
   

 

 

Self-reporting of risk pathways and parameter values for foot 1 

and mouth disease in slaughter cattle from alternative 2 

production systems by Kenyan and Ugandan veterinarians 3 

Julie Adamchick 1,*, Karl M. Rich 2 and Andres M. Perez 1 4 

1 College of Veterinary Medicine and Department of Veterinary Population Medicine, University of 5 
Minnesota 6 

2 Ferguson College of Agriculture and Department of Agricultural Economics, Oklahoma State University 7 
* Correspondence: juliea@umn.edu 8 

Abstract: Countries in which foot and mouth disease (FMD) is endemic may face bans on the export 9 

of FMD-susceptible livestock and products because of the associated risk for transmission of FMD 10 

virus. Risk assessment is an essential tool for demonstrating the fitness of one’s goods for the 11 

international marketplace and for improving animal health. However, it is difficult to obtain the 12 

necessary data for such risk assessments in many countries where FMD is present. This study 13 

bridged the gaps of traditional participatory and expert elicitation approaches by partnering with 14 

veterinarians from the National Veterinary Services of Kenya (n=13) and Uganda (n=10) enrolled in 15 

an extended capacity-building program to systematically collect rich, local knowledge in a format 16 

appropriate for formal quantitative analysis. Participants mapped risk pathways and quantified 17 

variables that determine the risk of infection among cattle at slaughter originating from each of four 18 

beef production systems in each country. Findings highlighted that risk processes differ between 19 

management systems, that disease and sale are not always independent events, and that events on 20 

the risk pathway are influenced by the actions and motivations of value chain actors. The results 21 

provide necessary information for evaluating the risk of FMD among cattle pre-harvest in Kenya 22 

and Uganda and provide a framework for similar evaluation in other endemic settings.  23 
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1. Introduction 27 

Foot and mouth disease (FMD) is a highly contagious disease of livestock with 28 

massive global impact [1,2]. FMD costs billions of dollars annually due to endemic losses 29 

and outbreaks [3]; control measures such as vaccination, biosecurity, and stamping out 30 

when outbreaks occur are also costly [4,5]. Despite global efforts for FMD control [6,7], 31 

FMD remains endemic in many regions [8].  32 

The Agreement on Sanitary and Phytosanitary Standards adopted by World Trade 33 

Organization Member States [9] specifies that trade restrictions based on health hazards 34 

associated with the trade of goods should align with the guidance of international 35 

standard setting bodies (the World Organization for Animal Health (OIE) in the case of 36 

transboundary animal diseases such as FMD). Actions should be based on the level of risk 37 

presented by the trade of goods, as evaluated through objective risk assessment. 38 

According to the principle of equivalence countries are to recognize the actions taken by 39 

exporting partners according to the reduction in risk achieved rather than requiring a 40 

specific set of protocols (though actual practice is often murkier [10]). For this reason, risk 41 

assessments are an essential tool for demonstrating the fitness of one’s goods for the 42 

international marketplace as well as for understanding and improving animal and public 43 

health domestically [10,11].   44 



 

 

Import risk assessment is typically used to inform risk management from the 45 

defensive standpoint of an importing country: how to reduce and mitigate the risk of 46 

importing a threatening bug or substance based on the probability and consequence of 47 

the event occurring. Countries that want to export are evaluated by potential importers 48 

using this approach and criteria. In order to export products that could potentially 49 

transmit FMD virus, a country has traditionally been required to demonstrate that FMD 50 

is not present in the region where cattle (or other source livestock or wildlife) are produced 51 

and processed. This requirement is costly, comes with tradeoffs and externalities, and has 52 

not been achievable for most of Africa [12,13]. Recent alternatives, which include disease- 53 

free compartments and commodity-based trade, encourage the examination of more 54 

nuanced, strategic approaches to the development of production and processing systems 55 

for export [14,15]. In this context, import risk assessment can be used by the exporting 56 

country to evaluate the risk (probability of FMD transmission) experienced by a potential 57 

importer under various production and processing scenarios. That analysis could then be 58 

used to lobby for access to external markets, or, if unacceptably high, to evaluate the 59 

potential value of interventions to reduce risk compared with net benefits from other 60 

markets with less stringent entry requirements.  61 

However, in many countries where FMD is present, it is challenging to obtain the 62 

necessary data for such assessments, due in part to the small scale and non-standardized 63 

value chains that often operate with a mix of formal and informal processes and 64 

incomplete documentation of transactions [16]. In this study, we used a hybrid between 65 

participatory and expert elicitation techniques to overcome this gap. This novel approach, 66 

in which we partnered with local veterinary professionals to characterize risk pathways 67 

and parameter values, captured some of the richness and quality of data collected through 68 

participatory methods while maintaining the quantitative rigor required to utilize the data 69 

in formal risk assessment models.  70 

There is a history in animal and public health fields of using participatory methods 71 

to overcome data scarcity challenges for epidemiological surveillance, research, and 72 

outreach [17,18]. A participatory approach to risk assessment has been developed and 73 

implemented for many studies of food safety in African markets and value chains 74 

[16,19,20] and more recently to qualitatively assess the risk of disease introduction and 75 

spread [21]. Efforts to marry value chain analysis with risk assessment have also 76 

attempted to connect participant knowledge of value chain dynamics with the assessment 77 

and management of risks related to animal and public health [22–24]. Participatory 78 

approaches promote both efficiency and impact by including populations who are 79 

affected by decisions made based on study findings [16]. Specifically relating to risk 80 

assessment, an advantage over conventional approaches is the chance to capture relevant 81 

aspects of human behavior as well as technical causal mechanisms contributing to risk 82 

pathways and probabilities [25]. However, a challenge encountered in participatory risk 83 

assessments is the need to generate robust evidence of the type that can be used for formal, 84 

quantitative risk assessment [16].  85 

The elicitation of expert knowledge from subject matter experts is another approach 86 

utilized when data are scarce, unrepresentative, or inadequate to describe the process 87 

being studied [26,27]. “Expert” in this usage can refer to a person who can provide 88 

information about the question based on their experience with the subject matter of 89 

interest [28,29]. This approach has been used within veterinary science to estimate 90 

parameter values or prioritize risk factors [30–35]. However, when trying to collect 91 

information about local systems or informal pathways, a challenge is that those familiar 92 

with the subject may not have an academic understanding of the techniques being used. 93 

This can impede effective communication and impact the quality of the results if adequate 94 

training is not provided [26,27]. 95 

The hybrid approach employed here relied on partnership with Kenyan and 96 

Ugandan mid-career veterinary professionals who were enrolled in a capacity-building 97 

course that covered topics including international trade, transboundary diseases, and risk 98 

analysis. Their participation and contribution to the research generated credible data 99 



 

 

about the risk pathways and parameter values that can be used in a quantitative, 100 

probabilistic risk assessment to inform decisions about disease management based on 101 

local conditions and priorities. The richness of the data collected gave insight into causal 102 

relationships that can help inform appropriate model structure [36] and risk management 103 

strategies, including correlations between events in time and space and the influence of 104 

actors’ incentives on events that contribute to risk. 105 

The objective of this study was to characterize the risk pathways for FMD among 106 

cattle at the time of slaughter in Kenya and Uganda through partnership with practicing 107 

veterinarians. That objective has been achieved through a) describing the risk pathways 108 

and events, b) defining the populations of cattle, based on the production system of origin, 109 

expected to have distinct FMD risks associated with baseline conditions and processes, 110 

and c) specifying parameter values to characterize events that require knowledge of the 111 

local sale and inspection processes (i.e., what happens between the farm and the abattoir). 112 

These results can be used to perform risk assessments, modeling exercises, and economic 113 

analyses regarding the expected value of investments based on empirical understanding 114 

of the local system. This framework may be used for similar analyses in other endemic 115 

settings, ultimately contributing to analysis and design of targeted interventions for 116 

development of risk-based export markets.  117 

2. Materials and Methods 118 

2.1 Risk question  119 

The question to be answered for each of four cattle production systems in two 120 

countries was what is the risk that cattle sold for meat are slaughtered while infected with FMD? 121 

Mapping and quantifying that risk required system-specific knowledge of the events that 122 

occur prior to slaughter for cattle originating from local production systems. Expert 123 

knowledge was elicited from practicing veterinarians in Kenya and Uganda, separately, 124 

to describe the risk pathways, define populations of relevance, and quantify parameter 125 

values for key variables related to sale, transportation, and inspection of cattle.  126 

2.2 Participant selection 127 

The subject-matter experts for this study were defined as veterinary professionals 128 

living and working in their respective country (Kenya, Uganda) with at least two years of 129 

experience related to livestock production, and training in risk assessment for animal 130 

health and international trade. Experts were identified and contacted in the context of an 131 

online capacity-building course for mid-career Veterinary Service (VS) professionals 132 

(progressvet.umn.edu) in which they were trainees [37]. The procedures for recruitment 133 

and selection of participants in the training course differed between Kenya and Uganda. 134 

In Kenya, participants were nominated for the course by the national Directorate of 135 

Veterinary Services for the country; in Uganda, participants were self-selected with 136 

facilitation through Makerere University and the national Ministry of Agriculture, Animal 137 

Industry and Fisheries. The training was done in parallel for both countries (i.e., the 138 

instructors, materials, and procedures were the same but there was no interaction between 139 

participants in Kenya with those in Uganda). At the time of the research study, which was 140 

five months into the program, they had completed five weeks of training on risk analysis 141 

applied to animal health and food safety. Thirteen Kenyan and ten Ugandan participants 142 

were in the program at the time when the study was conducted and comprised the pool 143 

of available subject matter experts.  144 

  The elicitation activity-- a guided exercise of building and quantifying a risk 145 

assessment model based on participant knowledge and experience-- was part of the 146 

training program. This facilitated an approach that was a hybrid between traditional 147 

participatory and expert elicitation techniques. The participants—already experts on the 148 

subject matter of local cattle production and disease management systems—were recently 149 

trained as a cohort in topics related to the research question, methodology, and context. 150 

The context of the training program facilitated data collection through a prolonged, 151 

iterative process of gathering descriptive, qualitative information as well as quantitative 152 

parameter values, first at the level of individual responses followed by group discussion. 153 



 

 

The specific steps of data collection are outlined below. Further discussion of the duality 154 

of the training and research activities can be found elsewhere [37].  155 

Participants were given the opportunity to opt in for their input during the training 156 

exercise to be used for research purposes, with the explanation that their choice would 157 

not have any impact on their standing or relationships in the training program. All 158 

individuals (n=13 Kenya, n=10 Uganda) chose to do so. The University of Minnesota 159 

Institutional Review Board for research involving human participants reviewed the study 160 

protocol and determined that it met the criteria for exemption from review.  161 

2.3 Knowledge elicitation and integration 162 

The elicitation activities took place in three stages, referred to as Part A, Part B, and 163 

Part C, over a three-week period. All activities were conducted separately for each 164 

country. The three stages comprised a variation of the Delphi method [38], an iterative 165 

process of eliciting individual responses and group discussion to reach consensus. Parts 166 

A and B were completed individually, helping to avoid dominance of any one opinion in 167 

the information gathered [28]. Part A was 18 open-ended, short answer questions. In Part 168 

B, participants provided quantitative estimates for parameter value distributions, and 169 

were asked to only respond for the management systems with which they felt most 170 

comfortable. Part C was a group discussion to reach consensus regarding the values of 171 

key variables for all management systems; the aggregated values from Part B were 172 

provided as a starting point and all participants were encouraged to comment on how 173 

they felt those distributions should be altered to best represent the range and distribution 174 

of values in each system.  175 

 176 

2.3.1 Part A 177 

The instructions, background material, and questionnaire for Part A were distributed 178 

in a similar manner as all previous assignments in the training program: via email as well 179 

as through an online learning platform (Canvas LMS, Instructure, Salt Lake City, UT, 180 

USA). Participants were able to fill out and return the questionnaire through either route. 181 

This was completed individually by each participant. The questionnaire consisted of four 182 

sections with 18 open-ended, short answer questions (Supplementary Material Document 183 

S1) interwoven with educational material related to the process of risk assessment and the 184 

role of expert opinion. This context-gathering phase, not often included in expert 185 

elicitation protocols, provided insight into correlational and causal relationships between 186 

events that otherwise may have been overlooked by the modeling team.  187 

The first section contained seven questions about the sale, transportation, and 188 

inspection of cattle sold for slaughter in their country, including two questions that asked 189 

about possible correlations between events. In the second section, participants walked 190 

through the steps and logic of building a fault tree and event tree for a simple example 191 

risk model (the risk of sleeping through one’s alarm). They were then presented with 192 

preliminary outputs (a fault tree and event tree) of the same process applied to the 193 

combination of events that would lead to the outcome of cattle infected with FMD at the 194 

time of slaughter. They were asked whether the pathways presented made sense, whether 195 

they agreed, and whether they could identify any additional pathways. The preliminary 196 

model structure was built by the research team after a review of available literature.  197 

In the third section, participants were asked to consider how the risk could differ 198 

among animals originating from distinct production systems. Kenya and Uganda each 199 

have diverse cattle production systems including pastoralism, smallholder 200 

agropastoralism, and confined extensive and intensive farms. Beef cattle systems in each 201 

country have been classified by the FAO through a process that engaged key national 202 

stakeholders and synthesized sources of cattle distribution and production data [39,40]. 203 

The participants reviewed these classifications for their country, were asked for each of 11 204 

variables whether they believed the value would be the same or different in each system, 205 

and were asked if they would recommend a different way of dividing and identifying 206 

subpopulations.  207 



 

 

The fourth section was four open-ended questions reflecting on the processes that 208 

create and mitigate risk and the role of Veterinary Services.  209 

The anonymized individual responses were reviewed separately by three 210 

researchers, whose review was guided by the question: Do participant responses support, 211 

expand, or contradict the preliminary model structure (variables, relationships, and 212 

populations)? After reviewing the responses individually, the researchers discussed in 213 

which areas the responses indicated a consistent action to be taken and in which areas 214 

there was contradiction or ambiguity in their responses, requiring further clarification in 215 

later stages. As a result of that discussion, they had a list of aspects of the model structure 216 

to be accepted as is, modifications to the model structure, and additional information to 217 

be elicited during parts B and C.  218 

 219 

2.3.2 Part B  220 

Part B was a questionnaire intended to elicit quantitative and qualitative information 221 

about key parameter values for the risk model (Supplementary Material Document A2). 222 

The questionnaire was completed individually using web-based survey software 223 

(Qualtrics, Provo, UT, USA) by each participant. Instructions and background 224 

information were distributed through email and on Canvas.  225 

The questionnaire opened by presenting the sub-populations (production systems) 226 

for the cattle industry in the respective country, and participants were asked to select those 227 

for which they had experience and/or felt comfortable giving opinions about FMD risk 228 

and the farm-to-market process. For each production system they selected, participants 229 

were asked to estimate the minimum, maximum, and most likely value, and explain their 230 

reasoning, for 16 variables related to beef cattle production, sale, and inspection processes. 231 

They were instructed to reply “no answer” for any question if they did not feel they could 232 

provide a useful estimate.  233 

Results were anonymized and aggregated for a selection of variables to be discussed 234 

by the whole group in part C. Variables were prioritized based on those which the 235 

population of veterinarians were well equipped to answer and for which there was little 236 

other information available.  237 

A noteworthy point of the elicitation process is that each participant provided both a 238 

point estimate (most likely value) and a distribution of uncertainty around that value 239 

(minimum and maximum possible). This is considered a better measure of uncertainty 240 

than simply taking the variability among several individuals’ point estimates [26]. Thus, 241 

our sample of 10 or 13 experts in each country yielded that many distinct distributions of 242 

the point estimate and uncertainty interval for each variable.  243 

The distributions of each individual (specified as PERT distributions) were then 244 

combined into a single mixed distribution, weighting each one equally. This approach is 245 

outlined in risk assessment textbooks [41] and has been used elsewhere [42,43]. In our 246 

study, we used that mixed distribution as a starting place for group discussion, so that 247 

participants engaged with each others’ judgments of the range and most likely values to 248 

ultimately reach a consensus on the characteristics of a final appropriate distribution. This 249 

aligns with the recommended best practices for expert elicitation: including multiple 250 

experts, using a structured protocol for the phases of knowledge elicitation and 251 

aggregation, and providing the opportunity to interact and cross-examine reasoning 252 

within the group [26,29].  253 

Answers were excluded from the aggregation if the respondent’s rationale indicated 254 

that they were estimating something other than what the question was asking. If the 255 

distributions and reasoning were similar across the four production systems, then they 256 

were merged into a single distribution; otherwise, they were kept distinct for each 257 

production system. Some variables were conceptually summarized or manipulated to 258 

form a new variable, related but distinct from that which had been asked in the 259 

questionnaire, in order to be better formulated for input to a risk assessment model. More 260 

specific information about the aggregation approach for each variable is described below.  261 



 

 

• Duration in days between sale and slaughter: direct mathematical aggregation for 262 

discussion 263 

• Probability of not commingling: The questionnaire asked about the probability of 264 

mixing with animals from other herds. The estimates given by each participant were 265 

subtracted from 1 to yield the probability of not mixing with animals from other 266 

herds. This complementary probability was aggregated into a composite distribution 267 

for each production system and presented for discussion in Part C.  268 

• Number of animals mixed with, when commingling does occur: direct mathematical 269 

aggregation for discussion 270 

• Number and probability of inspections: The questionnaire asked participants to 271 

estimate the number of times an animal would be inspected for FMD and then to 272 

describe each inspection and to estimate certain attributes: the percent of animals that 273 

would be inspected, the sensitivity of the inspection to detect clinical FMD, and the 274 

percent of positive diagnoses that would be ignored or compromised. The number 275 

of inspections was summarized as a range of point values to initiate discussion in 276 

Part C. The probability of inspection was handled differently in each country based 277 

on the flow of conversation in Part C. In Uganda, the discussion about the number of 278 

inspections included the proportion of animals for which that number would be zero. 279 

In Kenya, the most likely value for the percent of animals who undergo each 280 

inspection was used to calculate the complementary portion of animals who do not 281 

get each inspection, which was then combined across all inspections reported by an 282 

individual to calculate the proportion of animals that would not receive any 283 

inspection. These values were presented to the group in Part C as the starting point 284 

for discussion about the probability of bypassing inspection for animals from each 285 

production system.  286 

• Effectiveness and type of inspections: For each inspection described by each 287 

participant, a distribution for “effectiveness” was calculated by multiplying the 288 

minimum, maximum, and most likely values of the sensitivity multiplied by the most 289 

likely value of the reporting rate (defined as the complement of the most likely value 290 

for the proportion of positive results ignored or compromised). The effectiveness 291 

therefore described the percent of animals that would be detected and detained by 292 

each inspection. If no answer was given for the proportion of results ignored, the 293 

sensitivity was assumed to functionally represent the effectiveness. In each country, 294 

the inspections and corresponding effectiveness estimates were categorized into two 295 

types that emerged from the comments and descriptions in parts A and B. The 296 

effectiveness distributions for all inspections of each type were aggregated as 297 

described above into a single composite distribution of effectiveness for each type of 298 

inspection in each country. The inspection descriptions were used to quantify how 299 

frequently each type occurred at each location (checkpoints, farm, market, slaughter, 300 

or unspecified / blended) and what rate of inspections in each production system 301 

took place at each location. This was used to compute the relative frequency (weight) 302 

of type 1 and type 2 inspections for each production system.  303 

 304 

2.3.3 Part C  305 

Part C was a structured group discussion held using a web conferencing system with 306 

the participants of each country (conducted separately for Kenya and Uganda). The 307 

purpose of the discussion was to reach group consensus on the distribution of values for 308 

key parameters for each production system. 309 

For each variable to discuss, the facilitator presented a summary of the related 310 

question/s asked in Parts A and B and representative comments pertaining to the 311 

interpretation and estimation of the variable. Then the most likely, minimum, and 312 

maximum values specified by each respondent along with the density plot and summary 313 

statistics of the composite distribution were presented. Participants were asked whether 314 

the summary presented was an accurate description of the distribution for a particular 315 

management system or for all management systems. If they agreed or disagreed, they 316 



 

 

were asked to provide their reasoning and, where relevant, to propose how they would 317 

modify the distribution presented. There was limited use of the poll function in the web 318 

conferencing system to gather participant opinions; most of the discussion occurred as 319 

direct conversation among participants and through the chat. To close the discussion of 320 

each variable, the facilitator summarized the consensus of the discussion up to that point 321 

and asked if there was any further comment. Once all participants expressed agreement 322 

or no objection, the discussion moved on to the next variable.  323 

There was one variable presented in Part C for which no information was collected 324 

in Part B (included after reviewing the responses to Part A). For this variable, participants 325 

were asked to estimate, out of 10 animals infected with FMD, how many would experience 326 

each of four distinct outcomes. Participants gave their answers in the chat (Uganda) or in 327 

a poll (Kenya) and then discussed with each other the reasons for variation in their 328 

responses.  329 

Responses to Part B were unevenly distributed among management systems in each 330 

country. Where there were no responses for a certain variable in a certain management 331 

system, the group was asked which system they thought it would be most similar to, and 332 

then to explain how they would modify the values for that similar system in order to 333 

represent the one for which no Part B data had been provided.  334 

The discussion was recorded and distributed via email so that participants who were 335 

unable to attend would be able to view it and were encouraged to submit any comments 336 

they had regarding the discussion.  337 

 338 

2.3.4 Final steps 339 

For the few variables designated as important to quantify by VS opinion but without 340 

time to discuss in Part C, the individual descriptions in Part A and B were used to 341 

thematically classify the responses into relevant summary variables as described above, 342 

and the quantitative estimates were then mathematically aggregated to represent the 343 

composite distribution described by all of the responses for each variable.  344 

Following Part C, the modified distribution for each variable (based on group 345 

consensus or mathematical aggregation) was summarized as a probability distribution 346 

that could be used for input into a probabilistic risk assessment model. Values that were 347 

VS opinion of a probability were summarized as PERT distributions. Values that were 348 

estimates of a scalar (number of animals,  inspections, or days) or test characteristics 349 

(inspection effectiveness) were summarized as a common probability distribution with 350 

appropriate theoretical characteristics. Where multiple distributions were considered, the 351 

one with the lowest AIC was chosen. Distributions were fit using maximum likelihood 352 

estimation (package “fitdistrplus” [44], R software version 4.0.2 [45]).  353 

The distributions were presented back to each group for final comment, along with 354 

the consensus of the discussion and reasons supporting that consensus. Each distribution 355 

was described with accessible summary statistics. The report was distributed to the 356 

participants via email, and they were asked to review it and respond via email or in a 357 

virtual forum with any questions or comments.  358 

3. Results 359 

In Kenya, there were 12/13 responses to Part A, 13/13 responses to Part B, and 6/13 360 

active participants in Part C. In Uganda, there were 10/10 responses to Part A, 10/10 361 

responses to Part B, and 9/10 active participants in Part C.  362 

The veterinarians in both Kenya and Uganda unanimously confirmed that there was 363 

value in evaluating risk separately for distinct cattle production systems. Most 364 

respondents (9/10 Uganda, 11/12 Kenya) indicated that the management systems 365 

presented were appropriate classifications of beef cattle production systems in their 366 

country.  367 

3.1. Pathways 368 

3.1.1. Additional event added to the proposed risk pathways  369 



 

 

Most participants (8/10 Uganda, 12/12 Kenya) concurred with the risk pathways 370 

presented in the preliminary model of Part A. Two individuals in Uganda and three 371 

individuals in Kenya proposed an additional event be included on the pathway to 372 

represent the inspector’s decision to appropriately report and act on an FMD-infected 373 

animal. “We assume the right action will be taken but that isn’t always the 374 

case,” explained one Kenyan response. 375 

Following these responses, the event tree and risk pathways were updated similarly 376 

for each country. The event tree (Figure 1) was included in the final report back to the 377 

participants for review; it includes the steps from the preliminary model that participants 378 

supported and the additional step for the probability that appropriate action is taken by 379 

inspectors when an infection is suspected. There was no objection from any participant 380 

with the formulation of the resulting pathway.  381 

 382 

 383 

Figure 1: Event tree with risk pathways and variables characterized by veterinarians in Kenya and 384 
Uganda 385 

 386 

3.1.2 Correlations exist between events 387 

Four Ugandan and three Kenyan participants indicated that points exist where an 388 

animal with FMD would be more likely to be sold for meat than an FMD-free animal. The 389 

Ugandan participants described that farmers at times want to dispose of animals that are 390 

sick, that farmers may sell animals when there is an outbreak in the area but quarantine 391 

is weakly enforced, and that during an outbreak farmers may want to dispose of affected 392 

animals to avoid losses. They also indicated that there may be temporal (seasonal) 393 

correlations between disease incidence and sales volume due to factors related to both 394 

demand (e.g., festivals) and supply (e.g., need for income at beginning of school year, 395 

decreased forage available during dry season). Kenyan responses described 396 

circumstances when farmers want to dispose of sick animals and traders to buy animals 397 

at a cheaper rate. 398 

In contrast, three Kenyan and two Ugandan individuals indicated that there was no 399 

point at which an animal with FMD would be more likely to be sold for meat compared 400 

to a healthy animal. Several responses (six in Kenya and four in Uganda) discussed the 401 



 

 

possibility of selling FMD-infected cattle but did not address the question of correlation 402 

or comparison between sick and healthy animals.  403 

3.2 Parameter values 404 

Participants estimated the minimum, maximum, and most likely value of variables 405 

for any/all production systems for which they felt comfortable responding. For Uganda, 406 

there were the following number of responses for each production system: Semi- 407 

intensive- 7; Agropastoral- 6; Ranching- 2; Pastoral- 1. For Kenya, there were the following 408 

number of responses for each production system: Pastoral- 10; Agropastoral- 3; Feedlot- 409 

1; Ranching- 0.  410 

Individual responses were aggregated into a composite distribution which was 411 

presented and discussed with the cohort to reach consensus on the characteristics of an 412 

appropriate distribution for each variable and each production system. The consensus, 413 

final parameters, and summary statistics for each are reported in Tables A1 and A2 for 414 

Kenya and Uganda, respectively. 415 

 416 

3.2.1 Probability that an infected animal is sold while infected 417 

A discussion question was added to Part C following the responses about a possible 418 

correlation between the probability that an animal is infected with FMD and the 419 

probability that an animal was sold. The group was asked, out of 10 infected animals at 420 

random (throughout the year), how many would experience various outcomes including 421 

that the animal sold from the farm without reporting infection. In Uganda, the group 422 

consensus was that two to four out of every 10 infected animals are sold, for all production 423 

systems. The participants reasoned that it is hard for a farmer to report to the authorities 424 

that an animal is infected unless discovered by a professional because there is no form of 425 

compensation, and that when farmers realize disease is in their region, they tend to sell 426 

animals to make sure their farms are empty. In Kenya, the group consensus was that two 427 

to three out of every 10 infected animals are sold on average across all production 428 

systems.   429 

 430 

3.2.2 Duration of time (days) between sale and slaughter  431 

The duration in days between when a cow leaves the herd and slaughter was 432 

described qualitatively in Part A, estimated in Part B, and discussed in Part C. The group 433 

consensus in Uganda was that the distribution for the duration of the process was similar 434 

for all production systems and that sources of variation, primarily the distance between 435 

origin and destination, could vary within any of the systems. They specified that this 436 

range does not include scenarios in which the purchased animals are held by a trader or 437 

butcher for extended lengths of time prior to slaughter. The Kenyan cohort concluded that 438 

the duration is different between production systems: pastoral and agropastoral systems 439 

had longer maximum durations and a larger variation, with pastoral having the longest 440 

most likely value (eight days) due to the distances the animals typically travel to reach the 441 

final destination. Feedlot and ranching systems had much shorter described durations, 442 

maxing out at two and three days respectively, due to the shorter distance to travel and 443 

vertical integration in some systems.      444 

3.2.3 Commingling with animals from other herds: probability, number  445 

Situations in which commingling occurs were described qualitatively in Part A. In 446 

Part B, participants estimated the proportion of animals from each management system 447 

which do not commingle with animals from other herds before slaughter, and then, for 448 

those which are exposed to animals from other herds, the number of animals with which 449 

they are mixed.  In both countries, it was agreed that the probability of commingling 450 

would vary by management system, and the distribution for number of animals mixed 451 

with when commingling does occur was the same for all cattle regardless of origin. The 452 

Ugandan group discussed that the probability of avoiding commingling was highest for 453 

animals from ranching systems (most likely value of 40%), and lowest (0%) for animals 454 

from pastoral systems. Participants commented on the general trend that in systems 455 



 

 

where farms have fewer animals, there would be more mixing on the way to market. In 456 

Kenya, individual and group discussions highlighted a distinction in the probability of 457 

avoiding commingling between systems that trek cattle to market on foot (identified as 458 

pastoral, agropastoral) and those that transport animals on trucks directly to a 459 

slaughterhouse premise (feedlot, ranching). This was attributed to the length of the 460 

journey, opportunities to congregate with other animals at markets or stops, and the 461 

number of animals sold at once from a single herd (e.g., enough to fill a truck with animals 462 

from the same origin).  463 

3.2.4 Inspection: probability, number 464 

Participants described inspection points and procedures from farm to slaughter. The 465 

Uganda responses highlighted differences in the probability of inspection between 466 

systems based on the availability of veterinary services and the motivation of producers 467 

to maintain credibility and follow regulations. In the Part C discussion, participants 468 

reinforced that it was not uncommon for animals from any system, and especially the 469 

three systems other than ranching, to completely bypass inspection before slaughter. They 470 

pointed to the current (at the time) movement restrictions in place in one district because 471 

of an FMD outbreak and that cattle were, regardless, being moved and slaughtered 472 

through unofficial channels. The consensus after some discussion was that the probability 473 

that an animal is never inspected (number of inspections = 0) was influenced most heavily 474 

by the destination for slaughter: if at designated slaughter points, they will be inspected; 475 

those that miss inspection are those going to undesignated slaughter points (“local slabs”). 476 

Animals from ranching systems were more likely than those from other systems to go to 477 

a designated slaughter facility and therefore had a lower likelihood of receiving 0 478 

inspections.  479 

Five Kenyan participants indicated in Part A that they expected the probability of 480 

bypassing inspection completely (i.e., for whom the number of inspections is zero) to be 481 

higher among cattle from pastoral or agropastoral systems than those from feedlots and 482 

ranches. Individual estimates posited that 1% of animals originating from a feedlot were 483 

expected to bypass inspection completely, while up to 20% of agropastoral and 70% of 484 

pastoral cattle could potentially reach slaughter without being inspected. They reasoned 485 

that pastoral systems include vast areas that are poorly covered by all services including 486 

veterinary services, though others pointed out that inspection and permits are mandatory 487 

for all animals transported from one point to another. Others commented that buyers are 488 

motivated to perform their own inspections and check animals for indications of poor 489 

health that may cause losses; they want to “avoid being duped.” In the group discussion, 490 

the Kenyan cohort concluded that the probability of bypassing inspection differs by 491 

management system, with the lowest probabilities for animals from feedlot and ranching 492 

systems and a higher frequency and broader distribution of occurrence for animals from 493 

agropastoral and pastoral systems. The broad range for pastoral and agropastoral systems 494 

included acknowledgment that some of those inspections would be performed by 495 

community health workers or other non-veterinarians. The group emphasized that the 496 

percent would be very low for cattle sourced from feedlots, since the animals and systems 497 

are closely monitored.  498 

3.2.5 Inspection: effectiveness 499 

Participants described potential inspection points and estimated the sensitivity as 500 

well as non-reporting rate for each.  501 

Among Ugandan responses, there were 27 inspection points described in total (2 502 

pastoral, 10 agropastoral, 4 ranching, 11 semi-intensive). The inspection descriptions and 503 

distributions were similar for all production systems, so they were aggregated into a 504 

single distribution of effectiveness. Both the descriptions and the distribution indicated 505 

there were multiple “types” of inspection being lumped together. Based on the 506 

descriptions, inspections were categorized into two types:  507 

 508 

• Rigorous (type 1): qualified and experienced personnel conducting exams, thorough 509 

inspection, “clinical signs are very clear”; 510 



 

 

• Lesser (type 2): Any of the following: personnel less qualified (different 511 

incentives/stakes), less experienced, or less thorough (rushed, poor 512 

conditions/facilities, etc.), “clinical signs not always distinctive”.  513 

 514 

There were 15 inspection points classified as type 1. All 15 individual distributions 515 

had a most likely value of 0.70 or greater, and the median value for the combined 516 

distribution was 0.83. There were 12 inspections classified as type 2. Ten of the twelve had 517 

a most likely value of 60 or lower, and the median value for the combined distribution 518 

was 0.52.  519 

Kenyan responses described 21 inspection points (2 feedlot, 6 agropastoral, 13 520 

pastoral). Descriptions and reasoning for each inspection delineated two types based on 521 

the occasion for inspection and who was performing it.  522 

• Formal (type 1): any inspection performed by veterinary or animal health 523 

professionals before movement to the next stage (e.g., a movement permit before 524 

transportation or antemortem inspection before slaughter). Results from formal 525 

inspections were unlikely, but possible in some instances, to be ignored or falsified;  526 

• Informal (type 2): performed by a trader, owner, butcher, or other middleman before 527 

sale takes place. Results from these inspections were more likely to be compromised 528 

or ignored in the opinion of some VS members.  529 

There were 16 inspections classified as type 1. Fifty percent of type 1inspections had 530 

a most likely value of effectiveness greater than 0.90, and the median value for the 531 

combined distribution was 0.71. There were five type 2 inspections, four of which had a 532 

most likely value of 0.60 or lower. All inspections for feedlot cattle were described to be 533 

formal inspections; this was was attributed to ranching systems as well based on the 534 

descriptions in Part A.  535 

Discussion 536 

In this study, we partnered with veterinarians in Kenya and Uganda to characterize 537 

the pathways and events leading to FMD infection at the time of slaughter among distinct 538 

populations of cattle in Kenya and Uganda. We then estimated values for key variables 539 

along those pathways from farm to slaughter based on expert knowledge of veterinarians 540 

in each country. We found that risk processes differ between management systems, that 541 

disease and sale are not always independent events, and that events on the risk pathway 542 

are influenced by the actions and motivations of value chain actors including the decision 543 

of inspectors to report or to ignore an animal they suspect to be positive for FMD. The 544 

findings provide necessary information for evaluating the risk of infection among cattle 545 

at the time of slaughter in Kenya and Uganda and provide a framework for similar 546 

evaluation in other endemic settings. This knowledge can be used to guide exporter 547 

decisions for development of risk-based export markets. 548 

The results describe differences in the risk processes among animals from distinct 549 

production systems. In the Kenyan systems, a trend emerged with clear delineation 550 

between pastoral/agropastoral and ranching/feedlot systems for several variables 551 

including the time from farm to slaughter, the probability of commingling en route, and 552 

the probability of bypassing inspection. The clustering of production systems whose 553 

characteristics extend beyond the farm gate is supported by other studies of Kenyan value 554 

chains [46,47]. The delineation between types of systems for factors contributing to the 555 

risk of acquiring a new infection en route to slaughter (in particular the probability of 556 

commingling with cattle from other herds) may be a strong indicator of which systems 557 

have the capacity to most easily adapt to an approach that involves direct transport and 558 

completely eliminates opportunities for exposure to other animals.  559 

The events of FMD infection and sale for slaughter are not always independent for 560 

cattle in Kenya and Uganda, due to both causal and correlational factors described by 561 

veterinarians in each country. Temporal and spatial patterns in FMD incidence, animal 562 

movements, and meat supply and demand have been described elsewhere [46,48,49]. 563 

Three participants (two Kenya, one Uganda) described the beginning of the school year 564 



 

 

as another time when producers would be more likely to sell cattle because of the need to 565 

pay school fees. The seasonal patterns may cause correlations between disease incidence 566 

and likelihood of being sold such that the prevalence of FMD infection among animals 567 

sold is different than the disease prevalence in a herd or region when expressed as the 568 

annual average. Furthermore, responses indicated that the presence of FMD in a region, 569 

herd, or individual could impact the probability of sale through various mechanisms. 570 

Other sources have reported the practice of informal sales continuing in Uganda even 571 

when an FMD quarantine is in place [50,51] and that the implementation of formal control 572 

measures such as ring vaccination may not be implemented for weeks after the initial 573 

outbreak event [49,52].  574 

If disease and sale are not independent of one another, it may not be appropriate for 575 

a risk assessment to assume that animals sold are chosen at random from a herd and 576 

therefore the risk of infection for that animal is represented by the average risk of infection 577 

for any animal in the herd. This assumption is common in risk assessments performed in 578 

the field of animal health and is often appropriate for a particular question and context 579 

[53–55]. However, for risk assessments examining the movement or sale of animals in 580 

endemic environments [56–59], our findings suggest it would be judicious to characterize 581 

the relationship between sale and disease of cattle in the population of study and to 582 

interpret the results of the risk assessment accordingly. While there are many studies on 583 

livestock marketing [60–62] and many on FMD epidemiology [63,64], this gap highlights 584 

the opportunity for further research on the relationships and mechanisms connecting the 585 

two. Such insight would contribute to a fuller understanding and more accurate 586 

assessment of risk among animals originating from distinct production systems in FMD- 587 

endemic areas.  588 

The decisions of value chain actors influence the ultimate risk level in the product. 589 

The role of such decisions was highlighted and exemplified by the suggestion, made 590 

independently by multiple individuals in each country, to include a variable that accounts 591 

for the action taken by the inspector after diagnosing an animal as positive or suspect for 592 

FMD. Corruption is a barrier to health care access in many countries [65], has been 593 

described during regulatory inspection of pharmacies in Uganda [66], and may be 594 

incentivized among livestock producers by quarantine measures and disease control 595 

policies that restrict access to markets [67]. Actor motivations and incentives to make a 596 

decision in a given situation should be considered when building the structure of a model 597 

for risk assessment or economic analysis, especially where there may be feedback loops 598 

that could qualitatively change the conclusions of an analysis [10,68,69]. Utilizing risk 599 

analyses for identifying opportunities and designing effective policies requires 600 

understanding and acknowledging the role of motivation and incentives [70] including 601 

how they will change over time and the expected changes in actions taken [71,72].  602 

The approach used here, a partnership with local professionals in a hybrid between 603 

participatory and expert elicitation techniques, is a novel contribution to import risk 604 

assessments particularly in disease endemic and data scarce settings.  Participatory 605 

mapping and characterization of the risk pathways and value chains gathered valuable 606 

information about the processes and relationships at work, as described above. By 607 

utilizing local veterinary expertise to guide the model structure, this approach elicited 608 

information to help achieve the purpose of evaluating risk from the perspective of the 609 

importer but for the purposes of the exporter -- giving insight into causal relationships to 610 

help inform an appropriate model structure [36] and risk management strategies [73]. 611 

Earlier uses of participatory methods for risk assessment have faced the challenges of 612 

“coupling” the beliefs of participating stakeholders with technical contributors when they 613 

differ [25]. In this case, since we considered our participants to be subject matter experts, 614 

we deferred to their beliefs in the realm of information discussed and in fact the 615 

procedures were designed so that participants would update and improve the research 616 

team’s preliminary drafts and impressions of the systems obtained from generic or 617 

external sources. Robust and systematic procedures for training, eliciting, and reviewing 618 

participant knowledge helped to minimize bias and generate risk pathways and 619 



 

 

parameter estimates suitable for use in a formal model. At the same time, it is the hope 620 

and intention that the veterinarians and their communities also benefited from their 621 

involvement [37]. As professionals who are invested in improving animal health and 622 

livestock systems, their planning and decisions impact the outcome being discussed. It is 623 

reasonable to expect that the participatory exercise of mapping and interrogating the 624 

system, risk factors, and relationships from many professional viewpoints contributed to 625 

an updated understanding of their own role related to FMD and trade [74]. 626 

The primary limitations of this study are related to the use of expert knowledge as a 627 

surrogate for empirical data [75]. Rigorous methods must be utilized to obtain accurate 628 

and reproducible study results in the face of motivational, behavioral, and cognitive biases 629 

[76]. This study included many of the core tenets associated with rigorous protocols [26], 630 

including: multiple experts with diverse backgrounds, training of experts with the 631 

necessary vocabulary and concepts, following a structured elicitation protocol that 632 

privately recorded individual judgments before encouraging discussion among 633 

participants, and quantifying uncertainty around parameter estimates [30,77,78]. One 634 

limitation is potential bias of the perspective of expertise by including veterinarians as the 635 

only profession represented, though they did come from diverse regional and personal 636 

backgrounds.  637 

It may be perceived that the sample size here (number of participants) may be 638 

relatively small, compared to the population of field experts. The definition of sample size 639 

when consulting experts is subjective and, in many cases, a sample size of even one single 640 

expert has been used to parameterize distributions [79]; see also the discussion of sample 641 

size in [75]. Rather than numbers, we focused on giving our population the required 642 

training to help them understand what we wanted to estimate, and then relied on their 643 

expertise and consensus-building to arrive at the best representation of each value. That 644 

said, results should be interpreted in light of the relatively few responses in Part B for the 645 

feedlot and ranching systems in Kenya and pastoral systems in Uganda. It is desirable to 646 

have several experts contributing knowledge because each tends to be overconfident in 647 

their own judgment (i.e., they specify bounds for a parameter that are too narrow), and 648 

the aggregation of uncertainty across several experts, as well as interaction and discussion 649 

among them, increases the consistency of expert knowledge with reality [28,75]. Because 650 

fewer individuals contributed to the aggregate distribution, there may be less uncertainty 651 

expressed for the parameter values than would have been covered with a greater number 652 

of contributors with expertise in these systems. Even so, the values of the estimates 653 

reported by our participants are generally supported: they are plausible compared to 654 

known values, supported by the consensus of the group, and align with trends shown in 655 

other literature.  656 

Finally, the risk model structure and parameters were handled and influenced by the 657 

primary researcher and discussion facilitator, who is not from East Africa. This researcher 658 

built the preliminary model structure and questionnaires based on a literature review, 659 

reviewed and aggregated the individual results, facilitated the group discussion, and was 660 

involved in all decisions regarding data analysis and interpretation. The participants were 661 

invited to review and discuss the conclusions from each stage of the research process, 662 

including the report summarizing the process, final risk tree, and parameter distributions. 663 

It is possible that misinterpretation [75,80] could have occurred in both directions during 664 

communication between the researcher and the participants and is certain that the lens of 665 

the primary researcher has been incorporated into the final risk mapping outputs.  666 

Conclusion 667 

The results of this study fill the gap of identifying risk pathways and quantifying key 668 

variables for which published data are not available that are representative of the East 669 

African cattle management systems and value chains. This information could be 670 

combined with other available data to perform systematic risk assessment to estimate the 671 

baseline and relative risk for FMD transmission associated with beef products and to 672 

identify key variables for intervention including populations of focus, design of risk 673 



 

 

mitigation measures, and evaluation of what level of risk is reasonably achievable and at 674 

what cost. The novel approach builds on prior participatory and expert elicitation 675 

approaches to risk assessment to generate credible data appropriate for use in formal risk 676 

assessment models from local veterinary professionals. 677 
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Appendix A 706 

Table A1: Group consensus and final distribution for each variable for cattle production systems in Kenya.  707 

Variable 

description 
  System   Consensus†   Final distribution   

Distribution median 

(5%-95% range) 

Probability that 

cattle infected 

with FMD are 

sold for slaughter 

 Agropastor

al 
 

0.20 (0.1-0.3) 

 

~PERT () 

 

0.2 (0.14-0.26) 
 Pastoral    

 Ranching    

  Feedlot       

Days from 

sale/leaving the 

herd until 

slaughter 

 Agropastor

al 
 3 (0.5 – 30)  ~Gamma (1.8, 0.28)  5 (1-15) 

 Pastoral  8 (0.5 – 21)  ~Gamma (4.5, 0.5)  8 (3-17) 

 Ranching  1 (0.5 – 3)  ~Gamma (8.5, 6.8)  1.2 (0.6-2) 

  Feedlot   1 (0.5 – 2)   ~Gamma (15.1, 14.0)   1 (0.7-1.6) 

Probability that 

cattle sold do not 
 Agropastor

al 
 0.1  0.1  NA 



 

 

commingle with 

cattle from other 

herds 

 Pastoral  0.05  0.05  NA 

 Ranching  0.95  0.95  NA 

  Feedlot   0.95   0.95   NA 

Number of cattle 

mixed with when 

commingling 

does occur 

 Agropastor

al 
 

Individual 

estimates:  

median= 19;  

90% range = 3-75 

 

~Nbinom (1.2, 26.2) 

 

19 (1-75) 
 Pastoral    

 Ranching    

  Feedlot       

Probability that 

cattle bypass all 

inspection before 

slaughter 

 Agropastor

al 
 0.2 (0.1-0.3)  ~PERT ()  0.2 (0.14-0.26) 

 Pastoral  0.4 (0.2-0.6)  ~PERT ()  0.4 (0.28-0.52) 

 Ranching  0.02 (0.01-0.05)  ~PERT ()  0.02 (0.01-0.04) 

  Feedlot   0.01 (0.01-0.05)   ~PERT ()   0.02(0.01-0.03) 

Number of 

inspections when 

cattle are 

inspected at least 

once 

 Agropastor

al 
 

1 (1-3) 
 

({1,2,3}, {0.5, 0.33, 0.17}) 
 

1 (1-3) 
 Pastoral    

 Ranching  
2 (1-2) 

 
({1,2}, {0.25, 0.75}) 

 
1 (1-2) 

  Feedlot       

Effectiveness for 

type 1 inspection 

to detect and 

report/remove 

clinically infected 

cattle 

 Agropastor

al 
 

Individual 

estimates:  

median = 0.71 

range = 0.15-1.0 

 

~Beta (1.9, 0.8) 

 

0.75 (0.23-0.99) 
 Pastoral    

 Ranching    

  Feedlot       

Effectiveness for 

type 2 inspection 

to detect and 

report/remove 

clinically infected 

cattle 

 Agropastor

al 
 

Individual 

estimates: 

median = 0.56; 

range = 0.05-0.98; 

 

~Beta (1.6, 1.5) 

 

0.52 (0.12-0.91) 
 Pastoral    

 Ranching    

  Feedlot       

Relative 

frequency of each 

type of inspection 

 Agropastor

al 
 

Calculated from 

individual estimates 

 0.86, 0.14  NA 

 Pastoral   0.66, 0.34  NA 

 Ranching   1.0, 0  NA 

  Feedlot     1.0, 0   NA 
† Represents consensus from the group discussion unless otherwise indicated. 708 

 709 

Table A2: Group consensus and final distribution for each variable for cattle production systems in Uganda.  710 

 711 

Variable 

description 
  System   Consensus†   Final distribution   

Distribution median  

(5%-95% range) 

Probability that 

cattle infected 

with FMD are 

sold for slaughter 

 Agropastor

al 
 

0.3 (0.2-0.4) 

 

~PERT () 

 

0.3 (0.24-0.36) 
 Pastoral    

 Ranching    

  Semi-intensive     



 

 

Days from 

sale/leaving the 

herd until 

slaughter 

 Agropastor

al 
 

2 (0-7) 

 

~Lognormal (0.84, 0.49) 

 

2.3 (1-5) 
 Pastoral    

 Ranching    

  Semi-intensive     

Probability that 

cattle sold do not 

commingle with 

cattle from other 

herds 

 Agropastor

al 
 0.2 (0-0.5)  ~ PERT ()  0.21 (0.07-0.38) 

 Pastoral  0 (0-0)  ~ PERT ()  0 

 Ranching  0.4 (0.3-0.5)  ~ PERT ()  0.4 (0.34- 0.46) 

  Semi-intensive 0.25 (0-0.7)   ~ PERT ()   0.28 (0.08- 0.51) 

Number of cattle 

mixed with when 

commingling 

does occur 

 Agropastor

al 
 

15 (1-50) 

 

~Nbinom (5.0, 18.4) 

 

17 (6-35) 
 Pastoral    

 Ranching    

  Semi-intensive     

Probability that 

cattle bypass all 

inspection before 

slaughter 

 Agropastor

al 
 0.4 (0.35-0.45)  ~PERT ()  0.4 (0.37-0.43) 

 Pastoral  0.5 (0.4-0.6)  ~PERT ()  0.5 (0.44, 0.56) 

 Ranching  0.3 (0.25-0.35)  ~PERT ()  0.3 (0.27-0.33) 

  Semi-intensive 0.25 (0.1-0.4)   ~PERT ()   0.25 (0.16, 0.34) 

Number of 

inspections when 

cattle are 

inspected at least 

once 

 Agropastor

al 
 

1(1-3) 

 

({1,2,3}, {0.5, 0.33, 0.17}) 

 

1 (1-3) 
 Pastoral    

 Ranching    

  Semi-intensive     

Effectiveness for 

type 1 inspection 

to detect and 

report/remove 

clinically infected 

cattle 

 Agropastor

al 
 

Individual 

estimates:  

median = 0.83;  

range = 0.5-1.0  

 

~Beta (8.9, 1.7) 

 

0.86 (0.63-0.97) 
 Pastoral    

 Ranching    

  Semi-intensive     

Effectiveness for 

type 2 inspection 

to detect and 

report/remove 

clinically infected 

cattle 

 Agropastor

al 
 

Individual 

estimates:  

median = 0.52;  

range = 0.2-0.9; 

 

~Beta (6.6, 5.7) 

 

0.54 (0.31-0.76) 
 Pastoral    

 Ranching    

  Semi-intensive     

Relative 

frequency of each 

type of inspection 

 Agropastor

al 
 

Calculated from 

individual estimates 

 0.48, 0.52  NA 

 Pastoral   0.60, 0.40   NA 

 Ranching   0.54, 0.46  NA 

  Semi-intensive   0.53, 0.47   NA 
† Represents consensus from the group discussion unless otherwise indicated. 712 
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