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HOUSEHOLD DECISION-MAKING TOWARDS LIVESTOCK DISEASE CONTROL
Abstract
by Ashley Flynn Railey, Ph.D.
Washington State University
May 2019
Chair: Thomas L. Marsh
This dissertation consists of three papers on household decision-making towards
livestock disease control in cattle in northern Tanzania to address emerging control technologies
for a smallholder system with a particular focus on foot-and-mouth disease. My research uses
data from a household survey on 489 households I performed in 2016 in the Serengeti and
Ngorongoro districts of Tanzania. The first paper examines household decision-making for footand-mouth disease vaccination relative to variations in temporal and spatial risk. I use a
commonly used stated preference survey methodology, willingness to pay, to elicit decision
responses for a routine vaccination strategy applied biannually and an emergency strategy
applied in reaction to a spatially varying hypothetical outbreak. In the second paper, I
additionally employ the stated preference survey approach with the double-bounded contingent
valuation methodology to extend the analysis in the first paper by assessing the value of
enhancing vaccine information through a hypothetical, communal diagnostic test. The collective
approach to testing addresses the potential for households and the community jointly to acquire
information about the circulating type of foot-and-mouth disease to enhance vaccine decisionmaking. Finally, in the third paper, I compare the current use of antibiotics to treat secondary
infections from foot-and-mouth disease with vaccinations for other livestock diseases to examine
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how each of these inputs influences livestock production and household wellbeing. I use twostage, instrumental variable regression techniques to separate production and consumption
decisions by first defining household use of antibiotics and vaccination, then assessing the effect
of these decisions on livestock production and household expenditures on food, health, and
education. This dissertation provides empirical evidence that vaccination and early detection for
endemic livestock diseases, such as foot-and-mouth disease, can both improve measures of
household economic and nutritional security and complement existing household disease
management practices.
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CHAPTER ONE:
SPATIAL AND TEMPORAL RISK AS DRIVERS FOR ADOPTION OF FOOT-ANDMOUTH DISEASE IN TANZANIA
Abstract: Identifying the drivers of vaccine adoption decisions under varying levels of perceived
disease risk and benefit provides insight into what can limit or enhance vaccination uptake. To
address the relationship of perceived benefit relative to temporal and spatial risk, we surveyed
432 pastoralist households in northern Tanzania on vaccination for foot-and-mouth disease
(FMD). Unlike human health vaccination decisions where beliefs regarding adverse, personal
health effects factor heavily into perceived risk, decisions for animal vaccination focus
disproportionately on dynamic risks to animal productivity. We extended a commonly used
stated preference survey methodology, willingness to pay, to elicit responses for a routine
vaccination strategy applied biannually and an emergency strategy applied in reaction to spatially
variable, hypothetical outbreaks. Our results show that households place a higher value on
vaccination as perceived risk and household capacity to cope with resource constraints increase,
but that the episodic and unpredictable spatial and temporal spread of FMD contributes to
increased levels of uncertainty regarding the benefit of vaccination. In addition, concerns
regarding the performance of the vaccine underlie decisions for both routine and emergency
vaccination, indicating a need for within community messaging and documentation of the
household and population level benefits of FMD vaccination.
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1. Introduction
Uncertainty surrounding health decisions stems from unknown gains in personal
wellbeing relative to the perceived costs of undertaking the intervention. This is specifically
applicable to vaccination decisions. For example, the decision to be vaccinated against seasonal
influenza weighs perception of individual risk of disease against the direct costs of the
vaccination, the indirect costs of the time necessary to be vaccinated (lost opportunity), and any
concerns about adverse vaccination effects (Bloom, Brenzel, Cadarette, & Sullivan, 2017). The
implications of individual vaccination in contributing to population immunity further
complicates the decision. Importantly, perceptions of disease risk are dynamic and may markedly
increase as disease outbreaks are reported closer to the individual (Brewer et al., 2007; Brook &
McLachlan, 2006; Doss, McPeak, & Barrett, 2008). However, by this time much of the potential
for inducing population immunity is lost, and vaccination benefits may only extend to the
recipient.
Understanding the drivers of vaccination decisions and how these are influenced by
proximity of perceived risk is a significant gap in vaccine knowledge relevant to increasing
vaccination and decreasing the burden of infectious disease. We chose to address this
knowledge gap by estimating pastoralist adoption of a livestock vaccination against foot-andmouth disease (FMD). Similar to seasonal influenza, FMD is episodic and not precisely
predictable in either spatial or temporal spread or in its severity (Tekleghiorghis, Moormann,
Weerdmeester, & Dekker, 2016), thus creating uncertainty of disease risk. Furthermore, there are
multiple FMD virus serotypes with each serotype characterized by evolving strains. FMD
vaccines vary in their effectiveness depending on the “match” between the vaccine and the
circulating serotype and strain (Parida, 2009; Robinson et al., 2016), require repeated
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immunization to achieve optimal protection, and are similar to seasonal influenza vaccines in
having effects at both the individual and population levels (Carrat & Flahault, 2007; Ohmit et al.,
2013; Osterholm, Kelley, Sommer, & Belongia, 2012). Unlike human vaccination or vaccination
for zoonotic livestock diseases that have human health implications, the decision to vaccinate for
FMD solely fixates on livestock health, and thus focuses our analysis on externally influenced,
dynamic risk perceptions (Poortinga, Bickerstaff, Langford, Niewöhner, & Pidgeon, 2004).
Importantly, in households that are characterized by high dependence on livestock, vaccination
decisions have broad impacts on household income and wealth, food security, and expenditures
on human health and education (Marsh, Yoder, Deboch, Mcelwain, & Palmer, 2016). For FMD
specifically, reductions in milk production, lost animal draught power, and closure of livestock
markets threaten household income and nutritional security (Knight-Jones & Rushton, 2013).
We surveyed 432 pastoralist households in northern Tanzania to identify determinants of
FMD vaccination decisions relative to temporal and spatial risk based on two immunization
strategies. We extended a commonly accepted survey method for inferring preferences,
willingness to pay (WTP), to elicit decision responses for two hypothetical vaccination scenarios.
The first is “routine” vaccination in which households would vaccinate cattle biannually, a
proactive and planned approach that would support immunity at population scale. The second is
“emergency” vaccination in which households would vaccinate in the face of a current nearby
outbreak, a situation that presents heightened, individualized risk introduced by spatial proximity
and temporal immediacy. In each scenario, the stated efficacy of the vaccine was also varied to
reflect the uncertainty of the vaccine matching process and to assess sensitivity to improvements
in vaccine risk reduction. Herein we present the results of the study and discuss the findings in
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the context of identifying approaches to influence household vaccine uptake and subsequent
improved disease control.

2. Materials and Methods
a) Household survey and data
The survey questionnaire that was used for data collection targeted key decision makers
in cattle owning households to identify behavioral responses and to increase accuracy and
precision of those responses. All households recognized the clinical signs of FMD, but of the 19
percent who had vaccinated for any livestock disease in the past year, none reported vaccinating
for FMD. This reflects the situation of FMD in East Africa as characterized by poor surveillance
systems and limited availability of FMD vaccines (Appendix A).

b) Double bounded dichotomous choice contingent valuation
The absence of FMD vaccines in Tanzania during the time of the study led to the use of
the stated preference methodology to infer the value households place on vaccination. We used
the double bounded dichotomous choice contingent valuation method (Alolayan, Evans, &
Hammitt, 2017; Goldberg & Roosen, 2007), which is a standard survey approach that can jointly
analyze willingness to pay to adopt a product and determine factors underlying adoption
behavior. For both the routine and emergency vaccination strategies, households received an
initial, binary choice (‘yes/no’) question eliciting WTP for a single vaccine dose if it protects one
cow from FMD over a 6-month period. Households then received a follow up, second binary
choice question raising or lowering the offered price depending on the response to the first. Each
respondent received the same initial bid price, 2000 Tsh (USD 0.95) for the routine vaccine and
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4000 Tsh (USD 1.90) for the emergency vaccine, with the follow up bids for the routine vaccines
ranging between 500 Tsh (USD 0.24) and 3500 Tsh (USD 1.67), and the emergency between
500 (USD 0.24) and 7500 Tsh (USD 3.57).
The binary choice question format of this model is cognitively easier than other question
designs by removing the burden on the respondent to formulate a price or choose between
multiple hypothetical scenarios (Mitchell & Carson, 1989). Bias can exist with the double
bounded model if the household’s WTP value changes between responding to the first bid and
the second, follow up bid question (Cameron & Quiggin, 1998). Use of the interval data model
can remove some of this concern by providing robust WTP estimates (Alberini, 1995).
Additional pretesting of bid levels and referencing related vaccine prices reduces large deviations
from the potential market price range (Boyle, Bishop, & Welsh, 1985). Compared to the single
bounded model that only asks one binary choice question, the gain in asymptotic efficiency of
the double bounded approach outweighs the potential bias from anchoring on the initial bid
(Hanemann, Loomis, & Kanninen, 1991).

c) Empirical model
The empirical strategy is modeled according to expected utility theory and estimated
using the maximum likelihood estimator (Appendix A). The average emergency WTP is
anticipated to be higher than the routine WTP by an amount proportional to the change in risk
reduction between the two (Alolayan et al., 2017; Goldberg & Roosen, 2007). In an emergency
situation, the immediacy of the risk increases the individual perceived value of vaccination,
whereas the delayed reward of routine vaccination reduces its relative value (Frederick,
Loewenstein, & O’Donoghue, 2010). However, households can reasonably plan for biannual
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vaccination costs whereas the unanticipated income shock in an emergency, coupled with
increased susceptibility, introduces uncertainty towards the relative gain from vaccination
(Gilbert & Rushton, 2016). We presented the routine question first to provide a baseline
perception of risk, followed by the question regarding emergency vaccination.
To reflect the complexity of the vaccine matching process and assess sensitivity to
improvements in vaccine-induced risk reduction, households were randomly assigned a stated
vaccine efficacy of 50 percent or 100 percent. The emergency vaccination question was then
conditioned on outbreak distance, either with a neighbor (1km radius) or at the village level (5km
radius). The proximity of neighbors within one kilometer for all households in the study is
assumed to imply immediate, unavoidable exposure. An outbreak at the village level attempts to
alleviate perceptions of disease risk through the possibility that exposure has not occurred. The
5km radius roughly follows village boundaries and was provided to the respondent when the
household had difficulty conceptualizing village proximity.

3. Results
a) Routine versus emergency vaccination
Following theoretical and practical guidance on perceived risk under routine and
emergency vaccination scenarios, we expected differential behavioral processes between the two.
To assess the appropriateness of modeling the two strategies separately, we performed a
likelihood ratio test. The test rejected the estimation of both vaccination strategies jointly in
favor of separate models (Appendix A), supporting the concept that different decision-making
processes influence each type of vaccination. Estimation of the two models separately then
revealed a higher mean WTP and more variation in the distribution for emergency vaccination
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relative to routine, further providing fundamental empirical evidence that household behavior is
differentiated between routine and emergency strategies (Figure 1.2). The mean WTP of
emergency vaccination was around 5400 Tsh (95 percent CI: 3551,7271 Tsh; USD 1.69, 3.46)
and about 3900 Tsh for a routine strategy (95 percent CI: 2555, 5217 Tsh; USD 1.22, 2.48).

b) Perceived risk sensitivity
Separate WTP distributions for the two strategies in and of themselves are not sufficient
to conclude that households accurately valued the varying levels of uncertainty and risk
associated with FMD vaccination. To support this conclusion, we would expect that responses be
consistent and sensitive to marginal changes in risk. We therefore first examined the effect of an
increase in vaccine bid price on the probability of adopting vaccination. We found that as the bid
price increased for both strategies, the probability of vaccine acceptance decreased (Table 1.2),
consistent with theoretical expectations (Mitchell & Carson, 1989). We next compared the
average WTP values for each strategy with the calculated change in perceived risk reduction
between routine and emergency vaccination (Appendix A). Also following theoretical
expectations (Alolayan et al., 2017; Goldberg & Roosen, 2007), we found the marginal change in
risk reduction going from a routine to an emergency strategy to be of comparable magnitude to
the change in WTP values, with the risk reduction from an emergency strategy to be higher than
a routine strategy.
For perceptions of risk from increased susceptibility, we found an outbreak with a
neighbor compared to an outbreak at the village level presented no difference in the value of
vaccination. Altering the vaccine efficacy level by itself did not influence vaccine valuation for
either strategy. Contrary to expectations, households that received a vaccine of 50 percent stated
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efficacy did not value vaccination differently than those provided with a vaccine of 100 percent
stated efficacy. However, interacting efficacy level (50 or 100 percent) with the head of
household gender revealed that a male head of household that received the vaccine of 50 percent
efficacy would pay less than a female head of households for either efficacy level and less than a
male head of household receiving a vaccine of 100 percent efficacy (routine -1458 Tsh; USD
0.69; emergency -2718 Tsh; USD 1.29).

c) Vaccination determinants
As expected, the drivers behind routine and emergency vaccination adoption also differed (Table
1.3). For any health expenditure decision, diversity and liquidity of household income portfolios
affects household capacity to invest in proactive measures, exemplified by routine vaccination,
and adjust to near term threats and shocks, represented by emergency vaccination and the risk of
major disease outbreaks and loss (Dercon, 2002). Our results show income apart from livestock
is a primary determinant of emergency vaccination, while additionally influencing routine
adoption but at a lower magnitude. Compared to households with no off-farm income,
households with higher levels of off-farm income reported higher valuation of routine (1022 Tsh;
USD 0.49) and emergency vaccinations (1962 and 1763 Tsh; USD 0/93/0.84). Diversity of
income had varying effects on willingness to pay for both strategies. Compared to households
with no crop income the prior season, earning some seasonal crop income (100 to 500,000 Tsh;
USD 47.61-238.10) increased both routine (1635 Tsh; USD 0.78) and emergency WTP (2294
Tsh; USD 1.09). Being in the highest income bracket from crop sales in the prior season (>
500,000 Tsh; USD 238.10) had no effect on adoption for either vaccine strategy.
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Beyond income, we assessed the role of exogenously determined motivations to
vaccinate by including variables on whether a household receives livestock health information
from a government veterinarian and the level of formal education of the head of household
(Corace et al., 2016). We found that households citing the government veterinarian as their main
source of information (35 percent of households) reported lower WTP values than those relying
on other sources (-663 Tsh; USD 0.32), with augmented effects for the emergency vaccine (1817 Tsh; USD 0.86). Similarly, results on the education variable offered corresponding
evidence that households maintain negative perceptions towards vaccination. We would expect
formal education to be associated with adoption of disease prevention practices. Instead we
found no effect of education on emergency vaccination, and, for a routine vaccination, head of
households with no formal education (15 percent of households) reported higher WTP values
than those with formal education (681 Tsh; USD 0.32). Use of government veterinarians and
educational attainment were uncorrelated across income levels and villages.

4. Discussion
In agreement with the human health literature, individual risk perceptions affect the
valuation of vaccination (Bednarczyk, Birkhead, Morse, Doleyres, & McNutt, 2011; Kraut,
Graff, & Mclean, 2011). Households place a higher value on vaccines when the threat of disease
is perceived as immediate. However, concerns about vaccine efficacy and the vaccination
process also factor into decisions to vaccinate with an augmented effect in an emergency
situation. Unlike human vaccination or vaccination for zoonotic diseases, FMD vaccination
minimizes perception of adverse side effects for the vaccinated individual but retains the impact
on household welfare in terms of expenditures, loss of income risk, and coping with resource
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constraints. This is supported by three main findings in our study: i) income is a major
determinant in valuing both routine and emergency vaccination decisions; ii) diversity of income
promotes vaccination uptake (at least to a point); and iii) there is a constant increased willingness
to pay for emergency over routine vaccination. The fact that complete dependence on livestock
income does not consistently promote vaccination further suggests income liquidity and diversity
are important to facilitate risk responsiveness (Alobo Loison, 2015).
Compared to routine vaccination, weighing an unexpected shock with perceptions of
susceptibility and disease severity increases decision uncertainty for emergency vaccination, as
reflected by the greater variation in WTP. Similar to human seasonal influenza vaccination,
imprecise spatial and temporal risk and disease severity are compounded in an emergency
situation and confounds perceptions on the overall gain from vaccination relative to disease
impact. As with most vaccines, FMD vaccination requires 7 to 14 days to provide protective
immunity (Elnekave et al., 2013). Households do not need to know the precise temporal or
spatial information required to induce protection to understand that dense contact networks
(Knight-Jones, McLaws, & Rushton, 2016) and the difficulty of self-imposing movement
restrictions (Jemberu, Mourits, & Hogeveen, 2015) in pastoralist communities makes the
likelihood of near immediate exposure almost certain if an outbreak is nearby. To support this
point, we found no variation in the value of vaccination between offering an emergency vaccine
when an outbreak is with a neighbor (1km radius) or at the village level (5km radius).
Subsequently, for an emergency vaccine, the perceived risk is consistently higher, and the wider
variation in WTP values reflects greater uncertainty about perceived gains from vaccination.
In both vaccination scenarios, uncertainty about the effectiveness of vaccination in
preventing disease underlies the decision process. This includes doubts about vaccine
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effectiveness that are common to both human and animal vaccines. Governmental and nongovernmental professional institutions attempt to alleviate concerns about effectiveness relative
to cost and risk, but similar to influenza, these professional sources often struggle to fully
overcome individual or community uncertainty. Pastoralist’s inexperience with FMD vaccines
generally and with appropriately strain matched vaccines specifically could contribute to
uncertainty in the value of vaccination, even though FMD is a common, episodic disease familiar
to the community. This resembles concerns for seasonal influenza about the match of the vaccine
strain to the circulating strain (Galvani, Reluga, & Chapman, 2007; Schmid, Rauber, Betsch,
Lidolt, & Denker, 2017). Gender-based differences in WTP may reveal this, whereas men have
more experience than women with non-poultry livestock vaccination and appropriately
demonstrate sensitivity to improvements in vaccine quality. Furthermore, the disconnection
between educational attainment and a positive decision for vaccination, may explain this, as
informed households would rationally be less likely to adopt what are perceived as ineffective
vaccines. These differences may also reflect overall lack of experience with vaccines. In the few
households that had vaccinated for any livestock disease in the past year there was no influence
on WTP for either FMD vaccination strategy. Lack of positive experience coupled with a poor
understanding about the value of population level immunity—a concern shared with adoption of
human vaccines, including seasonal influenza—indicates the relative benefits of vaccination
remain imprecise.
For any vaccination strategy, we emphasize the need for clear messages about the public
and private benefits of vaccination. Households seem to apprehend the presence or absence of
direct FMD risk and accurately valued vaccination relative to risk. However, similar to other
animal vaccination WTP studies, this relationship between perceived disease risk and WTP for
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effective vaccines (Bennett & Balcombe, 2012) coupled with inadequate understanding of
vaccines and population level effects (Birhane, Miranda, Dyer, Blanton, & Recuenco, 2016;
Kairu-Wanyoike et al., 2014) suggests households need additional information and assurance
that the benefits of the chosen vaccination strategy exceed the costs. Clearly communicating the
need to vaccinate early, prior to local outbreaks, along with presenting an effective and serotype
specific vaccine priced to capture the most economically vulnerable populations will help
decrease the perceived risk of vaccination. In light of the limited positive influence on adoption
from professionals, consistent with prior human and animal vaccination studies (Barclay et al.,
2014; Edge, Heath, Rowlingson, Keegan, & Isba, 2015; Marsh et al., 2016; Sok, van der Lans,
Hogeveen, Elbers, & Oude Lansink, 2017), dissemination of vaccine knowledge through
informal social networks is critical in overcoming existing negative expectations. Improved
surveillance to detect circulating FMD serotypes and strains and vaccines that are better matched
to local strains should reduce household vaccination uncertainty and increase vaccine uptake.
Our research is limited to eliciting stated preferences for vaccines that may differ from
actual market outcomes and activities. Additional investigation into vaccine attributes may
provide more precise estimates on specific vaccine qualities and delivery options that will further
enhance uptake. Specifying outbreak distance with respect to context-specific herd contact
distances may also increase our knowledge on thresholds to risk perceptions. Finally, access to
panel data or responses directly before, during, and after FMD outbreaks would improve
documentation of how perceptions of risk change with respect to real-time temporal immediacy.
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Figure 1.1 Location of the 10 study sites used for survey data collection across the two study
districts
Serengeti
National Parks

KENYA

Ngorongoro

Study Districts
Study Sites

TANZANIA

13

Figure 1.2 Distribution of willingness to pay values for vaccination

USD 1.00=2100 Tanzanian shillings
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Table 1.1 Descriptive statistics for variables used in vaccination analysis
Variable
No Formal Education
Income
Monthly Off-Farm (≤25,000 Tsh)
Monthly Off-Farm (25-100,000)
Monthly Off-Farm (>100,000)
Seasonal Crops (≤100,000 Tsh)
Seasonal Crops (100-500,000)
Seasonal Crops (>500,000)
Herd Size‡
Expected Milk Loss (in liters per cow) ‡
Cattle sold in the past year‡
FMD experienced in past year
Vaccinated for any cattle disease in past year
Use government vet

Mean‡ or Std. Dev. Median Min Max
Proportion
0.16
0.36
0
0
1.0
0.74
0.13
0.13
0.67
0.16
0.18
42
0.70
5.9
0.69
0.19
0.34

0.46
0.34
0.33
0.47
0.36
0.38
59
0.59
6.7
0.46
0.40
0.48

1.0
0
0
1.0
0
0
20.0
0.61
2.0
1.0
0
0

0
0
0
0
0
0
1.0
0
0
0
0
0

1.0
1.0
1.0
1.0
1.0
1.0
530
5.0
21
1.0
1.0
1.0

Vaccine efficacy of 50%
Male head of household

0.45
0.84

0.49
0.36

0
1.0

0
0

1.0
1.0

50% efficacy*male head of household

0.60

0.49

0

0

1.0

Serengeti district
Outbreak @ Neighbor
n=432

0.59
0.57

0.49
0.50

1.0
1.0

0
0

1.0
1.0
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Table 1.2 Probability of responding 'yes' to each bid (in TSh)
Routine
Vaccination Bid
500
1000
1500
2000
2500
3000
3500

Probability (%)
94
91
87
82
75
67

Emergency
Vaccination Bid
500
2000
3500
4000
4500
5000

Probability (%)
89
81
69
65
60
55

58

7500

30

USD 1.00=2100 Tanzanian shillings
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Table 1.3 Vaccination Determinants
Variable

Education (0=Formal; 1=No Formal)
Income
Off-Farm (≤25,000 Tsh)
Off-Farm (25-100,000)
Off-Farm (>100,000)
Crops (≤100,000 Tsh)
Crops (100-500,000)
Crops (>500,000)
Herd Size†
Expected Milk Loss (in liters per cow)
Cattle sold in past year
FMD experience in past year (0=No;
1=Yes)
Vaccinated for any cattle disease in past
year (0=No; 1=Yes)
Use of government vet (0=No; 1=Yes)
Vaccine efficacy (0=100%; 1=50%)
Gender (0=Female; 1=Male)
Gender*efficacy (0=100%; 1=50%)
District (0=Ngorongoro; 1=Serengeti)
Outbreak (0=Village; 1=@Neighbor)
Intercept
Log Likelihood
Chi-2 Statistic
† Log of variable
USD 1.00=2100 Tanzanian shillings

Routine
P value
Marginal Effects
(CI 95%)
769 (-44,1581)

Emergency
Marginal Effects
(CI 95%)

P value

0.064

683 (-580,1947)

0.289

0.077
0.009

2148 (779,3517)
1851 (541,3162)

0.002
0.006

0.001
0.260
0.872
0.140
0.116
0.333

2168 (730,3606)
-406 (-1764,952)
42 (-435,519)
465 (-308,1238)
14 (-59,86)
-360 (-1411,692)

0.003
0.558
0.863
0.238
0.715
0.502

-262 (-848,502)

0.615

230 (-939,1400)

0.700

-687 (-1237,-136)
1604 (163,3046)
1012 (122,1902)
-1545 (-3080,-11)
-379 (-968,209)

0.015
0.029
0.026
0.048
0.206

-1809 (-2782,836)
2238 (-392,4867)
834 (-749,2417)
-2718 (-5483,48)
1 (-1042,1045)
-446 (-1376,484)
4440 (2105,6696)
-498
41.87

0.001
0.095
0.302
0.054
0.998
0.347
0.001

Base Case
692 (-76,1460)
1051 (268,1834)
Base Case
1528 (615,2441)
-443 (-1214,328)
22 (-250,294)
370 (-121,862)
34 (-9,78)
-305 (923,313)

2604 (1348,3860) 0.001
-415
39.09
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CHAPTER TWO:
ENHANCING LIVESTOCK VACCINATION DECISION-MAKING THROUGH RAPID
DIAGNOSTIC TESTING
Abstract: Investments in livestock vaccines can have positive implications for the wellbeing of
livestock-dependent households in Africa by enhancing animal productivity. Yet, competing
household responsibilities and challenges to veterinary systems to provide reliable veterinary
products and services reduce household incentives to vaccinate. To investigate these barriers to
vaccination uptake, we proposed a hypothetical scenario to households in Tanzania in which they
have the opportunity to enhance vaccine decision-making by contributing collectively to a rapid
diagnostic test that would provide advanced information on disease status. We use the example
of foot-and-mouth disease, which is endemic in Tanzania and has multiple vaccine candidates, to
address household concerns for vaccine quality. We used a common stated preference approach,
willingness to pay, to assess household valuation for the information from the test and the factors
that influence the decision to privately contribute to a collective good. The public goods aspects
of collectively acquiring the test information reduces the entry barriers to testing by creating a
low-fixed cost, which motivates households with increasing herd sizes and access to monetary
income to contribute. Households that already employ multiple livestock health practices in
conjunction with a willingness to consult a professional veterinarian have an increased
willingness to pay for the test. The results suggest that livestock-dependent households in Africa
are willing to pay for improved animal health information with direct vaccination implications.
The opportunity exists to enhance local, community-level control through preventative efforts
with individual low-fixed costs.
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1. Introduction
Animal vaccination has the potential to indirectly improve household nutrition (Lankester
et al., 2015) or translate into investments in human education and health (Marsh, Yoder, Deboch,
Mcelwain, & Palmer, 2016) for the greater than 80 percent of poor livestock-keeping households
living in extreme poverty in Africa (Otte et al., 2012). Efforts to encourage animal vaccination
target availability issues by training local community health workers to deliver vaccines (Mariner
et al., 2012) and promote accessibility through financial incentives that reduce the cost of the
vaccine for livestock owners (Jibat, Hogeveen, & Mourits, 2015). Despite these efforts,
households underinvest in livestock vaccines. This is due in part to the provision of veterinary
goods and services of variable quality and reliability in Africa (Ilukor, 2017), coupled with the
unpredictability of adverse health events (Dean et al., 2017), and household responsibilities to
invest in competing needs across humans and animals, with direct correlates to human food
supply taking precedence (Quinn, Huby, Kiwasila, & Lovett, 2003; Waithanji, Wanyoike, &
Liani, 2015). Increasing information provision to allow households to more accurately determine
whether vaccination is necessary would encourage them to reconsider the benefits to vaccination,
including the indirect advancement of household wellbeing.
For decision-making about infectious disease in humans and animals, early disease
detection through diagnostic testing offers direct benefits to the individual by providing timely
information regarding the necessity for future treatments and costs (Bonner, Monroe, Talley,
Klasner, & Kimberlin, 2015; McKenna & Dohoo, 2006). For a rapid diagnostic test to detect
malaria in Africa, the affordability and availability of the test affects demand, but the provision
of highly reliable tests may also help reduce the disease burden by signaling to individuals the
need for antimalarial treatments (or not) (Cohen, Dupas, & Schaner, 2015). Motivation to
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evaluate the cost-effectiveness of subsequent control strategies similarly drive individual
households and farms worldwide to use diagnostic testing for infectious disease control in
animals (Theurer, White, & Renter, 2015). Testing for the presence or absence of infectious
disease in both humans and animals may then create information on treatment needs that spills
over to the entire community. This collective aspect of testing embodies the public goods
implications of disease control to achieve population immunity while providing others in the
community with enhanced decision-making capacities to benefit privately. When disease control
strategies that encompass local priorities are necessary to address the emergence of infectious
disease (Halliday et al., 2017), assessing whether livestock-dependent households are willing to
pay for early disease detection with public goods implications offers valuable insight into
household-driven control strategies broadly.
Foot-and-mouth disease (FMD) is an endemic, highly contagious viral disease that
reduces the productivity of livestock (Knight-Jones & Rushton, 2013). Currently, households
mitigate the impacts of FMD with therapeutic antibiotics to treat secondary infections. The
limited availability of current and past FMD vaccines in northern Tanzania and the frequent
failure to match the vaccine with the circulating diversity of serotypes and sub-types has,
historically, induced uncertainty in the protective quality of FMD vaccination (Railey, Lembo,
Palmer, Shirima, & Marsh, 2018). Recent research in northern Tanzania, however, demonstrated
that, rather than numerous serotypes circulating simultaneously within a region, FMD outbreaks
occur in a regular pattern with each sequential outbreak being caused by a different dominant
serotype that sweeps slowly across the region (Casey-Bryars & Reeve, et al., 2018). These
findings encourage consideration for improved FMD control as they suggest that a diagnostic
technology that enables fast in-situ detection of current serotypes would provide time to
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implement vaccination programs in response to an outbreak with the right vaccine in households
sufficiently distant to have not yet been affected. Equipping communities with a field-based
mechanism for early detection would enable individual households to make informed disease
prevention choices while providing the community with the opportunity to coordinate
population-level control.
To examine household preferences for accurate and timely vaccine information delivered
through diagnostic testing, we surveyed livestock-dependent households to investigate their
willingness to pay (WTP) for a diagnostic test that could indicate which FMD vaccine to apply
during an outbreak. We framed the question of willingness to pay such that households
contribute to a local fund to purchase the test and have a public veterinarian perform the test on a
few, randomly selected infected animals. The collective approach to testing addresses the
potential for households and the community jointly to acquire information about the circulating
type of FMD to enhance vaccine decision-making. Households were informed that trained
professionals would apply the test, thus, implying an accurate test and widespread, objective
dissemination of results to incentivize and assure contributions.
Households provided a stated willingness to pay for diagnostic testing at around 6000
Tsh (USD 2.85). We found low-entry barriers and the provision of the test as a fixed cost
encourage household willingness to contribute, particularly from households with access to
liquid monetary resources and maintaining large herds. Households exhibiting a strong
imperative for livestock health-seeking behavior placed a higher value on the test than those
responding to organized vaccination campaigns. Beyond the direct benefits associated with
vaccination, we found the potential for future reductions in therapeutic antibiotics from the
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increased use of preventative health measures, including diagnostic testing to better inform
vaccine choices.
We outline these results by first describing the data through a review of the survey
setting, sampling procedure, and instrument, followed by presenting the summary statistics and
estimation strategy. The paper concludes with the results and discussion on the empirical
findings in the context of policy implications for the role of diagnostic testing in reducing the
burden of animal disease.

2. Data
a) Setting
The study area includes two districts of northern Tanzania, Ngorongoro and Serengeti,
located between the border of Kenya and the Serengeti National Park (Figure 2.1). Agropastoralists that engage in agriculture and livestock-keeping income generation activities
primarily characterize the Serengeti District. Agro-pastoralists and traditional pastoralists who
have been driven to adopt some agro-pastoralist practices (Lankester & Davis, 2016), occupy the
study sites in the Ngorongoro District. Similar to agro-pastoralist and pastoralist livelihoods
globally, cattle in the study districts remain important to securing nutritional diversity through
the production of milk, meat, and other by-products. Cattle also provide economic security in the
form of assets, cash from livestock sales, and value-added agricultural production (Randolph et
al., 2007). For cattle-owning households, improvements to livestock health impacts household
income and wealth, food security, and expenditures on human health and education (Marsh et al.,
2016).
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FMD not only restricts international trade, but has direct implications for household
production, including decreased animal milk yield, high mortality of valuable young stock, lost
animal draught power, and closure of or inability to access livestock markets (Perry & Rich,
2007). In Tanzania specifically, households experience significant reductions in milk production
and cash from livestock sales, with negative impacts on agriculture potential from losses to
traction capacity (Casey-Bryars & Reeve, et al. 2018). Despite the control of FMD through
vaccination in some parts of the world (Naranjo & Cosivi, 2013), the presence of four of the
seven serotypes with numerous subtypes for each complicates the vaccination process in East
Africa. Although the clinical presentation of FMD from each serotype is indistinguishable,
protection against these signs depends upon the match of the correct vaccine to the circulating
viral serotype (Parida, 2009). Current in-situ diagnostic tests demonstrate presence or absence of
FMD (Ferris et al., 2010), but to recognize the serotype causing infection requires laboratorybased diagnostics. However, our hypothetical diagnostic testing scenario attempted to capture
preferences for the potential of vaccine matching when the local serotype can be known.

b) Sampling
We used a multi-stage random sampling design to choose a representative sample of the
heterogenous cattle owning population across the two target districts. Based on the estimates of
cattle owning populations in the two survey districts (Basic Demographic and Socio-Economic
Profile, 2014), we planned to capture six villages and 300 households in the Serengeti District
and four villages and 200 households in the Ngorongoro District. Following the selection of
logistically feasible administrative wards within the two districts, villages, sub-villages, and
households were randomly selected.
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To obtain a household sampling frame for each sub-village of households, groups
combining village elders, government veterinarians, and village leaders created a list of cattle
owning households and then randomly selected households. Enumerators fluent in the local
language (Swahili, in addition to either Kuria or Maa) were accompanied by community balozi
heads1 or reputable individuals and supervised throughout the survey. Pretesting and data
collection for the cross-sectional survey occurred between April 2016 and July 2016. A total of
466 households provided complete responses to the diagnostic testing willingness to pay
questions. The remaining households consist of non-response households and illogical responses.
We addressed non-responses by following up with households three times and using cellphones
to call absent heads of household. The random distribution of missing values across households,
villages, and enumerators lessens the likelihood of systematic bias from non-responders.

c) Survey instrument
The survey questionnaire contained questions on key variables that may affect household
diagnostic testing and vaccination preferences, including household demographics, livestock
management practices, and knowledge of and history with FMD. To elicit willingness to pay
responses for individual contributions to diagnostic testing, which is a non-market product that
has limited history of use in Tanzania, we used a stated-preference approach (Whittington,
1998). Specifically, we used a double-bounded dichotomous choice contingent valuation method
(Hanemann, Loomis, & Kanninen, 1991). This is a standard survey approach that can jointly

1

Balozis are groups of households similar to a neighborhood. Usually one individual leads this group of households

for administrative order, etc.

31

analyze willingness to pay to adopt a product and determine factors underlying adoption
behavior. Households were asked if they would contribute to a community fund to have a public
veterinarian test for the presence of FMD at the onset of an outbreak so that they knew which
vaccine to apply. We set the initial price for each household’s contribution to the fund at 4000
Tanzanian shillings (USD 1.90). Households then received the question again with a higher or
lower contribution amount depending on the response to the first question. For households that
would contribute 4000 Tsh, the contribution amount in the second question randomly varied
between 4500 Tsh, 6000 Tsh, and 7500 Tsh (USD 2.14, 2.85, and 3.57). If households said ‘no’
to the initial contribution level, then either 3500 Tsh, 2000 Tsh, or 500 Tsh (USD 1.67, 0.95, or
0.24) was randomly quoted for the lower contribution level. We chose the double-bounded
elicitation method over other stated preference approaches (Hansen et al., 2013; Huth, McEvoy,
& Morgan, 2018) for its cognitive ease on respondents (Alolayan, Evans, & Hammitt, 2017) and
gain in statistical efficiency compared to a single question (Hanemann et al., 1991).
We framed the scenario to emphasize that the same information on vaccine quality may
be available to the entire community, following the definition of a public good (Tietenberg,
2012). The scenario assumes a random selection of only a few cows from the community,
instead of testing each and every animal. To elicit truthful responses for a good with public good
characteristics, the proposed scenario must be incentive compatible: respondents must care about
the outcomes of the event, perceive their actions as consequential, and only value a single event
with a likelihood of occurrence. For our scenario, we emphasized the implications of the test to
reduce vaccine matching error instead of assuming household familiarity with diagnostic testing
technology to enhance the perceived relevancy of the test to the household. We then evoked the
perceived consequentiality of household preferences and addressed the likelihood of receiving
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the test information through an assurance contract (Tabarrok, 1996). Imposing an assurance
contract on the provision of the good encourages households to contribute by providing the good
if enough households contribute, or assuring the household receives some benefit if others do not
contribute. By stating a public veterinarian will apply the test, we assumed delivery by a
professional institution with a tradition of providing veterinary services in Tanzania ensures
households receive quality and timely vaccine information (Leonard, Bloom, Hanson, O’Farrell,
& Spicer, 2013).
The option to privately contribute to the test indicates the presence of strategic responses
that may undermine incentive compatibility (Lloyd-Smith & Adamowicz, 2018). Provision bias
will occur if households refused to answer the sequence of questions despite valuing the test
(scenario rejection) or attempted to increase the likelihood of test provision by responding yes
(yea-saying). We accounted for ‘scenario rejection’ by asking an additional question as to why a
household would not pay for the test. Fewer than five percent of households presented zero WTP
amounts, but none cited reasons unrelated to the value of the test (Mitchell & Carson, 1989).2
We reduced the chances for ‘yea-saying’ by pretesting a variety of price levels at representative
households and consulting local markets for livestock treatment prices (Boyle, Bishop, & Welsh,
1985). For price comparisons, households reported spending around 1000 Tsh (USD 0.50) per
cow for substitute livestock health treatments, with four cows on average treated. The
households’ stated preferences for an emergency vaccine applied in reaction to an outbreak and a
routine vaccine applied biannually, both offered as private goods per cow, averaged at 5400 Tsh

2

Answers unrelated to the value of the test include, ‘the government should pay,’ ‘I do not vaccinate,’ and ‘I do not

have time to vaccinate.’
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(95 percent CI: 4900, 5900 Tsh) (USD 2.60, 95 percent CI: USD 2.40, 2.80) and 3900 Tsh (95
percent CI: 3600, 4300 Tsh) (USD 1.90: 95 percent CI: USD 1.70, 2.00) respectively (Railey et
al., 2018). Follow up questions were included as further checks (Section 4a).

d) Summary Statistics
Table 2.1 presents the descriptive statistics of the data used in the analysis for the full
sample and divided between the two districts. We refer to the full sample to describe the average
characteristics of the households surveyed, while also providing the descriptions of the variables
that are significantly different between the two districts.
On average, households in these districts reported an average of 42 head of cattle per
herd, compared to the national average of four cows (Tanzania livestock modernization initiative,
2015). Households in Ngorongoro maintained larger herds of cattle (p-value<0.05). For both
districts, household off-farm monthly income captures income liquidity separate from on-farm
production. Around 30 percent of households engaged in off-farm activities, evenly dispersed
across earning between 25-100,000 Tsh (USD 11.90-47.62) per month and >100,000 Tsh (USD
>47.62) per month. In the full sample, 45 percent of households received seasonal income from
agricultural sales, ranging from 16 percent receiving 25-100,000 Tsh, 13 percent at 100-500,000
Tsh, and 12 percent earning >500,000 Tsh (USD <11.90, 11.90-238.00, and >238.00). Around
60 percent of households also reported receiving income from cattle sales with the number of
animals sold in the past year ranging from zero to 21 with an average of six animals sold.
Overall, 69 percent of households reported FMD outbreaks in the year leading up to the
survey, which is consistent with previous accounts of FMD incidence in northern Tanzania
(Casey-Bryars & Reeve et al., 2018). By providing positive responses to a set of knowledge
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questions, over 30 percent of household’s indicated knowledge of testing for early disease
detection ahead of questioning.3 The Ngorongoro District households demonstrated increased
awareness of diagnostic testing compared to those in the Serengeti District (p-value<0.01).
Across both target districts, only 19 percent of households reported vaccinating for any disease
in the past year with all of these vaccines provided at a reduced price or for free. However, 70
percent of households reported using antibiotics (oxytetracycline, penicillin, or streptomycin) to
treat livestock health problems, including secondary infections related to FMD. Use of a public
veterinarian for livestock information (35 percent) and low willingness to pay for emergency
vaccines (23 percent) were also similar across study districts. To delineate the effects of
receiving professional information on uptake of these livestock health practices, we included an
interaction between use of a public veterinarian and either antibiotics or vaccination. In the
Ngorongoro district, 23 percent of households both used antibiotics and consulted with a public
veterinarian compared to 34 percent of households in the Serengeti (p-value<0.05). For
vaccination, only 6 percent of households in both districts also used a public veterinarian. Low
vaccination uptake accompanied by the majority of households using antibiotics to treat animal
diseases is consistent with existing accounts of animal disease management practices in Tanzania
(Caudell et al., 2017).

3. Methods and Estimation Strategy

3

The knowledge questions asked whether a household knew about diagnostic testing and who performed the test to

assess basic awareness about testing, not complete knowledge of the test results. This allowed for separation between
the information treatment and knowledge indicator.
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a) Conceptual framework
Here we present an illustrative model to motivate our empirical approach, which is not
intended to be a complete, definitive model of vaccine decision-making. First consider the
vaccination decision. A household either employs a low-input herd maintenance plan (TC0) of
low-costs and low-productivity, or a household vaccinates for FMD (TCv), thereby incurring the
additional costs of vaccinating q animals with per unit cost C and at a fixed cost FCv of acquiring
the vaccines.
𝑇𝐶$ = 𝑞 ∗ 𝐶 + 𝐹𝐶$
A low likelihood (for example, one in four chance) of receiving a vaccine that protects
against the circulating FMD strain suggests households are likely to realize the burden of added
vaccine costs without enhancing the productivity of the herd and without realizing additional
revenue. Figure 2 presents this scenario whereby a higher marginal cost (MC1) from an animal
receiving an ineffective vaccine compared to a low-input plan (MC0) reduces the household’s
herd profits from S0 to Sv.
In contrast, if the community implements a diagnostic test before vaccinating, the
protection from a correctly matched and applied vaccine increases the productivity of the herd
and total revenue from TR0 to TR1 while also increasing the total vaccination costs to TC1 by a
per herd, fixed cost FCd. Here, diagnostic testing plausibly presents a small fixed cost to the
household. The household jointly contributes with the collective group to randomly test a few
infected local animals, as opposed to including a variable cost to test each animal in the herd.
The total cost is then given by
𝑇𝐶* = 𝑇𝐶$ + 𝐹𝐶+
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The marginal revenue from securing the correct vaccine matched to the circulating strain
before possible disease exposure exceeds the marginal revenue from a low-input plan (MR1) and
the marginal revenue from an inappropriately matched vaccine (MRv) without diagnostic testing
(MR0). Hence, the shift from S0 to S1 improves net benefits or profits to the household (Figure
2.1).

b) Empirical approach
We modeled respondents’ stated preferences for diagnostic testing and vaccine matching
information assuming households are utility maximizers that regard the contributions of others as
given and contribute based on perceived individual benefits from testing. We formulate the
contribution decision as a function of the test price combination 𝐵- presented to household i, a
vector of observable household characteristics 𝑧- and unobservable random characteristics 𝜖. We
assume the parameters enter into household willingness to pay with the relationship:
𝑦- (𝐵- , 𝑧- ) = 𝛼 + 𝜌𝐵- + 𝜆′𝑧- + 𝜖where 𝛼, 𝜌 and 𝜆 are unknown parameters to be estimated with a maximum likelihood
estimator. We assumed the random error 𝜖 follows a cumulative logistic distribution with a mean
of zero and a variance of σ: .
We followed the Hanemann et al.’s (1991) estimation strategy for a double-bounded
sequence of decisions, assuming a household’s true WTP value 𝑦- falls within the specified
intervals from the responses to the first 𝐵-;-<-=> and second contribution levels 𝐵>?@ or 𝐵A-BA . A
‘no-no’ response indicated the household WTP lies below the offered contribution price (-¥,
Blow), while a ‘yes-yes’ response suggested the value is either the highest price offered, or above
that price [Bhigh, ¥). The ‘no-yes’ and ‘yes-no’ responses imply the household’s maximum WTP
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fell between either of the two amounts [Blow, BI) and [BI, Bhigh) respectively. A household’s true
WTP value can be enclosed within specified intervals to result in four discrete outcomes:
𝐼
𝑖𝑓 𝑊𝑇𝑃 < 𝐵>?@
⎡ ;;
𝐼;N 𝑖𝑓 𝐵>?@ ≤ 𝑊𝑇𝑃 < 𝐵-;-<-=>
Pr (𝑦) = ⎢⎢
𝐼
𝑖𝑓 𝐵-;-<-=> ≤ 𝑊𝑇𝑃 < 𝐵A-BA
⎢ N;
𝑖𝑓 𝑊𝑇𝑃 ≥ 𝐵A-BA
⎣𝐼NN
whereby 𝐼;; , 𝐼;N , 𝐼N; , 𝐼NN are binary-valued indicator variables denoted as one if the
argument is true, and zero otherwise. We model these four outcomes as probability statements
using a standard logistic distribution F( ) with mean zero and scale of 1. The probability
statements reflect the difference in indirect utility achieved from either accepting or declining the
proposed test contribution level. We then calculated the parameter values that maximize the loglikelihood of observing household i’s responses to the first 𝐵-;-<-=> and second price contribution
levels 𝐵>?@ or 𝐵A-BA given the probability statements for each price sequence:
;

𝐿 = R S𝐼;; lnVF(𝛼 + 𝜌𝐵>?@ + 𝜆′𝑧- + 𝜖- )X
-Y*

+ 𝐼;N lnVF(𝛼 + 𝜌𝐵-;-<-=> + 𝜆′𝑧- + 𝜖- ) − F(𝛼 + 𝐵>?@ + 𝜆′𝑧- + 𝜖- )X
+ 𝐼N; ln [FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X − F(𝛼 + 𝐵-;-<=> + 𝜆′𝑧- + 𝜖- )\
+ 𝐼NN ln [1 − FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X\^

From this, we derived the marginal effect on WTP taken at the mean of each parameter
and estimated the mean WTP for the overall sample (Hanemann, 1984). We used the delta
method to calculate the confidence intervals around the estimated means (Greene, 2003).4

4. Results

4

The analysis was done in Stata 13 using the doubleb package (López-Feldman, 2013) and in Gauss 17.
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a) Robustness checks
Table 2.2 presents the coefficient estimates from the logistic probability function and the
marginal effects from estimating the WTP function. To decide on this model, we first assessed
the potential for separate models between the Serengeti and Ngorongoro districts. We tested this
by performing individual maximum likelihood estimations for each district separately and a
pooled estimation on the districts jointly.5 The test supports a pooled model instead of individual
models for each district, but the Serengeti reports a lower willingness to pay for the test than the
Ngorongoro district in the pooled model (-1580 Tsh; USD 0.75).
The double-bounded method stated preference method depends upon households
responding to the first and second contribution levels with the same or similar WTP value in
mind to ensure consistent responses (Cameron & Quiggin, 1998). We asked households a
follow-up, open-ended question on the highest amount the household would pay for the test after
the double-bounded sequence of questions to evaluate this. The responses from the follow-up
question and the predicted WTP values presented similar distributions, suggesting households
answered with the same WTP value in mind throughout the survey (Appendix Figure B1).
Moreover, the probability of a household paying for the test decreased with an increase in price,
following theoretical expectations (Mitchell & Carson, 1989) (Appendix Table B1).
The validity of the responses depends on whether households perceive the scenario as
consequential. After framing the question to control for strategic responses attributed to scenario
rejection based on provision and price (Section 2c), we imposed an information treatment on a

5

a
b
The likelihood ratio test between the unrestricted log-likelihood (𝜃`; ) and restricted log-likelihood (𝜃`; ) is 𝜆 =
b

a

−2 dL [𝜃`; \ − 𝐿 [𝜃`; \f = 1.71 with 15 degrees of freedom.
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portion of the sample (9 percent) to assess potential response bias from unfamiliarity with the
circulation of multiple FMD types. All households received a simplified visual of the vaccine
matching process, accompanied by a short narrative on FMD, with a randomly selected group
receiving the treatment after the diagnostic testing WTP questions. The insignificant effect of the
information treatment suggests households had a basic understanding of the need to match
vaccines to circulating types (Table 2.2).

b) Marginal effects
Contributions to diagnostic testing reflect household capacity to invest in herd health as a
private decision. Total herd size had a positive effect on WTP. As a measure per cow, a
household in the first quantile, owning between one and 10 head of cattle, valued the test at 610
Tsh (USD 0.29) per cow. For the top quantile of cattle owning households (> 46 cows), the value
of the test was 132 Tsh (USD 0.06) per cow reflecting the diminishing marginal value of the test
as herd size increases, albeit with a larger total WTP value. Compared to households that
received limited off-farm monthly income (<25,000 Tsh), households in the subsequent income
levels reported a higher WTP value by 1230 Tsh (USD 0.59) (25-100,000 Tsh) and 2190 Tsh
(USD 1.04) (>100,000 Tsh). In contrast, no statistically significant difference in the value of
diagnostic testing manifested when comparing households in higher agricultural income levels
with those in the lowest level or across the number of cattle sold in the past year.
Existing awareness of diagnostic testing in the absence of current testing failed to predict
WTP, but related livestock health practices provided an indication of future adoption
preferences. Households that only apply antibiotics reported a lower WTP value than those
households not using antibiotics (-2920 Tsh, USD 1.39). Likewise, households that vaccinated in
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the past year reported a lower WTP for diagnostic testing than those not vaccinating (-1140 Tsh,
USD 0.54). Distinguishing low willingness to pay for emergency vaccines from higher
willingness to pay values revealed similar valuation of diagnostic testing across the two groups.
Finally, a willingness to consult with health professionals for medical information may
also affect individual adoption practices. Acquiring information from a public veterinarian and
using antibiotics had a comparatively large marginal effect on WTP for diagnostic testing by
3250 Tsh (USD 1.55) compared to only applying antibiotics or only relying on a public
veterinarian. This positive effect extends to vaccination by improving WTP by 1920 Tsh (USD
0.91) for households that vaccinate and benefit from receiving professional advice, as opposed to
those only employing one or the other resource. Households that reported receiving information
from a public veterinarian without also employing livestock health inputs presented a lower
WTP for diagnostic testing than those not using this source (-3920 Tsh, USD 1.87), also with a
significantly large marginal effect.

5. Discussion and conclusions
Our results contribute to growing research on the need for improved information to
ensure individually optimal uptake of disease control measures by adding evidence on decisionmaking at the household level for livestock health inputs that can improve vaccination decisions
(Marsh et al., 2016). Compared to vaccination that is per animal, households value diagnostic
testing as a fixed cost per herd. The test represents a feasible input for a livestock-dependent
household given the cost decreases with each additional animal in the herd. This decreasing
marginal value presents a low-entry barrier for households with increasing herd sizes and access
to liquid income, as demonstrated by the relationship between WTP and off-farm income.
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Households need not sacrifice investments in human essentials to afford the test when
agricultural decisions and livestock sales may reflect purposeful consumption smoothing choices
(Call, Gray, & Jagger, 2019; Hänke & Barkmann, 2017) but do not strongly influence WTP.
That the traditionally pastoralist households in the Ngorongoro district would pay more for the
test than the traditionally agro-pastoral communities in the Serengeti further supports testing as
an attractive production input for large herds and communities with primarily livestock-keeping
households.
A household’s health-seeking behavior influences selection into preventative care
interventions. The few households in our study that vaccinated in the past year reported
intermittent vaccination with subsidized vaccines offered by either a public or private
professional veterinarian (60 percent). These factors suggest existing efforts to signal vaccine
quality (Fischer, Karlan, McConnell, & Raffler, 2018), but over limited vaccine availability,
which may explain why previous vaccination and preferences for vaccine price failed to depict
the complementary relationship between diagnostic testing and vaccination. Simply reporting
knowledge about diagnostic testing or reporting use of a public veterinarian also failed to
increase household WTP for testing. Instead, households that actively engaged in disease
management by concurrently vaccinating or applying antibiotics while also separately seeking
livestock health advice from a public veterinarian demonstrated a heightened WTP for testing.
Akin to health-seeking behavior for human conditions with a high likelihood of occurrence, these
practices may reflect heightened awareness of disease risk (Chinkhumba, Godlonton, &
Thornton, 2014; Kang et al., 2018) or increased need for quality assured products. Relying on
these households to perpetuate diagnostic testing contributions may be problematic if households
cluster along behavioral ideologies or physical spaces that cause inequalities in health
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information access and benefits (Reich, 2018). Thus, ensuring the communal benefits of
diagnostic testing additionally requires understanding the distribution of households with
differential health behaviors across spatial and temporal patterns of disease incidence.
The benefits of diagnostic testing in animals requires livestock-dependent households to
use the test information to make better subsequent decisions that improve household wellbeing
(McKenna & Dohoo, 2006). For FMD, diagnostic testing that enhances vaccine matching
capabilities and vaccination decision-making will then influence disease incidence, subsequent
treatment options, and possible health outcomes (Hoelzer et al., 2018). To this point, the strong
inverse relationship between current antibiotic use and WTP for diagnostic testing suggests a
potential substitution effect. When the 70 percent of households that reported FMD primarily
treated secondary infections with antibiotics, substitution away from therapeutic antibiotics to
diagnostic testing and vaccination would capture a significant market share. Household income
may then indirectly benefit from this substitution, as some households reported more than one
FMD outbreak per year. Importantly, if interest in early detection signals greater trends in health
behavior and veterinary antibiotic use correlates with human health practices, such as sanitation
and hygiene (Caudell et al., 2018), reducing the use of veterinary therapeutic antibiotics may
benefit the community broadly, including through reduced transmission of antimicrobial
resistance.
To scale up disease control to the community and national level, promoting compliance
to early detection and preventative control strategies at the household level is necessary. While
households value the prospects of receiving information to enhance vaccine matching
capabilities, long-term declines in participation may result (Chandler et al., 2011; Dupas,
Hoffmann, Kremer, & Zwane, 2016) if the vaccines produce sub-optimal protection despite
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testing. Similar to human health concerns (Newman-Toker, McDonald, & Meltzer, 2013),
illustrating the tradeoffs between vaccination and other treatment strategies and emphasizing
when the benefit to vaccinating with testing exceeds the benefit of not testing, will provide
households with the information to make individually optimal decisions, which may include not
vaccinating. Continued interactions with professional health providers further help facilitate this
learning process. In Tanzania, the presence of public, private, and community health providers in
a decentralized system requires synchronizing the dissemination of information across these
sectors and within the communities. This serves to reduce misinformation or delayed information
access and overcome household biases to acquire information from one source or another
(Closser et al., 2016).
Our study estimates household WTP for the provision of enhanced vaccine information
using a hypothetical, community diagnostic test. Using alternative methodologies to assess the
value of diagnostic testing characteristics and experiments to evaluate preferences for livestock
health provision may elucidate the preferred delivery method of both vaccines and enhanced
vaccine information (Howard et al., 2011). Expanding the power of the model through a larger
sample size in each district to capture variation within districts or across communities may
additionally highlight information inequalities resulting from structural variations and norms
(Buntaine, Daniels, & Devlin, 2018; Gottlieb, 2016). Finally, the use of diagnostic testing tools
in the field with vaccine matching will enhance uptake by providing households with tangible
evidence of a complex process.
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Table 2.1 Descriptive statistics for variables relevant to diagnostic testing
Variable
Reported Averages (St Dev)
Full
Serengeti Ngorongoro
Sample
Information Treatment (0=No; 1=Yes)
0.09
0.09
0.10
(0.29)
(0.28)
(0.30)
Income
Monthly Off-Farm (≤25,000 Tsh) (0=No; 1=Yes)
0.67
0.56
0.82
(0.47)
(0.50)
(0.39)
Monthly Off-Farm (25-100,000) (0=No; 1=Yes)
0.15
0.18
0.11
(0.36)
(0.39)
(0.31)
Monthly Off-Farm (>100,000) (0=No; 1=Yes)
0.17
0.24
0.07
(0.38)
(0.43)
(0.26)
Seasonal Agriculture (≤25,000 Tsh) (0=No; 1=Yes)
0.62
0.58
0.69
(0.49)
(0.49)
(0.46)
Seasonal Agriculture (25-100,000) (0=No; 1=Yes)
0.12
0.24
0.03
(0.32)
(0.43)
(0.17)
Seasonal Agriculture (100-500,000) (0=No; 1=Yes)
0.13
0.17
0.08
(0.34)
(0.37)
(0.27)
Seasonal Agriculture (>500,000) (0=No; 1=Yes)
0.12
0.07
0.20
(0.33)
(0.25)
(0.40)
Cattle sold in past year‡
5.86
5.12
6.94
(6.68)
(6.25)
(7.14)
Herd Size‡
41.3
36.4
48.5
(57.5)
(57.2)
(57.3)
Knowledge of diagnostic testing (0=No; 1=Yes)
0.31
0.22
0.43
(0.46)
(0.41)
(0.50)
Low emergency vaccine WTP (0=No; 1=Yes)
0.23
0.20
0.26
(0.42)
(0.40)
(0.44)
Use public vet (0=No; 1=Yes)
0.34
0.39
0.29
(0.48)
(0.49)
(0.45)
Vaccinated in past year (any cattle disease) (0=No;
0.19
0.19
0.23
1=Yes)
(0.40)
(0.40)
(0.42)
Use antibiotics (0=No; 1=Yes)
0.79
0.78
0.80
(0.41)
(0.41)
(0.40)
Vaccinated*Use public vet (0=No; 1=Yes)
0.06
0.06
0.06
(0.23)
(0.23)
(0.24)
Use antibiotics*Use public vet (0=No; 1=Yes)
0.30
0.34
0.24
(0.46)
(0.47)
(0.43)
n
466
275
191
Notes: ‡ Reported mean for continuous variables. Values may exceed 100 percent due to
rounding.
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Figure 2.1 An illustration of the vaccination decision and diagnostic testing decision for this paper.
Diagnostic testing adds a fixed cost to the total cost of vaccination (TCv to TC1) while increasing
total revenue (TR0 to TR1) for an increase in potential herd profits.
Herd productivity
TC1
TCv

TC0

TR1

TR0
Sv S0 S1

Cattle Stock

Cost or price per
animal
Average cost =
Marginal cost
MC1=MCv
MC0
Sv S0 S1

MR0=MRv
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MR1

Cattle Stock

Table 2.2 Coefficients and marginal effects for variables used in analysis
Variable
Coefficients Marginal
Effects
Information Treatment (0=No; 1=Yes)
0.50
1080
(0.37)
(785)
Income
Monthly Off-Farm (25-100,000) (0=No; 1=Yes)
0.57
1230*
(0.31)
(668)
Monthly Off-Farm (>100,000) (0=No; 1=Yes)
1.02
2190***
(0.24)
(526)
Seasonal Agriculture (25-100,000) (0=No; 1=Yes)
0.12
250
(0.28)
(593)
Seasonal Agriculture (100-500,000) (0=No; 1=Yes)
-0.54
-1170
(0.36)
(770)
Seasonal Agriculture (>500,000) (0=No; 1=Yes)
0.34
-717
(0.38)
(820)
Cattle sold in past year
-0.004
-8.50
(0.02)
(33.4)
Herd size†
0.19
400**
(0.10)
(211)
Knowledge of diagnostic testing (0=No; 1=Yes)
0.10
221
(0.22)
(477)
Low emergency vaccine WTP (0=No; 1=Yes)
0.01
25.3
(0.34)
(738)
Use government vet (0=No; 1=Yes)
-1.83
-3920**
(0.57)
(1240)
Vaccinated in past year (0=No; 1=Yes)
-0.53
-1140*
(0.29)
(617)
Use antibiotics (0=No; 1=Yes)
-1.36
-2920***
(0.33)
(720)
Vaccinated*Use government vet (0=No; 1=Yes)
0.89
1920*
(0.52)
(1130)
Use antibiotics*Use government vet (0=No; 1=Yes)
1.52
3250***
(0.58)
(1250)
Serengeti district (0=No; 1=Yes)
-0.75
-1610***
(0.23)
(487)
Mean WTP
6110
n=
466
Notes: † log of variable. Standard errors in parenthesis. 2100 Tsh=USD 1
P value: * p<0.10 ** p<0.05 *** p<0.01
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CHAPTER THREE:
LIVESTOCK ANTIBIOTICS AND VACCINATION IN EAST AFRICA:
EFFECTS ON PRODUCTION AND HOUSEHOLD WELLBEING
Abstract: To address livestock diseases, East African households rely heavily on antibiotics due
to the limited regulation for their use, the absence of vaccines, and few viable preventative health
options. Antibiotics can directly address disease infections or help to mitigate the severity of
secondary infections. In contrast, vaccines primarily address disease concerns by preventing
infections, and, thus, contribute to disease eradication. Examining the impacts of current,
therapeutic antibiotic use to reduce infection severity in conjunction with the effects of
preventative vaccination on production and household wellbeing will help define how different
disease control measures reduce the burden of endemic diseases amongst vulnerable populations.
To explore this, data from a household survey performed on 489 smallholder households in 2016
in northern Tanzania, is used to assess how vaccination decisions for East Coast Fever and
contagious bovine pleuropneumonia and antibiotic use to treat foot-and-mouth disease infections
affect a household’s primary production outputs, milk yields and cattle sales, and household
expenditures on human health, food, and education. The results suggest vaccination impacts
long-term, wealth generating activities while antibiotics curb short-term income losses.
Additionally, the results indicate that a tradeoff between vaccination and antibiotics exist. For
foot-and-mouth disease whereby vaccination uptake is limited, this provides further motivation
to encourage preventative health measures. Importantly, the results add to existing empirical
evidence on the importance of livestock health inputs for improving household wellbeing in poor
livestock-dependent populations.
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1. Introduction
Of the estimated 2.6 billion people in the developing world living in poverty, the
incidence of extreme poverty is highest in sub-Saharan Africa (Otte et al., 2012) where livestockkeeping constitutes one of the primary income generation activities for rural poor populations
(ILRI, 2012). For these households, persistent livestock disease presents a threat to sustainable
development agendas to decrease poverty by reducing the productivity and value of livestock.
Indirectly, the impacts of disease may have additional spillover effects on measures of human
wellbeing, such as access to health and education services and food security (UN Sustainable
Development Goals). For example, the income from vaccinating for livestock diseases with high
mortality rates can translate into increased expenditures on human health and education (Marsh,
Yoder, Deboch, Mcelwain, & Palmer, 2016). Conversely, in the absence of livestock disease
management, prolonged outbreaks directly reduce household consumption of animal-based
proteins (Randolph et al., 2007) with potential indirect effects on measures of child growth
(Mosites et al., 2016) and consumption of a diversity of foods to ensure nutritional security (Liu
& Marsh, 2017).
To address livestock disease, African smallholder households rely heavily on antibiotics
(antimicrobials broadly) due to the limited regulation for their use and widespread accessibility
(Caudell et al., 2017). Amongst East African livestock-owning populations, disease prevalence
coupled with the common practice of communal grazing, increases disease risk and the use of
antibiotics (Ahmed, Call, Quinlan, & Yoder, 2018). Unlike vaccines that contribute to disease
eradication (Jansen, Knirsch, & Anderson, 2018), the use of antibiotics to help mitigate the
severity of infections may fail to effectively reduce the burden of disease and production losses
in the long-run. This may include increasing the likelihood of antimicrobial resistance depending
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on the relationship between human sanitation and livestock management practices (Caudell et al.,
2018). Compared to developed livestock systems, such as in the United States, whereby
replacing antibiotics with other farm prevention measures may increase production costs
(Sneeringer, MacDonald, Key, Mcbride, & Mathews, 2015), the frequent but uncertain disease
outbreaks in Africa may conversely reduce the household’s overall production gains from
treating animals with antibiotics (Lhermie, Grohn, & Raboisson, 2017). Thus, it is imperative to
quantify the direction and size of change that decisions on livestock disease control have on both
production and household decisions. In this manner, the current and future tradeoffs between
livestock health inputs, such as the substitution between antibiotics and vaccination, can better be
evaluated while quantifying the relationship between livestock production income and household
economic growth in a smallholder system.
To examine the impacts of decisions to address livestock disease within a smallholder,
livestock-dependent population, the uptake of therapeutic antibiotic treatments and vaccination
rates for endemic diseases are compared with respect to production outputs and human
expenditures. Assessing antibiotic use in conjunction with vaccination practices helps fill the gap
in research on the impacts of antibiotic use in Africa while further delineating the pathways
between livestock health decisions and human development in a smallholder, livestockdependent system. The use of two-stage estimation first defines household use of vaccination and
antibiotics, then addresses the endogeneity of animal health decisions at the production level on
household decisions at the consumption level. Specifically, the disease impacts and treatment
decisions for a highly contagious, episodic disease, foot-and-mouth disease, is compared to
vaccination for East Coast Fever and contagious bovine pleuropneumonia in the past year to
estimate the potential for tradeoffs between current reactions to the disease with preventative
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vaccination. Vaccination and antibiotic use are then separately assessed with respect to milk
yields, cattle sales, and household expenditures for key sustainable development measures
including education, human health, and food.

2. Study Design and Participants
East Africa is hot spot for zoonotic and non-zoonotic infectious diseases (ILRI, 2012).
One such non-zoonotic disease, foot and mouth disease (FMD), is a highly contagious viral
disease that reduces the productivity of cattle, goats, sheep, and pigs causing significant national
and household economic losses. In East Africa, FMD remains uncontrolled in many livestockdependent populations to directly influence household livestock production by decreasing milk
yields, increasing mortality of calves, reducing animal draught power, and closure of or inability
to access livestock markets (Casey-Bryars and Reeve, et al., 2018; Perry & Rich, 2007).
Vaccines have been used to control FMD in South America (Naranjo & Cosivi, 2013), but
largely remain unavailable in Africa. Additionally, the presence of four of the seven serotypes of
the FMD virus with evolving strain types for each serotype has complicated vaccination in East
Africa. Instead, to mitigate secondary infections from FMD that prolong livestock productivity
losses, households apply therapeutic antibiotic treatments.
Of the other prominent, endemic cattle diseases with significant economic implications in
East Africa, vaccines exist for East Coast Fever and contagious bovine pleuropneumonia.
Mortality due to East Coast Fever (ECF) is preventable by vaccines, which have proven efficacy
in both experimental challenge trials and field trials with natural exposure (Morrison &
McKeever, 2006). Morbidity and mortality from contagious bovine pleuropneumonia vary by the
infecting pathogen, but vaccines have helped control the disease in parts of Africa (Tambi,
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Maina, & Ndi, 2006) and are becoming increasingly accessible in East Africa (Iles, Gatumu,
Kagundu, & Draheim, 2019).
The data for the analysis comes from a household survey performed on 489 smallholder
households in 2016 in northern Tanzania whereby households report experiencing frequent risk
of cattle diseases, including FMD occurring on average once per year. Following Tanzanian
census numbers (Basic Demographic and Socio-Economic Profile, 2014), six villages and 300
households in the Serengeti District and four villages and 200 households in the Ngorongoro
District were selected for a sample size of 500 households. The two districts represented in the
survey were chosen to reflect heterogenous cattle owning populations that have experience with
FMD. A two-stage sample design followed, first selecting clusters and then households, with
selected groups of households more intensively sampled than others to facilitate analysis
(Deaton, 1997). The survey instrument was designed, piloted, and fielded according to standard
statistical and econometric approaches. The survey includes information on basic demographics,
livestock movements, and livestock management practices that may influence household
livestock health decisions. These questions include what measures households use to prevent
disease entering into the herd; where households keep livestock during the night; and if the
household has vaccinated in the past year for any livestock disease.
The average household in the sample has nine members, of which two are children below
primary school age (Table 3.1 and Table 3.2). Households in the sample own on average around
41 head of cattle (range one to 530 head, median 20), compared to the national average of four
cows (Tanzania livestock modernization initiative, 2015). For both districts, household off-farm
monthly income captures income liquidity separate from on-farm production. The majority of
households spread across both districts receive limited income from off-farm activities (68
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percent) (<25,000 Tsh; USD 11.90). The remaining households receive between 25-100,000 Tsh
(USD 11.90-47.60) (15 percent) and over 100,000 Tsh (USD >47.60) (17 percent) in activities
that include transportation services or owning small businesses. Over half of the households
receive no income from agricultural sales.
Of the 70 percent of households experiencing FMD in the year leading up to data
collection, 90 percent of the households report treating FMD infections with therapeutic
antibiotics suggesting that FMD antibiotic treatments capture the impacts of antibiotics and
operationalize FMD decisions. On average, households report four herds with infections during
an FMD outbreak within a three-kilometer distance. The other common responses to an FMD
outbreak within the community include changing watering and grazing areas (28 percent). When
asked how far households travel to graze animals and find water during the dry season,
households report traveling on average four kilometers away from the household, with some
herds traveling up to 22 kilometers. The few vaccinating households (19 percent) primarily
vaccinated for contagious bovine pleuropneumonia (CBPP) and East Coast Fever (ECF) with
less than one percent of households reporting FMD vaccination. When asked which diseases
households considered major concerns to production activities, beyond FMD, 60 percent report
CBPP within the top three diseases and 25 percent report ECF. Both vaccinations and antibiotic
treatments increase with herd size (Figure 1). Households report seeking important livestock
health information and updates from sources including only government and/or private
veterinarians (9 percent) and veterinary supply shops (50 percent).
For measures of production output, households in the study report receiving on average
one liter of milk per milking cow not only for income and to feed calves, but as a critical source
of nutrition for the family and especially young children. Households have on average six
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milking cows, but this ranges from zero to 95 animals. Households then visit livestock markets
to either sell or purchase animals with a net average of two cows sold per year. Around half of
the households in the sample report positive net sales, with the other half either
selling/purchasing no cattle or purchasing more cattle than the household sold. Households may
decide to either sell cattle versus small stock (sheep and goats), with around 25 percent of
households selling on average two goats and/or sheep per year.
At the consumption level, households report education expenditures as a biannual
expense that includes items such as general fees, books and supplies, exam fees, uniforms, and
other expenses. Food expenditures from only the last week ensure approximately accurate recall.
In addition to food items, these expenses may include oil and any other cooking products a
household buys in a week. Health expenditures are for the past month and are intended to capture
all costs associated with perceived chronic and catastrophic health issues instead of acute illness
(Das, Hammer, & Sánchez-Paramo, 2012).

3. Statistical Analysis
The agricultural household model provides guidelines for estimating the effects of
household production decisions on human consumption behavior (Appendix C). While FMD,
ECF, and CBPP each present their own challenges and unique epidemiologic considerations,
under the assumption that livestock health inputs affect household income, vaccination or
treatments for any of the three diseases will be similar. The production inputs that comprise
vaccination and antibiotic treatments are assumed to be determined by exogenous variables, or
factors outside the household environment. The equations to determine production outputs and
household expenditures then include predicted demand for vaccination and antibiotics, which are
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determined endogenously by households based on the management decisions within the
household. This implies that the reduced form relationships between vaccination or treatment
and livestock outcomes, including milk production and cattle sales, may be misleading. In the
case of FMD in Tanzania, the decision to vaccinate animals for other cattle diseases may
represent greater household efforts to control diseases broadly, but households still may
experience FMD given the high prevalence in Tanzania and limited control options. Similarly, as
a treatment of secondary FMD related infections, a positive relationship exists between FMD
incidence and antibiotic use. Therefore, the correlation between livestock health inputs and FMD
incidence may be positive and biased upward even if other household disease control efforts
reduce the impact of FMD on livestock production.
A two-stage instrumental variable estimation accounts for the endogeneity of treatment
decisions and the effects of these decisions on measures of household wellbeing, while outlining
the differential effects of vaccinations and antibiotic treatments. The first stage identifies
exogenous factors explaining the number of animals vaccinated and the number of animals
treated with antibiotics. The predicted estimations from these steps then determines the effect of
production decisions on output supplied and household consumption. Predicted antibiotic
treatments for FMD as an instrument for FMD disease control measures satisfies the exclusion
restrictions by acting as an external predictor to expenditures and production outputs that is
uncorrelated with household measures of income (Appendix Table C1). Likewise, predicted
vaccinations for ECF and CBPP are used as instruments for vaccination uptake. The two-stage
approach thus alleviates bias and inconsistency in the parameter estimates arising from
household predilections for positive behaviors.
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The Poisson model adjusted for over-dispersion with robust standard errors addresses the
high number of reported zeros while accounting for vaccination and treatment as count variables.
Compared to ordinary least squares, the estimation from a Poisson model approximately follows
the sample distribution of animals vaccinated and treated while reducing bias in the parameter
estimates (Appendix Table C2). A large number of households report zero expenditures on
education, requiring a limited dependent variable Tobit regression model to address the censored
distribution at zero (Greene, 2003). Health and food expenditures represent continuous
expenditures with high-right skewedness and low-reporting of zero values. The unequal error
variance as expenditures on health and food increase permits the use of logarithmic
transformations for these measures. For the independent variables, continuous regressors are
reported as elasticities taken at the mean of the variable. The binary data are then reported as
marginal values taken as an approximate percentage effect of the variable in response to a
change from zero to one, while holding all other parameters constant.

4. Results
a) Disease input decisions
Herd size and ranking ECF as a high priority disease positively influence vaccination
rates, (Table 3.3). Income has a mixed effect on vaccination rates with households earning the
lowest levels of off-farm income and agricultural income demonstrating higher vaccination rates.
Whether a household relies on a professional veterinarian or a veterinary supply shop for
livestock health information does not have a significant statistical effect on the decision to
vaccinate. The number of animals vaccinated also does not differ by district.

65

Herd size and reported FMD within the community increase the number of animals
treated. Households that change herd movements during an FMD outbreak treat at a higher rate
than households that do not report changing herd movements. Only using a professional
veterinarian for livestock health information reduces the number of animals treated with
antibiotics during an FMD outbreak, but only relying on a veterinary supply shop has no impact
on the number treated. District and off-farm and agricultural income do not influence antibiotic
treatment rates.

b) Direct impacts on livestock productivity and value
The estimation of vaccination and antibiotic treatment effects on per cow milk yields
produces varying results (Table 3.4). At the mean, a one percent increase in antibiotic treatments
increases per cow milk by around 18 percent or by about one-liter per herd when households
maintain on average six milking cows with one liter per cow per day. The production of milk
differs between districts with the Serengeti District producing about a quarter less per cow than
the Ngorongoro district. The distance traveled during the dry season and price do not affect milk
produced per cow.
In contrast to per cow milk yields, both vaccination and antibiotic treatments influence
the number of milking cows kept within the herd when also controlling for herd size. At the
mean, treating an additional cow with antibiotics or vaccinating an additional animal has a
negative and significant effect on the number of milking cows in both models. At an elasticity of
-0.11, antibiotic treatments decrease the number of milking cows at a faster rate than
vaccinations with an elasticity of -0.02 at the mean values of the parameters and assuming a
constant rate. Selling milk increases the number of milking cows compared to households that do
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not sell milk in both the antibiotic treatment and vaccination models. The distance to grazing in
the dry season also increases the number of milking cows in each model.
Another production output from livestock activities includes net cattle sales. When
controlling for the number of cows purchased, herd size, and income measures, only the
vaccination rate affects sales. An elasticity of -0.01 implies that for a one percent increase in the
vaccination rate, households sell 1 percent fewer cows at the mean of the parameters. For
example, households that vaccinate zero cows sell five animals and households that vaccinate 24
animals only sell four animals. Herd size, cattle purchased, and distance traveled to grazing areas
in the dry season demonstrate a positive relationship with cattle sold. Income has mixed effects
across the two models. The number of small stock sold (goats and sheep) and district do not have
statistically significant effects on the net number of cattle sold in either model.

c) Indirect impacts on expenditures in health, education, and food
Vaccination is positively associated with education expenditures (Table 3.5), while
antibiotic treatments have a statistically insignificant effect. For every animal vaccinated, a
household contributes an additional 5,340 Tsh (USD 0.25) to biannual education expenditures.
This represents around a 23 percent increase in education expenditures at an average expenditure
of 202,700 Tsh (USD 96.50) per household with nine people and nine animals vaccinated.
Consistent across the models for antibiotic treatments and vaccination, as the number of
members in the household increases, education expenditures increase. However, for each child
under school age, education expenditures decrease by around 100,000 Tsh (USD 47.60) at an
elasticity of 1.10. Compared to households with greater than 100,000 Tsh of monthly off-farm

67

income (USD 47.60), households with less off-farm income spend less on education. The
Ngorongoro District spends more on education than households in the Serengeti District.
Treating FMD infected animals with antibiotics does not directly affect household
expenditures on health, nor does vaccination for other non-zoonotic livestock diseases. The
number of people within the household and the number of children under primary school age
increase health expenditures by roughly three percent and each child below primary school age
increases expenditures by two percent across vaccination and antibiotic treatments. The
Serengeti District pays less for health than the Ngorongoro District, on average.
For a one percent increase in animals treated with antibiotics, food expenditures increase
by one percent after controlling for location-specific differences, family size, and household offfarm income levels. Households with lower levels of off-farm income spend less on food per
week than households in the highest income bracket by about 39 percent and 27 percent across
the two models. For each additional household member, expenditures on food increase, but not
with respect to an increase in the number of children below primary school age. Households in
the Serengeti district spend about 50 percent less on food. This includes differences in food
prices between the two districts whereby prices in the Ngorongoro District are on average double
that in the Serengeti. Vaccination does not impact food expenditures.

d) Substitution between vaccination and antibiotics
Table 3.6 shows the proportion of the herd treated with antibiotics and the proportion of
the herd vaccinated as inversely related in support of the theoretical model (Appendix C). For
antibiotic treatments, a one percent increase in the proportion of the herd vaccinated decreases
the proportion of the herd treated by 19 percent. For vaccination, a one percent increase in the
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proportion treated decreases the proportion vaccinated by 37 percent. The joint use of antibiotics
and vaccinations increases with the proportion treated and vaccinated. Seeking information from
only a professional veterinarian or only a veterinary supply shop influences the proportion of the
herd treated, but not the proportion vaccinated. Measures of disease threat have mixed effects
across the two health inputs, with low-levels of off-farm income and agricultural income
positively associated with an increased proportion vaccinated. The Serengeti and Ngorongoro
Districts show no statistically significant difference in the proportion of the herd vaccinated and
treated.

e) Robustness checks
Predicted antibiotic treatments and predicted vaccination uptake proxy income from
livestock in the absence of direct measures of household vaccination for FMD or direct measures
of income from cattle sales and all other production characteristics. To test this, total livestock
profits are regressed on total cattle, goats, sheep, and the number treated or vaccinated to receive
a prediction of expected profits (Appendix Table C3). The relationship between the predicted net
annual income from livestock sales combined with the profits from milk production and the
effect of treatment costs demonstrates the robustness of the assumption that livestock inputs
work through an income channel. The impact of vaccinations on households in the upper third
quantile of livestock profits reflects vaccination as a high return input. The predicted values are
then separately used as instrumental variables in the expenditure regression models to replace the
predicted values from livestock inputs. The results of the modified expenditure regressions
(Appendix Table C4) are similar to those in Table 3.5. This provides evidence that livestock
inputs work through the income channel to affect household expenditures.
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5. Discussion
The results in this paper extend existing discussions on the impact of livestock
management decisions on household wellbeing by comparing the effects of vaccination and
antibiotics on production and consumption. For FMD in northern Tanzania, antibiotic use
primarily affects daily milk production and routine food expenditures. In comparison,
vaccinating for livestock diseases with high morbidity and mortality rates, particularly ECF,
affects livestock sales and education expenditures, which capture long-term investment
decisions. Following these diseases, vaccinating for FMD may enhance wealth by protecting
households against asset shocks that prevent them from planning for significant and longer-term
expenditures (Hänke & Barkmann, 2017). This is in contrast to curbing consumption from the
loss of income during human health shocks (Wagstaff & Lindelow, 2014) and improved human
health outcomes from reduced zoonotic disease incidence (Roth et al., 2003). To support this
point, FMD and ECF are not zoonotic diseases that require direct expenditures on human health.
Instead, their impacts on human health may occur through reductions in availability of income or
asset wealth that can contribute to health expenditures. If wealth creation acts as a principal
pathway out of poverty (Karlan et al., 2015), then substitution between vaccination and
antibiotics for FMD represents a tradeoff between short-term income generation and longer-term
investments in wealth that can have lasting effects on poverty reduction. These aspects of
vaccination as wealth expanding inputs align with existing evidence on the use of ECF vaccines
amongst livestock-owning households in East Africa (Homewood, Trench, Randall, Lynen, &
Bishop, 2006; Marsh et al., 2016).
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While vaccination and antibiotic treatments affect household production and
consumption decisions differently, the two also act as substitutes. This is evident in the inverse
relationship between the proportion of the herd vaccinated and the proportion of the herd treated
with antibiotics. Both vaccination and treatment rates increase with herd size. However, for
households that vaccinate, those households tend to vaccinate the entire herd. This contrasts with
the adoption of preventative human health inputs in developing countries, which tend to be price
sensitive (Dupas, 2014; Meredith, Walker, Robinson, & Wydick, 2012). The substitution effect
between antibiotics and vaccination may then be driven by the opportunity to increase income.
For example, household’s focusing on livestock production as a primary income source
vaccinate the entire herd and then see returns to large household expenses, such as education.
Acquiring vaccines through vaccination campaigns, such as with the ECF and CBPP vaccines,
may further help to reduce the perceived cost of vaccinating by promoting the long-term benefits
and ensuring appropriate vaccine application. This follows the role of extension services in
improving the use of agricultural inputs in East Africa (Pan, Smith, & Sulaiman, 2018). In this
manner, vaccines can act as a practical substitution to therapeutic antibiotic treatments to
increase income, as well as wealth, but the delivery method may impact uptake levels.
Both therapeutic antibiotic usage and vaccination may fit into a household’s optimal
disease management strategy by reducing disease risk to improve the productive efficiency of the
herd. Similar to investing in cash-based insurance mechanisms to reduce risk exposure (Jensen,
Barrett, & Mude, 2017), the protection against disease risk provided to vaccinating households
increases the value of the vaccinated animal, as demonstrated by these households reducing the
number of cattle sold, potentially out of distress or infection, while simultaneously receiving
higher livestock profits. Households tend to self-insure in the absence of formal insurance
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(McPeak & Barrett, 2001), including by retaining more milking cows when facing FMD (CaseyBryars & Reeve et al., 2018). That households who vaccinate and apply antibiotics retain fewer
milking cows while households treating with antibiotics additionally experience higher milk
yields suggests these households benefit from improved animal efficiency. These benefits from
reducing disease risk are important for livestock-dependent households in East Africa who also
rely on open grazing. The distance animals travel to grazing and watering locations increases the
number of milking cows and cattle sold. Thus, applying livestock health inputs may mitigate the
incurred risk associated with extensive movements. Combining disease control inputs reflects
biosecurity approaches to manage uncertainty across multiple, separate environmental threats
within a finite set of resources (Akter, Kompas, & Ward, 2015).
The topic of antibiotics in animal husbandry is particularly prominent given growing
concerns for antimicrobial resistance worldwide, as well as the need to enhance the economic
efficiency of animal production systems in the face of increased demand for animal products.
Furthermore, quantifying the impacts of antibiotic treatments and livestock vaccination on
livestock-dependent households provides insight for sustainable development agendas to
improve household economic opportunities and reduce poverty. Our study is limited to assessing
therapeutic antibiotics that households use to treat secondary infections and extrapolating
vaccination effects from reported vaccinations in the past year. Though this highlights the
behaviors within households that may lead to vaccine adoption and the transition away from
antibiotics, the wide distribution in the number of animals vaccinated for diseases with high
mortality rates may be an imperfect comparison for other livestock vaccinations, including FMD.
Additionally, household reports of FMD incidence and treatment were not substantiated by
serological surveys of prevalence. Thus, the accuracy of the analysis is limited by the precision
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and accuracy of these responses, which may be particularly variable for reported milk
production. Finally, substantiating these results with a long-term analysis of disease impacts,
including measuring on-farm use of animals for agricultural production, would enhance
inferences about the transfer of vaccination benefits to household income and wealth.
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Table 3.1 Description of variables used in analyses of livestock health inputs
Variable
Description
Food
Log of total food expenditures per week
Health
Log of monthly health expenditures
Education
Biannual education expenditures
District
Serengeti=1; Ngorongoro=0
Herd size
Total number of cattle in the herd
Net cattle sold
Number of cattle a household sold in the past year minus cattle purchased
Cattle purchased
Number of cattle purchased in the past year
Num_Treated
Number of cattle treated with antibiotics to address FMD infections
Num_Vacc
Number of animals vaccinated for CBPP or ECF
Milk per cow
Per cow daily milk production in liters
Sell milk
Household sells milk=1; No sales=0
Household only relies on professional vet (public and/or private) =1;
Professional vet
Other=0
Veterinary shop
Household only relies on veterinary shop for health info=1; Other=0
CBPP
Rank CBPP in top 3 diseases=1; Don’t rank in top=0
ECF
Rank ECF in top 3 diseases=1; Don’t rank in top=0
Average reported number of FMD infected herds within a 3km radius of
Reported FMD
household
Change
Household changes grazing/watering locations in response to FMD
movements
outbreak=1; No change=0
Dist to graze
Distance to grazing areas in kilometers
<25,000 in monthly off-farm income
Off-Farm Income 25-100k in monthly off-farm income
>100k in monthly off-farm income
Agricultural
Household sold <25,000 Tsh in agricultural/crop income in the last
Income
season=1; No sales=0
Belowprimary
Number of children below primary school age in the household
Family
Number of reported family members living in the household
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Table 3.2 Summary statistics for livestock health inputs analyses
Statistic
N
Mean
St. Dev.
Min
Q1(25)
Q3(75)
Max
Food
476
10.2
0.76
6.91
9.90
11.9
13.0
Health
463 10.42
1.07
6.73
9.90
13.3
14.5
Education
489 270300 600000
0
35000
3000000 7500000
Serengeti District 489
0.61
0.49
0
0
1
1
Herd size
489
41.3
57.5
1
10.0
300
530
Sell milk
489
0.33
0.47
0
0
1.00
1.00
Net cattle sold
489
4.34
6.12
0
0
19.0
21
Cattle purchased 489
3.03
4.97
0
0
17.0
18
Small sold
489
2.08
6.69
0
0
32.0
90.0
Treated
446
8.13
13.96
0
0
10.0
130
Num_Vacc
489
9.74
34.9
0
0
200
350
Milk per cow
402
1.10
0.66
0.04
0.71
1.33
8.00
Professional vet
489 0.086
0.28
0
0
0
1
Veterinary shop
489
0.48
0.50
0
0
1
1
CBPP
489
0.62
0.49
0
0
1
1
ECF
489
0.26
0.44
0
0
1
1
Reported FMD
489
3.47
0.74
2.18
2.18
3.16
5.36
Change
489
0.28
0.45
0
0
1
1
Dist to graze
489
3.95
3.10
0
1.50
6.00
22.0
Off <25,000
446
0.53
0.50
0
1.00
1
1
Off 25-100k
446
0.15
0.36
0
0
1
1
Off >100k
446
0.17
0.37
0
0
1
1
Agricultural
489
0.62
0.48
0
0
1
1
Belowprimary
479
2.23
2.11
0
1.00
12.0
15.0
Family
484
9.02
4.80
1
6.00
11.0
34.0
Notes: Reported education expenditures in Tanzanian shillings (2100 Tsh=1 USD) as
biannual expense.
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Table 3.3 Predicted vaccination and antibiotic treatment
adoption
Antibiotics
Vaccination
Disease Threat
Reported FMDb
0.769***
(0.29)
a
Change movements
2.65**
(1.08)
a
CBPP
0.22
(0.54)
ECFa
0.57*
(0.34
Household Income
Off-Income 0-25ka
0.047
4.81***
(1.25)
(1.40)
a
Off-Income 25-100k
2.39
2.49
(1.55)
(1.73)
No Ag Incomea
1.62
4.14***
(1.01)
(1.37)
Information Sources
Veterinary shopa
-0.52
-1.06
(0.91)
(1.37)
Professional veta
-2.69**
2.35
(0.95)
(2.75)
Controls
Herd sizeb
0.257***
0.473***
(0.04)
(0.04)
a
Serengeti District
-1.56
-1.29
(1.07)
(2.11)
Intercept
0.751**
-1.38
(0.39)
(1.16)
Psuedo-R2
0.22
0.40
n=
484
484
Notes: Poisson estimation is used for both models. Robust
standard errors are shown in parenthesis. a Binary
regressors are expressed as the expected percent change. b
Continuous regressors are interpreted as elasticities.
P value: * p<0.10 ** p<0.05 *** p<0.01
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Table 3.4 Livestock health inputs on production outputs
Milk per cow
Antibiotics

Number treated^a
Number
vaccinated^a
Price liter of milka
Milk Sellb

Vaccination

0.18***
(0.06)
-0.04
(0.10)

Milking cows
Antibiotics

Vaccination

-0.11**
(0.05)
-0.01
(0.02)
-0.04
(0.10)

Dist to Grazea
Serengeti Districtb
Intercept
R2/Psuedo-R2
n=

-0.08**
(0.04)
0.05
(0.04)
-0.22***
(0.09)
0.97***
(0.16)
0.03
481

0.02
(0.03)
0.03
(0.04)
-0.28***
(0.09)
1.10***
(0.15)
0.02
481

0.34***
(0.05)
0.09**
(0.04)
-0.26
(0.49)
1.12***
(0.098)
0.42
484

-0.10***
(0.03)

3.69***
(0.55)

Goats & Sheep
soldb
Off-Income 0-25kb
Off-Income 25100kb
No Agriculture
incomeb
Herd sizea

Vaccination

-0.10
(0.08)
-0.02*
(0.001)

3.55***
(0.55)

Cattle purchaseda

Cattle sold
Antibiotics

0.27***
(0.03)
0.16**
(0.07)
-0.11
(0.48)
1.00***
(0.12)
0.45
484

-0.49***
(0.06)
0.01
(0.02)
0.58
(0.58)
-0.40
(0.69)
0.19
(0.41)
0.21***
(0.05)
0.15**
(0.08)
-0.63
(0.44)
1.38***
(0.25)
0.18
484

-0.48***
(0.06)
0.01
(0.02)
1.18**
(0.58)
-0.08
(0.67)
0.44
(0.42)
0.006***
(0.001)
0.20***
(0.07)
-0.56
(0.43)
1.06**
(0.27)
0.19
484

Notes: Tobit regression is used for the continuous dependent variable (per cow milk yield) and Poisson
estimation is used for count dependent variables (number of milking cows and cattle sold). Robust standard
errors are shown in parenthesis. a Binary regressors are expressed as the expected percent change. b Continuous
regressors are interpreted as elasticities. ^Predicted count.
P value: * p<0.10 ** p<0.05 *** p<0.01
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Table 3.5 Livestock health inputs on household expenditures
Number
treated^a
Number
vaccinated^a
Familya
Below
Primarya
Off-Income
0-25kb
Off-Income
25-100kb
Serengeti
Districtb
Intercept
R2 /
Psuedo-R2
n=

Food
Antibiotics Vaccination
0.01*
(0.003)
0.001
(0.001)
0.04***
0.04***
(0.01)
(0.01)
0.002
0.002
(0.004)
(0.04)
-0.39***
-0.41***
(0.09)
(0.09)
-0.27**
-0.26**
(0.11)
(0.11)
-0.50***
-0.52***
(0.07)
(0.07)
10.3***
10.3***
(0.12)
(0.11)

Health
Antibiotics Vaccination
0.002
(0.005)
0.002
(0.002)
0.03***
0.03***
(0.01)
(0.01)
0.02***
0.02***
(0.01)
(0.01)
-0.05
-0.08
(0.13)
(0.13)
-0.09
-0.09
(0.16)
(0.16)
-0.26**
-0.26**
(0.11)
(0.10)
10.1**
10.1***
(0.18)
(0.18)

Education
Antibiotics Vaccination
0.17
(0.16)
0.23***
(0.06)
3.17***
3.01***
(0.60)
(0.57)
-1.13***
-1.10***
(0.27)
(0.26)
-0.77**
-0.95***
(0.29)
(0.29)
-0.80**
-0.77**
(0.48)
(0.42)
-0.54*
-0.50*
(0.31)
(0.30)
12.2***
12.2***
(0.14)
(0.14)

0.28

0.27

0.14

0.14

0.007

0.009

462

462

451

451

474

474

Notes: Tobit regression is used for the continuous dependent variable with censoring at zero (education
expenditures) and OLS estimation is used for the continuous, logged variables (food and health
expenditures). Standard errors are shown in parenthesis. a Binary regressors are expressed as the expected
percent change in the food and health models and as coefficients in the education model. b Continuous
regressors are interpreted as elasticities. ^Predicted count.
P value: * p<0.10 ** p<0.05 *** p<0.01
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Table 3.6 Substitution between antibiotic treatments and
vaccination
Antibiotics
Vaccination
Disease Threat
Reported FMD
0.08
(0.23)
Change movements
0.32***
(0.11)
Proportion vaccinated
-0.19***
(0.02)
Proportion vaccinated
0.21***
0.62***
& treated
(0.02)
(0.04)
Proportion treated
-0.37***
(0.04)
CBPP
0.11
(0.14)
ECF
0.35**
(0.16)
Household Income
Off-Income 0-25k
-0.08
0.45**
(0.13)
(0.18)
Off-Income 25-100k
0.40***
0.42**
(0.16)
(0.20)
No Ag Income
0.11
0.37***
(0.10)
(0.11)
Information Sources
Veterinary shop
0.21**
-0.06
(0.10)
(0.12)
Professional vet
-0.37**
0.42
(0.15)
(0.20)
Control
Serengeti District
-0.05
0.18
(0.11)
(0.17)
Intercept
1.35***
-1.82***
(0.01)
(0.01)
R2/Psuedo-R2
0.19
0.62
n=
484
484
Notes: OLS estimation is used for both models. Robust
standard errors are shown in parenthesis. a Binary
regressors are expressed as the expected percent change. b
Continuous regressors are interpreted as elasticities.
Regressands antibiotics and vaccination are the proportion
of the herd treated/vaccinated.
P value: * p<0.10 ** p<0.05 *** p<0.01
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APPENDIX A:
CHAPTER 1-SUPPLEMENTARY MATERIAL
1. Study Design
We used a multi-stage random sampling design. Households were within the Serengeti
district and the Loliondo Game Control Area of the Ngorongoro district in the Mara and Arusha
regions respectively. We chose households within the two regions by first defining logistically
feasible wards, from which we randomly drew sub-villages, then randomly selected cattle
owning households for a total sample size of 500 households. We do not distinguish between
types of cattle owning households, but refer to all households as ‘pastoralist,’ defined as those
involved in livestock raising practices. Based on the estimates of cattle owning populations in the
two survey districts, we chose six villages in the Serengeti and four in the Ngorongoro (~300 and
200 households respectively). To obtain a sampling frame for each sub-village of households,
village leaders provided a list of cattle owning households and then participated in randomly
selecting households. Enumerators fluent in the local language (Swahili, in addition to either
Kuria or Maa) were accompanied by community leaders and supervised throughout the survey.
Each survey averaged 45-60 minutes. The head of household, or respondents 18 or older in
absence of the head, responded to the questions. The survey included a confidentiality agreement
and households could opt out of the survey at any point. Households were compensated for their
time with an in-kind gift. Additional description of variables used in the analysis and summary
statistics are in Tables A1 and A2.
Of the 500 households, 432 households responded to the vaccine willingness to pay
questions for a non-response rate of 14 percent. We addressed nonresponses by following up
with households three times and using cellphones to call absent heads of household.
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2. Foot-and-mouth disease in Tanzania
Foot-and-mouth disease (FMD) is a highly contagious viral disease that affects cloven
hoofed animals, including cattle, sheep, and goats. The disease is characterized by fever,
lameness, and vesicular lesions on the feet, mouth, tongue, snout, and mammary glands of
infected animals. Few mortalities result from FMD, but morbidity rates are high. Worldwide
there are seven FMD serotypes, of which four are found to be circulating in Tanzania (O, A,
SAT1, and SAT2) (Sallu et al., 2014). Each serotype additionally has variable intra-typic
variants that limits the ability of vaccination with one serotype of FMDV to protect against other
serotypes or even sub-types within the same serotype.
Control of FMD can be accomplished using both prophylactic (“routine”) and /or
emergency vaccination strategies. Prophylactic vaccines maintain a minimum potency of 3 PD50
and require a booster at around 4-6 weeks, followed by subsequent vaccinations every 4-6
months depending upon the species and epidemiological conditions (Grubman & Baxt, 2004).
Emergency vaccines additionally can be of minimum potency (3 PD50), but preferably should be
of higher potency (>6 PD50) for wider immunity and rapid onset (Parida, 2009). For either
vaccination strategy, monovalent or polyvalent vaccines exist. In Africa, bivalent vaccines
(SAT1 and SAT2) and trivalent vaccines with the SATs, O, and A are used (Parida, 2009).
However, the use of low-potency vaccines and the lack of surveillance systems to map serotype
outbreaks has resulted in insufficient vaccine protection against clinical signs in Tanzania and
Africa more broadly. In Tanzania, FMD vaccines have traditionally been produced outside of the
country, and, thus, often fail to match the circulating serotypes.
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3. Double-Bounded Dichotomous-Choice Contingent Valuation Method
To assess household stated preferences for vaccination strategies we used a doublebounded dichotomous-choice contingent valuation method with a maximum likelihood
estimation. This method is widely used for private and public non-market goods. The survey
provided respondents with separate questions for the routine and for the emergency vaccination
scenarios and specified valuation for one cow, as opposed to vaccinating the entire herd. For
both the routine and emergency vaccination strategies, households received an initial, binary
choice (‘yes/no’) question asking if a household would be willing to pay (WTP) for a single
vaccine dose if it protects one cow from FMD over a 6-month period. The emergency vaccine
question further stated that an outbreak had occurred either with a neighbor or at the village
(5km) level. Households then received a follow up question posing the same question but raising
or lowering the bid to be paid based on the response to the first bid question.

4. Empirical Issues
Potential limitations of the double-bounded model involve concerns for response
consistency between the first and second follow up bids for each vaccination scenario.
Sensitivity to changes in disease risk between the routine and emergency vaccination questions
and vaccine efficacy levels is necessary for theoretically consistent responses (Alolayan, Evans,
& Hammitt, 2017; Goldberg & Roosen, 2007). Sensitivity to risk refers to the ability of the
household to react to the health risk reduction in a manner that is proportional to the proposed
reduction in risk (Goldberg & Roosen, 2007).
For consistency between the first and second follow-up bid questions, we assumed the
respondent answers both questions with the same or similar WTP value in mind. The gain in
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efficiency of the double-bounded structure and robustness with interval data estimation outweigh
the potential bias (Alberini, 1995; Hanemann, Loomis, & Kanninen, 1991). To further abate
anchoring on the first bid for both scenarios, bid values were pretested for question clarity and
construct validity. We consulted local prices of related livestock treatments and vaccines, as well
as FMD vaccine prices in other countries, to establish bids consistent with local market price
ranges (Boyle, Bishop, & Welsh, 1985). The actual market price for a FMD vaccine in other
countries ranges from USD 0.30 to USD 9.00 (Knight-Jones & Rushton, 2013). To assess protest
bids, or scenario rejection, households that responded ‘no’ to the initial and follow-up bid
received another question regarding reasons for non-payment as a debriefing measure and check
for understanding. Responses stating the ‘government should pay’ or ‘I do not vaccinate’ were
considered protest bidders or scenario rejection. Only two households fit this definition.
Next, we tested using models with non-pooled data relative to a model with pooled data
from the routine and emergency strategy scenarios by performing a likelihood ratio test (LR).
The unrestricted, non-pooled estimate is the composite log-likelihood of the two models
estimated separately and the restricted is the log-likelihood of pooling the responses into a single
a
model. We took two times the difference in the log-likelihoods of the unrestricted (𝜃`; ) and
b
restricted (𝜃`; ) (Greene, 2003):
a
b
𝜆 = 2(L(𝜃`; ) − 𝐿(𝜃`; ))

We rejected the null hypothesis that the parameter estimates for the two models are the
same. The log-likelihood of the restricted model was -932.17. The log-likelihood of the routine
vaccine model was -415.97 and the emergency was -498.34 for an unrestricted log-likelihood of
-914.31. The resulting test statistic 35.72 exceeded that of the Chi2 critical value at 14 degrees of
freedom and 0.05 probability.

89

We then evaluated sensitivity of risk reduction between a routine and emergency
vaccination scenario by comparing the WTP ratio with the relative risk ratio. The risk of
infection should increase in an emergency situation relative to a routine situation causing WTP to
increase in the amount of the change in risk reduction (Alolayan et al., 2017; Goldberg &
Roosen, 2007), such that
𝑊𝑇𝑃i > 𝑊𝑇𝑃b
The consistency of the marginal value of the relative risk reduction in health, or the
change from a routine to emergency strategy, is assessed with respect to the value of statistical
life (VSL) of one cow. In our analysis, the value of statistical life of a cow can be represented by
the market value of a cow. The perceived risk reduction ri for each strategy is then calculated by
taking the average WTP for either vaccination divided by the average VSL of a cow:
𝑟b =

𝑊𝑇𝑃b
𝑉𝑆𝐿

𝑟i =

𝑊𝑇𝑃i
𝑉𝑆𝐿

In theory, the willingness to pay for a small disease risk reduction in the health of one
cow should be strictly positive and proportional to the magnitude of the risk reduction. Or rather,
the higher WTP for the emergency vaccine relative to the routine vaccine should yield a slightly
larger perceived risk reduction.
𝑊𝑇𝑃i > 𝑊𝑇𝑃b ⟺ 𝑟i > 𝑟b
The marginal value in perceived change in risk from a routine to an emergency
vaccination strategy should then be positive:
𝑟i − 𝑟b
>0
𝑟b
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We used the market value of a head of cattle in northern Tanzania, ranging from 200400,000 Tsh (USD 95.00-190.00) and an average vaccination cost at both 2000 Tsh (USD 0.95)
and 4000 Tsh (USD 1.90), to assess the expected bounds on a relative risk reduction. The
expected risk reduction ranges from 0.005 to 0.02 assuming a constant VSL. We could estimate
our empirical perceived risk reductions using the household reported average cattle market price
of 330,000 Tsh (USD 157.14), 𝑊𝑇𝑃i of 5400 Tsh, and 𝑊𝑇𝑃b of 3900 Tsh. The risk reduction
for an emergency vaccination strategy (0.016) was higher than the routine (0.012). The marginal
value of perceived change in risk of 0.33 corresponded in magnitude to the proportional increase
in WTP values of 0.38. The consistency between perceived risk and vaccination value align with
ratios calculated from market values
Finally, the conditioning of the vaccination strategies on 50 and 100 percent efficacy is
both an important policy distinction and measure of sensitivity to vaccine quality (Alolayan et
al., 2017). Households were randomly assigned a stated vaccine efficacy of 50 percent or 100
percent, implying a risk reduction by a factor of 2 from 1/100 (50 percent) to 1/50 (100 percent)
for one dose of FMD vaccine with a 50-head herd of cattle. We tested a range of efficacy levels
(70 vs. 100 percent; 60 vs. 90 percent) before selecting 50 and 100 percent to provide sufficient
difference in scope.

5. Econometric Model
We modeled separate functions for the routine vaccination strategy, R, and emergency
vaccination strategy, E, for each household i. Following theoretical understandings of WTP for
health risk reductions (Alolayan et al., 2017; Goldberg & Roosen, 2007), we hypothesized the
occurrence of an outbreak resulting in a higher WTP for emergency vaccines than routine
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vaccines. Vaccination is a function of the bid combination 𝐵- presented to the household, a
vector of observable household characteristics including the vaccine efficacy presented to the
household zi and the outbreak threshold presented in an emergency, and unobservable random
characteristics 𝜖. Assuming linearity in the parameters, the relationship can be modeled as:
𝑦-b (𝐵- , 𝑍- ) = 𝛼 + 𝜌𝐵- + 𝜆′𝑧- + 𝜖𝑦-i (𝐵- , 𝑍- ) = 𝛼 + 𝜌𝐵- + 𝜆′𝑧- + 𝜖𝑦-i (𝐵- , 𝑍- ) − 𝑦-b (𝐵- , 𝑍- ) > 0
where 𝛼, 𝜌 and 𝜆 unknown parameters to be estimated and WTP for an emergency
strategy is greater than WTP for a routine strategy. We assumed the random error 𝜖 follows a
cumulative logistic distribution with a mean of zero and a variance of σ: .
The empirical model imposes a double-bounded sequence of decisions on willingness to
pay whereby the WTP 𝑦- is a latent variable not directly observed. We suppressed the household
subscript i for simplicity. Letting BI be the initial bid, followed by Bhigh for the second bid
following a ‘yes’ response to the first bid and Blow be the bid offered after an initial ‘no’
response. A ‘no-no’ response indicated the household WTP lies below the offered bids (-¥,
Blow), while a ‘yes-yes’ response suggested the value is either the highest bid offered, or above
that bid [Bhigh, ¥). The ‘no-yes’ and ‘yes-no’ responses imply the household’s maximum WTP
fell between either of these two bid amounts [Blow, BI) and [BI, Bhigh) respectively. A household’s
true WTP value can be enclosed within specified intervals and resulting in four discrete
outcomes of the bidding process:
𝐼
𝑖𝑓 𝑊𝑇𝑃- < 𝐵>?@
⎡ ;;
𝐼;N 𝑖𝑓 𝐵>?@ ≤ 𝑊𝑇𝑃- < 𝐵q
Pr (𝑦) = ⎢⎢
𝐼
𝑖𝑓 𝐵q ≤ 𝑊𝑇𝑃- < 𝐵A-BA
⎢ N;
𝑖𝑓 𝑊𝑇𝑃- ≥ 𝐵A-BA
⎣ 𝐼NN
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whereby 𝐼;; , 𝐼;N , 𝐼N; , 𝐼NN are binary-valued indicator variables denoted as one if the
argument is true, and zero otherwise. The individual WTP outcomes are based on the random
utility model such that a utility maximizing household i will accept the proposed bid for either
vaccine if the household believes it will be better off by paying for the vaccine than foregoing
the vaccine. The utility the household receives from any of the four outcomes can be modeled as
a probability statement,
Pr (𝐼;; = 1) = F(𝛼 + 𝜌𝐵>?@ + 𝜆′𝑧- + 𝜖- )
Pr (𝐼;N = 1) = F(𝛼 + 𝜌𝐵- + 𝜆′𝑧- + 𝜖- ) − F(𝛼 − 𝐵>?@ + 𝜆′𝑧- + 𝜖- )
Pr (𝐼N; = 1) = FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X − F(𝛼 + 𝐵-;-<=> + 𝜆′𝑧- + 𝜖- )
Pr (𝐼NN = 1) = 1 − FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X
The standard logistic distribution F( ) with mean zero and variance σ: = (𝜋/t3)2 is
assumed as it is the most commonly used parametric distribution due to its mathematical
tractability (Kerr, 2000). The probability statements reflect the difference in indirect utility
achieved from purchasing a vaccine at bid Bi and declining the bid. Assigning these probability
functions to the data, we calculated the parameter values that maximize the likelihood of
observing the WTP bid responses. Given the sample of n households, the log-likelihood function
takes the form:
;

𝐿 = R S𝐼 ;; lnVF(𝛼 + 𝜌𝐵>?@ + 𝜆′𝑧- + 𝜖- )X
-Y*

+ 𝐼 ;N lnVF(𝛼 + 𝜌𝐵- + 𝜆′𝑧- + 𝜖- ) − F(𝛼 + 𝐵>?@ + 𝜆′𝑧- + 𝜖- )X
+ 𝐼 N; ln [FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X − F(𝛼 + 𝐵-;-<=> + 𝜆′𝑧- + 𝜖- )\
+ 𝐼 NN ln [1 − FV𝛼 + 𝜌𝐵A-BA + 𝜆′𝑧- + 𝜖- X\^
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with the ln representing the natural logarithm and 𝛼 as the intercept. The variable
coefficient 𝜆 represents the marginal effect on WTP taken at the mean of each parameter of
interest.
𝜕Pr (𝑦 = 1)
= 𝑓 (𝛼 + 𝜆′𝑧- + 𝜖- )𝜆
𝜕𝜆
We then estimated the mean WTP for the overall sample (Hanemann, 1984) as:
𝑊𝑇𝑃 =

1
(𝛼w + 𝑧̂ y 𝑥̅ )
𝜌w

and used the delta method to calculate the confidence intervals around the estimated
means (Greene, 2003) (Table A3). The analysis was done in STATA 13 using the doubleb
package (López-Feldman, 2013) and then checked in GAUSS 17. Results of the empirical
estimation appear in Table A4.
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Table A1 Descriptions of variables used in vaccination analysis
Variable
Education
Income
Off-Farm (≤25,000 Tsh)
Off-Farm (25-100,000 Tsh)
Off-Farm (>100,000 Tsh)
Crops (≤100,000 Tsh)
Crops (100-500,000 Tsh)
Crops (>500,000 Tsh)
Herd Size
Expected milk loss
FMD in the past year
Vaccinate
Use of government vet
Cattle sold
Vaccine Efficacy
Outbreak
District
n=432

Description
Formal education attained by head of household (1=none;
0=some)
Income from off-farm activities in past month (1=yes; 0=no)

Income from crop production in the last season (1=yes; 0=no)

Reported cattle owned by household
Expected milk loss per cow from FMD infection (liters)
FMD in the past year (1=yes; 0=no)
Vaccinated cattle for any purpose in past year (1=yes; 0=no)
Government vet as primary information source (1=yes; 0=no)
Number of cattle sold in past year
Vaccine presented with 50% efficacy versus 100% (1=yes;
0=no)
FMD outbreak at neighbor (1=yes; 0=no)
Serengeti or Ngorongoro district (1=Serengeti; 0=Ngorongoro)
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Table A2 Descriptive statistics for variables used in vaccination analysis
Variable
Mean‡ or Std. Dev. Median Min Max
Proportion
No Formal Education
0.16
0.36
0
0
1.0
Income
Monthly Off-Farm (≤25,000 Tsh)
0.74
0.46
1.0
0
1.0
Monthly Off-Farm (25-100,000)
0.13
0.34
0
0
1.0
Monthly Off-Farm (>100,000)
0.13
0.33
0
0
1.0
Seasonal Crops (≤100,000 Tsh)
0.67
0.47
1.0
0
1.0
Seasonal Crops (100-500,000)
0.16
0.36
0
0
1.0
Seasonal Crops (>500,000)
0.18
0.38
0
0
1.0
Herd Size‡
42
59
20.0
1.0 530
Expected Milk Loss (in liters per cow) ‡
0.70
0.59
0.61
0
5.0
Cattle sold in the past year‡
5.9
6.7
2.0
0
21
FMD experienced in past year
0.69
0.46
1.0
0
1.0
Vaccinated for any cattle disease in past year
0.19
0.40
0
0
1.0
Use government vet
0.34
0.48
0
0
1.0
Vaccine efficacy of 50%
0.45
0.49
0
0
1.0
Male head of household
0.84
0.36
1.0
0
1.0
50% efficacy*male head of household
0.60
0.49
0
0
1.0
Serengeti district
0.59
0.49
1.0
0
1.0
Outbreak @ Neighbor
0.57
0.50
1.0
0
1.0
n=432
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Table A3 Estimated WTP averages with 95% CI
Mean
Lower Bound
Routine
3887
3541
Emergency
5399
4928
USD 1.00=2100 Tanzanian shillings
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Upper Bound
4234
5872

Table A4 Vaccination Determinants
Variable

Education (0=Formal; 1=No Formal)
Income
Off-Farm (≤25,000 Tsh)
Off-Farm (25-100,000)
Off-Farm (>100,000)
Crops (≤100,000 Tsh)
Crops (100-500,000)
Crops (>500,000)
Herd Size†
Expected Milk Loss (in liters per cow)
Cattle sold in past year
FMD experience in past year (0=No;
1=Yes)
Vaccinated for any cattle disease in past
year (0=No; 1=Yes)
Use of government vet (0=No; 1=Yes)
Vaccine efficacy (0=100%; 1=50%)
Gender (0=Female; 1=Male)
Gender*efficacy (0=100%; 1=50%)
District (0=Ngorongoro; 1=Serengeti)
Outbreak (0=Village; 1=@Neighbor)
Intercept
Log Likelihood
Chi-2 Statistic
† Log of variable
USD 1.00=2100 Tanzanian shillings

Routine Marginal P value Emergency Marginal P value
Effects
Effects
(CI 95%)
(CI 95%)
769 (-44,1581)

0.064

683 (-580,1947)

0.289

1528 (615,2441)
-443 (-1214,328)
22 (-250,294)
370 (-121,862)
34 (-9,78)
-305 (923,313)

Base Case
0.077
2148 (779,3517)
0.009
1851 (541,3162)
Base Case
0.001
2168 (730,3606)
0.260
-406 (-1764,952)
0.872
42 (-435,519)
0.140
465 (-308,1238)
0.116
14 (-59,86)
0.333
-360 (-1411,692)

-262 (-848,502)

0.615

230 (-939,1400)

0.700

-687 (-1237,-136)
1604 (163,3046)
1012 (122,1902)
-1545 (-3080,-11)
-379 (-968,209)

0.015
0.029
0.026
0.048
0.206

-1809 (-2782,836)
2238 (-392,4867)
834 (-749,2417)
-2718 (-5483,48)
1 (-1042,1045)
-446 (-1376,484)
4440 (2105,6696)
-498
41.87

0.001
0.095
0.302
0.054
0.998
0.347
0.001

692 (-76,1460)
1051 (268,1834)

2604 (1348,3860) 0.001
-415
39.09
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0.002
0.006
0.003
0.558
0.863
0.238
0.715
0.502
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APPENDIX B:
CHAPTER 2-ADDITIONAL FIGURES AND TABLES
Figure B1 Boxplots of reported household WTP amounts from the open-ended question and the
predicted household WTP amounts from the maximum likelihood estimation for diagnostic testing
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Table B1
Probability of responding 'yes' to each bid (in Tsh)
Diagnostic Testing Bid
Probability (%)
500
93
2000
87
3500
76
4000
72
4500
67
5000
62
7500
34
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APPENDIX C:
CHAPTER THREE- ROBUSTNESS CHECKS AND ALTERNATIVE SPECIFICATIONS
1. Methods and Identification Strategy
The interdependence between household production and consumption decisions suggests
livestock production activities, including disease incidence, affect household income, but reverse
causality may occur whereby household consumption patterns affect production capacity or
disease incidence. The assumed separation between production and consumption decisions
through a two-stage instrumental variable approach helps reduce bias that would occur using
traditional OLS estimation to model this relationship. An additional concern to assessing
livestock disease impacts on household production and consumption involves measurement error
with disease incidence. For FMD, household reports of FMD incidence were not substantiated by
serological surveys of prevalence. Instead of evaluating whether or not a household experienced
FMD, the use of the number of animals treated with antibiotics ex post FMD outbreaks
overcomes potential misreporting to focus on household disease responsiveness. That FMD is
endemic in Tanzania and almost every reported FMD infection was treated with antibiotics,
which are widely available and accessible, further satisfies the exclusion restrictions for a strong
instrument that is external to expenditures and production output as households of all income
levels and geographic areas are susceptible to FMD. This is supported by the lack of correlation
between antibiotic treatments and variables predicting expenditures and production, such as
education, durable assets, and birds owned (Table C1).
Vaccinations in the past year similarly may be affected by measurement error and
simultaneity bias. By using the predicted number of vaccinations, this overcomes potential
limitations to both the low-uptake rates across geographic areas and potential biases associated
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with reporting. Similar to antibiotic treatments, vaccination is assessed with measures of
household expenditures to evaluate the strength of the variable as an external instrument (Table
C1).
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Table C1 Livestock inputs and head of household education, durable
assets, and birds
Education
Durable
Birds Owned
Assets
Num_Treated
-0.018
0.027
-0.002
(0.013)
(0.022)
(0.006)
Num_Vacc
-0.005
0.010
-0.001
(0.003)
(0.010)
(0.002)
Controls in all columns include measures of disease threat, information
sources, income, herd size, and district (see Table 3.3)
n=
444
484
484
Notes: Logistic regression is used for whether a household’s durable assets
(including owning a motorcycle, radio, car, cellphones, and/or televisions)
sums to over 10000 Tsh and whether a household head has any formal
education. Poisson with robust standard errors is used to estimate the number
of birds (including ducks, chickens, etc) a household owns. Values reported as
coefficients.
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Theoretical model
Smallholder households face competing decisions to address livestock production needs
and advance household wellbeing. Recognizing this interdependence between household
production and consumption decisions, livestock production activities, including disease
incidence, affect household income (Figure C1), but reverse causality may occur whereby
household consumption patterns affect production capacity or disease incidence. To separate
these two, the households are first assumed to make decisions to optimize production outputs,
then chose consumption behaviors based on these outputs (de Janvry, Fafchamps, & Sadoulet,
1991).

Livestock Production Level
At the production level, livestock disease affects the household’s demand for livestock
health inputs to reduce the impacts of the disease on production outputs. For a smallholder,
livestock-dependent household in Tanzania, the options to address FMD include vaccinating
before an outbreak, altering livestock movements before or in response to an outbreak, or
responding ex post to disease infection with therapeutic antibiotics.6 Land and resource
constraints have reduced the prominence of intensive livestock systems in parts of northern
Tanzania (Lankester & Davis, 2016; Rodima-Taylor, 2012), such that households rely on open,
communal grazing to support their livestock. This has contributed to reducing the widespread
uptake and practicality of controlled livestock movements as a disease control strategy. As such,

6

Growth-promoting antibiotics that are applied regardless of disease status are less common amongst smallholder,

livestock-dependent households in Tanzania and are separate from FMD infection.
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curbing the rapid spread between susceptible animals requires protective vaccination V or
reducing the impact of FMD related infections through antibiotics T. The input demand
relationships for these two measures can separately be determined using factor prices P,
household farm assets K, and other inputs X, including disease-related measures of prevalence.
V = fv(Pv, Kv, Xv)
T = fT(PT, KT, XT)
For livestock disease in these communities, perceptions of disease risk (Railey, Lembo,
Palmer, Shirima, & Marsh, 2018) or the prevalence of the disease within a community, and the
price of the input relative to other competing interests (Homewood et al., 2006) can influence a
household’s cost minimizing application of V and T. The household’s income liquidity or the
marginal value of one animal to the household influences the number of animals a household
chooses to vaccinate or treat. For both vaccines and antibiotics, the household’s primary health
provider may explain why only a few households across both districts and all the study sites
vaccinated, as opposed to a significant portion applying antibiotics, as a veterinary shop’s
incentives for providing goods and services can differ from those of a public or private
veterinarian. The limited variation in vaccine prices and types, coupled with the homogenous
price of antibiotics in response to FMD, preclude the use of these factors in the decision process.
The effects of these input demand decisions within the household indirectly manifest in
the household’s production output supply Q* alongside the direct effects from input and output
prices and other factors fi (Pi, Ki, Xi).
QV = fQV (V; Pv, Kv, Xv)
QT = fQT (T; PT, KT, XT)
Q*=f (Qv, QT)
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For livestock-dependent households, milk production and livestock sales represent the
primary production outputs threatened by FMD. Treating for FMD infections with antibiotics in
practice reduces the duration of milk losses, and, thus, should positively affect household disease
management decisions. Likewise, vaccination reduces the chances of milk losses from adverse
health events. The price of milk negatively affects milk consumption with a positive profit effect
in theory, despite few household’s reporting selling milk or purchasing more milk during times
of reduced production. Changes in other market prices due to an outbreak can reduce the market
value for an animal, thus deferring profits from selling livestock and livestock products, but
increasing the consumption and stock of livestock within the household. Compared to antibiotic
treatments, vaccinating for any livestock disease may contribute to reducing the prevalence of
the disease within a community to the benefit of market activities, including cash generation
from livestock sales. These different effects of vaccination and antibiotics on disease outcomes
suggests the output supplied differs between vaccination and antibiotic treatments.
QT ≠ Qv

Household Consumption Level
The output supplied from livestock production activities translates into on-farm income
for the household. By assuming household and market conditions that assure separability
between production and consumption decisions, households first make decisions to maximize
income generation, followed next by decisions to satisfy their consumptive preferences subject to
available income, market prices, and the input conditions specified for vaccination and antibiotic
usage. The combination of household income Y*, market prices Pz, and household
characteristics Xz define the household consumer demand function Z.
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Z=fz (Y*, Pz, Xz)
Y*=fY (Y0, YQ)
Household income Y* includes from direct, off-farm earnings Y0, as well as the profits
generated through livestock sales and/or within-household use of livestock products for
consumption and/or reinvestment YQ, as a product of production input decisions. Similar to at
the production level, a change at the consumption level can lead to substitution effects in a
household’s consumption pattern. This includes income effects on the demand side. For
example, as a highly contagious disease, FMD affects the community broadly with market level
impacts on milk and meat prices that may lead households to substitute away from these
products to beans or maize. Treatments for FMD may alter food expenditures, given FMD
impacts milk production, which may cause changes to diet composition and income from milk
sales (Barasa et al., 2008). Conversely, increases in off-farm income or improved productivity of
livestock may afford households with the opportunity to increase or diversify current
consumption (Jodlowski, Winter-Nelson, Baylis, & Goldsmith, 2016). Households may choose
to divert increased resources to improve human health outcomes or educational opportunities
within the household (Marsh et al., 2016).

Statistical Model
Household input decisions for vaccination V or antibiotics T work through household
production outputs, Q*, to influence household on-farm income. Estimating the role of treatment
decisions on milk production and cattle sales through a system of equations ensures consistency
with theoretical expectations for demand and supply,
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𝑰𝑽𝒊 = €

• = 𝜶𝒗 + 𝜷𝒗 𝑿𝒗 + 𝒆𝒗
𝑽
• = 𝜶𝑻 + 𝜷𝑻 𝑿𝑻 + 𝒆𝑻
𝑻

Š‰ + 𝑩𝑸 𝑿𝑸 + 𝒆𝑸
𝑸∗ = 𝜶𝑸 + 𝜷𝒊𝒗 𝑰𝑽
whereby the input variables XQ include household decisions for grazing and watering
• and antibiotics 𝑻
• instrument on-farm
animals and the predicted measures of vaccination 𝑽
demand IVi from choosing either of these inputs. The predicted values of these decisions reduce
the correlation between inputs and the regression disturbance term that leads to inconsistent
parameter estimates.
The assumed separability between production and consumption implies that while
household decisions influence total income Y*, income is exogenous with respect to
consumption decisions. In the absence of a full on-farm income measure, the predicted estimates
• or antibiotics 𝑻
• provide a consistent indicator of the effect of onIVi for either vaccination 𝑽
farm income on household wellbeing Z, represented by expenditures for education, health and
food. Empirically, the estimation looks like:
𝒀∗ = 𝒀 (𝑰𝑽𝒊 , 𝒀𝟎 )
𝒁 = 𝜶𝒛 + 𝜷𝒛 𝒀∗ + 𝑩𝒛 𝑿𝒛 + 𝒆𝒛
whereby the predicted on-farm income IVi affects consumption Z as a component of
household income Y* with off-farm income Y0. Household factors Xz, such as family size and
number of children below primary school age, explain the remaining variation in expenditures
along with unobservable error ez.
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Figure C1 Livestock production and household consumption are separated within the household
in an agricultural household model. Livestock input decisions affect household consumption
through income, along with external factors.
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2. Alternative Model Specifications
Table C2 OLS with robust standard errors versus Poisson estimations
Antibiotics
Vaccination
Poisson
OLS
Poisson
OLS
Disease Threat
Reported FMDb
0.77***
0.91**
(0.29)
(0.37)
Change movementsa
2.65**
0.41***
(1.08)
(0.15)
a
CBPP
0.22
0.40
(0.54)
(2.77)
ECFa
0.57
0.59
(0.34)
(0.38)
Household Income
0.047
-0.02
4.81***
2.25***
Off-Income 0-25ka
(1.25)
(0.18)
(1.40)
(2.20)
2.39
0.30
2.49
1.89
Off-Income 25-100ka
(1.55)
(0.18)
(1.73)
(2.14)
No Ag Incomea
1.62
0.18
4.14***
0.75**
(1.01)
(0.14)
(1.37)
(0.30)
Information Sources
Veterinary shopa
-0.52
-0.04
-1.06
-0.06
(0.91)
(0.14)
(1.37)
(0.27)
Professional veta
-2.69**
-0.49**
2.35
0.21
(0.95)
(0.20)
(2.75)
(0.78)
Controls
Herd sizeb
0.26***
0.52***
0.47***
0.93***
(0.04)
(0.12)
(0.04)
(0.29)
Serengeti Districta
-1.56
-0.18
-1.3
0.90
(1.07)
(0.15)
(2.11)
(3.9)
Intercept
0.75**
2.06***
1.33***
2.18**
(0.39)
(0.55)
(0.20)
(1.26)
Psuedo-R2
0.22
0.23
0.40
0.24
n=
484
484
484
484
Notes: Robust standard errors are shown in parenthesis. a Binary regressors are
expressed as the expected percent change. b Continuous regressors are interpreted as
elasticities.
P value: * p<0.10 ** p<0.05 *** p<0.01
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3. Substitution between vaccination and antibiotic treatments
Following the demand and supply relationships in section C1 (Methods and Identification
Strategy), a practical substitutability exists between ex ante vaccination and ex post treatments
whereby disease incidence and other factor inputs affect the number demanded, but that
application of either or both of these measures impacts production and expenditures differently.
In the absence of FMD vaccination rates, vaccination for current livestock diseases V* helps
establish preferences for potential, future FMD vaccination uptake V. Vaccination V* and
antibiotic rates T are related in that the total number of cattle within the household’s herd H is
either vaccinated V*, treated with antibiotics T, or both V*T.
H = V* + T + V*T
subject to: V*≡V
The herd size determines the extent of the substitution between antibiotic treatment and
vaccination whereby a household chooses the proportion of the herd vaccinated or treated with
antibiotics following the factor input substitution characteristics fi (Pi, Ki, Xi). As a fraction of
the entire herd, the relationship is:
𝟏=

𝟏 ∗
(𝑽 + 𝑻 + 𝑽∗ 𝑻)
𝑯

The proportion of animals treated with antibiotics is determined by the total number of
animals within the herd, less the proportion of animals vaccinated.
𝑻

𝟏

= 𝟏 − 𝑯 (𝑽∗ + 𝑽∗ 𝑻)
𝑯

if 𝑽∗ ∈

𝑽∗
𝑯

∩

𝑽∗ 𝑻
𝑯

This suggests changes in the characteristics of vaccines or antibiotics may lead to
substitutions between the two inputs. For example, households currently treat FMD infections
with antibiotics. The advent of price accessible vaccines that match the circulating type of FMD
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during an outbreak would be expected to reduce the number of animals treated with therapeutic
antibiotic.s Otherwise, households may apply FMD vaccines that match a different type of
serotype than the one circulating, with the result that animals become infected and antibiotics are
necessary. While households may choose to continue antibiotic use in production alongside
vaccination, assessing the proposed tradeoff between vaccination and antibiotics focuses the
analysis on the input demand relationships for V* or T, and not V*T. As a reflection of the
current FMD situation in Tanzania, estimation of the additional input demand relationship TFMD
can be realized to estimate the potential tradeoff between vaccination and antibiotics:
TFMD = fT(V*,PT, KT, XT)
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4. Livestock Profits

Table C3 Effect of treatments and vaccination on livestock profits
Profitstv1 Profitstv2 ProfitsLow ProfitsHigh
a
Num_Treated
0.08*
0.06
0.07
0.02
(0.05)
(0.06)
(0.06)
(0.02)
Num_Vacca
-0.01
0.004
-0.002
0.03***
(0.02)
(0.02)
(0.04)
(0.01)
Herd Sizea
0.14***
0.15***
0.13
0.01
(0.04)
(0.04)
(0.11)
(0.01)
Smalla
0.08*
0.10***
-0.09
0.01
(0.05)
(0.04)
(0.10)
(0.01)
Treatment Costa
0.05
1.16***
-0.01**
(0.03)
(0.14)
(0.01)
Vaccine Costa
-0.001
0.08***
-0.001
(0.007)
(0.02)
(0.001)
Intercept
14.5
14.5
14.5
14.5
(95400)
(95400)
(95400)
(95400)
R2/Psuedo-R2
0.13
0.14
0.73
0.32
n=
489
489
140
134
Notes: OLS estimation is used for both models. Robust standard errors are
shown in parenthesis. a Continuous regressors are interpreted as elasticities.
ProfitsHigh>4500000 Tsh; ProfitsLow<2000000
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Table C4 Predicted livestock profits on household expenditures
Food
Health
Education
Antibiotic Vaccines
Antibiotic
Vaccines
Antibiotic
Vaccines
Profitst^b
0.02*
0.01
0.95**
(0.01)
(0.01)
(0.41)
ProfitsHigh^b
0.05
0.12**
6.66***
(0.04)
(0.06)
(1.89)
Familyb
0.04***
0.04***
0.03***
0.03**
2.97***
2.87***
(0.01)
(0.01)
(0.01)
(0.01)
(0.58)
(0.56)
Below
0.002
0.002
0.02***
0.02***
-1.14***
-1.13***
Primaryb
(0.005)
(0.005)
(0.01)
(0.01)
(0.27)
(0.26)
Off-Income
-0.04***
-0.04***
-0.01
-0.01
-0.76***
-0.86***
0-25ka
(0.01)
(0.01)
(0.01)
(0.01)
(0.29)
(0.28)
Off-Income
-0.02**
-0.03**
-0.01
-0.01
-0.77
-0.81**
25-100ka
(0.01)
(0.01)
(0.02)
(0.02)
(0.47)
(0.45)
Serengeti
-0.05***
-0.05***
-0.02**
-0.02**
-0.47
-0.50*
Districta
(0.01)
(0.01)
(0.01)
(0.01)
(0.31)
(0.30)
Intercept
2.32***
2.32***
2.35***
2.35***
12.2***
12.2***
(0.03)
(0.03)
(0.05)
(0.05)
(0.14)
(0.14)
2
2
R /Psuedo-R
0.28
0.28
0.14
0.15
0.008
0.01
n=
462
462
451
451
474
474
Notes: Tobit regression is used for the continuous dependent variable with censoring at zero (education
expenditures) and OLS estimation is used for the continuous, logged variables (food and health
expenditures). Standard errors are shown in parenthesis. a Binary regressors are expressed as the
expected percent change in the food and health models and as coefficients in the education model. b
Continuous regressors are interpreted as elasticities. ^Predicted count
P value: * p<0.10 ** p<0.05 *** p<0.01
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