up as a series of linear-in-logs differential equations parameterized with 

elasticities which estimate the underlying supply and demand functions from the structural 

model. To obtain the linear-in-logs differential equations, we begin with the structural equation 

and apply operator E, such that ܧ� = ∆�� = ௗ�� = ݀ ln �. The linear-in-log functions are weighted 

by elasticities of supply, ߝ�, where i denotes the product (feed, livestock or meat), and the own-
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price elasticities of demand, ��, as appropriate.5 The linear-in-log differential equations are 

shown in Table 2.3 alongside the corresponding structural equations. We assume constant 

elasticity of transformation between feed and livestock and between livestock and meat.  

 The linear-in-log specifications from equations (1) – (6) are put into matrix notation (eq. 

7) as follows:  �܇ =  (7)    ܆
where, 

Eq. A Y  X 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) [  

   
ͳ ௌிߝ− Ͳ Ͳ Ͳ Ͳͳ �ௌ −ͳ Ͳ Ͳ ͲͲ ߙ ͳ ௅ߝߙ− Ͳ ͲͲ Ͳ ͳ �௅ −ͳ ͲͲ Ͳ Ͳ ͳ Ͳ −ͳͲ Ͳ Ͳ Ͳ ͳ �ெ ]  

    
[  
   
ܧிܳܧ ௌܲிܳܧ௅ܧ ௅ܲܳܧெܧ ெܲ ]  

    = [  
ͲͲͲͲͲீܳܧ    ]  

    
  

 

Changes in the endogenous variables (Y) resulting from changes in the exogenous 

variable (X) are calculated by inverting matrix A and solving equation (7) for Y: ܇ = �−ଵ(8)    ܆ 
 

The values calculated for Y are used to calculate the new market prices and quantities for 

feed, livestock, and meat. These values are then used to populate new farm budgets, which can 

be compared to the typical herder farm budget presented in Table 2.1 A- F. They are also used to 

estimate changes in surplus, which we use to determine the relative impact of a locust event on 

participants in the marketing chain. These relative impacts inform our policy recommendations 

and allow us to determine which policies are most feasible.  

 

                                                        
5 Reported values for ߝ� and �� are absolute values. Because we assume feed, livestock and meat are normal goods 
they all have negative own-price elasticities of demand and positive own-price elasticities of supply.  



20 
 

Calculating Changes in Surplus 

Changes in consumer and producer surplus created by a locust shock can be estimated 

from changes in prices and quantities by assuming linearity of all supply and demand functions.  

At the input level, because of the nature of the feed supply the entire surplus is consumer surplus. 

For any quantity along the supply curve, the producer is receiving payment equal to the value he 

is willing to accept, so he enjoys no surplus. The consumer is always paying the lowest value the 

producer is willing to accept, so the difference between that value and his demand curve 

represents the surplus he enjoys. At the farm and retail levels, both producer and consumer 

surplus have positive values. The changes are calculated with equations (9) consumer surplus at 

the input level, (10) consumer surplus at the farm and retail levels, and (11) producer surplus at 

the farm and retail levels. Equations (9) – (11) refer to price and quantity values identified in 

Figures 2.2 and 2.3. Figure 2.2 shows changes at the input level and Figure 2.3 shows changes at 

the farm and retail levels (these calculations are done in the same manner). We use the generic ܳଵ, ܳ ଶ, ܲ ଵ, and ܲ ଶ to identify to the quantities and prices before and after the locust shock at the 

specified market level. We use ܳ଴ଵ, ܳ ଴ଶ, ܲ ଴ଵ, and ܲ ଴ଶ to identify the intercepts before and after the 

locust shock at the specified market level.    ∆��� = Ͳ.ͷሺܳଶ − ܳ଴ଶሻܲଶ + Ͳ.ͷሺܲଶ − ܲଵሻሺܳଵ − ܳଶሻ +Ͳ.ͷሺܳଵ − ܳଶ + ܳ଴ଵ − ܳଶሻܲଵ    (9) 
 ∆��ி,ோ = Ͳ.ͷሺܳଶ + ܳଵሻሺܲଶ − ܲଵሻ    (10) ∆ܲ�ி,ோ = Ͳ.ͷሺܲଵ − ଴ܲଵሻܳଵ − Ͳ.ͷሺܲଶ − ଴ܲଶሻܳଶ  (11) 
 
In our analysis, we refer to “herder,” “broker,” and “retail consumer” surplus, because 

these are the participants in the marketing chain. The farmer surplus is the sum of input level 

consumer surplus, where herders are consuming feed as an input, and farm level producer 

surplus, where herders are producing livestock. Similarly, broker surplus is the sum of consumer 
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surplus at the farm level and producer surplus at the retail level. Lastly, retail consumer surplus is 

the consumer surplus at the retail level.  

Elasticities 
 The elasticity estimates used in this analysis are collected from previous literature and are 

reported in Table 2.4. It should be noted that values were not available for some regions or 

products. We use similar products in China or the same products in regions other than China, as 

indicated in the notes for Table 2.4.  

 The elasticities of supply differ because of the nature of the products. Feed production 

can be increased or decreased relatively quickly because it simply requires a change in water and 

fertilizer, both of which can be obtained faster than a new animal can be bred. Livestock 

production is less elastic because livestock require more planning to produce. In order to increase 

production in response to a price increase, herders must either breed or purchase additional 

animals. Breeding takes several months and purchasing animals reduces any expected profit gain 

because they are facing higher purchase prices. If herders respond to lower selling prices, they 

may keep animals off the market, but doing so will require additional feed and health costs, 

which may hurt their profit more than selling them at a lower cost.  

 The demand elasticities are less elastic for herders and brokers because their demand is 

for their own production. While there may be substitutes, such as alternative feed sources or 

alternative types of livestock, their business depends on these inputs. Alternatively, we see a 

more elastic demand for meat from consumers because they can easily find other meat 

substitutes.  

 As suggested in previous literature, we use Monte Carlo simulations where elasticities are 

drawn from selected distributions in order to ensure that our results are not predicated on point 

estimates (Davis and Espinoza 1998; Brester, Marsh, and Atwood 2004; Rickard and Sumner 
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2008; Pendell et al. 2010). For all elasticities, estimates are drawn from a triangular distribution 

with a low at the minimum reported value, a high at the maximum reported value, and a peak at 

the median reported value (Table 2.4). These are incorporated into our simulation design, 

discussed in the next section.   

Simulating a Locust Event 

The EDM is designed such that any pasture loss will result in an increase in variable 

costs, offset by an increase in livestock prices. Our dataset does not include any years with 

reported locust damage. Without the presence of locusts, herders are able to cover both their 

variable and fixed costs. As more pasture is lost to locusts, costs rise. Herders are able to raise 

livestock selling prices slightly, but overall profit decreases. While locust damage remains 

somewhat unpredictable, we identify three scenarios for which a locust event will have a 

different economic impact.  

The bounds of pasture loss for each scenario are identified from the feed costs, variable 

costs, total costs, and revenue estimated from a single iteration of the EDM using median 

elasticity values. We use triangle distributions for each pasture loss range, with lower and upper 

bounds covering a ra20nge that falls in the region as described with peaks in the middle of these 

ranges. These curves and the boundaries of the scenarios are shown in Figure 2.4. The scenarios 

are described as follows:  

Scenario (A) assumes a minor locust event occurs. The loss of pasture to each herder is 

triangularly distributed between 0 and 4%, with a peak at 2%. Over this range, herders 

should continue to earn a positive accounting profit, but their profit margin will shrink.  

Scenario (B) assumes herders maintain enough pasture to cover all variable costs, but not 

fixed costs. In the short-run, herders in such a scenario would not want to exit the market, 
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but would face negative accounting profit. The loss of pasture for the moderate damage 

scenario is triangularly distributed between 8 and 12% with a peak at 10%.  

Scenario (C) assumes herders are only able to cover variable feed costs, but are unable to 

cover remaining variable costs. In such a scenario, herders are financially better off 

culling their herd than continuing to pay for all the variable costs associated with their 

herd size. We would expect them to want to exit the market, culling all livestock, in such 

a scenario. Pasture loss in this scenario is distributed triangularly with a low and a peak at 

12% and a high at 17% loss.  

Each scenario is simulated for 500 iterations, using the Monte Carlo-generated elasticities 

according to the aforementioned distributions, with Monte Carlo random draws for pasture loss 

based on chosen distribution listed in scenarios (A) – (C). For each simulation, the EDM is 

populated with elasticities and pasture loss and eq. (8) is solved for Y. These values of Y are 

used to calculate resulting prices, quantities and changes in surplus values due to a locust shock. 

After 500 iterations are complete, simulated results are analyzed to determine the expected 

changes and the robustness of results against changes in elasticity estimates for the specified 

range. Our model examines a one-year period and assumes herders maintain the same 

proportions of sheep and goats irrespective of herd size. 

Simulation Scenario Results 
 
 Mean simulated percent changes in feed quantities (ܳܧ ,ீܳܧௌி, ܳܧி), livestock quantity 

ܧ) supplemental feed price ,(௅ܳܧ) ௌܲிሻ, and livestock price (ܧ ௅ܲሻ are reported in Table 2.6. 

Results demonstrate low percentages of pasture loss yield high percent increases in the amount 

of supplemental feed purchased. Matching our anecdotal evidence, herders are reliant on ample 

pasture grass to remain profitable and are vulnerable to locusts or any other shock that lowers 
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their pasture grass supply. Thus our model suggests that a locust event, even one where less than 

10% of pasture grass is lost, would have a significant impact on the typical Inner Mongolian 

herder.  

Impacts on Farm Budgets 

The estimated changes to the typical herder’s farm budget given the pasture loss as 

described for scenarios (A), (B), and (C) are presented in Table 2.7 (full farm budgets can be 

found in the appendix). In general we find that as more pasture is lost, herders face greater feed 

costs and decreased profits. For the 500-simulation run, the mean pasture loss in scenario (A) is 

1.98%, with a standard deviation of 0.81% (Table 2.6).  Scenario (A) shows herders’ feed prices 

that have increased by 1.62%, raising their accounting feed costs per head from 162.74 ¥ 

(~$24.75 USD) to 196.33 ¥ (~$29.85 USD). While they are able to pass some of this cost along 

the marketing chain in the form of higher livestock prices (up 0.523%), they must still decrease 

the size of their herd and accept a lower overall profit. Herders’ increase in livestock income 

does not offset their increase in feed costs. We notice that their breakeven price is still lower than 

expected prices for livestock and they still receive a positive profit, though they experience a 

56% decrease in profits.  

Scenario (B) results in a mean pasture loss of 10.08% with a standard deviation of 0.81%. 

In this case, herders yield a positive accounting value for income over variable costs, but a 

negative overall profit for the same reasons they experiences losses in scenario (A). They are 

able to raise prices slightly due to the fact that demand is not completely elastic, but they still 

face high feed costs. Because they have lost pasture grass, which has an accounting cost of zero, 

their options are to accept the additional costs for feed or to cull their herd. In a single-period, as 

we have here, culling may be a reasonable option. However, in reality herders are not operating 
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in a single period. Unless they are operating in their final year, they are better off accepting the 

additional feed costs and lower profit because of the loss of future production potential that 

comes with culling a herd.   

Lastly, we examine the estimated changes in scenario (C) as presented in the Table 2.7. 

In this case, the average pasture grass loss is 13.71%, with a standard deviation of 1.17%. Even 

at what may seem like a low percentage loss, herders face negative income over variable costs, 

with an overall profit loss of 156.7%.  

Overall, herders are negatively impacted by any size locust shock. It seems they are likely 

able to absorb small events, but they are increasingly vulnerable to increasingly larger shocks. 

Changes in Surplus 

For each simulation, we estimated changes in herder, broker, and consumer surplus. 

Examining surplus values, we find that the typical consumer loses between 0.65 ¥ in scenario 

(A) and 4.52 ¥ in scenario (C) (~$0.10 - $0.69 USD) in consumer surplus per year from the 

changes introduced by locust activity. While herders may experience profit losses of 38% or 

more, the typical consumer will barely notice a change. For this reason, we cannot expect a 

consumer response that would adequately address the losses experienced by herders and must 

consider institutional policies that would allow consumers to take some of the burden off 

livestock producers.  

Individual retail consumer surplus changes are small, but China is a market of over 1.3 

billion consumers. Figure 2.5 shows aggregate herder surplus loss and aggregate retail consumer 

surplus loss for each of the three scenarios. For all three scenarios aggregate retail consumer 

surplus loss is roughly twice what aggregate herders lose in surplus, however per capita retail 
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consumer surplus loss is far less than per capita herder surplus loss. We consider this in our 

policy suggestions.  

Robustness of Results 

 We can evaluate the robustness of our results against changes in assumed elasticity 

values by analyzing the simulation elasticity values and corresponding results. The Monte Carlo 

simulation randomly draws elasticity estimates from our given distributions. This ensures that 

our results are robust against reasonable changes in any of the elasticities used to parameterize 

the model. We examined the full range of values for new market prices and quantities. We 

examined the correlation coefficients of each measure of surplus change with each elasticity to 

find most were uncorrelated. This indicates that the surplus changes we observe are not sensitive 

to slight changes in any elasticity value. The one exception is the correlation between the 

elasticity of demand for meat and retail consumer surplus. The elasticity of demand for meat 

represents how much consumers will change their consumption of meat given changes in prices 

of meat. In the EDM, it is also one of the determining factors of how much a shock at the input 

level can be passed down the marketing chain to consumers. We expect this correlation to be 

present because if meat demand is completely elastic, then consumers will experience no surplus 

loss from a price change; the more inelastic their demand the more consumers will suffer surplus 

loss from an increase in price. The range of values we use for elasticity of demand for meat is 

broad enough to capture a range of retail consumer surplus changes. Ultimately, all of these 

changes are small for the individual retail consumer, so our analysis of how their surplus loss 

impacts policy decisions does not change; we conclude that they would not suffer a major loss 

from a locust shock.  
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Policy Recommendations 

It is clear from our analysis that herders impacted by locusts will suffer economic losses 

due to increased feed costs and elastic demand for their livestock. Elastic meat, and therefore 

livestock, demand reflects the negligible loss to individual consumers resulting from a locust 

event. For locust events on the scale described in scenario (A) (<5% pasture loss), herders earn a 

positive profit that is lower than they would earn without the presence of locusts. In the short and 

long run, they will continue producing given these circumstances, so there is no market failure 

and no policy needed.  

Scenario (B) demonstrates locust events where 8 – 12% of pasture is lost and herders are 

unable to cover fixed costs. In the short run, they will continue to produce, accepting negative 

profit. If these conditions continue in the long run, producers will want to exit the market. 

However, herders in Inner Mongolia face unique constratins, namely constraints on exiting the 

market due to (usually) 30-year land leases which cannot be sold or transferred, and restrictions 

on relocating the household due to the household’s registration status, or hukou . Herders are 

registered as agricultural workers in the village in which they live, making it difficult for them to 

simply pack up as a household and move locations for individuals in the household to wholesale 

change careers. The ecological conditions resulting from a locust event may induce a market 

failure due to these restrictions whereas herders that want to exit the market may be unable to 

sell their labor elsewhere.  

Scenario (C) establishes conditions where herders would desire to exit the market in both 

the short and long runs because they are unable to cover variable costs. As in scenario (B), they 

face regulations preventing them from doing so and resulting in a market failure.  
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Scenarios (B) and (C) require intervention from herders, government entities, or 

consumers in order to correct market failures. We provide a selection of possible interventions 

and discuss their benefits and limitations in the following section.  

Meat Tax and Farm Subsidy 

 One potential solution is charging a tax on meat products at the time of purchase and 

placing the money collected in a fund to be distributed to herders if and when a locust event 

occurs. This policy can be justified by comparing the relative aggregate surplus losses of retail 

consumers and herders. In all three scenarios, herders lose less than retail consumers on the 

aggregate. A tax and subsidy scheme could be devised whereby retail consumers pay less than 

their own surplus loss and more than herders’ surplus loss in taxes. Such a tax would be a Pareto 

improvement from doing nothing and allowing both parties to experience the surplus loss. The 

benefits of a tax and subsidy combination are that it doesn’t require oversight, can be easily 

implemented and provides a Pareto improvement over doing nothing.  

 There are limitations to using a meat tax and farm subsidy. It would be difficult to 

determine the level of tax required ex ante because it depends on a locust event which has not yet 

occurred. The Chinese government could determine and apply the tax ex post, but that would 

require them to provide the funds before collecting them from consumers which may not be a 

politically desirable solution. Additionally, current Chinese national agricultural regulations do 

not include direct payments to livestock producers. When support is needed by livestock 

producers, it comes from local and regional governments (Gale 2013). There is no precedent set 

for this type of support where the national system is supporting a local system and it would be 

difficult to set that precedent. These political constraints make a tax and subsidy combination 

unlikely to succeed.  
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Land Rental Market 

 In all scenarios, profit is lost so herders so they may want to seek actions that will recover 

some or all of their profits. There is an informal rental market in Inner Mongolia where lease-

holding herders can rent land to their neighbors or nomadic herders (referred to as “otor”). 

Typically, this is not a reliable source of income because neighboring herders already have their 

own pasture leaseholds and nomadic herders are not always present. When demand is present, 

we expect degraded pasture or that has little grass to be in low demand from other herders. And 

finally, if herders still rent pasture when grass levels are low, they make themselves vulnerable to 

long-term damage and degradation on their leasehold. While renting may be a short-term 

solution for recouping costs, it is not ideal in the long term. 

Changes in Lease Agreements  

 In scenarios (B) and (C), herders may want to exit the market but cannot due to their 

lease agreements. A simple solution to correct this market failure may be to simply change the 

lease agreements. One possibility is to shorten lease terms, so that a herder would not be stuck in 

an unprofitable enterprise. Herders could exit the market and take their labor elsewhere. This 

would not correct surplus loss in the short run, but herders could avoid additional surplus loss in 

the long run and earn income as laborers in another sector.  

 A potential negative outcome of shorter lease terms is that it may disincentivize herders 

from maintaining grassland health and avoiding degradation. If herders know that they will 

discontinue use of a parcel of land, they may overuse it in order to gain the largest possible 

production benefits in their final period of use. Shortening leases may also remove a sense of 

stability for herders who want to the security that comes with holding long-term tenure rights. 
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They may want to stay on the land, but would worry that the government will remove them after 

the end of their lease term. 

 Shortening lease terms may correct a market failure that arises when herders are unable to 

produce on their leased land, but it may also introduce more problems in the form of land 

degradation and tenure insecurity. In short, this should be a Pareto improvement, but it is not 

compatible with China’s current political philosophy.   

Chemical Locust Treatment 

 Ideally, a locust event could be prevented or stopped during early stages. The policies 

we’ve discussed so far are economic interventions. To mitigate a locust outbreak, biological 

interventions are necessary. Locusts have frequently been treated using chemical pesticides. 

Chemical treatment has been an effective strategy for managing migratory locusts in Australia 

(Hunter et al. 1999). However, concerns have been raised about the environmental and 

ecological impacts of chemical pesticides, so there has been an increased interest in alternative 

management (Shi et al. 2007).   

Biological Treatment 

 Shi et al. (2007) focuses on the use of biological pesticides as an alternative to chemical 

pesticides. They studied the use of Paranosema (Nosema) locustae, a microbial agent that infects 

locusts and increases their rates of mortality. For the locust species used in the Cease et al. 

(2012) study, O. asiaticus, Shi et al. (2007) found a 68.33% reduction in the year the locusts 

were treated with P. locustae and found that the agent persisted for ten years in treated locust 

populations. They concluded that the agent could be used to “substantially reduce” outbreaks in 

O. asiaticus for a “number of years” but that it would possibly then decline and cease to be an 

effective control.  
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 The mortality rates seen in the Shi et al. (2007) study are encouraging, but the fact 

remains that this particular biological control would be a good short term solution at best. 

Livestock production will continue in Northern China for the foreseeable future, so long term 

solutions are necessary.  

Changes to Herd Management 

 Locusts are influenced by livestock activity, so herd management is a key option to 

explore. As noted by Cease et al. (2012), overgrazing can induce locust events. Using this 

information, we pose the question: how much can herders reduce grazing intensity while earning 

a positive profit? By answering that question, we can provide insight that may be coupled with 

ecological understanding of the livestock-locust feedback loop to determine if livestock grazing 

intensity can be reduced enough to prevent locust events. 

To determine the minimum herd size required to earn a positive profit, we solve the 

optimization problem presented in eq. 12 using a nonlinear solver. Variable definitions for eq. 12 

are presented in Table 2.8.  

(9) min � = ௅ܲܳ௅ − ௌܲிܳௌி − ܸ�� − � :subject to              �ܨ ൒ Ͳ ܳ௅ 
 

 Where, ܳ ௌி and ܸ �� are functions of ܳ௅. We parameterize this model with the values in 

our original farm budget (Table 2.1: A – F). We find that for a herder to cover all costs and earn 

a positive profit at current market prices and estimated grass production levels, he must produce 

425 livestock units on the typical pasture. This translates to a stocking rate of 0.862 LU/ha. 

Further study is needed to determine if this herd size is low enough for herders to prevent or 

reduce the probability of a locust event. If a reduction from current herd sized to this “break 

even” level is insufficient to mitigate locust outbreaks, herders may require larger parcels of 

land, subsidized feed, or a combination of the two to produce livestock at low enough stocking 
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rates. If it is sufficient to mitigate locust events, then there is likely some number of years over 

which preventative measures would result in the same profit, aggregated over the multi-year 

period, as stocking at high rates and suffering the profit loss associated with a locust event.   

 Preventative management through reduced stocking rates addresses ecological concerns 

as well. It provides an environmentally sustainable mechanism for mitigating locusts and 

avoiding grassland degradation. This is appealing from both a public and private (herder) and 

perspective. For herders, reduced stocking rates may help maximize long-run net present value. 

This analysis shows that preventative management certainly deserves further study.  

Conclusion 

 Concerns about locust damage in Inner Mongolia have risen. New research on the 

biology and ecology of locusts has helped reveal new potential management levers via their role 

in grassland ecosystems in recent years. Our contribution is to analyze the management 

component of this system and deepen our understanding of how a locust event impacts livestock 

producers and how those impacts affect the rest of the livestock and meat marketing chain. We 

find that locust events resulting in 4% pasture loss cause herders to lose over 30% of their profit. 

Locust events resulting in 8 – 12% pasture loss cause herders to lose their ability to cover fixed 

costs and events where more pasture is lost result in herders being unable to cover variable costs.  

 These results do not depend on what causes that pasture to be lost, so another ecological 

or institutional shock that results in the same amount of pasture loss would have the same 

financial impacts on herders. However, if pasture is lost because of a locust event, then the 

constraints on the typical herder’s decision set will change. Herders may be able to anticipate 

such financial losses and adjust their herding intensity so as to prevent a locust event from 

occurring. We examine alternative policies and management strategies, but find that all have 
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major limitations that could inhibit their success. Management at the farm level appears to be the 

most likely to succeed.  

 We expect that this problem is unfortunately not going away. Additional study is critical 

if we are to enable herders in this region to protect themselves against devastating losses. The 

work presented here gives a one-year analysis. A multi-year analysis would be an improvement.   
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Figure 2.1. Supply and Demand at Input, Farm and Retail Levels Before and After a 
Locust Shock  
(Note: Supply/Demand Curve numbers correspond to equation numbers (1) – (6)) 
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Figure 2.2. Surplus Calculations at the Input Level  
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Figure 2.3. Surplus Calculations at the Farm and Retail Levels  
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Figure 2.4. Variable Costs, Total Costs and Revenues in Scenarios (A), (B), and (C) 
Simulating Pasture Loss  
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Figure 2.5. Aggregate Herder and Retail Consumer Surplus Losses 
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Table 2.1.A. Typical Herder Farm Budget: Herd Characteristics 
 Composition of LU Quantity in Herd Unit 
Sheep 0.81 453.6 head 
Goats 0.19 106.4 head 
Total  1.00 560.00 head 
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Table 2.1.B. Typical Herder Farm Budget: Income 
 Price Unit Quantity Unit  Total  Value Per 

LU 
Sheep 733.98 ¥/head x 200 head = 146,796.0

0 
¥ 262.14 ¥ 

Goats 655.79 ¥/head x 48 head = 31,477.92 ¥ 56.21 ¥ 

Wool 8.00 ¥/kg x 669 kg = 5,352.00 ¥ 9.56 ¥ 

Cashmere 170.00 ¥/kg x 40 kg = 6,800.00 ¥ 12.14 ¥ 

Gross Income (Accounting and Economic)  190,425.9
2 

¥ 340.05 ¥ 
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Table 2.1.C. Typical Herder Farm Budget: Variable Costs 
Feed Costs 
 Price Unit Quantity Unit  Total  Value Per 

LU 
Pasture 0.18 ¥/kg x 310,845 kg = 55,952.10 ¥ 96.00 ¥ 
Fertilizer 7.00 ¥/kg x 10,000 kg = 70,000.00 ¥ 125.00 ¥ 
Corn 1.73 ¥/kg x 6,000 kg = 10,380.00 ¥ 18.54 ¥ 
Hay 1.25 ¥/kg x 7,500 kg = 9,375.00 ¥ 16.74 ¥ 
Salt 2.46 ¥/head x 560 head = 1,377.60 ¥ 2.46 ¥ 
Total Feed Costs (Accounting)  91,132.60 ¥ 162.74 ¥ 
Total Feed Costs (Economic)  147,084.7

0 
¥ 258.74 ¥ 

      
Vet & 
Health 

4.20 ¥/head x 560 head = 2,352.00 ¥ 4.20 ¥ 

Fuel       7,600 ¥ 13.57 ¥ 
Labor 1,797.0

0 
¥/month x 12 months = 21,564.00 ¥ 38.51 ¥ 

Labor 
(self) 

1,797.0
0 

¥/month x 12 months = 21,564.00 ¥ 38.51 ¥ 

Total Variable Costs (Accounting)  122,648.6
0 

¥ 219.02 ¥ 

Total Variable Costs (Economic)  200,164.7
0 

¥ 357.44 ¥ 
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Table 2.1.D. Typical Herder Farm Budget: Fixed Costs 
Machinery & Equipment Depreciation = 260.00 ¥ 
Fencing 4.20 ¥/meter x 4,150 meters = 17,430.00 ¥ 
Miscellaneous = 1,000.00 ¥ 
Total Fixed Costs (Accounting and Economic)  18,690 ¥ 
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Table 2.1.E. Typical Herder Farm Budget: Profit 
  Total  Value Per LU 

Gross Income (Accounting and Economic)  190,425.92 ¥ 340.05 ¥ 
      
Total Variable Costs (Accounting)  122,648.60 ¥ 219.02 ¥ 
Total Variable Costs (Economic)  197,972.60 ¥ 353.52 ¥ 
Income Over Variable Costs (Accounting)  67,828.40 ¥ 121.12 ¥ 
Income Over Variable Costs (Economic)  (7,495.60) ¥ (13.39) ¥ 
      
Total Fixed Costs (Accounting and Economic)  18,690 ¥   
      
Total Costs (Accounting)  141,338.60 ¥   
Total Costs (Economic)  216,662.60 ¥   
Income Over Total Costs (Accounting)  49,138.40 ¥   
Income Over Total Costs (Economic)  (26,185.6) ¥   
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Table 2.1.F. Typical Herder Farm Budget: Breakeven Prices 
Breakeven Selling Price for Variable Costs (Accounting) 494.55 ¥/head 
Breakeven Selling Price for Variable Costs (Economic) 798.28 ¥/head 
   
Breakeven Selling Price for Total Costs (Accounting) 569.91 ¥/head 
Breakeven Selling Price for Total Costs (Economic) 873.64 ¥/head 
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Table 2.2. Structural Model Variable Definitions 
Variable Definition ܳீ Pasture grass (kg) ܳௌி Supplemental feed (kg) ܳி Total feed (kg) ܳ௅�  Quantity of livestock raised in Inner Mongolia (kg) ܳ௅� Quantity of livestock raised in China out of Inner Mongolia (kg) ܳ௅ Total livestock in China (kg)  ܳெ Quantity of meat sold in China (kg) ௌܲி Selling price of supplemental feed (¥/kg) ௅ܲ Selling price of livestock (¥/kg) ெܲ Selling price of meat (¥/kg)  ߙ Proportion of Chinese livestock coming from Inner Mongolia 
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Table 2.3. Structural and Linear-in-Log Model Specifications for All Marketing Levels 
Function Structural Specification Linear-in-log 

Specification 
(1) Input: Total Primary Feed 
Supply 

ܳி = ܳீ + ଵ݂ሺ ௌܲிሻ  ܳܧி = ீܳܧ + ܧௌிߝ ௌܲி 

(2)Input: Derived Feed 
Demand 

ܳி = ଶ݂ሺ ௌܲி , ܳ௅�ሻ  ܳܧி = −�ௌܧ ௌܲி +  ௅ܳܧ

(3) Farm: Derived Livestock 
Supply 

ܳ௅ = ߙ ଷ݂ሺ ௌܲி , ௅ܲሻ+ ሺͳ −  �ሻܳ௅ߙ
௅ܳܧ = ܧ௅ߝሺߙ ௅ܲ − ܧ ௌܲሻ 

(4) Farm: Derived Livestock 
Demand 

ܳ௅ = ସ݂ሺ ௅ܲ , ܳெሻ  ܳܧ௅ = −�௅ܧ ௅ܲ +  ெܳܧ

(5) Retail: Derived Meat 
Supply 

ெܲ = ହ݂ሺ ௅ܲሻ  ܧ ெܲ = ܧ ௅ܲ 

(6) Retail: Primary Meat 
Demand 

ܳெ = ଺݂ሺ ெܲሻ ܳܧெ = −�ெܧ ெܲ 
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Table 2.4. Elasticity Estimates  
Parameter Estimate 

 
(Min, Median, Max)  

Source 

-ௌ: Absolute value of ownߝ
price elasticity of supply for 
feed 

0.81 
0.978 – 1.0182 

 

(0.8, 0.978, 1.018) 

Tweeten and Quance (1969) 
McKay et al. (1980) 

-௅: Absolute value of ownߝ
price elasticity of supply for 
livestock 

0.1313 
0.104, 0.1294 
0.25 
0.016 

 

(0.01, 0.129, 0.2) 

Zhuang and Abbott (2007) 
Shumway et al. (1988) 
Tweeten and Quance (1969) 
Whipple and Menkhaus (1989) 

�ௌ: Absolute value of own-
price elasticity of demand for 
feed 

0.104, 0.1177 

 

(0.104, 0.1105, 
0.117) 

Shumway et al. (1988) 

�௅: Absolute value of own-
price elasticity of demand for 
livestock 

0.113 – 0.2468 

 

(0.113, 0.1795, 
0.246) 

McKay et al. (1980) 

�ெ: Absolute value of own-
price elasticity of demand for 
meat 

0.35 - 0.59 
0.33910 
0.309, 0.38411 

 

(0.309, 0.35, 0.5)  

Ortega et al. (2009) 
Zhuang and Abbott (2007) 
Fan et al. (1995) 

1Feed in U.S. in the short-run 2Materials for Sheep in Australia 3Pork in China 4Livestock in U.S. 5Livestock 
in U.S. in the short-run 6Lamb in the U.S. in 1 year 7Feed grains in the U.S. 8Livestock (sheep) in Australia 
9Beef, Mutton and Pork in China 10Pork in China 11Meat in China 
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Table 2.6. Mean Percentage Changes of Input and Farm Level Market Values for 
Scenarios (A), (B), and (C) 
 Scenario 
 A B C ீܳܧ: Percent change of pasture grass  -1.98 -10.08 -13.71 ܳܧி: Percent change of total feed -0.47 -2.40 -3.27 ܳܧௌி: Percent change of supplemental feed 34.32 174.47 237.25 ܳܧ௅: Percent change in livestock quantity -0.29 -1.49 -2.03 ܧ ௌܲி: Percent change in supplemental feed price 1.62 8.26 11.23 ܧ ௅ܲ: Percent change in livestock price 0.52 2.66 3.61 
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CHAPTER 3: OPTIMAL HERD SIZE DECISIONS OF THE TYPICAL INNER 

MONGOLIAN SHEEP AND GOAT PRODUCER 

 

Introduction 

Sheep and goats have been raised on open grassland pasture in Inner Mongolia for 

generations, but increases in production are putting new pressures on Inner Mongolian grassland 

ecosystems. Inner Mongolia is one of China’s biggest mutton (sheep and goat meat) producers 

and one of the fastest growing producers in the world (“Country Report: China Sheep Meat” 

2013). Jointly, these grasslands are vulnerable to changes in ecological conditions that may 

reduce grass availability. Grass is the primary input for livestock, so a reduction in grass can 

have major consequences on livestock production enterprises. Additionally, if current grazing 

trends continue, it is likely that these grasslands will become permanently degraded. Inner 

Mongolia has already experienced major grassland degradation. Jiang et al. (2006) note, “current 

grassland primary productivity is only about 50% of that of the undegraded6 steppe,” which is 

widely believed to have caused the increase in devastating sandstorms in the region. They note 

the “urgent need” for ecosystem management in this region in order to secure the environmental 

and economic future of the region. 

While any grassland used for livestock production requires management in order to 

prevent degradation, Inner Mongolian grasslands have an additional negative impact beyond 

explicit grass lost to overgrazing. A recent study from Cease et al. (2012) showed that 

overgrazing could induce outbreaks of the economically damaging locust (Oedaleus asiaticus). 

Locusts in an outbreak consume pasture grass, leaving less for livestock and limiting the short-

                                                        
6 “undegraded steppe” refers to grasslands that have the same primary productivity  as grasslands that have not been 
used for agricultural production at all  
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term profitability of livestock operations. Thus, overgrazing in this particular region can have the 

explicit consequence of overgrazing compounded with the implicit consequence resulting from 

an increased risk of locust damage. 

This research builds on previous work addressing grassland management in Inner 

Mongolia that examined economic losses in a single year due to the loss of pasture grass. The 

previous work found that any loss of pasture grass decreases herders’ profits and losses by10% 

or more cause a cost increase that herders are unable to cover with income in a single year 

(Byrne et al. forthcoming). While those results provided useful information about the 

vulnerability of herders in Inner Mongolia, this work provides comprehensive analysis of long-

term grassland management strategies. Specifically, we show how incorporating information 

about the livestock-locust feedback loop into long term planning can enable herders to maximize 

their profits over the long-run planning horizon. 

An Overview of Grassland Management  

We assume that herders in Inner Mongolia are motivated by profit-maximization. 

However, as noted by Workman (1986), problems of overuse (including overgrazing) are not a 

necessary consequence of profit-motivated management. In order to harmonize economic and 

ecological goals, proper planning and policies are necessary. Herders in Inner Mongolia maintain 

their own parcels of land that they lease from the Chinese government for 30-year terms. This 

land right policy provides many of the same incentives for land stewardship that come from fully 

private ownership, so we do not expect to see degradation as a result of the oft reported “tragedy 

of the commons” (Hardin 1968). However some of the literature that responded to Hardin’s 

“tragedy of the commons” provides pathways for disincentivizing degradation. Shifting from 
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short-term planning to long-term planning is noted as a key way to alleviate opposition between 

profit objectives and prevention of land degradation (Workman 1986; Torell et al. 1991).  

The key herd management decision of interest in this study is the choice of herd size 

given a fixed acreage of land. This is analogous to a “stocking rate” choice model, where 

managers seek the optimal number of animals per unit area. Our choice of herd size can easily be 

translated into stocking rates by simply dividing by the total area managed by the typical herder. 

The choice of herd size may be motivated by a response to the system at the time the decision is 

made. We first identify the optimal trajectory using our dynamic program. This provides the 

upper NPV limit for the typical herder. We then identify response strategies and compare them to 

the optimal and to one another in order to determine if such heuristics can allow herders to 

feasibly improve their profits over time. We begin with the baseline “unresponsive” strategy, 

where herders simply maintain the same herd size throughout their leaseholds. We assume that 

herders can improve upon this strategy by incorporating information about the ecological system 

into their herd size decision, which we test using alternative response strategies. We find that 

herders are significantly better off including basic ecological information into their decision-

making. Their returns improve as they increase the precision and complexity of their ecological 

understanding, but these improvements are modest. While none of the heuristics allow herders to 

reach the NPV identified by the optimal trajectory, they all provide significant improvements 

over the unresponsive strategy.  

The Typical Herder 

 We use the typical herder defined in previous work by Byrne et al. (forthcoming). The 

key characteristics of the typical herder’s finances are captured by the farm budget elements 
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highlighted in Table 3.1. Section A defines the composition of a “livestock unit.” Section B 

identifies the typical selling price of a livestock unit. Section C identifies prices for inputs.  

 The typical herder is expected to have some discount factor, meaning that profits in the 

current period are worth more than profits in the future, ceteris paribus. However, discount 

factors vary between individuals. We seek to estimate discount factors typical of similar 

producers to the herders of Inner Mongolia. Existing literature provides a range of annual 

discount factors from 4% (Ṕtry 1995) to 6% (Lence 2000). We consider the variability of 

individuals’ discount factors in our analysis and find results that are robust to small changes in 

this measure.  

Model Development 

We identify expected profits over the 30-year leasehold using a dynamic programming 

framework. In this framework, we estimate the amount of pasture grass available and the 

expected profit in each year. The pasture grass available each year is determined using a 

stochastic bioeconomic model that incorporates intrinsic grass growth, livestock consumption, 

and locust predation (a function of past livestock grazing intensity). Our model is based on the 

simplest version of the bioeconomic model from Berry et al. (forthcoming). In each year, herders 

select a herd size. Their herd size, along with the pasture grass availability and exogenous market 

prices, is used to calculate their expected profit for that year. After all calculations are made for a 

given year, pasture grass availability for the next year can be estimated. The process is repeated 

until herd sizes for all years have been selected, pasture grass has been estimated, and expected 

profits have been calculated. Expected profits are discounted and summed to obtain the net 

present value (NPV). This process is explicitly defined throughout the remainder of this section. 
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All variable definitions, including objectives, decisions, state and exogenous variables, and their 

corresponding units can be found in Table 3.2.  

Dynamic Programming Framework 

 Dynamic programming provides a framework for modeling multi-stage decision 

processes. It is appropriate for scenarios in which decisions are sequential, irreversible, and 

dependent on the outcomes of previous decisions in the sequence, which is what we have here 

(Taylor 1993). An objective function for the multi-period problem is decomposed into smaller 

sub-problems that can be solved for optimal single-period decision values. These sub-problems 

are linked through the state variable, which captures a quantifiable characteristic that influences 

and is influenced by the decisions made in each period. In this case, the amount of pasture grass 

available is the state variable; it influences profit in the current period and is influenced by 

previous herd size choices.  

 Dynamic programming models have been used in several studies of rangeland 

management and stocking rate decision-making. Pope and McBryde (1984) were one of the first 

to use a multi-year approach to determine optimal stocking rates by including a fixed carrying 

capacity specific to rangeland in south Texas. They demonstrated how extending the planning 

horizon over which profit is maximized can eliminate the incentive to overgraze, and thus 

decrease grassland degradation. Also focusing on south Texas, Karp and Pope (1984) presented a 

dynamic stocking rate model with the inclusion of periodic treatments with an unknown impact, 

thus introducing a stochastic element to the dynamic program. They demonstrated how this 

method can be used to determine the optimal timing for a specific rangeland treatment. 

Rodriguez and Taylor (1988) presented a dynamic programming model of stocking rates with the 

inclusion of stochastic rainfall, finding that herders could maximize long-term profitability by 
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increasing stocking rates and relying more heavily on supplemental feed. Torell, Lyon and 

Godfrey (1991) compared optimal stocking rates obtained through a dynamic programming 

model to those found in a single-period model to justify the need to make stocking rate 

determinations using long-term models in order to maximize long-term profit and mitigate 

negative impacts on rangeland. Quaas et al. (2007) introduced a spatial component, presenting a 

dynamic model where stocking rates were heterogeneous across a manager’s land, finding that 

farmers who are highly risk averse will choose ecologically sustainable grazing patterns. Finnoff, 

Strong and Tschirhart (2008) integrated a deterministic bioeconomic model into their dynamic 

program for determining optimal stocking rates with the consideration of an invasive species 

threat in order to identify how the relative proportions of grass types changed with stocking rates.  

Our work builds on previous literature by examining stocking rates through dynamic 

programming in a region where this has not yet been done. We also take a slightly different 

approach from most of the literature by using the dynamic programming platform as a way to 

test long-term strategies, rather than single-period decisions. Finally, we include a bioeconomic 

model for pasture grass availability specific to this region, including the threat of locust damage 

when overgrazing occurs.  

Objective Function  

 Herders producing in Inner Mongolia must make production decisions each year while 

maximizing their long-term profit potential. The objective is to maximize the net present value 

(NPV) of expected profit earned over the entire lease term (30 years). The objectives each year, 

or sub-problem objectives, are to maximize the expected value of that year’s profit, [�ߨ]ܧ where � = ͳ,ʹ, … , ͵Ͳ. We seek to optimize net present value, meaning that after year 1, expected profits 
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are discounted by discount factor ߜ. Our objective function can be written algebraically as 

follows: 

(1) �ܸܲ = ∑ ଷ଴�=ଵ[�ߨ]ܧଵ−�ߜ . 

Herders seek to utilize the herd size strategy that yields the highest NPV. Specific 

strategies are discussed in more detail in the “Decision Response Function” section.  

Profit Function for Livestock Production 

 In order to maximize NPV, we must identify our annual profit function, ߨ�. Using what 

we know about the typical Inner Mongolian herder, we define profit to be income from the sale 

of livestock less feed costs, other variable costs, and fixed costs. The sale of livestock is the price 

of livestock, ܲ ௅, multiplied by the number of livestock sold in that period, ��ௌ. Feed sources are 

pasture grass, which herders do not pay for, and supplemental feed, which is purchased at market 

price ܲ ி. Herders purchase supplemental feed only if necessary. Feed is necessary if the size of 

the total herd, ��̅, multiplied by the feed conversion ratio (i.e. the amount of feed required per 

head per year), �ி௅, is greater than the quantity of pasture grass available, ܳ�ீ . If the product of ሺ�ி௅ ∙ ��ሻ̅̅ ̅̅  exceeds ܳ�ீ , then the amount by which is exceeds ܳ�ீ  is the amount of feed that must 

be purchased at the market price. Other variable costs are bundled and added as a per head price 

of ܲ௏, so additional variable costs are ሺܲ௏ ∙ ��̅ሻ. Fixed costs, ܨ�, are also subtracted. We use 

average fixed costs for each year, so while in reality fixed costs may differ from year to year, 

they remain constant in this model. Algebraically, the annual profit function is: 

�ߨ (2) = ܲ௅��ௌ − �ܲி ∙ min[ሺ�ி௅��̅ − ܳ�ீ ሻ, Ͳ] − ܲ௏��̅ −  �ܨ

Prices and the feed conversion ratio are exogenous, so the only variables in this model 

over which herders have control are the number of livestock sold, ��ௌ, the size of the herd, ��̅, and 

the quantity of pasture grass, ܳ�ீ . As mentioned, the quantity of grass, ܳ�ீ , is a function of herd 
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size and unobservable variables, which we describe in the next section. To some extent ��ௌ is a 

function of ��̅ because herders cannot sell more than they have and there is an optimal time to 

sell a sheep or goat. Based on observation in the field, herders sold roughly 50% of their herd 

each year. For simplicity we assume ��ௌ = ଵଶ ��̅. Thus, the size of the herd, ��̅, is the only decision 

variable considered in this model. 

Modeling Changes in Pasture Grass 

 We model the state variable of pasture grass using an ecological model where the amount 

of grass on pasture in year � + ͳ is equal to the pasture grass in the previous year, plus newly 

grown grass, less grass consumed by livestock, less grass consumed by locusts (Berry et al. 

forthcoming). We also include a term, �, to capture unexplained causes of grass growth or loss. 

Algebraically,  

(3) ܳ�+ଵீ = ܳ�ீ + NG − LV� −  L�� + ϵ 

New grass, NG, is estimated by multiplying the current amount of grass, ܳ�ீ , by the 

intrinsic rate of grass growth, �ீ, which measures the expected percentage increase of pasture 

grass biomass over a given period of time if nothing else changes this value. Algebraically, 

(4) NG = �ீ ∙ ܳ�ீ  

Grass consumed by livestock, LVC, is the product of the number of head in the herd, ��̅, 
and the feed conversion ratio, �௅ி.  

Algebraically, 

(5) LV� = �௅ி ∙ ��̅ 
Locust predation, LCC, is a function of grazing intensity, which we represent with the 

ratio of herd size to grass quantity, 
௅�̅̅ ̅ொ��. Using the results found by Cease, et al. (2012), we assume 

a functional form where locust predation is low when grazing is moderate or low, but quickly 



58 
 

increases when grazing is heavy. An exponential function can be parameterized to capture this 

effect as follows: 

(6) L�� = ቀܽ ∙ ௅�̅̅ ̅ொ��ቁ௕
 where ܽ , ܾ are constants. 

Figure 3.1 demonstrates how this functional form relates grazing intensity to locust grass 

consumption. It also shows how the identification of parameters ܽ and ܾ  impact the shape of the 

curve. We find that with ܽ ≈ ʹͲͲͲ and ܾ ≈ ͳͲ, we get a functional form that aligns with the 

results found by Cease et al. (2012) in the field. There are likely other functional forms that 

would also align with their results and this function is a simplification of the system; it is 

reasonable for in-sample analysis, but cannot be considered reasonable for grazing conditions 

that are out of sample.  

Combining equations (4) – (6), we can rewrite the equation for pasture grass as follows: 

(7) ܳ�+ଵீ = ܳ�ீ + �ீ ∙ ܳ�ீ − �௅ி ∙ ��̅ − ቀܽ ∙ ௅�̅̅ ̅ொ��ቁ௕ + ϵ. 

Herd Dynamics 

 Herders are constrained in their selection of herd size by natural breeding limitations. 

While they can decrease their herd size as much as they want by selling or culling their animals, 

the magnitude of a herd size increase is limited by how quickly the animals can breed. Herders 

do have the option of purchasing additional animals if they want to increase their herd size by 

more than breeding will allow, but we do not see this in practice in Inner Mongolia and thus 

assume no additional animals are purchased.  

 In a given period, �, the herd will begin with only females.7 Each of these females gives 

birth to a lamb, with a 50% chance that the lamb will be female and a 50% chance the lamb will 

                                                        
7 Rams (intact males) are held for breeding, with one ram per ~100 females. In this model, rams are defined 

as capital, rather than part of the herd. Castrated males are sold by the end of each period.  
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be male. Some of the new lambs will die shortly after birth, which we estimate using the lamb 

mortality rate, �ெ, of 10%, meaning 10% of lambs will die shortly after birth (Berger 1997). 

Because the newly birthed males cannot breed, they will be sold within that period. The 

remaining animals can be sold or can be kept for breeding in the next period. The herd size in 

period � + ͳ is described in equation (8):  

(8) ��+ଵ̅̅ ̅̅ ̅̅ = ��̅ + ሺͳ − �ெሻ��̅ − ��ௌ 

Where ሺͳ − �ெሻ ∙ Ͳ.ͷ ∙ ��̅ ൑ ��ௌ ൑ ሺͳ − �ெሻ��̅ 
Simulation Model  

 We simulate 30-year planning horizons to reflect the lease terms of the typical Inner 

Mongolian herder. Herders begin with 310,844 kg of pasture grass on 493 ha in the first year, 

which is the estimated quantity of grass in typical pastures that have not experienced economic 

damage from locusts (Byrne et al., forthcoming). Herders select their herd size in the first year, �ଵ̅̅ ̅, and then adjust it each year according to a decision rule. They face market prices for feed, 

veterinary and medical costs, and livestock. Their selected herd size, ��̅, and their pasture grass 

quantity, ܳ �ீ , are used to calculate their profit according to equation (2). The quantity of grass 

available in the next year, ܳ�+ଵீ , is determined using equation (7). These steps are repeated until 

all expected profits are calculated. Then, using equation (1), we calculate the NPV for the entire 

30-year planning horizon.  

Optimal Trajectory 

The optimal trajectory is found by solving the dynamic program for the maximum NPV, 

subject to herd size constraints as described in “Herd Dynamics.” We use backwards recursion, 

removing stochastic terms, to identify the optimal herd sizes, corresponding grass quantities, and 

profits in each period. While herders who are certain they will end their lease term after 30 years 
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may want to follow this trajectory, we primarily use it as a basis for comparing response 

functions.   

Decision Response Functions 

 We generate three decision rules with corresponding response functions that dictate how 

a herder will choose his stocking rate in each period after the first period (� = ʹ,͵, … ,͵Ͳሻ. We 

seek to examine how these response functions determine optimal stocking rates in the first period 

considering the decisions made in periods 2-30. The decision response functions are defined as 

follows: 

(a) “Unresponsive”: In this scenario, the herder chooses an initial stocking rate in the first period 

and maintains the same stocking rate in subsequent periods. The response function is 

algebraically defined as: 

(9) ��+ଵ̅̅ ̅̅ ̅̅ = ��̅ 
(b) “Qualitative Grass Response”: In this scenario, the herder observes whether or not the 

quantity of pasture grass has increased or decreased since the last period. If pasture grass has 

increased, the herder increases the herd size by some proportion, � ሺ Ͳ ൑ � ൑ ͳሻ, in the next 

period. If pasture grass has decreased, the herder decreases the herd size by � in the next 

period. This response function is algebraically defined as: 

(10) ��+ଵ̅̅ ̅̅ ̅̅ = {ሺͳ + �ሻ ∙ ��̅ �݂ ܳ�ீ > ܳ�−ଵீሺͳ − �ሻ ∙ ��̅ �݂ ܳ�ீ ൑ ܳ�−ଵீ  

(c) “Quantitative Grass Response”: In this scenario, the herder chooses a stocking rate 

proportional to the quantity of grass available in the most recent observable period. He may 

change his herd size by up to 20% in either direction. This response function is algebraically 

defined as: 



61 
 

(11) ��+ଵ̅̅ ̅̅ ̅̅ = ொ���  where � is a constant 

We don’t expect the unresponsive response function to be ideal, but we include it to have 

a baseline for comparison and because observation in the field shows that many herders do not 

adjust their herd size over time. We expect that choosing a herd size with consideration for grass 

availability will be an improvement over maintaining a constant herd size. We use this analysis 

to estimate how much it improves NPV and whether or not a qualitative response is sufficient or 

if herders will benefit more greatly from a qualitative response.  

Exogenous Variable Estimates  

We use random variables, drawn from uniform distributions, because the model’s 

exogenous variables are either unknown (as is the case with locust predation parameters “a” and 

“b” as well as the discount factor) or stochastic (as is the case with feed conversion ratios and 

prices). In all cases, they are out of the herder’s control. We want to capture a range of 

possibilities as well as identify any variables to which our results are sensitive. Sensitivity 

analysis and marginal effects of changes in these exogenous variables are discussed in the 

“Results” section.  

For each of the response functions, we run 1000 simulation trials where exogenous values 

in equations (1), (2) and (7) are randomly drawn. Specifically, for equation (1), we randomly 

draw a discount factor, ߜ. For equation (2), we randomly draw a livestock price, ܲ௅, a feed price, ܲி, and a feed ratio, �௅ி (also used in equation 3). For equation (3), we randomly draw from 

uniform distributions an intrinsic grass growth rate, �ீ, and locust consumption parameters ܽ 

and ܾ . We also draw values for � for each of the 30 years in the planning horizon, also from a 

uniform distribution. Results from Wang et al. (2014) show that grasslands in Inner Mongolia 

produce between 630 and 1056 kg/ha, which translates to a range of ~350,000 kg to ~590,000 kg 
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of grass per year for the typical herder. They linked this grass production to precipitation. 

However our analysis is projecting into the future and future precipitation is unknown. For this 

reason, we allow � to take on random values distributed ܷሺ−ͳͲͲ,ͲͲͲ,+ͳͲͲ,ͲͲͲͲሻ to capture 

changes in pasture grass availability resulting from climatic conditions.  

The feed conversion ratios, livestock prices, and feed prices capture the ranges reported 

by herders in household surveys conducted by Inner Mongolia Agricultural University (IMAU) 

in 2012, 2013, and 2014. 

The intrinsic rate of grass growth is collected from a study by Berry et al (forthcoming). 

They estimate the intrinsic rate of grass growth in Inner Mongolian grasslands to be Ͳ.ͲͲͲͺ ����∙ௗ௔� , which means that we expect 1 kg of grass today to be 1.0008 kg of grass 

tomorrow, assuming no consumption. This means that over the course of a year, 1 kg of grass 

would become 1.3389 kg of grass (ሺͳ.ͲͲͺሻଷ଺ହ = ͳ.͵͵ͺͻ), so our annual intrinsic rate of grass 

growth is ~Ͳ.͵͵ͺͻ ����∙�௘௔�.  
For the locust predation parameters, we have identified values (ܽ = ʹͲͲͲ, ܾ = ͳͲ) for 

which the locust predation function of grazing intensity matches locust behavior seen by Cease et 

al. We vary these parameters by 10% in both directions in order to identify the degree to which 

our model is robust against changes in these values.  

The discount factor is specific to the individual herder and his preferences. We examine a 

range of discount factors between 1% (indicating a high value for future profits) and 10% 

(indicating a much lower value for future profits) in order to capture a range of preferences. 

Because the response functions do not change over time and do not rely on discount factors, the 

discount factor will not influence decisions or the relative optimality of outcomes. It will, 

however, influence the calculated NPV’s.  
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We use random variables because these exogenous variables are either unknown (as is 

the case with locust predation parameters “a” and “b” as well as the discount factor) or stochastic 

(as is the case with feed conversion ratios and prices). We want to capture a range of possibilities 

as well as identify any parameters to which our results are sensitive. Sensitivity analysis and 

marginal effects of changes in these exogenous variables are discussed in the “Results” section.  

Selection of � and � 

In both the qualitative and quantitative response strategies, we expect there to be optimal 

values for � and �, respectively. Our baseline selection for � is 0.10. In the context of the 

qualitative decision strategy, this means that when a herder observes that grass is more abundant 

that in the previous year, he increases his herd size by 10%. If he observes that grass is less 

abundant, he decreases his herd size by 10%. In this decision rule, the magnitude by which grass 

has increased or decreased is not taken into account.  

Our baseline selection of � is 1600. In the context of the quantitative decision strategy, 

this means that the herder calculates how much grass is available on pasture and chooses a herd 

size. When � = ͳ͸ͲͲ, he will select a herd size equal the amount of grass on pasture (in kg) 

divided by 1600, as long as this doesn’t cause him to increase his her by more than 20% 

(constraint from sheep and goat breeding). This value is more than double the average livestock 

feed ratio, so it is intended to be a conservative allotment of grass.  

We find our first results using these baseline selections of � for the qualitative response 

and � for the quantitative response. After confirming that these strategies are substantial 

improvements upon the unresponsive strategy, we estimate optimal values for � and �.  
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Calculating NPV 

 In each simulation trial, we parameterize the model with the exogenous variables 

discussed in the previous section with random draws for each of their values (Table 3.2). We 

then randomly draw an initial herd size, �ଵ̅̅ ̅, between 0 and 600 head. This is the herd size that 

the herder chooses for the first year. From this initial herd size, subsequent grass quantities and 

herd sizes are calculated using the response function of interest (unresponsive, qualitative 

response, or quantitative response). This generates the 30-year planning horizon with grass 

quantities, herd sizes, livestock sales and profits for each year. These are then used, along with 

the given discount rate ߜ for that trial, to calculate annual profits using the single-year profit 

equation, as described in eq. (2). Finally the NPV can be calculated from ߨଵ  as ,ߜ ଷ଴ andߨ…

described in eq. (1).  

Determining Optimal Initial Herd Sizes 
 
 We use a k-nearest neighbors estimation to identify the optimal herd size for each 

strategy.  This is a nonparametric modeling strategy, which is appropriate because we only want 

to find the initial herd size where expected NPV is maximized. We are not concerned with the 

underlying functional form.  NPV estimates are determined for each initial herd size by taking 

the k nearest neighbors in the dataset (nearest neighbors defined to be the data points with the k 

closest initial herd sizes) and calculating the average NPV for all of the neighbors. This value 

becomes the NPV estimate for that data point. This process is repeated for all points in the 

dataset. We use this estimation strategy using � = ͷͲ, ͹ͷ, ͳͲͲ for each response strategy in order 

to determine the optimal initial herd size and the expected NPV when the herder is optimizing.  
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Results 

 Significant gains can be made in increasing the expected NPV of a typical herder by 

introducing dynamic herd sizes either through the optimal trajectory or qualitative and 

quantitative decision response functions.  

Optimal Trajectory 

 By solving the dynamic program, we find the optimal trajectory as shown in Figure 3.2. 

The expected NPV for this trajectory is ¥3,206,271.85. This maximum NPV is achieved by 

building small herds into larger herds over several years, culminating in large sales where most 

of the herd is sold. This process is repeated every seven to twelve years, with the entire herd sold 

in the final year.  

Response Functions 

Initial herd sizes and their corresponding NPV values for each response strategy using the 

k-nearest neighbor estimates are shown in Figure 3.3. We find that for an unresponsive strategy, 

NPV is optimized with an initial herd size of 171 and expected to be ¥634,960. For a qualitative 

response strategy (� = Ͳ.ͳ), NPV is optimized with an initial herd size of 155 and expected to be 

¥1,291,193. And for a quantitative response strategy, NPV is optimized with an initial herd size 

of 75 and expected to be ¥1,524,383.  

Optimal � 

 To determine the optimal value for �, we run another 1000 simulation trials using the 

qualitative response strategy while varying � between 0 and 0.2. We hold all other exogenous 

variables constant at their mean and initial herd size constant at 155. The changes in NPV as a 

result of changes in � are displayed in Figure 3.4. We see a clear optimal value at � = Ͳ.Ͳͺͷ.  
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Optimal � 

 To determine the optimal value for �, we run another 1000 simulation trials using the 

quantitative response strategy and varying � between 0 and 5000. We hold all other exogenous 

variables constant at their mean and initial herd size constant at 75. We find that that � is not 

binding for values less than 1500. This is due to the biological constraints imposed from sheep 

and goat breeding capacity, which are more binding when � is small. When � is large, it 

decreases NPV because it causes herders to select herd sizes more conservatively than necessary. 

Between 1500 and 1815, � is binding in some years and not in others. There is a slight 

advantage when � = ͳ͹͸ͷ as that is the value that maximizes NPV, ceteris paribus. The 

changes in NPV as a result of changes in � are displayed in Figure 3.5.  

Herd Sizes Over Time 

 Figure 3.6 shows the herd size trajectory for each response strategy when optimized and 

when all other parameters are held constant at their means. We see that regardless of the 

response strategy, herders are always better off with smaller herd sizes than are currently 

observed in the field. This result aligns with patterns of degradation and overuse which are a 

current concern in Inner Mongolia; if current herd sizes were sustainable, we wouldn’t see the 

dramatic signs of degradation currently observed. In simulation trials where herders are able to 

adjust herd size, they are best off starting with a small herd size and allowing several years for 

grass to build up from current levels. After grass abundance has increased to primary 

productivity, they maintain a relatively constant herd size over time. In cases where herders do 

not adjust their herd size (unresponsive strategy), they are best off beginning with a small herd 

size (as compared to herd sizes observed in the field today) and maintaining it over time in order 

to avoid degradation and/or a locust event.  
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Exogenous Variable Impacts 

 While the exogenous variables (feed prices, livestock selling prices, intrinsic grass 

growth rate) are out of the control of herder’s decision set, they still impact herders’ NPV’s. By 

design, higher feed prices and livestock conversion ratios will decrease NPV. Similarly, higher 

livestock selling prices and intrinsic grass growth rates will increase NPV. We seek to determine 

the magnitude of these variables’ marginal effects because that will allow us to see what 

exogenous factors make herders most vulnerable.  

In order to examine the impact of these exogenous variables for a given response 

strategy, we employ a linear regression where initial stocking rate is held constant at its optimal 

value. Similarly, � and � are held constant at their optimal values for qualitative response and 

quantitative response, respectively. Additionally, we hold the discount factor, ߜ, constant at its 

mean (0.05). We then take 1000 simulation trials, varying all of the exogenous variables, to 

generate the data used to determine estimates for the linear regression model. These estimates 

provide marginal effects for each of the exogenous variables at their mean. We use the following 

models for this analysis, where the subscripts indicate the response strategy (UR = unresponsive, 

LR = qualitative response, TR = quantitative response): 

ܲ�]ܧ (12) ௎ܸோ] = ଴ߚ + ீ�ଵߚ + ଶ�௅ிߚ + ଷܲ௅ߚ +  ସܲிߚ

ܲ�]ܧ (13) ௅ܸோ] = ଴ߚ + ீ�ଵߚ + ଶ�௅ிߚ + ଷܲ௅ߚ + ସܲிߚ + ହ�ଷ଴̅̅ߚ ̅̅  

ܲ�]ܧ (14) ொܸோ] = ଴ߚ + ீ�ଵߚ + ଶ�௅ிߚ + ଷܲ௅ߚ + ସܲிߚ + ହ�ଷ଴̅̅ߚ ̅̅  

Coefficient Estimates for Eq. (11) – (13) are provided in Table 3.3. All signs are in the 

expected direction for ߚଵ, ,ଶߚ  .ସ is not significant for any response strategyߚ ସ, howeverߚ ଷ andߚ

This is likely due to the fact that when optimized, herders are not relying on supplemental feed, 

but rather are feeding their herds entirely with pasture-grown grass. If they are not purchasing 

feed, then feed price should be irrelevant to their NPV. We see that the price of livestock has a 
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greater marginal impact in the qualitative and quantitative response strategies than it does in the 

unresponsive strategy. This can be attributed to the fact that herders ultimately raise (and 

therefore sell) far more head over their entire 30-year lease hold when they optimize for the 

quantitative and quantitative response strategies than they raise when they optimize for the 

unresponsive strategy. We also see that the final herd size is significant and positive for the 

qualitative response. This makes intuitive sense; we expect herders ending their lease term with 

large herds to have sold more animals and therefore have larger NPV’s, ceteris paribus.  

Sensitivity Analysis for Climate Variability 

Climate variability is modeled through the selection of � made each year in each 

simulated trial. The distribution of � is centered at 0 and by design it will increase the variance of 

NPV but not its expected value. We perform sensitivity analysis on the bounds of �, ܧ, where �~ܷሺ−ܧ,   .ሻܧ+
We find that given optimal choices for initial herd size and � and �, increased variability 

(E) only lowers NPV. If herders are not already optimizing their herd size, there are instances 

where increased variability allows them to achieve an NPV higher than their expected NPV, but 

it is not recommended that herders rely on this outcome because it is quite unlikely.   

Conclusion 

These results indicate that a minor adjustment in herd management may lead to major 

gains for Inner Mongolian herders and for the grasslands on which they live. While more precise 

understanding of their grass availability would be optimal, it would also require additional skills 

and resources that these herders may not possess. Any response strategy, either qualitative or 

quantitative, is also an improvement in grassland management and degradation avoidance 

because it means that herders are intentionally avoiding overgrazing.  
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We find that herders are much better off using a qualitative response strategy than an 

unresponsive strategy, which only requires that they be able to compare grass availability in a 

given year to grass availability in the previous year. Simply observing if grass is more abundant 

could be done using pictures of a simple notebook. This could improve herders’ financial 

outcomes while preventing grassland degradation and locust damage.  

Examining herd sizes over time for the qualitative and quantitative response strategies 

confirms what we already know: grazing intensity must be reduced in order to allow the Inner 

Mongolian grasslands to return their primary productivity. While the grasslands can be restored 

if herders simply lower the number of head in their herds, as we see with the unresponsive 

strategy, they can achieve a Pareto improvement by adopting responsive grazing strategies.  

Our results indicate that herders should be grazing at lower levels regardless of their 

strategy than what we currently see in the field. While they may be ultimately better off stocking 

150 head on their pasture, typical herders are stocking more than double that amount right now. 

Decreasing their herd sizes sufficiently represents a major change to current operations and 

would likely represent a loss of profit in the short-run. While our results indicate that they will do 

better in the long-run if they lower herd sizes, they would need to be convinced that this is true 

and they would need to have the appropriate discount factor. An alternative approach would be 

to use the tools presented here to find out optimal grazing strategies given initial herd sizes that 

we currently observe in the field. While it would certainly be a second-best option when 

compared to optimal herd sizes presented here, it would likely be an improvement over doing 

nothing.  

Finally, it is important to note that none of the response strategies provide expected 

NPV’s close to the optimal trajectory. The optimal trajectory shows a more cyclical stocking 
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strategy, which may require more flexibility in capital or cooperation with other herders. While 

the feasibility of such a trajectory needs to be investigated further, the promise of major 

economic gains merits investigation into rotational or cyclical stocking strategies.  
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Figure 3.2: Optimal Trajectory 
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Figure 3.3: Simulation Results (Initial Herd Size vs. NPV) 
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Figure 3.4: Identification of the Optimal � 
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Figure 3.5: Identification of the Optimal � 
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Figure 3.6: Herd Size Trajectories for Optimized Initial Herd Sizes 
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Table 3.1. Typical Herder Budget Characteristics  
A. Herd Characteristics 
 Composition of on LU 
Sheep 81% 
Goats 19% 
Total  100% 

B. Selling Prices 
 Price Unit     
Sheep 733.98 ¥/head x 0.81 = ¥594.52 
Goats 655.79 ¥/head x 0.19 = ¥124.60 
Total Price per LU    ¥719.12 

C. Input Prices 
 Price Unit 
Corn (Feed) 1.73 ¥/kg 
Hay (Feed)  1.25 ¥/kg 
Vet & Health 4.20 ¥/head 
Salt 2.46 ¥/head 
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Table 3.2: Variable Definitions and Distributions for Simulation Trials  

Variable Unit   

Objectives 

NPV: Net Present Value ¥   ߨ�: Profit in year � ¥   

Decision Variables ��̅: Herd Size in Year � ℎ݁ܽ݀   

State Variables ܳ�ீ : Quantity of Grass in Year � �݃   

Exogenous Variables (with Distributions for Simulation Trials) 

  Distribution Source �௅ி: Feed Conversion Ratio �݃ℎ݁ܽ݀ 
U(500,700) IMAU Survey Data 2012, 

2013, 2014 �ீ: Intrinsic Rate of Grass 
Growth 

�݃�݃ ∙ �݁ܽ� 
U(0.25,0.45) Berry, et al. 

(forthcoming) ܽ: Locust Predation Parameter 
“a” 

unitless U(1800,2200) Identified to align with 
results from Cease et al. 
(2012) ܾ: Locust Predation Parameter 

“b” 
unitless U(9,11) Identified to align with 

results from Cease et al. 
(2012) ܲ௅: Price of Livestock ¥ U(650,750) IMAU Survey Data 2012, 
2013, 2014 ܲி: Price of Feed ¥ U(1.2,1.5) IMAU Survey Data 2012, 
 ,Discount Factor unitless U(0.01,0.10) Ṕtry 1995; Lence 2000 �: Stochastic Residual ¥ U(-100,000 :ߜ 2014 ,2013

100,000) 
Wang et al. (2014) 
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Table 3.3: Coefficient Estimates for Eq. (11) – (13) 
 Estimate 

(Standard Error) 
 Associated Exogenous 

Variable  
(Mean Value, Unit) 

Unresponsive Qualitative 
Response  

Quantitative 
Response ߚ଴ constant 

(¥) 
18,340.5 
(343,594.3) 
 

-542,208.7*** 
(91,495.37) 

-825750.9*** 
ଵ �ீ: Intrinsic Rate of Grass ሺͲ.͵ͷߚ (186067.9) ����∙�௘௔�) 

 

2,493,215*** 
(772934.9) 

1,012523*** 
(176,333.5) 

3,015,437*** 
(194,003.6) 

 ଶ �௅ி: Livestock Feedߚ
Conversion Ratio (͸ͲͲ �݃ℎ݁ܽ݀ ∙ �݁ܽ�) 

 

-1,204.03*** 
(122.41) 

-413.92*** 
(84.57) 

-1,025.209*** 
(95.31) 

 ଷ ܲ௅: Price of Livestockߚ

(͹ͲͲ ¥ℎ௘௔ௗ) 

 

639.64*** 
(231.66) 

1688.49*** 
(84.93) 

2,186.64*** 
(174.65) 
 ସ ܲி: Price of FEedߚ 

(1.35 
¥��) 

 

-12,684.68 
(79083.52) 

-11,205.4 
(40,917.24) 

-105,968.5 
(82,960.04) 

ହ �ଷ଴̅̅ߚ ̅̅ : Final Herd Size 
 

(head) 

- 1130.502*** 
(31.81) 

-48.6607 
(76.30) 

Levels of Significance: ∗൑ Ͳ.Ͳͷ,∗∗൑ Ͳ.Ͳͳ,∗∗∗൑ Ͳ.ͲͲͳ 
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CHAPTER 4: CONCLUSIONS 
 
 
 

 Our results demonstrate possible outcomes for herders in Inner Mongolia. In our first 

analysis, we find that these herders could lose significant profit if impacted by a locust event. In 

our second analysis, we find that choosing herd sizes in response to grass availability would 

allow herders to dramatically increase their expected profits over time. However none of this 

analysis allows us to say what the future holds for Inner Mongolian herders. That, ultimately, is 

up to them. A next step is to utilize pathways for communicating our findings and those of our 

colleagues to the herders and other stakeholders in Inner Mongolia. As we continue our 

conversation with them, we can improve our models and help them to improve their grazing 

practices.  

 As mentioned in the introduction to this thesis, our research fits within the broader scope 

of the Living with Locusts project, which examines the relationship between livestock producers 

and migratory locusts in three locations: Inner Mongolia (China), New South Wales (Australia), 

and Senegal. All research done by this group is shared with collaborators in the US, China, 

Australia and Senegal. The models presented here could and should be applied to the other two 

locations of interest (Australia and Senegal) in order to deepen our understanding of the 

conditions faced by Australian and Senegalese livestock producers.   
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