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Abstract 

The establishment of national parks and other protected areas has noticeably conserved 
wildlife that could nearly be extinct and has certainly preserved biodiversity. However, for 
most countries in Africa, and developing countries in general, conservation policy has been 
received with resentment by the local people as this policy has alienated wildlife from them 
and threatened their main source of livelihoods.  In addition,  wildlife often escape from  
parks and protected areas into adjacent areas where they interact with the livestock of small-
scale farmers, competing for grazing pastures as well as transmitting  diseases  such as   foot-
and-mouth disease (FMD), to livestock. This disease transmission and its impact on the 
livelihoods of small-scale livestock farmers is the main focus of this paper. Thus, this study 
develops a bioeconomic model which seeks to analyze the trade-offs between keeping 
wildlife in the park as a conservation value and the livestock that support the livelihoods of 
small-scale farmers in an overall optimal way in the presence of such disease  transmission. 
This scheme is compared to the situation with no unified resource management policy, and 
also when there is no disease transmission.  Data from Kruger National Park and livestock 
farmers living in the adjacent areas will serve as an illustration.   
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1. Introduction 

The establishment of national parks and other protected areas has noticeably conserved some 

of the wildlife that could nearly be extinct and has certainly preserved biodiversity (Bruner et 

al. 2001). However, for most countries in Africa, and developing countries in general, 

conservation policy has been received with resentment by the local people as a policy 

alienating wildlife from their livelihoods and transforming what was previously a valuable 

commodity into a threat. Conservation policy is according often seen to lead to denying local 

people traditional rights to harvest wildlife to support their living as well as loss of cultivation 

and grazing land or pasture for their livestock (Johannesen and Skonhoft 2005). Conservation 

policies are therefore generally viewed by local communities to conflict with livelihoods and 

poverty reduction goals. 

Several authors employing bio-economic models have studied the role of communities in 

wildlife conservation and how conservation policies can be managed in a manner that 

improves the welfare of local people. Most these studies focused on evaluating the impact of 

different property-sharing schemes on park manager’s incentives and the welfare of local 

people inducing changes in nuisance (roaming wildlife) and consequent community welfare 

impacts. Market solutions have been compared where local people are given property rights 

in the form of fixed shares of profits from harvesting wildlife or from tourism activities 

(Skonhoft 1998). Solutions have also been evaluated under integrated conservation and 

development projects (ICDPs) with income transfers from non-consumptive tourism and 

safari hunting (Johannesen and Skonhoft 2005). Fischer et al. (2010) found that a mere 

sharing of resources does not necessarily improve community welfare or incentives for 

wildlife conservation as those incentives depend critically on the type of resource activity 

generating the shared profits, the size of benefits compared with agricultural losses (grazing 

land and crop production) and also how benefit sharing and community responses affect the 

resource management practices of the park agency. 

The above mentioned studies addressed problems of grazing competition between wildlife 

and livestock and crop damage associated with wildlife conservation. In some instances, 

intruding wildlife roaming the lands adjacent to protected areas may also transmit various 

diseases, including foot-and-mouth disease (FMD) or brucellosis to livestock (Fischer et al. 

2010). Such disease transmission may be costly to farmers in terms of loss in livestock, milk 

and meat production and can thus also lead to serious conflicts between conservation and the 



 
 

3

welfare of the local people. Few recent studies (e.g., Bicknell et al. 1999; Horan and Wolf 

2005; Fenichel and Horan 2007; Horan et al. 2008 and Horan et al. 2010) have attempted to 

give more attention to disease transmission dimensions of an apparent conflict between 

wildlife conservation and rural livelihoods. Most of the studies assessing impacts of animal 

diseases transmission however, focused on commercial farmers in developed countries. 

Contrary to commercial farmers who keep their livestock in the protected areas with certain 

level of bio-security measures, the livestock of small-scale farmers is under constant risk of 

disease transmission because they graze in open areas where they mingle with infected 

wildlife with less bio-security measures. Given the goals and management operation of 

different production systems, the impacts of animal disease are likely to vary between small-

scale and commercial farmers. 

The current situation in the Limpopo Province in South Africa where the Kruger National 

Park (KNP) has been established to conserve wildlife represents a typical case of this 

phenomenon where FMD infected buffalo escape from the KNP into adjacent areas, thereby 

transmitting FMD to livestock of small scale keepers. According to World Organisation for 

Animal Health (OIE), KNP is a FMD infected zone in which FMD virus (FMDV) is present 

and persistent in free-ranging buffalo (Department of Agriculture, Fisheries and Forestry 

2010). While buffalo represents a conservation value to the society and recreational value to 

tourists, they also present a negative externality to the livestock of local farmers living 

adjacent to the park by transmitting FMD. In this study we assess the economic impacts of 

FMD transmitted by wildlife on small-scale livestock farmers living adjacent to the KNP 

conservation area and investigate how to balance the conflicting interests of local people and 

the conservation agency.  

The model of FMD disease transmission to be studied in this paper extends the model by 

Bicknell et al. (1999) and basically builds on Anderson and May (1981, Chap 7). Similar to 

Bicknell’s model, our model has two economic agents and where our agents includes a 

conservation agency managing the national park where the buffalo have their basic living 

area and a group of small-scale cattle farmers living adjacent to the protected park area. 

However, our model differs from Bicknell in terms of how harvesting takes place. Bicknell et 

al. assume non-selective harvesting while we assume selective harvesting. We are able to 

assume selective harvesting because FMD is a symptomatic disease making it easy to 

distinguish between healthy and unhealthy cattle. While there are many negative economic 

effects of FMD such as lower milk production and reduced draught power of the animals, the 
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main economic impact to be studied in this paper is the effect of lower market value, or 

slaughter price. Thus, the main research problem addressed in this paper is twofold. First, is 

to analytically formulate a disease transmission model between wildlife and cattle, and to 

study the conflicts between conservation and livelihoods of cattle farmers living adjacent to 

the park. Second, to assess the economic loss for the small scale farmers due to the FMD 

disease transmission in terms of reduced slaughter price of the infected cattle. 

 

The paper is organised as follows. Section 2 presents the type of disease problem to be 

studied. In section 3 the disease transmission model is formulated. The model captures 

interaction between cattle and buffalo, where buffalo interact with cattle in a unidirectional 

way through disease transmission, but also disease transmission from infected to healthy 

cattle. The activities and benefit functions of the conservation agency and livestock farmers 

are developed in section 4.  In section 5 we solve the model analytically when there is no 

unified resource policy and where we assume that both agents are well-informed and rational 

and aim to maximize present-value profit, or net benefit. Because both the ecological and 

economic interactions run from the buffalo to the cattle and not vice versa, the farmers have 

to adapt to the actions of the park manager, meaning that the conservation perspective 

dominates. This is the Conservation perspective scenario. In section 6 the situation with a 

unified management is studied which is the Social planner scenario. Section 7 develops a 

model under the hypothetical situation when the disease transmission is non-existent. Section 

8 illustrates the different scenarios numerically where data from Kruger National Park and 

livestock farmers living in the adjacent areas will serve as an example. Section 9 concludes 

the paper. 

 

2. The disease problem 

FMD is an animal disease which affects the health of cloven hoofed animals including cattle, 

pigs, sheep, and goats (Coetzer et al. 1994). In wildlife, all species of deer and antelope are 

susceptible to FMD with some of them such as African Buffalo, acting as carriers of the virus 

without showing any clinical symptoms (Thomson et al. 2003). The typical clinical sign is the 

occurrence of blisters (or vesicles) on the muzzle, tongue, lips, mouth, between the toes, 

above the hooves, teats and potential pressure points on the skin (Hedger 1976). The virus 
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which causes FMD is an aphthovirus of the family Picornaviridae and there are seven 

immunologically distinct types of FMD viruses, A, O, C, Asia-1 and the South African 

Territories (SAT) 1, 2 and 3 (Vosloo et al. 2009). In a susceptible non-vaccinated population, 

morbidity (the proportion of animals that will get the disease) could be as high as 100% 

(Vosloo et al. 2009). The disease is rarely fatal in adult animals but mortality can be high in 

young animals. However, losses in milk and meat production are a common feature of FMD 

infection. Due to its potential to spread rapidly within a short period of time, its virulence that 

can induce severe livestock production losses locally, especially for the poor who depend on 

livestock for their livelihoods and its far reaching implications for international trade, FMD is 

ranked as a priority disease for global control by the World Organization for Animal Health 

(OIE 2009). 

 

The most common viruses found in South Africa are the three SAT serotypes of FMD virus. 

These are maintained within free-living buffalo population in our example area, the Kruger 

National Park which is situated in the north eastern corner of South Africa. See Figure 1. 

Adjacent to the western and southern borders of this infected zone is the buffer zone, which 

has two sections: a portion where livestock is vaccinated twice yearly, referred to as the 

buffer zone with vaccination (BZV), and a portion where animals are not vaccinated but 

where increased surveillance and movement control are implemented, known as the buffer 

zone without vaccination (BZNV). Adjacent to the latter is an inspection zone, where 

increased surveillance is implemented through the inspection of domestic livestock. Free 

movement of animals is permitted within the inspection zone and from it to the FMD-free 

zone. In the infected zone, BZV and BZNV (together comprising the FMD-control zone), 

various levels of restriction on animal movement are enforced, while in the FMD-free zone 

restrictions are not applied (Bengis 2011; Jori et al. 2009). 

 Figure 1 about here 

 

The most commonly used control and preventive measures used in South Africa, as well as in 

the KNP, are to contain SAT-type viruses within the FMD-control zone. These measures 

consist of: (1) a 400 km game-proof perimeter fence along the western boundary of the KNP 

in both Limpopo and Mpumalanga Provinces, (2) zoning, or intensive surveillance by means 

of regular physical inspection of cattle in the buffer and inspection zones, (3) vaccination of 

livestock in the buffer zone area and (4) limiting and strictly controlling the movement of 
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cloven-hoofed animals and their products out of and between the various zones (Jori et al. 

2009). All the expenditures related to the above control and preventative measures are 

incurred by the national government (Bengis 2011).  

However, the efforts to contain the disease are often undermined or diminished by elephants 

that frequently destroy fencing around the park leading to buffalo escaping into communal 

lands adjacent to the park where they mingle with livestock grazing thereby transmitting the 

disease. The magnitude of buffalo escaping from KNP had been documented by the 

Directorate of Veterinary Services in the KNP. Their estimates suggest that more than a 

thousand fence breaks occur every year, and at least 70% of all fence breaks occur in the 

western boundaries of the KNP (Du Plessis 2007). Prior to November 2000, the last FMD 

outbreak in livestock in the buffer zone happened in 1983. Since the floods in 2000, a string 

of fence breaks occurred eventually leading to FMD outbreaks. Between 2000 and 2007 five 

outbreaks, with confirmed epidemiological connection to the KNP, occurred along the 

western boundaries of the KNP (Jori et al. 2009).  

 

Furthermore, reports from the Directorate of Veterinary Services in the KNP estimate that 

between the 1996 and 2006, an average of 80 buffalo escaped each year (Du Plessis 2007). 

Those buffalo spotted outside the park were either chased back to the park if the herd size 

that escaped was large or killed if the herd size was small. While the number of buffalo that 

escape might appear small, or even negligible, given the current estimated population size of 

39,000 buffalo (Bengis 2011), the negative impacts they have on farmers who depend on 

their livestock for their livelihoods may be significan significant. As a consequence of FMD 

infection, livestock will lose weight which eventually leads to lower slaughter market price as 

well as loss in milk production. In some instances where livestock is used for draught power, 

the blisters on the muzzle and between the toes make it also impossible for an animal to walk 

(Bengis 2011). In a susceptible population, the infection rate can be as high as between 80 

and 90% (Coetzer et al.1994). However, the mortality due to FMD is quite low, and typically 

lower than 10 % (Bengis 2011). 

 

3. The disease transmission mechanism 

Based on the disease problem presented above, a simplified ecological model between 

wildlife and cattle populations will be formulated, where buffalo interacts with cattle through 
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disease transmission, and where we also have transmission from infected to healthy cattle. 

Therefore, our ecological model considers three stocks, the healthy and infected cattle 

populations and unhealthy buffalo population whereby cattle is subject to the negative impact 

in terms of disease infection from the buffalo, but not the opposite. Thus, interaction between 

cattle and buffalo is considered to be unidirectional. The unidirectional interaction is due to 

the following observations. Firstly, as already mentioned, all buffalo in the KNP are infected 

with FMDV and carriers of the disease showing no symptoms. Therefore, the negative impact 

of the disease is always from infected buffalo that escape from KNP to healthy livestock 

grazing in the adjacent areas.  In addition, there is currently no evidence showing the mode of 

FMD transmission from infected cattle to infected buffalo (Vosloo and Thompson 2004). 

hence, infection between infected cattle and infected buffalo is not analyzed in this paper. 

Secondly, cattle farmers cannot bring their livestock into the park. Thirdly, buffalo that are 

spotted outside the park are driven back to the park or killed before they can reproduce. 

However, infection between cattle is possible irrespective of the strong surveillance and 

control measures in place and transmission between cattle populations will be included in our 

model. Figure 2 illustrates the ecological model.  

Figure 2 about here 

 

We consider first the infected wildlife stock (buffalo) X  at time (year) t  (time notation is 

omitted to simplify mathematical presentation) that inhibits the protected area, or the park. 

With ( )F X  as the natural growth function and max0 y y  denoting harvesting or culling, 

which is non-negative because the possibility of restocking is not included and we assume 

that harvesting cannot exceed a certain maximum maxy at every point of time, the buffalo 

population growth is defined as: 

(1)  ( )dX dt F X y  . 

The density dependent natural growth function is assumed to be a humped curve increasing to 

a peak value for an intermediate value of the stock size such that 0F X F     for 

MSYX X  and F< 0 for MSYX X , where MSYX  represents the maximum sustainable 

population size. In addition, we assume strict concavity, 0F   . In the numerical analysis as 

well as in the theoretical reasoning, a standard logistic model is representing this function, 

i.e., ( ) (1 )F X rX X K   such that 0r  is the maximum specific growth rate and 0K   is 

the carrying capacity. We further assume that some share of buffalo, 0 1   escapes from 
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the park and hence X number of buffalo mingles with the livestock and negatively 

influences livestock growth through disease transmission1. 

 

The livestock (cattle) population Z  consists of healthy cattle S and infected cattle I   such 

that Z S I  , inhabits a particular fixed grazing land area adjacent to the park where they 

interact with the buffalo that escape that escape from the park due to damaged fencing, lack 

of management resources, etc. The population growth of healthy (susceptible) cattle S  is 

given by: 

(2)    SdS dt G S I XS IS S        

with ( ) ( )G Z G S I  being the natural growth function, assumed to density dependent, and 

where growth is governed by the whole cattle population2 . XS  is the disease transmission 

from the buffalo to livestock with 0   as the disease transmission rate, or interaction 

coefficient, and IS is the disease transmission form infected cattle where 0  is the 

transmission coefficient term from infected cattle to healthy cattle. Finally, s sh S is the 

number of healthy cattle harvested, or slaughtered, with max0 S S   as a harvesting 

fraction. Therefore, for the cattle population the possibility of restocking is ignored and it is a 

slaughtering capacity constraint at every point of time as well. The natural growth function of 

the healthy cattle population is assumed to be a humped curve increasing to a peak value for 

an intermediate value of own stock size such that ' 0 G  for Z MSYZ and G' 0 for Z> MSYZ . 

Strict concavity is also assumed for the livestock growth function, 0G  . In the numerical 

analysis it is represented by the logistic function ( ) (1 )G Z gZ Z L  , or 

 ( ) ( ) 1 ( )G S I g S I S I L     , where 0g   is the livestock maximum specific growth 

rate and 0L   is the carrying capacity. 

 

Finally, the infected cattle population growth is governed by:  

                                                            
1 As indicated above, buffalo that are spotted outside the park are driven back or destroyed before they 
reproduce. As the cost of considerable notational and analytical clutter, the stock size and hence the natural 
growth function of the buffalo should have been corrected due to stock loss outside the park. That is, 

(1 )X should possibly have replaced  X as the actual stock size within the park. However, as a quite small 

fraction of the buffalo escapes from the park, this discrepancy is ignored. 
 
2 Density independent natural growth is often postulated for cattle and other grazing livestock. However, 
because cattle in our example area basically are grazing on communally land with limited vegetation quantity, 
we assume density dependent growth.   
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(3) / IdI dt XS SI mI I       

where mI is natural mortality, with 0m  as the mortality rate of infected cattle, and I Ih I

the number of infected cattle that are slaughtered with max0 I I   as the slaughtering 

fraction, also assumed to be restricted. As already indicated, slaughter of healthy and infected 

cattle occurs in a selective manner since it is easy to distinguish infected from healthy cattle 

before slaughter. Therefore, I and S are generally different. 

 

For a given level of buffalo stock and disease transmission from buffalo X  and given 

harvesting activity S and I , we can construct the isoclines of the above equations (2) and 

(3). The S -isocline for the healthy cattle population is defined by

  SG S I XS IS S      . When taking the total differential it can be confirmed that this 

isocline slopes downwards in the I S  plane, except for high values of the harvesting 

parameter, S . A downward sloping S -isocline is depicted in Figure 3. The I -isocline for 

the infected cattle is defined by IXS SI mI I     and will always be upward sloping 

and approach ( ) /Im   when I approaches infinity. Arrows indicate dynamics outside 

equilibrium.   
 

Figure 3 about here 

 

The effects of more buffalo X mingling with the livestock are two-sided. First, it reduces 

the stock growth of healthy cattle, and second, the number of infected cattle increases. It can 

be verified that both isoclines in Figure 3 will shift down with a higher density of mingling 

buffalo and hence result in a lower equilibrium number of healthy cattle while the effect on 

the number of infected cattle generally is ambiguous. Both these effects are in line with 

intuitive reasoning. The total equilibrium cattle stock will generally decrease except when the 

natural mortality of the infected animals is small and negligible; that is, when 0m  . A higher 

value of I shifts up the I -isocline, indicating a lower number of infected and higher number 

of healthy cattle in equilibrium. On the other hand, a higher value of S will shift down the S

-isocline indicating that both stocks will be reduced in equilibrium. We also find that a lower 

value of the disease transmission parameter within cattle populations reduces the 

equilibrium number of infected cattle while the number of healthy cattle as well as the total 
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cattle population becomes higher. A lower mortality of infected cattle m works in an opposite 

manner. 

 

Figure 4 illustrates transitional dynamics and equilibrium for fixed values of the slaughtering 

fractions S  and I with positive mortality of the infected cattle. The initial situation 

indicates a high number of infected animals; that is, a situation with an outbreak exemplified 

by quadrant II in Figure 3. Both populations approach equilibrium quite fast, and the 

equilibrium size of the infected stock is about 2000 animals. When the number of mingling 

buffalo increases, we find, as expected, that the population curve for the healthy stock shifts 

down while the infected stock curve shifts up for the given parameter values and harvesting 

rates. Starting with other initial values, for example in quadrant I, may cause damped 

oscillations before equilibrium is approached. Changing the slaughtering fractions may also 

change the approach paths. 

 

Figure 4 about here 

 

4. Cost and Benefit Functions 

There are two agents included in our model, a group of small-scale cattle farmers acting as a 

single agent, meaning that we are neglecting any possible conflicting interest among them, 

and a conservation agency (or park manager). The cattle farmers derive market and non-

market benefits from livestock, and as already indicated there are generally two direct 

negative economic effects from the disease transmission. The first effect works through the 

market price of the meat and where the slaughter value of infected animals becomes lower 

than healthy animals. A second effect may reduce the stock value of the cattle through 

reduced draft power and reduced milk production. However, we are not considering this 

second possible effect because information from the survey indicates that this effect is quite 

insignificant (Sikhweni 2011). With 0S Ip p   as the market prices (net of slaughtering 

costs) from harvesting (slaughtering) and selling healthy cattle and infected cattle, 

respectively, both assumed to be determined under perfect competitive conditions and hence 

not contingent upon the number of cattle slaughtered and assumed fixed over time, the total 

slaughter income is defined by S S I I S S I Ip h p h p S p I    . In addition, farmers incur 

herding costs depending on the total number of cattle. These costs are represented by the 

convex function ( ) ( )A S I A Z  with '( ) 0,A Z  ''( ) 0A Z   and (0) 0A  .  
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In addition to cattle income and costs, farmers also derive non-market benefits related to the 

total cattle stock given by ( )W Z  indicating milk production and draught power, but also  

social status as well as possible insurance motives (e.g., Bromley and Chavas 1989; Perrings 

1993, Fafchamps et al.1998; McPeak 2004; Johannesen and Skonhoft 2011). More cattle 

means more benefits, ' 0W  and (0) 0W  , but at a non-increasing degree; that is, '' 0W  . 

This stock effect is hence similar to the so-called ‘wealth-effect’ in models of optimal growth 

(Kurz 1968). In addition to the market and non-market benefits above, we also know that 

farmers do not pay for the vaccination and other related disease control measures such as 

dipping and quarantine of infected cattle but rather the government incurs these expenditures 

(Jori et al. 2009). Hence assuming that these costs are fixed and incurred by the government, 

the current net benefit of the group of cattle farmers in year t is given by: 

(4) ( ) ( )S S I IU p S p I A S I W S I        . 

 

On the other hand, the conservation agency derives non-consumptive benefits from tourism 

(wildlife viewing), and where more wildlife means a more attractive park and higher benefits. 

Although there are certainly many species in the park, our interest is in the buffalo stock 

causing disease transmission to the livestock and the conservation value of buffalo stock.  

More buffalo means higher tourist value, represented by the function )( XB , with 0)(  XB  

and (0) 0B  . In addition, we assume ( ) 0B X  as the tourist viewing value, or more 

generally the conservation value, typically will be non-increasing at the margin (Schulz and 

Skonhoft 1997). The conservation agency also incurs costs related to keeping buffalo in the 

park (e.g., Starfield and Bleloch 1986). This cost component is represented by the function

( )V X , with ( ) 0V X  , ( ) 0V X  and (0) 0V  , implying that marginal maintenance cost 

increases with the number of buffalo. While there is no culling of the buffalo currently 

practiced in the KNP (Bengis 2011), we assume that the conservation agency may find it 

beneficial to cull. Thus, in our model, the conservation agency also incurs costs of culling 

buffalo to keep the stock at an acceptable maximum level. For simplicity, this cost function is 

assumed to be stock independent and constant per animal culled; that is, cy , with 0c  as the 

unit culling cost. Therefore, the current net benefit of the conservation agency related to the 

buffalo stock year t  is defined by: 

(5) ( ) ( )B X cy V X    .  
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Note that there is no safari hunting and selling of hunting licences in the park such that 

harvesting buffalo always comes at a cost to the conservation agency. Therefore, if the 

conservation agency, or the social planner, shall find it beneficial to cull the stock at all in our 

model, as in reality, the marginal stock cost ( )V X must exceed the marginal stock benefit 

( )B X  at some certain level. Specification of ( )V X and )( XB  will ensure this, such that the 

concave function [ ( ) ( )]B X V X  will reach a peak for a value of the stock below that of the 

carrying capacity of the animals (see also section 5 below).  

 

5. The conservation perspective 

Equations (1) - (5) are the basic equations of our model. As already indicated (section 1), we 

analyze the disease transmission under three scenarios, and we start with the Conservation 

perspective. Without a unified resource policy, both agents follow their narrow self-interests 

and optimize separately. The stock of buffalo influences the size and the composition of 

cattle through the disease transmission, and ultimately the benefit and the livelihoods of cattle 

farmers, but not vice versa. Accordingly, while the conservation agency can optimize without 

being influenced by the harvest and the cattle holding of the farmers, the farmers must adjust 

their harvest and stocks to the stock size of buffalo. Therefore, the conservation agency 

maximises the net present value benefit 
0

te dt


 
0

[ ( ) ( )] tB X cy V X e dt


  , subject to the 

buffalo population dynamics (1) such that the cattle stock has no influence. 0   is the 

discount rate. The planning horizon is infinite, indicating that we are looking for steady state. 

 

The current–value Hamiltonian of this problem is given by 

[ ( ) ( )] ( ( ) )Hc B X cy V X F X y     where  is the shadow price (costate variable) of the 

buffalo population. The necessary conditions for maximum are first the control condition

/ 0Hc y c  
    


with:   

(6) 
*

max

0 c

y y if c

y c





 
  
   . 
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Therefore we have a bang-bang or singular control y  , as is expected with an objective that 

is linear in the control variable and where the instantaneous buffalo culling cannot exceed the 

maximum maxy .  The adjoint condition, assuming 0X   is given as: 

(7)  / / ( ) ( ) ( )  d dt Hc X B X V X F X             

and indicates  that the sum of the cattle capital gain d dt  and the net stock effect 

[ ( ) ( ) ( )] B X V X F X     resulting from maintaining one unit of buffalo must be equal to 

the marginal benefit of harvesting one unit of buffalo and putting the proceeds in the bank, 

 . Note  that the shadow price here is negative, at least when there are some harvest.  

 

Below we find that the optimal interior steady state solution is unique. The steady state will 

as indicated be approached by bang-bang control, either through no harvesting at all, i.e.,

0y  , or harvesting at the maximum level, maxy y . The sufficient condition for the above 

problem is that the maximised Hamiltonian is concave in the stock variable X , i.e. the weak 

Arrow sufficiency condition is satisfied. This requires that 2 2/ ( '' '' '') 0Hc X B V F      . 

With singular control c   , this also reads as '' ( '' '')cF B V   and implies that at the 

optimum the harvest costs associated with buffalo must decline less than the combined value 

of the marginal tourist value and buffalo stock maintenance cost. 

 

The steady state is defined by / / 0dX dt d dt  . Therefore when assuming singular 

control and inserting this into condition (7) we find that the optimal steady state is described 

as:  

(8) 
( ) ( )

( )  
B X V X

F X
c


    .  

This is the ‘golden-rule’ management for the conservation agency and determines the long-

term buffalo target population when the Conservation perspective scenario steers the 

resource allocation and there is no unified management policy. In condition (8), the concave 

net stock value function ( ' ')B V  should reach a peak value below the buffalo carrying 

capacity because harvesting always comes at a cost. The sign of ( ' ')B V can be either 

positive or negative at the optimum. However, the important thing from the sufficient 

condition is that ( '' '' '') 0B V cF    should hold. The solution is then unique and less than the 

*X
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carrying capacity, that is, . The singular and steady state harvest follows from

* *( )y F X .  

 

Because buffalo are harvested not for their value, but for keeping the stock at an acceptable 

maximum level, the comparative static results will be different from the standard 

bioeconomic model (e.g., Clark 1990). When differentiating condition (8), we thus find 

( '' '' '')B V cF dX cd    which indicates that for a higher value of the discount rate the 

conservation agency will find it beneficial to keep more buffalo and hence invest more in the 

buffalo stock, and not in ‘the bank’.  The effect of a higher culling price c is ambiguous, and 

a negative effect occurs if *X is larger than the stock size determined by 'F  . 

 

In a next stage, we proceed to analyse the problem of the group of cattle farmers which aims 

to maximize the present-value net cattle benefit with perfect harvesting selectivity. When 

assuming that the discount rate is similar to that of the conservation agency, the economic 

problem for the group of farmers is then to maximize 
0

tUe dt


 

0

[ ( ) ( )] t
S S I Ip S p I A S I W S I e dt 


    

 
subject to the population growth equations (2) 

and (3) for healthy and unhealthy cattle, respectively, and the buffalo stock X being 

exogenous, determined by the park agency. The current–value Hamiltonian of this problem is

[ ( ) ( )]S S I IHf p S p I A S I W S I         [ ]SG S I XS IS S      

( ) IXS SI mI I       where  and   are the shadow prices (costate variables) of the 

healthy and infected cattle stock, respectively.  

 

The necessary conditions for a maximum are first the control condition

/ ( ) 0S SHf S p  
   


 with: 

(9) 
*

max

0 S

S S S

S S

p

if p

p


  

 


 
 

 

when 0S  . Next, we have the control condition / ( ) 0I IHf I p  
   


 with:  

*0 X K 
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(10) 
*

max

0 I

I I I

I I

p

if p

p


  

 


 
 

 

when 0I  . Therefore, similar to the park agency, cattle farmers also have bang-bang control 

or singular control and where the slaughtering of the healthy cattle and the infected cattle 

cannot exceed the maximum values max
S and max

I , respectively.   

 

The adjoint equations with 0S   and 0I   are: 

 (11) / /d dt Hf S      [ ' ' ( ' ) ( )]S S Sp A W G X I X I                 

and 

(12)   / /d dt Hf I     [ ' ' ( ' ) ( )]I I Ip A W G S S m             . 

Equation (11) indicates that the sum of the healthy cattle  capital gain /d dt and the net stock 

effect [ ' ' ( ' ) ( )]S Sp A W G X I X I               resulting from maintaining one 

unit of cattle must equate the marginal benefit of harvesting one unit of the cattle stock and 

putting the proceeds in ‘the bank’,  . Condition (11) for the infected cattle stock can be 

given similar interpretation.  

 

In order to analyse the optimal steady state solution, we first consider the possibility when an  

interior solution with singular controls exists. The steady state is defined by

/ / / / 0dS dt dI dt d dt d dt     . When we insert the singular controls Sp  and Ip   

into conditions (11) and (12), the steady state may be characterized as  

( )( )'( ) '( )
'( ) S I

S S

X I p pA S I W S I
G S I

p p

     
      

and 
( )( ) '( ) '( )

'( ) S II

S S S

S p pp m A S I W S I
G S I

p p p

    
    . The sufficient conditions 

of this interior steady state are that the maximized Hamiltonian is concave in the two stock 

variables S and I (i.e., again the weak Arrow sufficiency condition). This requires 

2 2 2 2/ / ( '' '' '') 0SHf S Hf I p G A W         and

2 2 2 2 2 2 2( / )( / ) ( / ) ( '' '' '')SHf S Hf I Hf S I p G A W            

2[( '' '' '' ( )] 0S S Ip G A W p p      . However, because the healthy cattle slaughter value is 

above that of the infected cattle, this last inequality does not hold. 
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Other options for an optimal steady state are to set the controls at the boundary. There are 

several possibilities for boundary solutions. Both controls may be set at their maximum 

values, or set one control at a maximum and the other control at zero. Alternatively, one 

control can be set to bind either at zero or maximum while the other control may be an 

interior. However, among these different possibilities, the most likely path to follow should 

be to slaughter the infected cattle at its maximum max
I while the healthy stock, depending on 

the size of the maximum constraint, should be slaughtered at its maximum, or at an interior 

value, max0 S S   . The reason that slaughtering of the infected stock at its maximum may 

represent an optimal strategy it that this strategy will boost the growth of the healthy stock 

and  possibly also boost the slaughtering of the more valuable meat. In the numerical 

illustrations (section 8 below) we find that this represents an optimal strategy under a wide 

range of parameter values. In a steady state with singular control for the healthy stock Sp 

(condition 9) and maximum harvest of the infected stock such that Ip  (condition 10) the 

golden rule equations are: 

(13)      
( )( )'( ) '( )

'( ) S

S S

X I pA S I W S I
G S I

p p

      
     

and  

(14)          
 

max( ) ( )( ) '( ) '( )
'( ) S I I

S S S S

S p pm A S I W S I
G S I

p p p p

         
    

. 

 

Therefore, these two equations together with the healthy equilibrium stock equation (2) (i.e., 

the S -isocline in Figure 3) and the infected equilibrium stock equation (3) (the I -isocline in 

Figure 3),   0SG S I XS IS S       and max 0IXS SI mI I      , respectively, 

and the optimal steady state buffalo population *X determine the steady state stock values *S

and *I together with the singular harvest *
S and the shadow price of the infected cattle stock

* .  Because we have ( '' '' '') 0Sp G A W   and the term ( )( ) /S SX I p p    in (13) is 

positive, the total cattle stock * *( )S I will be smaller than without disease. The disease 

prevalence hence represents a two-sided steady state effect; less cattle and smaller 

slaughtering value of the animals.  
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How to approach this steady state in an optimal way is complicated. There are two reasons 

for that. First, because of the growth of the cattle population is contingent upon the dynamics 

of the buffalo population. Second, because the cattle slaughter controls may take place by a 

combination of extreme and singular controls. The complexity of analyzing the approach 

paths in multi-dimensional models is exemplified by the predator-prey model of Mesterton-

Gibbons (1996), and where it is shown that a combination of bang-bang and singular strategy 

is not generally optimal. For a more recent example see Horan and Wolf (2005). In what 

follows we leave further analyze of the dynamics out of our discussion. However, because  

the model is linear in all the controls together with density dependent regulation through both 

the wildlife stock growth equation and the livestock growth equation, we may suspect that the 

approach paths will reach their steady state values quite fast. This is confirmed by the 

numerical results below (section 8). 

 

6. Balancing conservation and livelihoods 

The following section analyses overall optimality or the Social planner solution. Under this 

scenario there is a unified resource management policy so that the trade-offs between keeping 

buffalo in the park as a tourist value and the livestock that support the livelihoods of small-

scale farmer is determined in an overall optimal way. The negative externality through 

disease transmission from wildlife to cattle is then internalized. Therefore, the goal of the 

social planner is to maximise joint net present value benefit given as 
0

( ) tU e dt


 

0

{[ ( ) ( )] [ ( ) ( )]} t
S S I Ip S p I A S I W S I B X cy V X e dt 


        , subject to the population 

dynamics of  buffalo (1) and the healthy and infected cattle stock growth equations (2) and 

(3), respectively. Notice that we assume the same weighting of the net benefits of the park 

agency and the cattle farmers; that is, on the margin, the benefit of one rand for both is 

considered similar. This obviously represents a normative valuation, but it is beyond the 

scope of this paper to look further into distributional issues of this type.   

 

The current-value Hamiltonian of this problem writes

[ ( ) ( )] [ ( ) ( )]S S I IH p S p I A S I W S I B X cy V X          ( ( ) )F X y 

 [ ] ( ) S IG S I XS IS S XS SI mI I                . Under the assumption that the 

upper boundary control of the infected cattle stock max
I and singular control for the healthy 
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stock still represent optimal steady state harvesting strategies and we also still have singular 

control of the buffalo population at the steady state, it can easily be verified that the steady 

state, or golden rule, conditions now are described by equations (13) and (14), together with 

the buffalo equation: 

(15) 
( )( ) ( )

( )  - SS pB X V X
F X

c c

 
      . 

Therefore, equation (15) replaces equation (8) when the disease transmission externality is 

internalized. Equations (13) – (15), together with the stock growth conditions (2) and (3) in 

equilibrium, now determine the steady state buffalo stock pX , the cattle stocks pS and pI , 

the healthy cattle harvest p
S  and the healthy cattle shadow price p (superscript ‘p’ indicates 

social planner steady state solution). In addition, just as above, the steady state harvest of 

buffalo follows from the wildlife natural growth equation (1) in equilibrium while the buffalo 

shadow price also just as above reads p c   .  

 

Because the market slaughter price for healthy cattle is higher than that of infected cattle and 

the slaughter price of the infected animals exceeds its shadow price when max
I , the last term 

in equation (15) is negative, ( ) / 0SS p c    . This term works in the opposite way of 

that of the discount rate  (section 5 above), and in the direction of lowering the buffalo 

stock. Therefore, not surprisingly, the Social planner scenario yields less buffalo and less 

disease transmission compared to the previous case where the Conservation perspective 

steered the resource allocation, *pX X . Lowering the buffalo stock with fixed slaughtering 

control means that the equilibrium schedule of the infected cattle stock, or the I -isocline in 

Figure 2 above, shifts up compared to the Conservation perspective scenario. A smaller 

number of buffalo also means that the S -isocline partially shifts up. However, as the 

slaughter fraction of the healthy stock generally changes compared to the Conservation 

perspective scenario, the net effect here is generally ambiguous. However, as long as the net 

effect represents a non negative shift, we will not find it surprising that the total cattle 

population will be higher compared to the Conservation scenario; that is, * *p pS I S I   . 

We then also find * 0pS S  while the difference *pI I is ambiguous (see also section 3 

above). For this reason the difference * max *( )p p
I I Ih h I I   is ambiguous as well. 
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Assume that the social planner distributes the conservation profit and cattle farmer benefit 

according to harvest and stocks of buffalo and cattle, respectively. The steady state profit of 

the park manager will then be lower under the Social planner scheme compared to the 

previous case where the Conservation perspective was steering the resource allocation. This 

will be so at least when the discount rate is zero, 0  , because the steady state solution then 

coincides with the problem of maximizing profit in ecological equilibrium (e.g., sustainable 

rent maximization; see, e.g., Clark 1990). For the group of cattle farmers we find the opposite 

and 
*pU U because

* *( ) ( )p pU U    . 

 

7. The hypothetical situation with no disease transmission 

Finally, we look at the hypothetical situation where there is no disease transmission, and 

hence the term XS equalizes to zero in the cattle growth equations (2) and (3). This may 

be the case if buffalo are effectively prevented from entering the adjacent areas of the 

conservation area; that is, no fences are destroyed, etc., or the cattle vaccination is totally 

preventing the cattle stock from being infected. When also assuming that no cattle are 

infected initially, or that is it is possible to stamp out all  infected cattle, the livestock 

equations (2) and (3) collapse into: 

(16)  dZ dt G Z Z  . 

The benefit function of the cattle farmers changes accordingly since farmers slaughter  

healthy animals only such that the slaughter price reads as Sp .  

 

As there are no externalities in this model, there is neither any interaction among the agents. 

Therefore, when the conservation agency optimizes, the buffalo stock will be identical to 

what was found when considering the Conservation perspective, *nX X (superscript ‘n’ 

denotes the No disease transmission scenario). The steady state profit for the conservation 

agency will also be similar under these two scenarios. The optimization problem facing the 

cattle farmers is now to maximize 
0

[ ( ) ( )] t
SPV p Z A Z W Z e dt


   subject to the stock 

growth equation (16). 

 

We now find the steady state cattle population nZ with singular control (golden rule) is 

determined by: 
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(17) 
'( ) '( )

'( )  
s

A Z W Z
G Z

p
 

   

while the steady state singular optimal slaughter policy n follows through ( )Z G Z  . This 

solution nZ and n   hence indicate the optimal steady state size of the cattle stock and 

slaughtering when there is no resource conflicts due to disease transmission between 

conservation agency and  cattle farmers. At least without discounting and when 0  , we 

now find the steady state benefit to exceed the previous cases, *n pU U U  . In the 

numerical section these differences are explored further. 

 

8. Numerical illustration   

8.1 Data and specification of functional forms 

The above theoretical reasoning will now be illustrated numerically. We look at both the 

transitional dynamics and steady states under all three schemes considered, but the main 

emphasis is on the steady states. As already indicated, the natural growth functions for the 

buffalo as well as the healthy cattle population are written in their specified logistic forms. 

The disease transmission functional forms are also already specified. The culling cost 

function for the conservation agency is assumed to be linear in the harvest and does not 

include any stock effect. With the exception of the stock cost function to control the herd size 

of buffalo in the park, all other cost and benefit functions are assumed to be linear. Thus, the 

maintenance cost function for farmers is specified as ( ) ( )A Z aZ a S I     with 0a   and 

the cattle stock value function as ( ) ( )W Z wZ w S I    with 0w  . The tourist value 

function for the conservation agency reads ( )B X bX  with 0b   while the cost function for 

buffalo stock is specified as strictly convex and represented by 2( ) ( / 2)V X v X with 0v  .  

The values of the biological and economic parameters are taken either from previous studies, 

from South African National Parks (San Parks) and Directorate of Veterinary Services in the 

Kruger National Park, or based on qualified guess work and calibration (see Table 1). The 

carrying capacity for cattle population in the open grazing area is 325,000L  (animals) 

while the carrying capacity for the buffalo population is 50,000K  (animals). The baseline 

value proportion of buffalo escaping the park is assumed to be 0.003  , indicating that 

about 150 buffalo escape the park if the buffalo stock is close to its carrying capacity. The 
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associated disease interaction coefficient between buffalo and livestock is 0.0001  . With a 

number of healthy cattle population of, say, 200,000 animals, the instantaneous number of 

healthy cattle that becomes infected due to the 150 buffalo mingling with the cattle 

population is then 3, 000XS  animals. The disease transmission coefficient within the 

cattle populations, , is assumed to be far lower than the disease transmission coefficient 

between wildlife and  healthy cattle and is set at 0.000001  . This assumption is based on 

the rapid response taken by the local Veterinary Services Department immediately when 

FMD outbreak is reported. Immediately after an outbreak has been reported, infected animals 

are kept in quarantine areas in order to avoid further transmission within the cattle 

populations (Personal communication with the local Animal Health Technician). The 

mortality rate of infected cattle is rather small, and its baseline value is fixed as 5 %, 

0.05m  .  

 

It is difficult to assess the conservation cost and benefit values of the buffalo because buffalo 

is just one of the many species present in the park. Based on the entrance fee of 196 Rand and 

the annual number of tourist, 1.4million people (SanParks, 2011), we know the total (gross) 

tourist value of the park. By also assessing the number of the other key species in the park 

and also adding some intrinsic, or existence, value of the buffalo, we end up with somewhat 

arbitrary to assume a baseline value of 175 (Rand/animal). The culling cost per animal is 

assumed to be 1000 (Rand/animal). This estimate is based on the culling method that is 

currently used to manage elephant population in the KNP using a contraceptive vaccine 

derived from Pig Zona Pellucida (PZD). The maintenance cost for the buffalo stock is 

calculated taking into consideration that South Africa has a complicated system of fencing 

along its national park borders, which are regularly supervised and maintained. There are 

some estimates of these costs where the capital investment in constructing fences is not 

included (Perry et al. 2003). Based on these considerations, the cost to keep the buffalo in the 

park v  is then calibrated to ensure that the net stock buffalo value [ ( ) ( )]B X V X reaches a 

peak value below that of the carrying capacity (see also section 4 above).  

 

The slaughter market price for the cattle is based on survey and where the healthy animal 

price is 4,030Sp   (Rand/animal). The infected animal price is assumed to be about 25% 

lower. The maintenance cost of the cattle is based on survey where the farmers have assessed 
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the average monthly cost of holding, or herding cattle. Based on a monthly cost of 300 Rand 

per flock and assuming an average of 7 animals per flock, we arrive at a yearly cost of about 

500 (Rand/animal). The non market benefit for livestock (e.g., drought power) is estimated 

through the weighting proportion of male and female cattle (the herd size) as well as the 

market prices of male and female cattle, and where the male cattle is more valuable. Finally, 

the baseline discount rate   is assumed to be zero, indicating that the steady states are similar 

to what is found when the current benefit in biological, or ecological, equilibrium is 

maximized (section 6 above). We have also studied the consequences for other values for 

some of the key parameters. 

 

 Table 1 about here  

 

As indicated above (section 5), it may be beneficial for the cattle farmer to slaughter as many 

of the infected animals as possible in a steady state to reduce the disease transmission and 

hence increase the meat value sale. The maximum slaughter fraction of infected as well as 

healthy cattle is somewhat arbitrarily set to 90%. Therefore, we assume max 0.90I  and 

max 0.90S  . As this constraint will bind for the slaughtering of infected animals for a wide 

range of parameter values, we have also studied effects of increasing it. 

 

8.2 Results 

We first look at some basic dynamic results under the Conservation perspective scenario 

(section 5 above). While we solve the model for a long time horizon, we only report results 

for the first 30 years3. We start with the number of buffalo below and infected cattle 

populations slightly higher than their steady state values. This initial situation may illustrate 

an outbreak (see also Figure 4). Figure 5 shows that the stock sizes approach a stable 

equilibrium quite fast without any overshooting/undershooting. The culling of buffalo and 

slaughtering values of the two cattle stocks are adjusted such that the steady states are 

approached within 3-5 years. The slaughtering of infected cattle is all the time governed by 

its maximum value max 0.90I  while the slaughter fraction of the susceptible cattle starts 

                                                            
3 We solve the model for 60 years. This long time horizon ensures that the reported solutions will be 
numerically indistinguishable from the infinite horizon solution over the reported period of 30 years. 
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with 0.25 and increases to the steady state value of 0.29 (see also below). The slaughter 

policy of the buffalo is bang-bang and no slaughtering before the steady state is reached.  

 

Figure 5 about here 

 
We find that increasing the discount rate, as expected, increases the wildlife population while 

the healthy cattle population, also as expected, decreases because the higher number of 

mingling buffalo and more disease transmission. The size of the infected cattle stock 

increases. Therefore, a higher discount rate causes the population curve for the buffalo and 

infected cattle stock to shift up in Figure 5, while the population curve for healthy cattle shifts 

down. The dynamics do not change qualitatively. The effects of other initial population 

values were examined as well, and neither any observable changes in the qualitative structure 

of the dynamics nor other steady states were found (‘ergodic’ dynamics). The same also 

happens under the Social planner scenario as well as the No disease transmission scenario 

(results available upon request). 

 

Tables 2 and 3 report the detailed steady state results for the three different scenarios. 

Specifically, Table 2 shows the optimal harvest and stock values while Table 3 reports the 

associated economic outcomes. Under the Conservation perspective scenario, the buffalo 

stock is well below its carrying capacity of  with a (yearly) culling of about 1,300 

animals. The optimal cattle stock is about *Z =179,000 animals, consisting of 177,000 

healthy animals and 2,300 infected animals. The total cattle stock is thus somewhat above 

162,500MSYZ  animals because the positive stock value indicating draught power, insurance 

and so forth, dominates the maintenance cost plus the negative effect from disease 

transmission through the mingling buffalo (Eq. 13). The (singular) fraction of healthy cattle 

slaughtered is as already indicated * 0.29s  , while the maximum imposed harvesting 

fraction on the infected cattle max 0.90I   also as mentioned binds. Under the Social planner 

solution where the buffalo stock declines (Eq. 15), we find that the total cattle population, as 

expected, increases, albeit just slightly, compared to the Conservation perspective scenario. 

Also as expected, the number of healthy cattle increases somewhat, while the infected stock 

becomes slightly smaller. The steady state fraction of infected cattle decreases just slightly 

from the Conservation scenario, and is about 1.2 % under the Social planner solution. Under 

50,000K 
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the assumption of No disease, the buffalo stock and harvest thereof will, as explained, be 

similar to the Conservation perspective scenario. The total cattle stock becomes somewhat 

higher than under the other scenarios, and is associated with the optimal harvest fraction

* 0.30  . The general impression of these calculations is that there are small differences in 

stocks and harvest pattern between the three scenarios. 

Table 2 about here 

 

Table 3 reports the associated economic results. We also find that there are small differences 

in the economic values between the different scenarios. The reason is that the economic 

activity of the park manager, which includes only buffalo holding while the economics of the 

other species is ignored (section 4), is small compared to the livestock sector. Therefore, the 

external negative effect of wildlife conservation in terms of disease transmission on livestock 

sector becomes small. Thus, under the Conservation perspective scenario, the yearly profit of 

the park manager is just 0.9 (million Rand) while the monetary value for the utility of cattle 

farmers under this scenario is about 267.5 (million Rand). The utility of cattle farmers is 

made up of 213.8 in harvesting value, plus 143.4 as stock value (draught power, insurance 

motives, etc.) minus 89.7 as maintenance costs (Eq. 4). Because there are small differences in 

the total cattle stock between the different scenarios, the reduction in the monetary value of 

the cattle farmers’ utility between the No disease and the Conservation scenarios is attributed 

to lower slaughter price rather than a reduction in the animals slaughtered and sold.  

 

Table 3 about here 

 

8.3 Sensitivity analysis 

We have also studied the effects of changes in some of the key parameters in the model 

where we only report stock numbers and harvest results under the Conservation perspective 

scenario. See Table. First, we look at the impact of a higher value for discount rate. As 

already shown, a higher discount rate increases the number of buffalo which in turn increases 

the number of infected cattle and lowers the number of healthy cattle. A 50% increase in the 

slaughter market price increases the net benefit of the cattle farmers significantly.  The effects 

on the stock sizes is in line with intuition as one would expect an higher slaughter price to 
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encourage farmers to keep less cattle. The proportion of healthy cattle slaughtered increases 

slightly. Doubling of the disease interaction coefficient between buffalo and cattle which may 

be due to, say, reduced surveillance of the fences surrounding the park reduces the economic 

benefits for the cattle farmers as the proportion of infected cattle increases. We also find that 

the size of the healthy stock decreases, and the slaughter proportion decreases as well. 

Doubling the disease transmission coefficient between the cattle stocks which may be due to 

lack of sufficient control measures, such as quarantine of infected cattle during an outbreak, 

reduces as expected the number of healthy cattle while the number of infected cattle 

increases.  The slaughter fraction of healthy cattle is only slightly influenced. Finally, zero 

mortality of infected increases the number of infected cattle while the number of healthy 

animals and the slaughtering fractions stay more or less unchanged. In all these calculations 

the slaughtering fraction of infected cattle binds. Increasing this constraint will generally 

reduce the size of the infected stock and increase the size of the healthy stock, and improve 

the economic conditions for the farmers. 

Table 4 about here 

 

9. Concluding remarks 

This analysis is motivated by the lack of research regarding the impacts of animal disease on 

small-scale farmers. Most of the studies assessing the impacts of animal disease such as FMD 

have focused on commercial farmers residing in developed countries. This paper examines 

the impacts of FMD on small-scale farmers living adjacent to a wildlife conservation area. 

The current situation in Limpopo Province, South Africa where KNP has been established to 

conserve wildlife, is used to illustrate this phenomenon as well as the conflicting interests 

between  cattle  farmers on the one hand  and the conservation agency on the other. The 

model developed in this paper incorporates a mechanism of disease transmission and buffalo-

cattle interaction into a dynamic optimisation framework. The disease transmission and 

interaction between buffalo and cattle is unidirectional such that disease transmission always 

comes from infected wildlife to healthy livestock and not vice versa. The important economic 

effect of the disease transmission considered in the paper is the reduction in the value of the 

cattle meat production through reduced slaughter price. 
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The model is solved under three various scenarios in order assess the conflicting interests 

between cattle farmers and the park agency. Under the Conservation perspective scenario 

there is no unified management policy and the conservation agency pursues his own selfish 

interests without taking into account the negative externality he imposes on the farmers. The 

Social planner solution takes into consideration the interests of both agencies and an unified 

optimal management policy is achieved. The third scheme is the potential situation of No 

disease transmission between buffalo and cattle populations. To some extent we are able to 

characterize the different scenarios analytically and the factors affecting cattle and wildlife 

stocks, harvest and net benefit in the various steady states are scrutinized.  

The theoretical reasoning is supported with numerical illustrations. As expected, the unified 

management scheme (the Social planner scenario) yields less buffalo and less disease 

transmission and hence less infected cattle than under the pure conservation strategy (the 

Conservation perspective scenario). However, the general finding is that there are small 

differences in the economic values or benefits between the different scenarios. We find that 

the net benefit, or welfare, of the small scale farmers is reduced by just about 1% under the 

Conservation scenario compared to the hypothetical situation of No disease transmission. The 

reduction in cattle farmers’ benefits is even smaller between the Social planner solution and 

the Conservation perspective scenario. The main reason for these small differences is because 

the economic activity of the conservation agency which includes only buffalo holding is 

small compared to the livestock sector. While the numerical results show small steady state 

losses for the cattle farmers, the losses will obviously be much higher under an outbreak. It 

should be remembered that we threat the farmers as a homogeneous group, and as such each 

farmer’s cattle stock is affected similarly by disease transmission. In reality these 

benefits/effects will differ across various farmers, depending on location, distance to the park, 

and so forth.  

 

We find that the infection rate of infected cattle at the steady state under the baseline 

parameter values is about 1.3% which is not vastly different from other studies that found a 

prevalence of FMD within ruminants to be approximately 0.2% (Arnold et al. 2008). 

However, the prevalence rate within the cattle population can be reduced even further 

through reactive vaccination that is generally administered twice yearly. In our model, this 

works through lowering the disease transmission coefficient within the cattle population. 

Investing in effective control of disease transmission through prevention of interaction 



 
 

27

between buffalo and livestock adjacent to conservation areas (e.g. fencing) will also reduce 

the prevalence rate. While the construction of proper fencing can be expensive, there are 

other instruments that can be implemented in order to reduce the transmission between 

wildlife and livestock. For example, mandatory culling of buffalo in the park can be imposed 

in order to reduce the herd size and the number of buffalo that escape into the grazing areas. 

In addition, a tax on the entrance fee can also be imposed which can reduce the tourist 

benefits and the wildlife stock to the park agency.  
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Figure 1: South Africa and location of Kruger National Park 

Source: Adapted from Department of Agriculture, Forestry and Fisheries  
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Figure 2: The ecological model 
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Figure 3: Livestock isoclines and cattle equilibrium with fixed slaughter fractions S
and I  and fixed number of wildlife X that mingles with the livestock 

 

 

 

  

Figure 4: Example transitional dynamics and equilibrium healthy ( S ) and  
infected ( I ) cattle stocks. Slaughtering fractions 0.25S   and 0.90I  .  

Buffalo stock 40,000X  (animals). For parameter values see Table 1 
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Figure 5. Dynamic harvest pattern Conservation perspective scenario. 
Number of healthy ( S ) and infected ( I ) cattle and umber of buffalo ( X ) 
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Table 1: Ecological and economic parameters. Baseline values  

 Parameter Value Source 

Intrinsic growth rate buffalo  0.12  Jolles (2007) 

Carrying capacity buffalo 
 

50,000 (# of 
animals) 

KNP 

Intrinsic growth rate livestock g 0.67  Horan et al. (2008) 

Carrying capacity livestock 
 

325,000 (# of 
animals) 

Vosloo et al. (2009) 

Natural mortality disease infected 
livestock 

m  0.05 Bengis (2011) 

Disease interaction coefficient wildlife 
– livestock 

 0.0001 
(1/animal) 
 

Bicknell et al. (1999) 

Disease interaction coefficient 
livestock – livestock 

  0.000001 
(1/animal) 

Bicknell et al. (1999) 

Proportion of buffalos  escaping park 
 

0.003  Bengis 2011  

 Slaughter price  for  healthy livestock  
Sp  4030   

(R/animal) 
Survey 

 Slaughter price  for  infected livestock  
Ip  3000   

(R/animal) 
Survey 

Maintenance cost  for livestock a  500   
(R/animal) 

Survey 

Value of livestock (non-market 
benefit) 

w  800 (R/animal) Survey 

Wildlife stock value (tourist benefit) b   175 (R/animal) Calculated  

Unit cost of wildlife culling c  1000 
(R/animal) 

Assumption 

Wildlife stock cost (maintenance cost) v 0.0064 
(R/animal2) 

Calibrated 

Discount rate   0.00 Assumption 
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Table 2: Steady states. Harvest and stock sizes (number of animals) and  

cattle harvest fractions 

 X  y  S  I  Z S I 
S  I  

Conservation 
perspective  

34,400 1,300 177,000 2,300 179,300 0.29 0.90 

Social planner 
solution ( p )  

32,000 1,400 177,300 2,200 179,500 0.29 0.90 

No disease 

transmission  
34,400 1,300 180,500 - 180,500 0.30 - 

 

 

 

 

Table 3: Steady states. Net benefit values  

(mill Rand)  

   U  ( )U 

Conservation 
perspective 

(*)  

0.9 267.5 268.4 

Social planner 

solution ( )p  
0.8 268.0 268.8 

No disease 
transmission

( )n  

0.9 271.0 

 

271.9 

 

 

 

 

 

 

(*)

( )n
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Table 4: Sensitivity results steady state Conservation perspective scenario.  

Harvest and stock sizes (number of animals) and cattle harvest fraction 

 X  y  S  I  S  I  

 Baseline 34,400 1,300 177,000 2,300 0.29 0.90 

3 % point increase 
in discount rate 
( 0.03)   

44,500 590 169,000 2,900 0.30 0.90 

50% increase in 
cattle slaughter 
prices 

( 6045Sp  ,

4500)Ip   

34,400 1,300 171,200 2,300 0.30 0.90 

100% increase in 
wildlife disease 
transmission 
coefficient 
( 0.006)   

34,400 1,300 173,800 4,600 0.28 0.90 

100% increase in 
the livestock 
disease 
transmission 
coefficient 
( 0.000002)   

34,400 1,300 175,700 3,000 0.29 0.90 

Zero natural 
mortality rate of 
infected livestock 
( 0)m   

34,400 1,300 177,000 2,500 0.29 0.90 

 

 


