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Summary 

Since 1998 the state of Rio Grande do Sul, Brazil, has been free of foot-and-mouth disease (FMD) with 

yearly mandatory vaccination, until the 2000 and 2001 reintroductions. This study gathers data from 

both outbreaks including official veterinary state service archives and field investigation reports to 

quantify epidemiological parameters such as epidemic duration, number of secondary infected farms 

and animals, and estimate the epidemic rate of growth. We apply a Bayesian latent variable approach 

to estimate the time-varying reproduction number and calculate new confirmed cases by infection date. 

Additionally, we utilized between-farm animal movements to reconstruct possible FMD transmission 
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and characteristics of spread over the current at-risk population, by incorporating bovine movement 

data from 2018 to 2020 as standard to benchmark infected network parameters. The results were 

consistent with the reports generated by the official investigation of the outbreaks and the models and 

results presented in this study may be useful for assessing the transmission dynamics and support control 

measures in the future. 

 Keywords: reproduction number, network analysis, foot-and-mouth disease, outbreak. 

1. Introduction 

Foot-and-mouth disease (FMD) affects a wide variety of cloven-hoofed domestic and wild animals, 

although pathogenesis has been studied mainly in cattle and pigs (Arzt, Baxt, et al., 2011; Grubman & 

Baxt, 2004; Kitching & Alexandersen, 2002). The phases of FMD are characterized by a pre-

symptomatic infectious period followed by sustained viremia accompanied by the onset of the 

symptoms, and a convalescence period with the resolution of clinical disease (Arzt, Baxt, et al., 2011; 

Arzt, Juleff, et al., 2011; Grubman & Baxt, 2004; Kitching & Alexandersen, 2002; Musser, 2004). 

Direct contact between infected and susceptible animals is the main transmission route because the 

FMD virus is often present in the body fluids of acutely infected animals and aerosol shedding. The 

indirect exposure to the excretions and secretions of acutely infected animals or uncooked meat products 

may be a source of infection to susceptible animals (Colenutt et al., 2020; Mielke & Garabed, 2020; 

Paton et al., 2018; Rueda et al., 2015). FMD control and eradication are challenging and expensive, 

mainly because of international trade bans and the direct and indirect costs of control and eradication 

activities (Junker et al., 2009; Kitching & Alexandersen, 2002; Pendell et al., 2007). The estimated 

annual FMD cost in countries with endemic areas ranges from US$ 6.5 to US$ 21 billion, and the 

economic losses by the occurrence of cases in free areas can exceed US$ 1.5 billion per year (Knight-

Jones & Rushton, 2013). In the United States, the reintroduction of FMD was estimated to cost 

approximately US$47 billion in gross domestic product loss and 677,000 jobs lost would be a 

consequence of a depopulation strategy with no use of vaccination (Miller et al., 2019). 
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In 2000, the reintroduction of FMD into part of South America caused extensive economic and 

social losses to the livestock production chain, in Argentina, Uruguay and the State of Rio Grande do 

Sul, Brazil (Lyra & Silva, 2004; MAPA, 2002). The areas in Brazil territory were recognized as “free 

with vaccination” by OIE just two years before. The rapid spread of FMD to a region considered free 

of FMD led to an increase in prevention, surveillance, and eradication strategies levels, and the virus 

was considered to have been eliminated (Lyra & Silva, 2004; Mayen, 2003). However, in 2001, a rapid 

and massive epidemic rapidly affected the Prata basin region (Correa Melo et al., 2002; Lyra & Silva, 

2004; Naranjo & Cosivi, 2013; Perez et al., 2004a). Since 2001 the number of outbreaks in South 

America has decreased significantly (Naranjo & Cosivi, 2013). This trend was interrupted by the FMD 

type O virus events in Colombia in 2017 and 2018 (FAO, 2018; Gomez et al., 2019). Since 2019 no 

new outbreaks have been reported in the region, despite Venezuela's absence of official international 

status for FMD (PANAFTOSA, 2020). In 2021, Rio Grande do Sul, among other Brazilian states, was 

recognized by OIE as free from FMD without vaccination (OIE, 2021). 

In order to achieve and maintain recognition of animal health status in a region, strategic 

policies must be based on knowledge about the characteristics of the disease agent as well as the disease 

dynamics in the livestock populations, making it possible to establish interventions (Gonçalves & de 

Moraes, 2017; Paton et al., 2018). Mathematical and simulation models may be applied to evaluate the 

effectiveness of policies to mitigate the impact of epidemics and guide the routine programs (Knight-

Jones et al., 2016; Pomeroy et al., 2017; Probert et al., 2018). There is an urgent demand to estimate 

transmission parameters directly of outbreaks, which may also include farm-level information, animal 

populations, husbandry characteristics, and movement patterns (van Andel et al., 2021). 

The reproduction number has been largely used to estimate the transmission potential of FMD 

during outbreaks (Arjkumpa et al., 2021; Colenutt et al., 2020; Estrada et al., 2008; Ferguson et al., 

2001; Keeling, 2005; Muroga et al., 2012; Perez et al., 2004a; Tadesse et al., 2019). The basic 

reproduction number (𝑅0), is often used to estimate the spreading capacity of an infectious agent newly 

introduced to a totally susceptible population, briefly, it represents the number of secondary infections 

caused by a single case in that population (Anderson & May, 1995; Delamater et al., 2019; Dietz, 1993). 

As epidemics continue to propagate, numerous factors can directly influence transmission dynamics, 
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such as the availability of susceptible animals, the effectiveness of control measures carried on by 

Animal Health Services, and spatial correlations between farms, demanding an estimate that accounts 

for the changes in the disease spread pattern (Haydon et al., 2003; Tildesley & Keeling, 2009). Thus, 

for ongoing epidemics, the appropriate methodology would be the estimation of the time-varying 

reproduction number (𝑅𝑡), which is defined as the average number of secondary cases per primary case 

at a given time t (Cori et al., 2013; Merl et al., 2009; Vegvari et al., 2021). To reduce distortions on the 

epidemic curve in outbreaks where the case counting is obtained by the date of notification the use of 

models that accounts for uncertainty, associated with delays between symptoms onset and the date of 

notification, would be an appropriate approach (Abbott et al., 2020; Gostic et al., 2020; Nakajo & 

Nishiura, 2022; Probert et al., 2018). 

Other useful models to estimate transmission dynamics and epidemiological parameters are 

based on the retrospective reconstruction of previous outbreak networks (Firestone et al., 2020; Hayama 

et al., 2019; Jombart et al., 2014). Such network modeling exercises emulate the characteristics of 

spread and allow the identification of potential super spreading events as well as epidemics sizes by 

describing interactions between individuals using animal movement data (Cabezas et al., 2021; 

Cardenas et al., 2021, 2022; Dubé et al., 2009; Fèvre et al., 2006; Machado et al., 2021; Ruget et al., 

2021; VanderWaal et al., 2016). 

The objective of this study is to describe and estimate transmission parameters from the 2000 

and 2001 FMD outbreaks in the State of Rio Grande do Sul. Here we gather outbreak data of outbreaks 

to quantify epidemiological parameters such as epidemic duration, number of secondary infected farms 

and animals and estimate the epidemic rate of growth. We apply a Bayesian latent variable approach 

using back-calculation to estimate the time-varying reproduction number and calculate new confirmed 

cases by infection date. Additionally, we utilized between-farm animal movements to reconstruct 

possible FMD transmission and characteristics of spread over the current at-risk population. Ultimately, 

this study provides a comprehensive understanding of historical events and supports strategic policies 

based on further transmission models that can be used to investigate future epidemics and the 

effectiveness of countermeasure actions. 
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2. Material and methods

2.1 FMD outbreak data 

In this study we utilized 2000 and 2001 FMD epidemic data available from the state of Rio Grande do 

Sul official veterinary services archives (SEAPDR-RS, 2021). The databases contained information on 

field investigation reports produced during and after outbreaks (MAPA, 2002), including herd sizes, 

species, geolocation, the chronology of control and eradication events (e.g notifications, movement 

restrictions, and vaccination), clinical investigation findings, which included ages of clinical lesions 

(EUFMD, 2020; Kitching & Alexandersen, 2002; MAPA, 2002), and the number of daily new infected 

herds along with the population in each farm. Additionally, we also used between-farm cattle movement 

records from 2018 to 2020, which included the number of animals transported and the date of each 

shipment, as a standard to benchmark the transmissions  between farms in the 2000 and 2001 outbreaks. 

The movement data was also provided by the official veterinary service under a data use agreement 

with the Rio Grande do Sul Secretary of Agriculture, Livestock Rural Development in Brazil 

(SEAPDR-RS, 2021). 

2.2 Estimating FMD effective reproduction number 

We implemented a Bayesian latent variable approach to calculate the time-varying reproduction number 

using daily infected animals based on the notification dates between August 1st to September 22nd, 2000, 

and from May 5th to July 18th, 2001. We reconstructed the outbreak time series to estimate the latent 

infections 𝐼𝑡 by fitting a back-calculation model. The infection estimates were then mapped to a mean

reported case count 𝐷𝑡 given an incubation period and reporting delay distributions convolved into 𝜉.

Observed reported cases 𝐶𝑡 were finally generated from a negative binomial model with mean 𝐷𝑡 and

overdispersion 𝜙 from an exponential prior with mean 1. Finally, the time-varying reproduction number 

𝑅𝑡 was estimated by the ratio of the number of new infections generated at time step t, to the sum of

infection incidence up to time t-1 weighted by an uncertain generation time function 𝑤𝑠 (Abbott et al.,

2020, 2021; Cori et al., 2013; Sherratt et al., 2021). 

𝐷𝑡 = ∑𝜏 𝜉𝜏  𝐼𝑡−𝜏 (1)
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𝐶𝑡  ∼ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙 (𝐷𝑡 , 𝛷 ) (2) 

𝑅𝑡 =
𝐼𝑡

∑ 𝑡
 𝑠=1

 𝐼𝑡−𝑠  𝑤𝑠
(3) 

The generation time with a mean of 6.1 and standard deviation of 4.6 was obtained from the literature 

(Haydon et al., 2003). For the incubation period, mean and standard deviation were drawn from a 

Poisson distribution with λ equal to 5.9 based on a published meta-analysis (Mardones et al., 2010). The 

delays between symptom onset and case reporting for each infected farm were extracted directly from 

the 2001 FMD outbreak investigation reports (SEAPDR-RS, 2021). Then, we fitted a log-normal 

distribution to a subsampled bootstrap of the delay data. The Bayesian latent variable model was 

implemented in R version 4.1.1 using the EpiNow2 package (Abbott et al., 2021; R Core Team, 2019). 

For every model run, four chains were used with a warmup of 500 samples each and 4,000 samples 

post-warmup. 

2.3 Static network analysis 

The contact network uses between-farm cattle movement data from January 2018 to December 2020, 

as described earlier. Data regarding the location and official registry of infected farms in 2000 and 2001 

outbreaks were assessed and validated in order to correspond with current movement data. We 

constructed contact networks in which farms were defined as nodes and movements between farms 

were considered as unweighted and directed edges (Wasserman & Faust, 1994). In order to reconstruct 

the infected networks, we extracted two subsets of the full contact network, in which the group of farms 

involved in the 2000 and the group of farms involved in the 2001 outbreak were assigned as infected 

independently. The infected network (g) was represented as a directed graph and comparisons were 

made using the following parameters: the number of nodes, edges, fragmentation, a total of animals 

moved, mean of the shortest paths length, and the estimates for network parameters graph density, giant 

strongly connected component (GSCC), and giant weakly connected component (GWCC) (Dubé et al., 

2009; Wasserman & Faust, 1994). We also use  the k-test, a permutation-based approach, to characterize 

the pattern of the infected nodes within the contact network and to indicate if the cattle movement would 
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explain transmission pathways between farms (VanderWaal et al., 2016). The observed distribution of 

the outbreak farms in the full static network was compared independently for each outbreak year, with 

the expectation under the null hypothesis of random distribution of cases (i.e. infected nodes) within 

the network. The k-statistic is the mean number of cases observed within one step of an infected node 

in the network. The null distribution was generated through 1000 Monte Carlo simulations in which the 

cases in the population were randomly redistributed in the network. Analyses were conducted in R 

version 4.1.1 using the igraph package (Csardi, G & Nepusz, T, 2006; R Core Team, 2019). 

3. Results

The reintroduction of FMD in the state of Rio Grande do Sul in 2000 and 2001 were considered 

independent events. The first official notification was made on August 1st, 2000, at the municipality of 

Jóia, 145 km from the border with Argentina (Figure 1). The outbreak spread into three other 

neighboring municipalities, Eugênio de Castro, Augusto Pestana, and São Miguel das Missões, in the 

northwest region of the state corresponding to a total area of 3,439 km2.  A total of 22 farms (Table 1) 

were infected and the outbreak was confirmed to be caused by the type O virus (MAPA, 2002). 
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Figure 1. The distribution of two FMD outbreaks in Rio Grande do Sul, Brazil. Municipalities 

involved in the outbreaks are represented by yellow (2000) and blue (2001) areas. Infected farms' 

locations are represented by red dots. 

Control measures were implemented according to the current contingency plans published by the 

Brazilian Ministry of Agriculture, Livestock, and Supply (MAPA, 1993). It included establishing 

containment zones, with a 25 km radius measured from each outbreak farm, in which animals and 

animal product movement was restricted, and clinical inspection of susceptible animals was carried out 

routinely. Within the three km infected zones, susceptible animals on the infected farms and their 

immediate contact farms were culled, followed by disinfection of farms. Before repopulating farms, a 

30-days quarantine was established with the introduction of unvaccinated naïve calves as sentinels, 

which were systematically submitted to clinical inspection and laboratory testing to discard possible 

persistence of the infectious viruses in the environment (MAPA, 2002). The 2000 outbreak occurred 

three months after the official withdrawal of FMD vaccination on May 1st (MAPA, 2000). The 

vaccination forbiddance was maintained in the state even after the outbreak started, as a strategy to keep 

the conditions required to obtain OIE free from FMD without vaccination zone status. The 

serosurveillance carried out as part of the activities to substantiate freedom from FMD involved 1,078 

farms and 12,795 samples. The end of the health emergency state was declared in February 2001 and 

the final cost for the 2000 outbreak was estimated at US$ 3,7 million (MAPA, 2002). 

Nevertheless, amid numerous FMD outbreaks being reported by Argentina and Uruguay animal 

health authorities (Correa Melo et al., 2002; Perez et al., 2004a, 2004b), on May 5th, 2001, a new 

introduction was identified in the municipality of Santana do Livramento, 5 km from the Uruguay 

border. Laboratory diagnosis confirmed a type A virus revealing the absence of epidemiological 

connection with the 2000 events (MAPA, 2002). The epidemic infected 30 farms in six municipalities, 

comprising a 27,053 km2 area, that can be divided into three distinct geographic areas: Santana do 

Livramento and three contiguous municipalities, Alegrete, Quaraí, and Dom Pedrito, and the 

municipality of Jari and Rio Grande, which are 225 km and 412 km distant from the index case, 

respectively.  More information about the infected farms is described in Table 1. As an estimate of the 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 24, 2022. ; https://doi.org/10.1101/2022.05.22.492961doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?bLQ2FX
https://www.zotero.org/google-docs/?HojqqJ
https://www.zotero.org/google-docs/?Cw8Tad
https://www.zotero.org/google-docs/?UVcD9c
https://www.zotero.org/google-docs/?E9zMpb
https://www.zotero.org/google-docs/?wwN40I
https://doi.org/10.1101/2022.05.22.492961
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

delay between symptoms onset and official disease notification, as described earlier, the age of the 

oldest clinical lesion in days described for each outbreak was on average 5.03 with a standard deviation 

of 3.59 days. When we segregate only the outbreaks within the municipality of Rio Grande, where 18 

farms were infected, the mean delay estimate rises to 6.94 (sd = 3.25), while for the remaining 

municipalities combined it drops to 2.17 (sd = 1.70)(MAPA, 2002). 

In addition to the control measures outlined in the contingency plan implemented in the 2000 

outbreak, for the 2001 outbreak, the authorities determined an immediate vaccination in cattle and 

buffaloes followed by revaccination after 30 to 40 days (MAPA, 2001). Serosurveillance was likewise 

conducted as part of the control measures but also to recover the status of free from FMD and resulted 

in almost 130,000 samples collected in 1,867 farms. The overall cost of the 2001 outbreak, including 

indemnities, was estimated at US$ 7,7 million, and the restrictions imposed to control the disease spread 

were only withdrawn in April 2002 (MAPA, 2002). 

 

Table 1. Years 2000 and 2001 outbreak descriptions are based on official veterinary state service 

archives, databases, and reports produced during and after the epidemic events (MAPA, 2002). 

 Foot‐and‐mouth disease outbreaks    

 2000 2001   

Total number of infected farms 22 30   

Herd size       

Median 55.5 187   

Minimum 8 15   

Maximum 781 3,528   

Bovine       
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Exposed 2,545 11,562 

Diseased 90 652 

Culled 8,185 11,707 

Small ruminants 

Exposed 317 5,039 

Diseased 0 0 

Culled 776 5,039 

Swine 

Exposed 266 5 

Diseased 20 0 

Culled 2,106 5 

3.1 Estimated effective reproduction number 

The median 𝑅𝑡  estimated by the Bayesian model for the 2000 outbreak was 1.00 (90% CI 0.93, 1.10),

while the rate of growth was negative 0.00051 (90% CI -0.012, 0.013). The model also estimated the 

median number of new daily cases for each infection date, the median was 0 with the 90% credible 

interval varying from 0 to 1 (Figure 2 A). For the 2001 outbreak, the median 𝑅𝑡  was 1.60 (90% CI

1.50, 1.70), the median rate of growth was positive at 0.088 (90% CI 0.076, 0.100) and the median 

number of new daily cases was 3 (90% CI 3,4), Figure 2 B. Those parameters and their variations were 

also estimated throughout both outbreaks' timelines (Figure 2). 
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Figure 2: Rt estimates for the outbreaks in 2000 (A) and 2001 (B). For each estimate, the lightest 

blue ribbon illustrates 90% credible interval; the darker blue ribbon, 50% credible interval; and the 

darkest blue ribbon, 20% credible interval. Top panel: bars represent confirmed cases by date of 

notification and the ribbons illustrate estimated cases by date of infection. Bottom panel: time-varying 

estimate for the Rt. 

3.2 Static network analysis 

We used the 2018 to 2020 movement network to reconstruct possible FMD epidemics involving the 

2000 and 2001 infected farms. Results demonstrated that the total number of between-farm cattle 

movements was 692 batches adding up to a total of 5,246 animals, while in the 2001 infected network 

model there were 639 batches and 21,045 animals. The results of the cattle movement network analysis 

showed differences between the characteristics of the 2000 and 2001 infected network models (Table 

2). The 2000 infected network had the largest number of nodes and edges, as well as the highest GWCC 

and centralization estimates. The GSCC was slightly higher in the 2001 network, which could suggest 
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some directionality in the transmission. Furthermore, mean degree, diameter, and mean betweenness 

had similar estimations in both networks (Table 2). 

The permutation-based approach showed that the distribution patterns of outbreak farms within 

both movement networks were not significant. This result suggests that assuming the same infected 

farms for the 2000 and 2001 outbreaks modeled independently in the 2018 to 2020 network, the cattle 

movement alone would not explain transmission pathways between farms. 

Table 2 Cattle movement network model outcomes for the 2000 and 2001 outbreaks farms, based 

on between-farm cattle movement records from 2018 to 2020 (SEAPDR-RS, 2021). 

  
Foot‐and‐mouth disease outbreaks 

  2000 2001 

Mean degree 1.99 2.07 

Nodes 497 347 

Edges 496 359 

Diameter 3 4 

GSCC 5 (1.01%) 15 (4.32%) 

GWCC 463 (93.16%) 173 (49.86%) 

Mean betweenness 21.95 21.19 
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Centralization 0.46 0.27 

 

4. Discussion 

The reassessment of the 2000 and 2001 FMD reintroductions in the state of Rio Grande do Sul allowed 

the description of the characteristics of the outbreaks with important lessons learned from two  distinct 

epidemiological events. More importantly, the data collected was used to estimate FMD spread 

parameters, clearly demonstrating two different epidemics, with 2000 being more limited (median 𝑅𝑡 

around 1) when compared to 2001 (median 𝑅𝑡 above 1). We also used the 2018 to 2020 cattle 

movement network as a standard to benchmark transmission dynamics of infected farms independently 

for the 2000 and 2001 outbreaks. We found similarities in the characteristics of the simulated 

transmission pattern between farms and the reported results of the official outbreak investigation. 

Investigation reports indicated that the illegal import of cattle infected with a type O FMD 

virus from the northern region of Argentina to a farm in the municipality of Jóia, 145 km distant from 

the border, was the origin of the 2000 outbreak (MAPA, 2002). Later studies demonstrated a close 

genetic relationship between the Argentina virus strain and the ones isolated in Uruguay and Brazil 

during the same year, suggesting that the transborder movement played an important role in the virus 

dissemination (Malirat et al., 2007; Mattion et al., 2004). The type A virus isolated in the 2001 outbreak 

was also genetically matched at that time with the strains isolated in Uruguay and Argentina (MAPA, 

2002). These findings were corroborated by other genetics studies carried out after the events (König 

et al., 2007; Mattion et al., 2004). 

The 2000 outbreak was limited to 22 infected farms in four municipalities which could be 

attributed to a concentration of low animal density farms, an intense movement of milk tank trucks, 

and unofficial animal movements between those farms (MAPA, 2002). The low-density area combined 

with the epidemics countermeasures adopted, and the herd residual immunity due to recent vaccination 

withdrawal three months before the first case was identified (MAPA, 2000), might explain both the 
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low 𝑅𝑡 and rate of growth throughout the epidemic. This limited spread is similar to outbreaks in 

historically endemic regions like Thailand, where a study found a subdistrict reproduction number 

(𝑅𝑠𝑑)  ranging from 1.04 and 1.07 (Arjkumpa et al., 2021). However, a year had passed since the last 

vaccination when FMD was reintroduced in 2001, thus animal population immunity was probably 

lower than in 2000. According to the official outbreak investigation reports, the more intense between-

farm movement within municipalities and delayed notification of  identified cases by owners, 

especially in the farms located in the municipality of Rio Grande, were the main factors that contributed 

to the spread of the disease (MAPA, 2002).  We demonstrated that 𝑅𝑡 in the 2001 outbreak was 60% 

greater than the 2000 outbreak and substantially above one, indicating a sustained increase in disease 

transmission (Anderson & May, 1995). Other studies estimated the trend on the FMD epidemic curve 

using the herd reproduction ratio (𝑅ℎ) and showed significantly higher results. In 2001, the outbreak in 

Argentina had a mean 𝑅ℎ of 2.4 (Perez et al., 2004a) and in The Netherlands, the mean estimate for 

the period before the first disease notification was 𝑅ℎ= 2.6, and after the countermeasures actions were 

implemented it dropped to 𝑅ℎ= 0.71  (Bouma et al., 2003). In the 2004 Peru outbreak, 𝑅ℎwas 5.3 at 

the beginning of the epidemic and declined to 1.3 at the end of the outbreak (Estrada et al., 2008). 

Studies in endemic regions, such as Ethiopia, using the basic reproduction number estimated the 

average 𝑅0 of 1.68 in the smallholder production systems and 1.98 in commercial dairy farms (Tadesse 

et al., 2019). In addition, we observed a sharp decrease two weeks after the beginning of the 2001 

outbreak (Figure 2) which could be explained by the mass vaccination implemented four days after the 

first case was identified and reported (MAPA, 2001) combined with other countermeasures described 

earlier in this study. The effect of vaccination on the decline of the FMD epidemic curve is also 

demonstrated in other field investigations (Estrada et al., 2008; Perez et al., 2004a) and experimental 

studies (Orsel et al., 2005).  

The main hypothesis about the dissemination of the 2000 outbreak from Jóia to other 

municipalities was attributed to unofficial cattle movement and between-farm indirect contact through 

artificial insemination technical assistance (MAPA, 2002). Investigations also assessed retrospectively 

the registries of susceptible animal movements for the past 90 days before the start of the outbreak and 
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followed investigations in contact properties. It concluded that the formal animal movement was not 

accountable for the spread of the disease and reinforced the assumption that the outbreaks remained 

limited to the control zone. In the 2001 outbreaks, no direct epidemiological relationships between the 

six municipalities with infected farms were identified in the field investigation, which included animal 

movement traceback. The main hypothesis for the 2001 outbreak was that all six outbreaks were 

independent, and originated directly from Uruguay. In the outbreak in the municipality of Jarí, the 

furthest from the border among the affected municipalities, direct relationships were found between 

the affected farm owner and animals raised in Uruguay, with demonstrated direct movement of cattle 

from Uruguay (MAPA, 2002).  Assuming the same infected farms, independently for the 2000 and 

2001 outbreaks, using the 2018 to 2020 movement network as standard, the results of the permutation-

based approach (k-statistic) reiterate the epidemic hypotheses that the cattle movement did not explain 

transmission pathways between farms. Also, once comprehended the time gap between the outbreak 

events and the data used in this study, the analysis of the infected network can capture complex 

population-level structure and connectivity, in order to estimate the extent of disease spread in some 

simulated scenarios. The results demonstrate mainly similarities between infected networks, except for 

the 2000 network which has higher values for nodes and edges counts, as well as for GWCC and 

centralization estimates. Thus, considering the assumptions outlined above, the present network 

analysis suggests that, had the reintroduction happened in a population with a movement pattern like 

the one modeled in this study for the 2000 infected network, a greater number of farms would be 

involved in the movement network but with low connectivity between them. We also would expect 

farms that acted as hubs, which receive animals from many other farms, hence requiring higher 

attention when planning the countermeasures of an outbreak (Chaters et al., 2019; Dubé et al., 2009; 

Wasserman & Faust, 1994). 

 

5. Limitation and further remarks 

The information associated with the FMD reintroductions in the State of Rio Grande do Sul was limited 

to farm-level demographics information at that time, however, because of limited technical information 

about the virus genetics was not captured. Another important limitation was the lack of electronic data 
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on the between-farm movements, which limited our ability to reconstruct those dissemination events 

with real movement data. 

The lack of information, associated with the small 2000 FMD epidemic, narrowed the 

availability of models to estimate transmission parameters, requiring a pragmatic choice of methods.  

In the analysis of the 𝑅𝑡 results, direct comparisons between different outbreaks' reproduction numbers 

have major restrictions due to several causes, such as divergences in statistical methods, inherent 

models limitations, including the ones used in this paper (Abbott et al., 2020), differences in models 

assumptions, and how it deals with uncertainties derived from the infection dynamics and data biases 

(Delamater et al., 2019; van Andel et al., 2021; Vegvari et al., 2021). Furthermore, the variation of 

virulence and infectivity between different FMD virus strains, and heterogeneity of the host animal 

species may also affect the transmission dynamics (Bravo De Rueda et al., 2015; Kitching et al., 2006). 

In addition to the previously exposed limitation arriving from the gap between the outbreaks 

events and the data used in the analysis of the movement network, the use of static networks by itself 

should be employed with caution due to limitations associated with animal movement aggregation and 

network stability (Lentz et al., 2016; Machado et al., 2021). Also, the present network analysis did not 

account for other host species movements, nor did it incorporate spatial information, which is highly 

related to FMD transmission, thus suggesting the demands for future work. 

Once addressed the limitations outlined throughout this paper, the models used in this study 

may be useful choices for assessing the transmission dynamics and support control measures in the 

future. 

 

6. Conclusion 

We revised historical FMD outbreaks in the state of Rio Grande do Sul, Brazil, in 2000 and 2001. For 

2000 outbreaks the median 𝑅𝑡 was estimated around 1, which showed consistency with the limited 

epidemic described in the investigation reports, while for the 2001 outbreak, the median 𝑅𝑡 was 

significantly above 1, therefore corroborating with the wider spread of the disease observed. The results 

could be practically interpreted by the differences in the serotypes of the virus involved, the density of 
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the animal population, delayed notification of identified cases, and the unequal levels of immunity 

considering the longest interval since the last vaccination.  

Additionally, we modeled the contact networks using the 2018 to 2020 cattle movement 

network as standard and assuming the same infected farms independently for the 2000 and 2001 

outbreaks. We found similarities in the characteristics of the simulated transmission pattern between 

farms and the reported results of the official outbreak investigation. The models and results presented 

in this study may be useful for assessing the transmission dynamics and support control measures in 

the future. 
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