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ABSTRACT 

 

Rift Valley fever (RVF) is a mosquito-borne disease of medical and agricultural 

importance, affecting humans and ungulates in a disease spectrum stretching from mild, 

self limited illness to serious disease, abortion and death. At present, RVF is 

geographically restricted to Sub-Saharan Africa, Egypt and the Arabian Peninsula, 

however, the risk of accidental or deliberate introduction of RVF to the United States of 

America (USA) is real. Florida has both the mosquito vectors (Aedes and Culex 

mosquitoes) and hosts (cattle) to support and potentially propagate an RVF outbreak. In 

addition, Florida has two of the USA’s busiest airports and seaports, making it a possible 

ingress for a successful introduction of RVF.  Therefore, we undertook an investigation 

to establish what factors exist in the USA and Florida that would affect an introduction. 

We accomplished this by creating a Haddon matrix, segmenting an RVF outbreak into 

discrete chronological and entitative units, and analyzing each cell for risk factors. We 

adapted a closed-system, deterministic, metapopulation SEIR model to force it by the 

dynamic effects of two of the physical factors identified in the Haddon matrix; 

temperature and precipitation. To model an RVF outbreak in Florida, we created a one-

by-four spatial model where each patch was the non-spatial model with a migratory 

element between adjacent patches and the four patches resembled four arbitrary 

quadrants of Florida in temperature and precipitation. We identified the contact rates 
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between Aedes and cattle and life expectancies as important risk factors in determining 

the epidemic intensity. To investigate countermeasure effects on epidemic intensity, we 

ran simulations modeling adulticiding of adult mosquitoes, and culling, vaccination and 

restricting of movement of cattle. We discovered that only vaccination, even when 

population coverage is partial with a moderately efficacious vaccine, was effective at 

reducing transmission and mitigating disease effects on the total cattle population. 

However, the length of time between reaching the disease prevalence threshold for 

vaccination and introducing vaccination positively correlated with the epidemic intensity. 

In order to maximize the mitigation effects of vaccination, it must be introduced as soon 

as possible after events trigger its requirement. 
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 RIFT VALLEY FEVER OVERVIEW 

 

History 

Rift Valley Fever virus (RVFV), a phlebovirus of the Bunyaviridae family
27

, was 

first isolated from the blood of a neonatal lamb in Kenya in 1931
13

 It is a foreign animal 

and zoonotic disease (FAZD), specifically, an arthropod-borne virus (arbovirus) infecting 

ungulates, including, but not limited to, cattle, sheep, goats and camels
2
. RVFV has 

mixed mortality and morbidity depending on the species, but estimate ranges include 

100% abortion rate in gravid ungulates, up to 90% mortality rate for neonate ungulates 

and an adult (roughly three to four years old) death rate ranging from 5% to 30% 

depending on the species
7
. RVFV is mostly spread by mosquitoes, in particular Aedes 

and Culex species
6, 12, 23 

, but hematophagous flies, and the consumption of infected 

animal products have been implicated as well
10

. RVFV has a reported mortality rate of 

1% in humans, with most infected typically suffering a self-limited febrile disease. 

Complications can include hemorrhage of the retina, encephalitis, and liver disease. In a 

small number of cases, a generalized hemorrhagic condition with disseminated 

intravascular coagulation can develop
27

. This has a rate of mortality of approximately 50 

percent
64

.
 
Animal farmers, abattoir workers, veterinarians, and those handling tissues of 

infected animals (e.g., abortus) in areas where the disease is active are at particular risk 

for contracting RVF
64

. Exposure in non-epidemic conditions may be significant also.  
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 Epidemiology 

RVFV was only found in African countries until 2000
30

, when outbreaks occurred 

in the Saudi Arabian peninsula, in both Saudi Arabia and Yemen
2, 5

 Countries have been 

described as having three distinct disease profiles regarding RVFV: RVFV-free, recurrent 

epidemics (outbreaks every 10 to 20 years) or endemic (outbreaks every 3 to 5 years)
 19

.  

Endemic outbreaks tend to occur post-heavy rainfall, thought to be due to the increase in 

vector population
3, 6

 In 2011, a French tourist, returning from Zimbabwe, tested positive 

for RVFV using an IgM-mediated ELISA, however, a subsequent IgG-mediated ELISA 

tested negative. Nevertheless, RVFV is not circulating in the environment or natural 

populations in France.  

 

Treatment and Prevention 

In humans, treatment is supportive. Ribavirin has been used, as have other anti-

virals
29, 31

. Previously, the National Disaster Medical System Disaster Medical Assistance 

Team recommended ribavirin treatment for RVFV: 30mg/kg every six hours for four 

days or 7.5 mg/kg every eight hours for six days
43

. However due to ribavirin being 

restricted by the blood-brain barrier and the side effects of ribavirin treatment (some 

examples include, in decreasing frequency, anemia, thyroid dysfunction, tumor 

development
39

 etc) ribavirin is no longer suggested for confirmed cases of RVFV
22

. The 

short clinical course and lack of quick diagnostics means that ribavirin may be 

administered in a clinical setting anyway due to the co-circulating of RVFV with other 

viruses that have similar clinical symptoms
22

. Results from animal studies suggest that in 

the early stages of infection, interferon-alpha may have treatment efficacy in humans
8
. 
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Combination treatment of interferon-alpha with ribavirin may enhance protection in 

animals
8,48

. To see if similar protection is accorded humans however, more studies are 

needed. 

 For livestock there is no treatment available. Currently there are no licensed 

vaccines for use in the United States for either humans or livestock, but globally, there 

are several vaccines in use for livestock. Preventive vaccination of livestock is thought to 

the most effective means of RVFV control, indeed the inactivated vaccine has been used 

successfully to prevent RVFV introduction to Israel in 1978 and reintroduction to Egypt 

via the Sudan in 2007
10

. A live attenuated vaccine called Smithburn is used in South 

Africa to prevent RVFV outbreaks
51, 65

, however it is contraindicated for pregnant 

animals. They must use the inactivated vaccine to prevent abortion
57

. The inactivated 

vaccine is poorly immunogenic and expensive, therefore there are continuing efforts to 

develop new vaccines, both live virus (based on the MP-12 and Clone-13 strains) and 

molecular-derived RVFV antigen vaccines (Gn, and Gc proteins are current targets
52

) are 

currently in development.   

Other options for control include vector larvicide and adulticide, host culling and 

animal movement restriction. Vector larvicides target the larval stages of mosquitoes, i.e. 

before any stage before the pupae hatch into adult mosquitoes capable of flight. 

Suffocating agents and biological agents capable of disrupting larval morphology are 

sprayed on breeding sites. Adulticides are toxic pesticides that disrupt normal function of 

adult mosquitoes and are sprayed either on the ground or in the air. However, wide area 

spraying of insecticides is problematic due to logistic requirements (e.g., the need for 

aircraft), cost, large areas involved, difficulty in successfully reaching all breeding sites 
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for all species involved, and environmental concerns. Published studies of the impact on 

RVF of ultra-low volume insecticide spraying near localized mosquito breeding and 

resting habitats are unavailable. Regulations like the Clean Water Act limit the 

application of pesticides near waterways that may harbor vectors of FAZDs due to 

concern of the contamination of water sources with chemical or biological pollutants
47

. 

This in tandem with the fact larvicides (hormonal inhibitors and/or toxins) applied to 

mosquito breeding habits may prove problematic under flooding conditions
34

, means 

control strategies are further complicated.  

Early warning of high-risk periods for disease emergence in endemic areas, based 

on climate forecasts, is becoming possible through the use of measures derived from 

remotely sensed data, including normalized differential vegetative index (NDVI) and sea 

surface temperature (SST)
16,33

.  Such information could possibly cue vaccination and 

vector control campaigns if they prove to be accurate and timely at forecasting outbreaks. 

Controlling intra-region movement of animals (e.g., moving animals away from areas of 

high mosquito density) appears to be of limited efficacy in endemic areas
51

, however, 

halting the movement and trade of animals from areas where RVF virus transmission is 

occurring or at high risk for occurring, may prevent the entry of virus into new areas
1
. 

Finally, host culling is where infected and infectious animals are slaughtered pre-disease 

induced death (or recovery) so as to attempt to reduce the number of disease 

transmissions.  
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 Vector Biology 

The two main types of vectors implicated in RVFV spread are Aedes and Culex 

mosquitoes. Both mosquitoes follow a very typical, holometabolous life cycle as seen in 

figure 1. 

Female adult Aedes mosquitoes, after a necessary blood meal, will lay eggs 

individually on moist substrates that are prone to later flooding (for example reed zones 

on river beds). The eggs dry, and then are rewetted during flooding. The eggs hatch into 

larvae; the larvae develop through a series of growth and molts (named instars) until, 

after the fourth instar they become pupae; the pupae metamorphose into adults and 

emerge from the pupal case at the water surface
25

.  

Female adult Culex mosquitoes lay multiple eggs in a raft, 100 or more per batch, 

on the surface of stagnant water. Culex mosquitoes are facultatively anautogenous, 

meaning Culex adult female can become impregnanted and lay their first brood without 

first needing to seek a bloodmeal
61

.  
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Figure 1: Mosquito lifecycle. Eggs hatch into larvae that develop into pupae. The pupae 

hatch into adult mosquitoes capable of flight. The females lay eggs, and the cycle 

continues. 

 

The mosquitoes can become infected three ways: Aedes mosquitoes can become 

infected transovarially, meaning infected females lay infected eggs
11

 Aedes and Culex 

larvae can become infected through exposure to virally-contaminated water
57

; and adult 

Aedes and Culex female mosquitoes can become infected through taking up an infectious 

bloodmeal
58

.  
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Figure 2: Rift Valley fever virus lifecycle. The black lines show the transmission of 

RVFV through mosquitoes and ungulate populations. Infected Aedes eggs hatch (figure 

center) and become infectious adults (bottom of figure). These adults infect an ungulate 

(e.g. a sheep), who develops high enough viremia to infect a Culex or Aedes mosquito 

taking a blood meal (figure top). The infected adult mosquito bites and infects an 

Adult female mosquito 

Ungulate 

Adult female mosquito 

Ungulate 
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ungulate (e.g. a cow) who develops high enough viremia to infect a Culex or Aedes 

mosquito taking a blood meal (figure bottom), and the cycle repeats. 

   

Figure 2 shows a simplified view of the RVFV lifecycle. The black lines show 

viral movement through the species. Mosquitoes become infected through an infectious 

blood meal. Vector competence is dependent upon the virus crossing the midgut and 

infecting the hemocoel, which must precede a disseminated viral infection
 53,54,56,57

. 

Dissemination is necessary for the mosquitoes to be able to transmit RVFV, as it 

indicates infection of the salivary glands. The permeability of the midgut to infection is 

dependent on the temperature at which the mosquito developed
 25,53

: higher temperatures 

lead to more disordered midgut formation
 35,42 

meaning the midgut is more permeable to 

the virus crossing into the hemocoel.  

 

Political Significance 

RVFV is designated a List A pathogen by the Organisation International des 

Epizooties (OIE)
 45

, a Class A pathogen by the National Institute of Allergy and 

Infectious Diseases (NIAID)
4
 and a select agent according to the United States 

Department of Agriculture (USDA) and United States Department of Health and Human 

Services (HHS) due to the high risk it poses to national security and public health 

because it can be transmitted easily and results in high mortality rates. As the mortality 

rate of adult livestock can reach as high as 30%, the economic impact of an RVFV 

outbreak cannot be understated.  
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RVFV was researched to be weaponized during the US offensive bioweapons 

program 
4, 60

, and it is suspected other nations weaponized the virus and have current 

stockpiles 
32

. In addition to the possibility of deliberate spread of RVFV, there is the very 

real possibility for accidental spread from any endemic country 
1,36

. Of the endemic 

countries, Somalia, the Sudan (and South Sudan), Mauritania, Mali, Egypt and Yemen, 

are all politically unstable, leading to inadequate or non-existent disease surveillance and 

prevention programs. The Hajj in Saudi Arabia, due to the large scale ceremonial 

slaughter of livestock imported from the Horn of Africa during Eid Al-Adha
36

, poses a 

unique risk to RVFV spread as the global export of meat from the slaughtering could 

prove a source of infection. In addition, the huge influx of pilgrims has the potential to 

become infected and take the infection back to their countries of origin.  

As stated previously, RVFV outbreaks tend to follow heavy rainfalls
6
, such as 

those occurring during El Nino-Southern Oscillation (ENSO) cycles, and those associated 

with anomalous sea surface temperatures in the Indian and Pacific Ocean. Figure 3, a 

weather map of the USA, highlights the areas of the USA that have increased 

precipitation during El Nino years.  
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Figure 3:  Precipitation anomaly map of North America. A composite map of North 

America comparing the rainfall per day during the days of the months listed of the El 

Niño years listed to daily normal precipitation rainfall per day during the days of the 

months listed as averaged across the years 1966 to 1995. The average daily 

increase/decrease mm/day is shown through the medium of color. Areas in blue through 

indigo experienced the greatest average increase in precipitation. The South-East, in 

particular Florida and Mississippi, experience the greatest increase in daily rainfall during 

El Niño years 

 

 

Precipitation Rate (mm/day) Composite Anomaly 
May-Sep 1965, 1972, 1982, 1987, 1991, 1993, 1994, 1997, 2002 (1966-

1995 climatology data) 
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Florida, in particular peninsular Florida, tends to experience increased 

precipitation during El Nino years. Florida also has a large RVFV-competent vector 

population
55

, due to having a subtropical/tropical climate with a geological base that 

promotes state-wide mosquito growth: year-round temperatures that do not fall below the 

minimum required for mosquito survival, very little altitude change between sea-level 

and the highest point, and varied soil drainage and a high water-table leading to pooling 

of stagnant water post-precipitation. In addition to being a top-ten cattle producer in the 

US
9
, Florida also has international ports and airports, capable of importing either an 

infected host or infected vectors through either legal or illegal importing.  Due to the 

constellation of the aforementioned factors, there is a risk of RVFV introduction to 

Florida but due to a lack of epidemiological data, specifically the size and location of the 

at-risk population, a full list of RVFV-competent mosquitoes and their location, full 

characterization of the parameters controlling the infection transmission cycle (e.g. the 

measure of the adequate contact rate between an infected mosquito and uninfected host to 

result in infection transmission) etc, it is unclear how large that risk is, or what the 

consequences would be. 
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MATHEMATICAL MODELING OVERVIEW 

 

Model types 

Mathematical modeling is the use of mathematical language to describe real 

world phenomena within systems. There are several types of mathematical model, for 

example: steady-state models, those that calculate systems at equilibrium; dynamic 

models, those that analyze how a system changes over time; deterministic models, those 

that have a set variability within the model parameters and thus output is determined by 

the initial conditions; stochastic models, those where model parameters have an element 

of randomness due to parameters being determined by probability distributions; inductive 

models, those that derive from empirical findings; deductive models, those that derive 

from a priori reasoning; single compartment models, those that model a system in its 

entirety; and multiple compartmental models, those that model a system by modeling the 

individual subpopulations’ elements
38

. Obviously some of these descriptors are not 

mutually exclusive, and it is possible to find or create models that are combinations of the 

above.  

 

SIR models  

For disease modeling, the typical model discussed is known as the “SIR model”-a 

dynamic multi-compartmental model first developed by O Kermack and AG McKendrick 

28
after working with Ronald Ross, the Nobel Prize in Physiology or Medicine winner. 

Ronald Ross developed a theory of mathematics that modeled disease transmission, using 

a series of simultaneous differential equations
50

. O Kermack and AG McKendrick further 
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developed the concept, creating a multi-compartmental model styled the SIR model, 

where S stood for susceptible, I stood for infected, and R stood for recovered (meaning 

immune). Compartment inhabitants flow from one logical compartment to the next based 

on disease dynamics, i.e. after infection, susceptibles move into the infected compartment 

and after developing immunity, infecteds move into the recovered compartment. One of 

the most basic SIR model is shown in figure 4 and equations 1 through 3 below, 

 

 

 

 

Figure 4: SIR model 

 

  

  
         

Equation 1 

 

  

  
          

Equation 2 

 

  

  
    

Equation 3 

 

S I R β ν 
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where SIR stands for susceptibles, infecteds and recovereds, and the parameter ν is the 

recovery rate.  The parameter β is the adequate contact rate of a susceptible and infected 

resulting in infection transmission per time unit. Multiplying by 1/N ensures the 

interaction between susceptibles and infected and the rate of disease transmission is 

dependent on subpopulation density within the total population
14

. As the interaction is 

dependent on subpopulation density, this creates a homogeneous model, with interactions 

between the susceptibles and the infected being dependent on homogenous mixing. In 

this simple format, there are no vital dynamics, meaning subpopulations only change due 

to disease dynamics: there are no births or deaths. The total population size is N = S+I+R, 

a constant in this simple model.  

Certain biologically useful data can be derived from analyzing mathematical models. The 

most useful parameter is known as R0, the basic reproduction number. R0 is defined as 

the expected number of secondary cases from the introduction of a single case of 

infection into a completely susceptible population. R0 can be used to determine the 

minimum proportion of a population that must be vaccinated to prevent disease outbreaks. 

This is called the “critical immunization threshold”
 63

. 

A number of additions can be added to a model to better simulate a disease 

system:  

 vital dynamics can be added;  

 vital dynamics can be made logistic, meaning population births and deaths 

are dependent on the carrying capacity of the population;  
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 any appropriate compartments can be age-structured, separating out 

juvenile and adult individuals with one-way transition from the juvenile to 

the adult compartments 
14

;  

 an extra compartment can be added to model diseases with an incubation 

period, this compartment is known as E for exposed, giving rise to the 

SEIR model. It is important to note here, that for the purpose of disease 

modeling, exposed individuals are definitely infected, they are just not 

infectious.  

As seen, the SIR model is very adaptable. For diseases that do not result in 

recovery, the R compartment can be dropped, creating an SI model, e.g. HIV modeling; 

for diseases that result in recovery without immunity
17

, infecteds can be returned to the 

susceptible compartment, creating an SIS model, e.g. rhinovirus modeling
38

; for diseases 

where neonates are protected by maternal antibodies, a new compartment can be added, 

M (for maternally derived immunity), before the S compartment, creating an MSIR 

model, e.g. parvovirus modeling
21

; and for diseases that result in a carrier state for some 

individuals, a new compartment can be added, C (for carrier state), after the I 

compartment, creating an SICR model
49

. 

 

Metapopulation SIR modeling  

There are numerous diseases that not only move through different SIR 

subpopulations, but move simultaneously through different species’ populations, for 

example, malaria infects both humans and Anopheline mosquitoes
37

. It is possible to 

create an SIR model that reflects the interaction between the two populations, for 
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example, where contact between infected mosquitoes and uninfected humans results in 

human susceptibles transitioning through the Infected subpopulation, from where they 

can infect uninfected mosquitoes. A basic schematic can be seen in figure 5.  

 

 

 

 

 

 

 

 

 

 

Figure 5: Malaria model. This is a model of malarial transmission between a 

human population and an Anopheles sp. Mosquito population. The black arrows show 

intrapopulation transition between disease states, caused by contact between the two 

populations (the blue dotted arrows). For example, when a susceptible Anopheles takes an 

infectious blood meal from an infected human, the Anopheles mosquito becomes 

infectious. It is assumed in this schematic that mosquitoes remain infectious for life. 

 

Rift Valley Fever Virus Modeling 

Modeling RVFV requires multiple populations, each with multiple compartments 

representing the subpopulations. In its simplest iteration, an SEIR model with three 
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populations suffices, representing a host population and two mosquito populations, one of 

which has vertical transmission dynamics so as to include transovarial infection of Aedes 

mosquitoes. In 2007, Gaff et al 
18

 created an SEIR model complete with vital dynamics 

which through altering the adequate contact rate and death rate, modeled RVFV spread 

through varying host populations. This model was unique amongst RVFV models at the 

time as it studied disease dynamics through simultaneous differential equations rather 

than focusing on empirical data or remote sensing images
41

. Through analyzing their 

model output by creating Partial Rank Coefficient Constants (PRCC) for all model 

parameters and selected outcomes of interest, Gaff et al discovered that, with respect to 

their model, the parameters that had the highest positive effect on R0 (meaning an 

increase in one parameter led to an increase in R0) were the adequate contact rates 

between the populations. The recovery rate of the hosts, the death rates of mosquitoes and 

the death rate from disease of the hosts were most instrumental in negatively affecting R0, 

meaning an increase in these parameters led to a decrease in R0 When there was 

stochastic sampling of parameters for calculating R0 the mean R0 was 1.193, the 

minimum and maximum possible values were 0.037 and 3.743 respectively.  Since 

publication, the model has been adapted to include both a spatial element
44

 and mitigation 

efforts
19

, analysis of the simulations of these models revealed that the adequate contact 

rates involving Aedes mosquitoes had a greater impact on R0 than those involving Culex 

mosquitoes, that migration rates helped reduce R0, and that the host recovery rate, host 

death from disease rate, and mosquito death rates still had a negative effect on R0. The 

countermeasures paper analyzed the effects of larvicide, adulticide, vaccination and 

culling on disease transmission through a single patch. Host-specific countermeasures 
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were the most effective at reducing host morbidity and mortality. Other authors have 

created dynamic, deterministic models of RVFV, notably Xue et al 
66 

who created a 

weighted network model of RVFV transmission through humans, livestock, Aedes and 

Culex mosquitoes; and Gao et al 
20 

who created a spatial model representing RVFV 

movement from the Sudan to Egypt via the Nile. Data analysis from the paper of Xue et 

al concurred with the migration paper of Niu et al that increasing migration rates reduced 

R0. This model was also validated using outbreak data from the 2010 RVFV epidemic in 

South Africa. Data analysis from the paper of Gao et al revealed, with respect to their 

model, that the carrying capacity of mosquitoes had a positive affect on R0, as does the 

recruitment rate of hosts. All of the above models used constants to estimate the 

parameters that affect change in the model functions. This is despite the fact that disease 

transmission dynamics within both mosquito and host populations are affected by 

parameters that vary in both time and space. This deficit in the field of RVFV modeling 

needs to be addressed. 
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HYPOTHESES AND SPECIFIC AIMS 

 

The risk factors for RVFV introduction to the state of Florida exist due to the presence of 

vectors, hosts and sites at high risk of disease ingress like airports and ports. In addition, 

due to the meteorological similarities in response to ENSO events between Florida and 

RVFV-endemic countries in East Africa, it is hypothesized that vector populations in 

both areas have the potential to peak at similar times. In East Africa, increased rainfall 

causes an increase in vector populations due to filling of shallow depressions (dambos) 

with rain, which increases the number of breeding sites and wets previously laid Aedes 

eggs; in Florida, due to the varied soil drainage and high water table, increased 

precipitation leads to an increase in the number of stagnant water pools, which can be 

used as breeding sites by vectors. Therefore, we deemed it pertinent to investigate further. 

 

To examine the factors that determine RVFV transmission, we decided to construct a 

Haddon matrix that was designed specifically for analyzing arboviruses. The Haddon 

matrix was chosen for analysis due to the discrete nature of the data facilitating easy 

identification of individual factors.  
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HYPOTHESIS 1 

If RVFV were to enter the United States, specifically in Florida, there exists a set of 

physical, legal, economic and sociological factors that are likely to determine the 

intensity of transmission 

 

Specific Aims 

a. Complete a comprehensive literature search using appropriate keywords 

b. Identify quantifiable parameters 

c. Construct a Haddon Matrix 

d. Analyze the Haddon matrix to identify physical factors that may be 

relevant to RVFV transmission 

 

 

Construction of the Haddon matrix identified a number of physical factors that affect 

RVFV transmission through mosquito populations (Chapter II). Temperature and rainfall 

were identified as the most important parameters affecting mosquito development, and 

thus disease transmission dynamics. To investigate how temperature and rainfall would 

affect the RVFV lifecycle, we decided to incorporate the two parameters into a 

mathematical model by using them to force elements of the simultaneous differential 

equations and investigate the effects on model output. 
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HYPOTHESIS 2 

RVFV transmission in Florida is dependent on the factors identified in the 

Haddon matrix analysis. Construction of a deterministic, closed-system, dynamic 

model incorporating these physical factors will help determine the risk level of 

RVFV transmission 

Specific Aims 

a. Adapt the model in reference [18] to reflect the factors identified in the 

Haddon matrix 

b. Identify appropriate data sources for empirical data for mathematically 

representing said factors 

c. Run simulations reflecting different factors 

d. Analyze model output to test hypothesis 2 

 

 Incorporating temperature and rainfall into a non-spatial model simulating RVFV 

transmission through livestock and mosquito populations identified the adequate contact 

rate between cattle and Aedes mosquitoes for disease transmission in both directions, the 

incubation period in Aedes mosquitoes, the life expectancy of livestock and both species 

of mosquito and the RVFV-mediated death rate in cattle as the important factors affecting 

R0 (Chapter III). However, in order to move the model further from theory and closer to 

reality, we decided to create a multi-patch model that represented Florida through the 

temperature and precipitation profiles of the patches. 

 

 



 23 

HYPOTHESIS 3 

Construction of a geo-spatial model based on the model from hypothesis 2 will 

highlight factors responsible for spread of RVFV between defined regions with 

Florida 

Specific Aims 

a. Construct a multiple-patch model where each patch is the model 

from hypothesis 2 

b. Alter parameters to reflect chosen conditions of each patch 

[temperature/precipitation ] 

c. Run simulations of geospatial model 

d. Analyze model output to test hypothesis 3 

 

Having successfully created a spatial model that mimicked RVFV transmission through 

Florida (Chapter IV), we decided to investigate what countermeasures, if any, would be 

effective at preventing transmission within the model.  

 

HYPOTHESIS 4 

Intervention in disease transmission alters RVFV spread. Creating mathematical 

parameters to simulate intervention attempts and incorporating these into the 

models will allow testing of the efficacy of specific intervention methods 

Specific Aims 

a. Identify mathematical parameters for: host 

culling/vaccination/quarantine, and vector adulticide 
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b. Adapt the model created in hypothesis 3 to incorporate these 

countermeasures. 

c. Analyze model output to test hypothesis 4. Identify the effective 

means for controlling the spread of RVFV in Florida. 
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Chapter II 

 

 

 

Construction of a Haddon Matrix specific to Rift Valley 

fever virus in the United States of America identifies 

associated risk factors 
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ABSTRACT 

Planning for potential foreign animal and zoonotic disease (FAZD) importation or 

introduction events is an important issue facing governments, businesses, and other 

organizations. Knowledge of the disease, its transmission, its consequences (human 

health, economic and public confidence), and potential prevention and control activities 

all inform planning. However, navigating through the milieu of details and competing 

interests can be difficult. We describe the application of an analytic instrument 

commonly employed in injury epidemiology, the Haddon matrix, to identify factors that 

can be influenced or controlled in FAZD defense. We apply this approach to the case of 

Rift Valley fever, (RVF) a vector-borne viral zoonosis that is a known FAZD. The 

resulting matrix includes important host, agent, and vector factors as well as physical, 

socio-cultural, and economic factors. The Haddon matrix, applied to FAZD preparedness, 

highlights opportunities for prevention, mitigation, and consequence management 

strategies, in the case of RVF, identifying administration of the physical environment as 

paramount in disease control. 
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INTRODUCTION 

Planning for foreign animal and zoonotic disease (FAZD) accidental or deliberate 

introduction events is an important task facing federal and state governments and 

businesses of all sizes. Comprehensive biodefense planning must address a range of 

issues including but not limited to prevention and early detection of, response to, and 

recovery from disease events. To address these dimensions holistically requires the 

integration of biological, social, computational, and analytic sciences. This is especially 

true in the case of FAZD defense, where scientists, economists, healthcare professionals, 

agricultural workers, practitioners from other disciplines and employees from many 

different governmental departments all play important roles. The challenges of working 

across such professional and topical boundaries are exacerbated by the complex and often 

poorly known epidemiology of foreign biological threat agents. The case of the West Nile 

virus (WNV) outbreak in Queens, NY in 1999, followed by the spread of the virus 

throughout the 48 contiguous states over the next 6 years, is indicative of what can occur 

when a novel zoonotic agent is introduced into an immunologically naïve area
49

. There 

are several FAZDs that, if introduced into disease-competent but disease-free areas, could 

have severe health impacts and substantial social, economic, and political 

consequences
20,41  

. An example of this would be the introduction of RVF to the United 

States of America, specifically Florida. Thus there is an urgent need for planning. 

The planning process benefits from knowledge of details regarding the disease, its 

transmission, its impact, and potential prevention and control measures. However, too 

much detail can obscure the important factors that can be controlled or influenced. A 
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useful strategy for navigating through the milieu of details is to focus on the classic 

epidemiologic triad of agent, host, and environment to identify targets for prevention, 

mitigation and control. Dividing disease incidents into discrete, chronological phases 

allows for easy identification of the elements that can be influenced during each phase. In 

this chapter, we apply an analytic technique, the Haddon Matrix
37

 to identify disease-

spread risk factors, potential prevention and response options, and policy and research 

needs with respect to RVF. 

 

RVFV is considered the third biggest animal disease threat to the USDA: only 

highly pathogenic avian influenza and foot and mouth disease virus are rated higher
75

. 

RVFV has the ability to infect multiple vectors and the potential for human and animal 

mortality and morbidity
2,16

. As such, introduction of RVFV to a new area would have 

significant impact on human and agricultural health
 25, 38,43,61

. Indeed, in light of the recent 

introduction and rapid spread of West Nile virus throughout North America 
49 , 50 

it seems 

prudent to develop evidence-based plans to deal with introduction scenarios for vector-

borne diseases, such as RVFV.  
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Haddon Matrix 

W Haddon developed an analytic tool in the 1960s for analyzing the 

epidemiology of traffic injuries
37

. It consists of a matrix relating factors that contribute to 

injury in columns of the matrix to the time phases of the injury in rows of the matrix. 

Factors appearing in columns include host, vehicle, and environmental (including the 

physical and socio-cultural-legal environment) factors, while the phases appearing in the 

rows of the matrix are generally classified as pre-event, event, and post-event
36

. Applying 

said matrix to an epidemiological problem breaks a complex situation into well-defined 

segments (i.e., the individual cells of the matrix). Often, cells correspond to parts of the 

problem that can be influenced or controlled. Haddon’s approach is shown in Table 1. 



 

Table 1. Haddon Matrix, applied to traffic safety 

  

 

 Haddon Matrix, applied to traffic safety 

  Influencing factors 

 

3
9
 

Phase Host  Vehicle/Agent  Physical environment  Social environment  

 Pre-event     

 Peri-event     

 Post-event     
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The Haddon Matrix has been applied successfully to a variety of problems outside injury 

epidemiology, including infectious diseases such as polio
37

 and recently SARS 
7
and pandemic 

influenza
8,64

. However, to our knowledge, it has not been seriously applied to analyzing vector-

borne zoonoses or foreign animal disease. Such diseases can depend upon a number of factors, 

including 
14

 variations in the geographical environment; social, cultural, policy, and legal issues; 

and economic considerations
33

.   

Rift Valley fever 

Much has been stated about RVFV in chapter I. In summation, RVFV is an arbovirus 

spread by Aedes and Culex mosquitoes to ungulates. Aedes mosquitoes are capable of vertical 

transmission in addition to horizontal transmission. Currently the virus is periodically found in 

sub-Saharan West and South Africa, East Africa and the Arabian peninsula
6,11

.  

Outbreaks of RVFV are associated with widespread morbidity and mortality in livestock 

and humans. RVF in livestock causes abortion rates approaching 100% in some animal species 

and high mortality rates in young animals
26

. In rural areas, abortion is often the first indication of 

disease emergence. No treatment is currently available for animals.  
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MATERIALS AND METHODS 

 

Haddon matrix adaptation: In this study we have made three revisions to the structure of 

the matrix, including adding host, agent, and vector factors (columns) explicitly as well as 

splitting “environment” into columns for physical, socio-cultural, policy and legal, and economic 

factors explicitly (see Table 2). As RVFV affects both human and animal health, we identify 

humans and animals explicitly under the general "host" column. Lastly, since outbreaks of 

infectious disease are not instantaneous events but rather evolve over the course of time, the 

“event” rows are re-classified as “peri-event” rows in this study.  

Literature review: RVF has been the subject of several reviews 
2,12,14,16,33 

,
 
vaccine and 

therapeutic investigations
 24,35,44,46,55,63, 65   

, ecologic studies
 19,40,47,68  

, and mathematical and 

computer models
27,29,33,53,56

. This literature was surveyed in order to identify salient points (i.e. 

factors influencing the epidemiology of vectorborne disease and FAZDs) for inclusion in the 

Haddon matrix analysis in addition to literature regarding other vector-borne diseases (e.g., 

WNV).   
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RESULTS 

Construction of a Haddon matrix for RVFV requires an understanding of the 

epidemiology, pathology and veterinarian-medical response to the disease. Scrutinization of the 

relevant information in the introduction identifies factors in each phase of an outbreak to illustrate 

how opportunities for prevention, control, and mitigation can be identified using a matrix 

approach. The matrix entries below are in no way exhaustive, but are intended to illustrate the 

approach.   

 

Pre-event factors 

 

Human Hosts. Early mobilization of trained responders will limit disease progression 
22

. 

As an influx of personnel to an epidemic increases the number of potential hosts, it is important 

that trained personnel are vaccinated to prevent transmission. However, at present no licensed 

RVF vaccines are available commercially for either animal or human use in North America
58

. The 

efficacy of RVF vaccines and potential therapeutic drugs  (e.g., antivirals such as interferon-

alpha) needs to be characterized. The National Response Framework (NRF), through the 

Emergency Support Function annexes 8 and 11, explicitly states the federal provision of 

supplemental support in the form of medical care personnel and veterinary assistance should 

states, tribes and local governments require
29

. The National Veterinary Stockpile (NVS) aims to 

acquire vaccine supplies to respond to RVFV by 2016
75

, and APHIS issued a conditional license 

(expiring August 30
th

, 2015) for Zoetis, Inc., to manufacture and distribute the modified, live 

vaccine for RVFV
77

. 
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Animal Hosts: Identifying the size and locations of livestock herds would be important for 

administering vaccine and diagnostic tests quickly and effectively. At present, detailed data on 

herd location and size is limited to voluntary participation in animal and premises identification 

systems at the state level. Registration is only required at the national level if certain, eligible 

livestock are being transported across state lines. This is the Animal Disease Traceability Final 

Rule, and certain states such as Florida have passed state versions of this rule
29

. More general 

information on livestock concentrations at the county level is based on census data held by the 

National Agricultural Statistics Service. Though freely available, the data available at present lack 

geographic specificity. Population dynamics that exist prior to a disease outbreak can have a 

significant effect on the morbidity and mortality of an outbreak. The numbers and proportions of 

susceptible adults, susceptible juveniles and gravid animals will alter the mortality rate of RVFV 

as it progresses through a population.  

There are several wild ungulates living in the US including the white tailed deer and 

endangered bighorn sheep
42,43

. It is hypothesized, due to their ubiquitous geographic distribution 

in the continental US and their ability to become infected with other arboviruses
27

, that white-

tailed deer could be the first wildlife species to become infected with RVFV.  As preliminary cell-

line investigations have highlighted the potential for US wildlife to become infected
35

, further 

laboratory investigations are needed to identify potential wildlife hosts and whether they also act 

as amplifiers. Spatio-temporal field surveys of any wildlife host species thus identified are also 

needed.    

Agent: Recent studies have shown genomic variation in RVF virus isolates
10

. It is 

unknown, however, whether observed genotypic variation corresponds to variation in virulence or 
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the attack rate of viral strains. Understanding the potential strain-specific variation in virulence 

and host-specificity may be important for forecasting consequences of an introduction.  

Vectors: It is thought that several North American mosquito species are likely to be 

competent carriers and transmitters of RVFV
69,71,73

.Studies of vectors collected in the field (as 

opposed to laboratory lines) have been published
71

. The authors suggest that more research is 

needed on vector transmission competence and efficiency in North American hosts, as well as a 

better understanding of the role of environmental temperature, host feeding preference, longevity, 

and foraging behavior on pathogen transmission from vector to host
71

. 

Again, spatio-temporal surveys of range and distribution are needed. Also, mosquito 

behavior and biting patterns can vary among species and regions, necessitating region specific 

control strategies
38

. 
 
In addition, mosquito intra- and inter-species population dynamics alter 

according to season and availability of hosts. Understanding the spatio-temporal location of 

factors influencing the abundance of gravid females and susceptible adults will possibly increase 

the likelihood of implementing successful control measures during an epidemic. 

Physical Environment: Knowledge of where RVFV-competent mosquitoes breed may 

support effective vector control campaigns. Knowledge of the geography and climatology of the 

regions where vectors are prevalent may also support pre-event risk assessment. Ocean 

temperatures and vegetation index in combination have been shown to have predictive value in 

some regions of the world
3,47

. The main factors that affect vector breeding are temperature and 

rainfall, other factors also influence it, such as humidity
34

. While many data exist and are easily 

available for the US (e.g., from NOAA http://www.climate.gov/#dataServices ) capturing and 

maintaining this data in GIS or other formats would support quick response in the event of an 

importation.   

http://www.climate.gov/#dataServices
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Socio-Cultural Environment: Pre-event risk communication with populations potentially 

at risk may be important. This was notable during the foot and mouth disease outbreak in the 

United Kingdom in 2001 when farming populations were caught mostly unawares and were 

resistant to disease intervention attempts
22

. In the case of RVF, such populations would include 

animal farmers, abattoir workers, veterinarians, and human populations living in or near 

agricultural areas. Individuals engaged in activities, such as caring for sick people, assisting 

animals during abortions/births, and treating sick animals
83

 would also be relevant. As wildlife 

hosts may also be at risk, other humans (e.g., hunters) may become exposed to virus (e.g., in the 

course of preparing and handling infected tissues). In addition, disease outbreaks often gain media 

attention, and educating media personnel on RVF, risks and prevention measures may increase 

public awareness. The NVS, in addition to providing vaccines and therapeutics, maintains 

publications for download that explain the structure and content of the NVS, and how it is 

accessed, provide assistance to states and local governments to prepare plans for responding to 

health events, and provide support for exercises
78

. However, this requires that the involved 

individuals of the non-federal authorities be proactive about increasing their understanding of 

disease response and the NVS. 

In order to collect important information such as herd location, structure and size and 

make it available to authorities in times of crisis, holders of this information must trust the 

collector and be willing to share information. Effective and targeted pre-event risk 

communication may play an important role in conveying what would be at stake in the event of an 

introduction. Other sociocultural factors include knowledge of local events that may have an 

impact on disease spread, e.g. fairs that bring in livestock from surrounding counties and/or states; 

markets where illegal meats may be sold etc. 
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The National Response Framework (NRF), the template for an organized emergency 

response, states that ‘resilient communities begin with prepared individuals and depend on the 

leadership and engagement of local government, NGOs and the private sector’. The risk level of 

any RVFV outbreak would be minimized if this pre-event preparation, leadership and 

engagement are appropriately directed. 

 

Policy and Legal Environment: Pre-event risk assessment of the vulnerability of areas and 

populations to disease entry is important, and would drive other processes such as risk 

communication. Such analyses can focus on biological and ecological factors supporting disease 

transmission and establishment in new regions or on potential pathways of entry
38,39

. Also, a local 

knowledge of the policies in place with regards to mosquito control (e.g. permitting versus 

banning spraying of insecticides, adulticides and/or larvicides either in general or near waterways) 

is important for formulating intervention attempts in the event of an outbreak or for successful 

lobbying to have such policies overturned in the event that they are detrimental to outbreak 

control. Regarding local policy, the NRF provides a framework for interagency and scalable 

cooperation and thus pre-event awareness of event management responsibility, sovereignty, 

accountability etc. should already be in place. 

The FDA Center for Biologics Evaluation and Research  (CBER) is responsible for 

developing and licensing products to diagnose, treat or prevent disease following exposure to 

pathogens that have been identified as bioterrorism agents such as RVFV
74

. As currently there 

are no licensed vaccines or equipment for field detection, it is imperative that CBER through the 

Medical Countermeasures Initiative (MCI) expedites varying research programs currently 

ongoing to create diagnostic assays and vaccines for deployment during an outbreak. The 
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steering committee of the NVS has prioritized the generation of diagnosis countermeasures for 

RVFV
79

.  

Detection of the disease once it has been imported can happen in two ways: by accident 

(e.g., by astute veterinarians or physicians) or by deliberate active or passive surveillance. For the 

former to occur, it is imperative to educate physicians and veterinarians on the clinical features of 

RVF (likely via the NVS expert staff), and to have RVFV diagnostic assays available to public- 

and veterinary-health laboratories. Active surveillance may involve collecting serum samples 

from sentinel domestic animals and/or herds and active collection of mosquito vectors. In Texas, 

collecting serum samples from homeless people who slept in areas of high mosquito numbers was 

also used for WNV surveillance
54

. Passive surveillance may include routine clinical tests, 

monitoring of disease activity overseas, syndromic surveillance and event-based surveillance 

using Internet sources. At present there are no pen-side diagnostic tests for RVFV, making 

detection in the field problematic
39

.  

There must be sufficient amounts of effective vaccine and therapeutics stockpiled and 

available for deployment to areas and populations at highest risk. In times where the likelihood of 

RVF outbreak is considered high or imminent, compliance with agricultural vaccination may be 

key to preventing an epizootic or epidemic. Systems to track and monitor vaccination 

administration and compliance are needed. Such systems would provide data on vaccine efficacy, 

vaccine safety as well as the level and duration of herd immunity. This type of information would 

facilitate the creation of appropriate vaccine strategies and allow for early intervention in areas 

where vaccination levels are inadequate.  

As described above, in order to analyze risks and react in the event of an introduction, data 

not currently available (e.g., herd size, composition, and location) are needed. In the United 
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States, such data could, in principle, be volunteered to the government and would receive special 

protections (e.g., protection from release under the Freedom of Information Act) under the 

Protected Critical Infrastructure Information (PCII) Act of 2002
23

. This may encourage 

individuals as well as agricultural companies to share such information so that hurried collection 

in the event of an outbreak would not be needed. In the event that hurried collection in the event 

of an outbreak is necessary, some emergency bill may need to be passed to force the sharing of 

such data. 

Standards and criteria for distribution of vaccine and therapeutics should be formulated 

before an event. This could include evidence-based policies for quarantine of livestock facilities, 

border control and interstate transportation of livestock.  At present, analytic tools to analyze the 

probable veterinary public health and economic impact of imposing controls on livestock 

transportation do not exist, due in part to lack of access to data regarding the complex (and 

variable) North American livestock transportation network, although the passing of the Animal 

Disease Traceability Final Rule will fill some of this deficit.  

Economic Environment: Available funding determines evidence-based pre-event planning 

as programs can only be put into place if funding exists. Cost-benefit analyses to determine the 

value of potential programs are necessary. Costs of disease surveillance, vaccine and therapeutics 

research and stockpiling, and disease response must be balanced against the risk of disease 

introduction/importation/spread. In addition, the NRF requires that in order for responses to be 

useful, advance contracts should be in place for the provision of such response essentials as ice, 

water, plastic sheeting, temporary power and debris removal. The cost of these emergency 

response contracts must be included in any non-federal authority budget assessment. 
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As the market for a human RVFV vaccine is small, funding for novel vaccine 

development is limited. The pre-event economic risk factor is lack of funding for vaccine 

research, development and production. Incentive programs and the creation of dependable 

markets through the establishment of additional-to-the-live-modified-vaccine vaccine banks are 

potential methods to improve funding for vaccination development
24

. 

Peri-event factors 

Human Hosts: As stated earlier, adequately trained clinical, public health, and laboratory 

personnel would be needed to recognize and effectively treat the disease. These personnel could 

also be responsible for monitoring vaccine and therapeutic drug adverse events, and compiling the 

spread and descriptive epidemiology of the disease in near real time. Similarly, adequately-trained 

veterinary, agricultural public health and laboratory personnel are needed for control and 

treatment of the disease in animal populations. Unless vaccinated, the influx of myriad responders 

represents an influx of potential hosts.  

Animal Hosts: The immunological status of herds and individual animals at the site of a disease 

outbreak will determine whether there is a risk of further disease spread and the establishment of 

new foci of outbreak. The Emergency Management Response System (EMRS) provides for the 

reporting of routine and non-routine investigations of FAZDs like RVFV by individuals such as 

Federal, State and Tribal Veterinary Medical Officers, Animal Health Officials, Animal Health 

Technicians, Animal Disease Specialists and Epidemiologists
75

. 

  

Agent: Accurately assessing risk to veterinary personnel, agricultural workers, and others 

who may be exposed to RVFV in their jobs and avocations would depend upon many factors, 
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including virulence of the virus. This may depend upon the specific strain being transmitted, 

which may itself evolve through the course of an epidemic in an immunologically and 

ecologically naive region
52

. Virulence could also affect the rate of sub-clinical infection, which 

would have implications for interpreting results from disease surveillance. 

Vectors: In the cases of several other mosquito-borne diseases, such as dengue fever, 

reducing the absolute size of vector populations near areas where hosts live is known to reduce 

risk of transmission
59

. Thus, reducing populations of RVFV competent vectors may represent an 

important avenue for controlling infection in humans and livestock alike. Options such as 

larvicides and/or adulticides may be viable alone or in combination for reducing relative sizes of 

certain sectors of vector populations. Another important vector factor for understanding 

transmission of the virus is the temperature dependence of the extrinsic incubation period in 

actual field vectors 
15

. Knowledge of this may be important for understanding and anticipating 

how transmission risk varies with meteorology. 

Physical Environment: In addition to temperature and precipitation, there are several other 

meteorological variables important for disease emergence and transmission: humidity, barometric 

pressure etc. Identifying weather patterns that promote vector population growth and applying 

preventative larvicide in potential vector breeding habitat locations could facilitate effective 

mosquito control
9
. 

Socio-Cultural Environment:  Having sufficient laboratory space is important for 

processing specimens, in addition, laboratories require adequate amounts of standardized testing 

assays
70 

and need reagents and related supplies. Finally, medical and veterinary clinics also 

require timely access to stockpiled vaccine and therapeutics.  
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Efficient inter-disciplinary communication tools and networks are paramount to control 

efforts. The limited communications between first responders in New York City on 9-11 

hampered both control and evacuation efforts, resulting in loss of response direction and life
57

. 

The accuracy of media reporting is essential to gaining the cooperation of the local population to 

report the presence of agricultural disease and to comply with government control measures. If 

large numbers of livestock are affected and euthanized, appropriate disposal of carcasses during 

disease progression may become an issue of contention. This would be undertaken by Animal and 

Plant Disease and Pest Response under ESF #11
29

. 

Policy and Legal Environment: As the disease outbreak continues, the need for proficient 

active and passive surveillance remains high. Prior distribution plans for vaccines and 

therapeutics must be analyzed to see if they are effective to this disease outbreak situation. 

Livestock transportation and travel of lay populations into and out of affected areas must be 

assessed to see if they are promoting disease spread and if necessary, quarantines and/or cordon 

sanitaires may be instituted. Local, state and national customs and border control agents need to 

be actively preventing any unauthorized transport. Between a combination of responses of the 

FEMA regional administrator, the Stafford Act and the Emergency Management Assistance, state 

and national agencies may also provide assistance in other areas, not just when and where legally 

obligated to do so, as in the case of quarantine
30

. 

It is very important that any coordinated response involves a single set of objectives that 

respects the chain of command and sovereignty of local authorities while simultaneously 

respecting the legal authorities of individually responding agencies, e.g. any Department of 

Defense (DoD) response is legally obligated to follow DoD guidelines and the military chain of 

command rather than any local authority
30

. 
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Economic Environment: The immediate availability of assets and funds for both 

governmental and private/commercial organizations plays a role in the efficiency of the outbreak 

response. Equally, adequate compensation of staff retains worker efficiency. Outbreak responses 

should be in accordance with insurance guidelines and finally, any assessment of total cost should 

include loss of livestock, the impact of milk and livestock industry supply reduction, mitigation 

efforts and others, in addition to the payment of advanced contracts, as established in the pre-

event sector
39

. 

 

Post-event factors 

Human Hosts: Post-event, it is important to assess individuals for vaccine complications 

and also the longevity of the immune response to vaccination or natural disease. Analyzing the 

population structure with regards to susceptibility to mortality and morbidity will increase 

knowledge of the disease and highlight which sectors of society are at particular risk of RVFV. 

 

Animal Hosts: Identifying which phenotypes are most resistant/susceptible to RVFV will 

further highlight which livestock herds are least/most at risk of RVFV. Culling infected animals 

has the potential to exacerbate the spread, by focusing vectors on other wildlife and humans
39

. 

Disposal of any euthanized or deceased animals may be necessary to prevent further disease 

outbreak. Experimental evidence shows that virus-infected tissue can contaminate breeding 

grounds and larvae can become infected when developing in these viral-infected waters
72

. When 
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herds are replenished, susceptible cattle must be vaccinated to prevent them from becoming foci 

of further disease amplification.  

Agent: Measuring the mutation rate of the virus as it passes through livestock and human 

populations and seeing what if any effects these mutations have on disease progression in 

morbidity, mortality, virulence and pathogenicity increases the base knowledge of RVFV and 

improves the knowledge of how strain-specificity affects epidemics.  

Vectors: Analyzing the absolute and relative number changes in vector sub-populations 

(e.g. age, gender, gravidity-related and susceptible versus infected sub-populations) post-disease 

introduction and post-intervention attempts will highlight how, if at all, these factors affect 

mosquito population growth and maintenance. Extrapolation of the data could allow one to 

forecast the risk of further outbreaks.   

 

Physical Environment: Post-event features of the environment, such as rainfall and 

temperature, can be assessed for correlation with transmission and incorporated into risk 

assessments
19

. 

Socio-Cultural Environment: Post-outbreak, the vaccine and therapeutics stockpile must 

be replenished, including the return of unused countermeasures dispersed by the NVS
76

. Post-

vaccine surveillance for adverse effects should be initiated.  

Policy and Legal Environment:  There will be a potential for future RVF outbreaks, given 

that transovarially infected Aedes eggs can retain viability for many months. It will, therefore, be 

important to continue active and passive surveillance of the disease in affected areas. As stated 
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earlier, it is imperative that any new susceptible livestock brought into the affected site be 

vaccinated or treated with therapeutics to immunize them. Timely governmental compensation for 

livestock losses during and after the epidemic is important for the continuation of the recovery of 

this sector of the economy and also for the continued goodwill of affected persons
66

. 

Economic Environment: There are myriad ways a disease outbreak impacts on the 

economies of affected areas, including inter alia direct loss of livestock and meat supply for 

human consumption; decrease in production in affected animals (e.g. lowering in milk production, 

decrease in weight of cattle, etc.); loss in tourism; utilization of state budgets towards intervention 

attempts; decreased imports;  international trade restrictions imposed on U.S. livestock (as US 

exports would be shut down in the event of a RVF outbreak
51

, a loss of $5.5 billion is 

projected
75

); local medical and veterinary care expenses, and decreased human output and 

productivity. Control efforts, such as vector control, livestock movement control and vaccination 

of livestock have associated costs
21

. Using all relevant available data from a disease outbreak can 

help with budget planning for potential future outbreaks. 
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DISCUSSION  

In this chapter, we have described the application of the Haddon matrix to a vectorborne 

FAZD. By dividing an infectious disease event into discrete stages, the Haddon matrix is a tool 

for identifying potential prevention, response and mitigation measures. These three measures 

correspond respectively to the three levels of a prevention pyramid (an analytical tool more 

commonly associated with chronic disease analysis): primary prevention, secondary prevention 

and tertiary prevention, where primary prevention seeks to prevent an incident from initially 

occurring, secondary prevention seeks to minimize or control the incident once it is occurring and 

tertiary prevention seeks to mitigate the effects of the incident. It is applicable to a broad range of 

infectious diseases and scenarios. In the specific case of RVF introduced into an immunologically 

and ecologically naive region such as North America, the Haddon matrix described in table 2 

raises a number of deficits that are potentially important to address in order to be better prepared: 

lack of the best system for surveying pre-, peri- and post-event; lack of control strategies, utilizing 

one or more countermeasure (vector control, livestock movement restrictions, vaccination etc); 

lack of proactive communication methods for use with the relevant stakeholders (e.g. agriculture 

workers, veterinary and human healthcare workers, laboratory workers); lack of standard 

therapeutic options for human disease should the disease be introduced into North America; and 

the possible lack of policy to facilitate the health and economic response and mitigation of the 

introduction of RVF.  

A Haddon matrix such as the one constructed in this study is a catalyst for planning. As 

such, the contents of any given cell or cells are open to the interpretation and discussion of those 

preparing and using the matrix. Therefore, table 2 should be regarded as a beginning framework 

for planning, and not a final product for evaluating progress toward FAZD preparedness. Through 
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the course of a planning process, matrix entries may change or be revised as new information 

becomes available. For example, it may become apparent that certain policy pathways are not 

currently possible, and therefore potential mitigation activities may not be viable. Entries may 

also change as new data and knowledge become known in the unfolding of an outbreak event, e.g. 

identification of new wildlife hosts.  

While the Haddon matrix described in table 2 is applicable to national-scale planning, the 

analytic approach is scalable to state, local, and territorial areas, as well as institutions and 

organizations. Many of the entries in table 2 can be interpreted at each scale, while others need to 

be written differently to apply to different scales of analysis, for example antecedent oceanic 

temperature is useful for forecasting mosquito population dynamics at a large area scale, but more 

local temperature measurements are required for forecasting mosquito population dynamics at 

smaller scales. 

The Haddon matrix is one tool in an armamentarium of evidence-based planning tools and 

techniques. It must be developed in conjunction with subject matter experts with knowledge in 

different fields. The results from a Haddon matrix analysis must also be acted upon and made 

operational in the form of research, laws and policies, procedures, and best practices to achieve 

the desired effects on the factors in the matrix.  

Here, the application of the Haddon matrix has identified a number of physical factors that 

could be utilized in the creation of a mathematical model to simulate the effects of a RVFV 

outbreak in Florida: host and vector population demographics; climatological aspects affecting 

vector population growth; and potential countermeasures for control. All of these physical factors 

can be quantified, and appropriately estimated and/or made a variable dependent on whatever is 

the controlling factor. This is the subject of the following chapters. 



 

 

Table 2: Abbreviated Haddon Matrix for Rift Valley fever For a more complete version of the Haddon matrix for Rift Valley 

fever, please see appendix A 

 Abbreviated Haddon Matrix for Rift Valley feve 

 Phase Host  Agent  Vector  Physical  Socio-cultural Policy and legal  Economic  

                                        5
7
 

  

5
8
 

Pre-event To assess: 

Responder/domestic

/wildlife population 

dynamics 

To assess: 

Genotypic, 

phenotypic variation 

in virulence  

To assess: 

Population 

dynamics and 

vector behavior; 

biting patterns and 

transmission 

competence and 

efficiency 

To assess: 

Vector breeding 

habitats; location 

of hosts; 

meteorology; 

artificial and 

natural geology 

To assess: 

Pre-event risk 

communication 

and education 

Local events 

(e.g. fairs, 

markets) 

To assess: 

Mosquito 

control 

measures 

State of active 

and passive 

surveillance 

Produce 

existing 

vaccines  

Develop 

new 

vaccines 

 Peri-event Adherence to 

infection control 

guidelines  

Infectivity and 

virulence  
Extrinsic incubation 

period  

Effects of control 

attempts on 

population 

dynamics 

Vector breeding 

habitat  
Laboratory 

capacity and 

accessibility 

Active and 

passive 

surveillance  

Budget for 

operations 

 Post-event Identification of 

resistant breeds and 

phenotypes 

Surveillance for 

potential genetic 

drift and 

implications 

Persistence/travel of 

agent in the 

environment 

Identify risk 

geographic 

factors 

Restocking of 

vaccine and 

therapeutic 

stockpile 

Government 

compensation 

for livestock 

losses  

Impact on 

affected 

markets 

and 

finances 
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Chapter III 

 

 

 

Construction of a closed system, deterministic SEIR model 

using temperature- and precipitation-forced parameters can 

be used to simulate an RVFV epidemic in Florida 
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ABSTRACT 

 

Rift Valley fever is a mosquito-borne disease affecting humans and ungulates currently 

geographically restricted to sub-Saharan Africa and the Arabian Peninsula. Florida has 1.5 million 

cattle, and the ubiquitous presence of Rift Valley fever virus (RVFV) competent Aedes and Culex 

species mosquitoes. Due to the risk of deliberate or accidental introduction of RVFV to the 

United States of America (USA), in particular Florida, and the lack of data and experience of 

dealing with RVFV in the Western hemisphere to inform the effects of such an introduction, we 

created a dynamic model to help fill the data gap. We undertook the adaptation of a non-spatial, 

closed-system, deterministic, metapopulation SEIR model simulating the propagation of RVF 

through cattle and two mosquito populations, one with vertical and horizontal transmission 

dynamics modeling Aedes mosquitoes and one with horizontal transmission dynamics only 

modeling Culex mosquitoes. The adaptation involved creating mosquito-specific model 

parameters by forcing them by temperature and precipitation using data from published 

entomological studies. Sensitivity analysis of this model identified that the adequate contact rate 

between infected cattle and uninfected Aedes mosquitoes, the extrinsic incubation period of Aedes 

mosquitoes and the death rates of the cattle and mosquitoes were the most influential on the 

model R0.  
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INTRODUCTION 

 

As both the vectors and hosts for Rift Valley Fever virus are omnipresent in Florida
26

, it is 

paramount to evaluate the risk of the virus establishing itself in an epidemic should it enter the 

state. It is known that RVFV disease patterns vary dependent on the location
22

, and as there is no 

epidemiological data for RVFV outbreak in an area resembling Florida in either meteorological 

conditions or livestock demographics, in order to evaluate said risk, other tools such as 

mathematical modeling must be used. Previously Gaff et al
8
 created a closed system, 

deterministic SEIR model to simulate RVFV transmission through three populations: population 1 

which has vertical transmission dynamics in addition to horizontal transmission dynamics 

between population 1 and 2 (mimicking an Aedes species mosquito population), a population with 

horizontal transmission dynamics between population 1 and 3 (mimicking a host species) and 

population 3 which has horizontal dynamics between population 2 and 3 (mimicking a Culex 

species population), please see figure 1 and table 1 for further explanation.  
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Figure 1: RVFV model schematic. A visual schematic showing the interactions between Aedes 

subpopulations, cattle subpopulations and Culex subpopulations. Thick black arrows represent 

intrapopulation intercompartment movement; thin black arrows represent interaction between 

different species; red arrows represent individuals exiting their compartment through death. 

P=uninfected mosquito eggs; Q=infected Aedes eggs; S=susceptible individuals; E=exposed 

(infected but not infectious) individuals; I=infected (infectious) individuals; R=recovered 

(immune) individuals 
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Figure feature Explanation 

Population 1 Aedes sp. population 

Population 2 Host population 

Population 3 Culex sp. population 

P subpopulations Uninfected mosquito eggs 

Q subpopulation Transovarially infected mosquito eggs 

S subpopulations Susceptible mosquitoes/hosts 

E subpopulations Exposed mosquitoes/hosts (infected but not 

infectious) 

I subpopulations Infected mosquitoes/hosts (infectious) 

R sub population Recovered hosts (immune) 

Red arrows/blue border Removal from subpopulation by death 

Black arrows/blue border Removal from subpopulation, movement to next 

corresponding subpopulation due to disease 

dynamics 

Thin black arrows Contact between different populations leading to 

infection 

 

Table 1: An explanation of Figure 1. Description of the interactions between the 

metapopulations in figure 1 
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The Gaff model uses constant parameters to mimic different biological functions, for 

example, a constant of 0.48 is used as β2,1, the adequate contact rate between infected hosts and 

uninfected Aedes mosquitoes to cause infection in the Aedes mosquitoes. However, in nature, this 

contact rate (like all contact rates) is never constant, rather, it fluctuates according to certain 

conditions
24,25

 , e.g. the temperature at which the mosquitoes pupate dictates the integrity of the 

midgut 
1,19,23

, and thus the likelihood of an infectious blood meal making a mosquito infectious. 

We deconstructed the Gaff model, analyzing the assumptions made for each biological parameter, 

and using a literature search, assessed what physical property identified in the Haddon matrix 

affected each parameter. A further literature search enabled us to create mathematical equations 

that would mimic how each parameter was affected by the physical property. Adding these 

mathematical equations in the place of the constants of the Gaff model enabled us to create a 

closed system, deterministic, temperature- and precipitation-forced model of RVFV through three 

populations. Sensitivity analysis identified which parameters in the model most affected model 

output.  
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MATERIALS AND METHODS 

 

Model: 

The model herein was adapted from the Gaff et al model 
8
 

Literature search: 

The original keywords used in the literature search were adapted from the Haddon matrix 

found in Chapter I. The second literature search used keywords including, but not limited to, 

Aedes, Culex, midgut, hemocoel, pupation, survival, death rate, survival rate, development rate, 

oogenesis, oviposition, biting rate, wing size, fecundity, seasonal development, transmission, 

limiting factors, competence, efficiency, and mosquito population dynamics. 

Model simulation and output analysis: 

Model creation: R was used for constructing and solving a series of simultaneous 

differential equations for a simulated time period of ten years over time steps of one day. The 

package ‘deSolve’ was used for solving the simultaneous differential equations, specifically using 

the Runge-Kutta fourth order method.  

Data cleaning: In order to identify and edit missing values within imported precipitation 

data, the base package and ‘zoo’ were used. The package ‘kNNImputation’ was used for imputing 

missing precipitation data. The imputation was carried out by creating a matrix of the imported 

data, 365 rows by 30 columns (corresponding to the 365 days in the years 1981 through 2010: 

leap years were missing December 31
st
 to maintain identical year length) and taking the median 

value of the four nearest non-NA values within the same column (i.e. from the four nearest 

calendar days where non-NA values were reported). The years 1981 through 2010 were chosen 

due to the almost completeness of the data: before imputation, Withlacoochee precipitation data 

1981-2010 was 97.2% complete; Okeechobee precipitation data 1981-2010 was 91.6% complete; 
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Live Oak precipitation data 1981- 2010 was 98.6% complete; and Panama City precipitation data 

1981-2010 was 99.7% complete.  

Temperature data: Temperature data was taken from www.weather.com. First, we 

segmented Florida into four linear segments (as seen in Chapter IV), monthly averages of the 

maximum daily temperature for the county capitals in each segment of Florida were taken, the 

temperatures were converted from Fahrenheit to Celsius, and smooth sinusoidal functions were 

created with the trough being equal to the lowest monthly average in that segment, and the peak 

being equal to the highest monthly average in that segment. One oscillation of temperature 

occurred per calendar year.  

Data analysis: The base package for R was used to perform regression analysis on 

mosquito data from literature (as reported later in this chapter) in order to generate the parameter 

formulae incorporated into model construction 

Model analysis: The package ‘epiR’ was used to perform sensitivity analysis and calculate 

the Partial Rank Coefficient Constants for each variable in the model.  
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MODEL CONSTRUCTION 

 

The Gaff et al model consists of 16 simultaneous equations, simulating the 13 

subpopulations as seen in Figure 1, and one equation for each population representing the total 

change in each population (simply put as 
   

  
 

                

  
 

                

  
     To 

adapt the model, it was necessary to analyse each equation, and deconstruct the assumptions made 

from which the constant parameters were derived. From here, this original model will be referred 

to as the ‘Constant Model’ and the adaption created here will be referred to as the ‘Varied 

Model’. Table 2 has a list of the differential equations both from the Constant Model and the 

Varied Model, and the assumptions of the Constant Model. Below table 2 is the deconstruction of 

each parameter and the new equation for each parameter.



 

 

Table 2: A list of the differential equations for the Constant and Varied models 

  Constant Model-simultaneous 

equations 

Constant Model-assumptions Varied Model-simultaneous equations 

 P1    

  
                  

 Population growth is density-independent 

 b1, the egg laying rate of P1 is constant 

 q1, the rate of transovarial transmission is constant 

  , the hatching rate is constant 

   

  
 

        

  

          

 
       

  

 
       

  

 

           8
0
 

Q1    

  
             

 see relevant assumptions for P1    

  
 

            
  

 
       

  

 
       

  

 

 S1    
  

           
        

  

 
 see relevant assumptions for P1 

     , the adequate contact rate between infected hosts and 

uninfected Aedes is constant 

 d1, the Aedes death rate is constant 

   
  

  
       

  

 
      

  

 
        

  

 

 E1    

  
       

        
  

      
 see relevant assumptions for P1 

 
 

  
, the Aedes incubation period is constant 

   

  
   

      

  

 
        

  

       

 I1    
  

                
 see relevant assumptions for P1, S1 and E1    

  
 

       

  

      
      

  

 



 

 

 S2    

  
      

      

  

 
        

  

 
        

  

 

 Population growth is density-independent 

              , the adequate contact rates between infected 

Aedes and uninfected host, and infected Culex and 

uninfected host are constant  

 d2, the host death rate is constant 

 K2, the host carrying capacity is constant 

   

  
      

      

  

 
        

  

 
        

  

 

                8
1
 

E2    

  
 

        
  

 
        

  

     

 
      

  

 

 see relevant assumptions for S2 

 
 

  
, the host incubation period is constant 

   

  
 

        
  

 
        

  

      
      

  

 

 I2    
  

  
      

  

          

      

 see relevant assumptions for S2 and E2 

 
 

  
, the host infectiousness period is constant 

   , the host death rate from RVFV is constant 

   
  

  
      

  

                

 R2    

  
  

      

  

      
 see relevant assumptions for S2, E2 and I2    

  
  

      

  

      

 P3    

  
           

 Population growth is density-independent 

 b3, the Culex egg laying rate is constant 

   , the Culex egg hatching rate is constant 

   

  
 

          

  

 

 
       

  

 
       

  

 



 

 

 S3    

  
           

        
  

 
 see relevant assumptions from P3 

 d3, the Culex death rate is constant 

     , the adequate contact rate between infected hosts and 

uninfected Culex is constant 

   

  
  

       

  

 
      

  

 
        

  

 

 E3    

  
 

        
  

           
 see relevant assumptions from P3 and S3 

 
 

  
, the Culex incubation period is constant 

   

  
   

      

  

 
        

  

      

 I3    
  

           
 see relevant assumptions from P3, S3 and E3    

  
      

      

  

 

      

8
2
 

     

 

 

Table 2: All the metapopulations from figure 1 with their rates of changes represented in differential equation form for both the 

Constant model and the Varied model. 
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Mosquito parameters 

Both Aedes and Culex mosquitoes follow a basic lifecycle: oviposition, hatching, 

pupation, adult emergence, oviposition, etc. All stages of development are driven by temperature 

and water. When a viral infection is introduced to mosquitoes, it too becomes driven by 

temperature and water
13

.  

Juvenile parameters 

1. SE1 is the survival probability of Aedes eggs. Skeeter Buster
18

, a stochastic model, models 

Aedes egg survival as a function of water and temperature. Their model was adapted and 

simplified. SE3, the survival probability of Culex eggs, was assumed as the same.  

 The equation for survival probability per day is as follows: if  Tt°c (the daily 

maximum temperature) is above 22 AND the amount of rain that day is above 0mm, 

the survival probability is 1; if  Tt°c is less than or equal to 22 AND the amount of 

rain that day is above 0mm, the survival probability is 0.596; if Tt°c is greater than 

22 AND the amount of rain that day is 0mm, the survival probability is 0.197; if Tt°c  

is less than or equal to 22 and the amount of rain that day is 0mm, the survival 

probability is 0.  

 

2. BE1 and BE3 are the number of Aedes and Culex eggs laid per day respectively. Aedes 

and Culex fecundity are size-dependent
5,12,14

. Wing-length and brood size are positively-

correlated
2,16,17,19,23

. The regression analysis performed on data by Tun-Lin et al
23

 resulted 

in a linear equation modeling number of Aedes eggs laid per day as a function of wing-

length. As no data could be found to model Culex eggs laid per day, BE3 was assumed to 

be the three times that of BE1. This was because according to historical estimates, the 

average brood size for Aedes mosquitoes should be approximately 100 eggs whereas the 
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average brood size for Culex mosquitoes is roughly 300
6,14

. Wing-length is correlated with 

development time, i.e. the longer the pupation stage, the larger the resulting mosquito. 

Running regression analysis on data from Jalil
15 

resulted in a linear equation modeling 

Aedes wing-length as a function of temperature. For Culex mosquitoes, wing length was 

modeled on the regression analysis performed by Loetti et al
17

 on their data analyzing the 

effect of rearing temperature on wing length of female mosquitoes.  The relationship 

between wing-length and temperature in Culex species is quadratic as opposed to the 

linear relationship seen with Aedes species
15,17

.  

 The regression equation for Aedes wing length (in mm) as a factor of temperature is: 

                        The regression equation for Culex wing length (in 

mm) as a factor of temperature is                                   

     . 

 The regression equation for Aedes brood size is 

                                              . The regression 

equation for Culex brood size is therefore 

                                       

3. K1 and K3 are the Aedes and Culex environmental carrying capacities respectively. 

Carrying capacities of mosquitoes increase with breeding site increase
13

. This is due to 

rainfall. For the floodwater Aedes mosquitoes, a simplistic relationship between carrying 

capacity and rainfall has been assumed, when total water content is less than or equal to 

0.2cm, carrying capacity is set at 25% of the initial Aedes population size, when total 

water content is greater than 0.2 and less than or equal to 0.4cm, carrying capacity is set at 

75% of the initial Aedes population size, and when total water content is over 0.4cm, 

carrying capacity is set at 100% of the initial Aedes population size. As Culex mosquitoes 
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are less susceptible to changes in water
14

, when total water content is less than or equal to 

0.2cm, carrying capacity is set at 50% of the initial Culex population size, when total 

water content is greater than 0.2 and less than or equal to 0.4cm, carrying capacity is 75% 

of the initial Culex population size, and when total water content is over 0.4cm, carrying 

capacity is set at 100% of the initial Culex population size.  

4. q1 is the transovarial infection rate in Aedes. It is known that for some infections, higher 

ambient temperatures increase the rate of transovarial infection due to increased 

permeability in the cells of the gravid female, and in others, higher ambient temperatures 

decrease the rate due to the reduction in the gonotrophic period
10

. Currently, no research 

data was found to derive an equation for temperature-dependent transovarial infection rate 

of Aedes with respect to RVFV
27

. In fact, there is no laboratory proof of transovarial 

infection with RVFV, only empirical observation in nature, therefore we kept q1 constant 

at the rate of 0.0001/day as used in reference [3]. 

5. BH1 and BH3 are the hatching probability of Aedes and Culex eggs respectively per day. 

The morphogenesis from egg to adult mosquito requires first hatching into larvae, then 

pupation into pupae, then maturation into an adult mosquito. To reduce the compartments 

in the model, the development from egg to adult is covered in one equation: probability of 

hatching (per day) x probability of pupating and surviving to adulthood (per day). Both are 

temperature-dependent and the equations are derived from information in reference [23] 

and ref [19] for Aedes mosquitoes and ref [19] for Culex mosquitoes. 

a.  To calculate the rate of hatching for Aedes, a regression equation was taken from 

reference [23] from their data.  The equation is                       

       To calculate the rate of hatching for Culex, a regression equation was 

calculated using data from reference [19], the equation is               
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                    Data was used from reference [19] to calculate the adult 

survivorship of both Aedes and Culex pupae. Due to the sparse number of data 

points, it was inappropriate to calculate a non-linear regression equation. Therefore 

a function was created for each adult species survivorship, calculating the 

relationship between the temperature and the adult survivorship for each data 

point, and assuming a linear relationship between each data point. This assumption 

was based on the empirically observed relationship between invertebrates and 

temperature: there is a optimum temperature for invertebrate metabolism and 

survivorship, as the temperature drops below this, survivorship gradually decreases 

linearly until it reaches 0. As the temperature rises above the optimum 

temperature, survivorship rapidly decreases linearly until it reaches 0. For 

simplification of the model, it was assumed below 15°c and above 41°c, the adult 

survivorship probability was constant.  These functions are listed in appendix B 

within the R codes for the non-differential equations in the non-spatial (“Varied”) 

model under SPX and SP3 for Aedes and Culex adult survivorship respectively.  

6. DH1 and DH3 are the death rates of Aedes and Culex eggs respectively per day. In 

mosquito development, birth rates are said to be genetically-dependent with environmental 

characteristics as a modifier with the reverse true for death rates
21

. No data has been found 

from which a temperature-dependent equation can be derived for the death rate of Aedes 

or Culex eggs, and thus as we have assumed that BH1 and BH3 lead to a binary outcome, 

i.e. survives to adulthood versus does not, DH1 and DH3 can be assumed to be 1-BH1 and 

1-BH3 respectively. 
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Adult parameters 

βij are the adequate contact rates between infected cattle or mosquitoes (in notation as 

population i) and uninfected mosquitoes or cattle (in notation as population j). They are 

dependent on numerous factors, feeding rate per gonotrophic cycle, probability of feeding 

on livestock, and the probability of successful RVFV transmission per gonotrophic cycle 

length 
8
. The Constant model uses the following equation to formulate adequate contact 

rates: 
        

  
 . Here, Cx is the feeding rate per gonotrophic cycle of the mosquito species 

concerned, Fx is the probability of the mosquito species concerned feeding upon the host 

in question, Rij is the rate of successful RVFV transmission per bite from population i to 

population j and Gx is the length of the gonotrophic period. For the purposes of the Varied 

model, the equation has been modified as follows: 

                                                           

                               

 

1. β2,1 and β2,3 are the adequate contact rate between infectious cattle and uninfected Aedes 

and Culex mosquitoes respectively, resulting in infection. Biting rate is inversely 

correlated with wing-length: smaller females bite more frequently as they are unable to 

maintain reserves
20

. The probability of feeding on livestock is assumed to be 1 in this 

instance as the vectors are assumed to feed only upon livestock due to the availability and 

abundance of livestock in farms. The probability of successful RVFV transmission from 

infected livestock to uninfected mosquitoes is temperature-dependent. Increasing 

temperatures increase permeability of the midgut to viruses
25

  

 To calculate the effect of mosquito body size on biting rate, a regression equation 

was taken for Aedes blood meal taking against wing length from reference [20]. 
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The equation is                                          . This is the 

weekly number of bloodmeals. To get a more accurate equation for the daily biting 

rate, the equation is modified by multiplying by 
 

 
,  essentially dividing by 7 to get 

the daily number of blood meals taken, and then multiplying by 6. Aedes species 

are known to be aggressive biters and bite multiple times in a gonotrophic period, 

as estimated to be six times by reference [6]. As there was no available data to 

calculate the Culex biting rate against wing length, it was assumed to be equal to 

the Aedes equation. To calculate dissemination probabilities/rates for Aedes and 

Culex mosquitoes, data was analyzed from references [24], [25], and [28] and 

simple linear equations were produced to represent dissemination 

probabilities/rates between different temperatures.  These functions are listed in 

appendix B within the R codes for the non-differential equations for the non-

spatial (“Varied”) model under DIS1 and DIS3 for Aedes and Culex dissemination 

probability respectively. 

2. β1,2 and β3,2 are the adequate contact rate between infectious Aedes or infectious Culex 

and uninfected cattle resulting in infection. Like the other adequate contact rates, they are 

dependent on the daily biting rate, probability of feeding on livestock, and the probability 

of successful RVFV transmission per gonotrophic cycle length. All these factors were 

modeled in the same way as β2,1 except the dissemination rate in cattle was assumed to 

be constant, using the values for β1,2 and β3,2 from reference [8]  

3. ε1 and ε3 (1/ extrinsic incubation period of RVFV in Aedes  and Culex mosquitoes 

respectively) are inversely correlated with temperature
24,25

. From data in references [24] 

and [25], a linear equation of the temperature-dependent extrinsic incubation period 
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(inverse  of ε1) was calculated using the temperature and the day that dissemination was 

noted.  

 The regression equation for the extrinsic incubation period for Aedes species is as 

follows: 
 

                  
   Above 28c, an assumption was made that this 

linear/logarithmic equation still stood. As there is no data for RVFV dissemination 

in Culex sp., ε3 is assumed to be the same as ε1. 

 

Livestock parameters 

There is very little published data on the relationship between RVFV and cattle development and 

so the assumptions from the Constant model were kept. For future work, should the data become 

available, the cattle population should be separated into juvenile and adult populations, β1,2 and 

β3,2 the adequate contact rates for infected mosquitoes and uninfected cattle should be modeled 

as age-dependent, as should 
 

  
-the infectious period in cattle and μ2-the death rate in cattle. As 

there is empirical evidence that suckling cattle receive protective antibodies in the milk from 

immune cows
8
, this should also be incorporated into any future age-structured model should the 

data become available. For the Varied Model, the cattle parameters were kept identical to the 

Constant Model. 

 

 

 

Temperature 

For ease, temperature was modeled in Celsius as a simple sinusoidal wave starting at the lowest 

point at time 0 (representative of the coldest point in Winter):       (
   

   
) 
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Adjusting X, the starting temperature, Y, the amplitude of temperature variation, and t, the time, 

can alter this equation to required specifications. 

 

Precipitation 

Precipitation data was sourced from National Oceanic and Atmospheric Administration: National 

Climate Data Center, using daily rain gauge data from the years 1997 to 2006 from rain gauges in 

four counties in Florida: rain gauge GHCND:USC00086842 (situated in Panama City, Bay 

County); rain gauge GHCND:USC0085099 (situated in Live Oak, Suwannee County); rain gauge 

GHCND:USC00083986 (situated in Hillsborough River State Park, Hillsborough County); and 

rain gauge GHCND:USC00086485 (situated on Lake Okeechobee, Okeechobee County).  
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RESULTS 

Sixteen simple simulations were ran for a time period of ten years with combinations of one of the 

following four temperature equations:  

          
   

   
   

               
   

   
   

           
   

   
   

          
   

   
   

and one of the four precipitation datasets as described previously. The Varied Model was ran with 

the following arbitrary initial conditions: 

Population Initial Condition 

P1i 4,999 

Q1i 1 

S1i 5000 

E1i, I1i 0 

N1i S1 i +E1 i +I1 i 

S2i 1000 

E2i, I2i, R2i 0 

N2i S2 i +E2 i +I2 i +R2 i 

P3i , S3i 5000 

E3i , I3i 0 

N3i S3 i +E3 i +I3 i 

Table 3: Initial conditions for the metapopulations. Metapopulations from figure 1 and table 2 
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For comparative purposes, the following two figures show the cattle population (N2) against time, 

comparing four simulations each: Figure 2 shows four simulations’ output with varying 

temperatures but the same precipitation dataset (from rain gauge in Okeechobee, Okeechobee 

County, FL), and figure 3 shows four simulations’ output with the same temperature function 

(          
   

   
  but varying precipitation datasets. 

 

Figure 2: Total number of cattle as a function of time after RVFV introduction at time 0 for four 

different temperature profiles. Note the different periodicity of die-off (disease outbreaks) 
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Figure 3: Total number of cattle as a function of time after RVFV introduction at time 0 for four 

different precipitation profiles. Note the different periodicity in die-off (disease outbreaks) 

 

Figure 2 shows the simulation outputs when the Varied Model is ran for ten years using the initial 

conditions as previously listed, the Okeechobee precipitation dataset and four different 

temperature functions are used. There is clear variation in the timing of the onset of the initial 

outbreak, periodicity and intensity of the outbreak between the four different temperature 

functions. Figure 3 shows the simulation outputs when the Varied Model is ran for ten years using 
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the initial conditions are listed, the temperature function           
   

   
  and the four 

different precipitation datasets. There is less variation between the four simulation outputs when 

only the precipitation is varied, however there are three profiles seen: profile 1: Panama City 

precipitation dataset profile, characterized by three almost identical outbreaks after the initial 

outbreak. The cattle population reaches almost the same threshold each time before an outbreak 

occurs; profile 2: Live Oak and Hillsborough River State Park precipitation datasets profile, 

characterized by smaller and more frequent outbreaks than profile 1; profile 3: Okeechobee 

precipitation dataset profile, characterized by a mixture of profile 1 and 2, initially follows the 

outbreak pattern of profile 1 but at roughly day 2100, a smaller outbreak is triggered followed 

swiftly by another small outbreak, outbreaks continue smaller and more frequently than profile 1 

but larger and less frequently than profile 2. 

The main statistics of the four precipitation datasets are as follows: 

Rainfall (mm) Mean Median Standard Deviation 

Panama City 1997-2006 5.12 0 13.97 

Live Oak 1997-2006 3.49 0 12.25 

Withlacoochee 1997-2006 3.74 0 12.06 

Okeechobee 1997-2006 2.99 0 9.21 

 

Table 4: Statistics for the four precipitation datasets. Despite all having a median value of 0, there 

is distinctly more rain in Panama City than the other locales (mean of 5.12mm). Okeechobee, the 

warmest area, has the least amount of rainfall per day (mean of 2.99mm). 

 

The model runs successfully without disease introduction, i.e. with the same initial 

conditions as previously listed except Q1i=0 and P1i=N1. Figure 3 shows the three infected 
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compartments, i.e. I1, I2 and I3, and the cattle population, N2, as functions of time.  

 

Figure 4: Total cattle population and the three infected populations (Aedes, cattle and Culex) as a 

function of time without introduction of RVFV. As expected, the cattle population stays constant 

(the birth and death rates being equal) and the infected populations stay at 0. 

 

The logical assumptions made during the Varied Model (and Constant Model) 

construction plus the above figures, showing the model runs as expected with RVFV introduction 

and without RVFV introduction are evidence of model verification for the Varied Model.  
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Sensitivity Analysis 

In order to ascertain which parameters are responsible for the most variance in model 

output, we used Latin hypercube sampling (lhs) to create 500 samples for all of the model 

parameters and the initial conditions of the subpopulations from a uniform distribution between 

minimums and maximums as determined by running the Varied Model using the following 

temperature and precipitation output: Panama City precipitation dataset and             

   
   

   
 for the temperature variation equation. 500 samples were chosen. Latin hypercube 

sampling produces the most random set of values when the number of samples chosen is greater 

than ten times the number of variables from which samples are drawn. These precipitation and 

temperature input were chosen due to them having the greatest variation in precipitation and 

temperature and thus producing the largest range of values when forcing the model parameters. 

We ran 500 simulations (each using one of the lhs samples), and analyzed model output by 

calculating a number of different metrics: total number of cases of infection in livestock; total 

number of livestock deaths from infection; the number of cases of infection at the height of the 

epidemic (maximum number of infections in livestock at one time); time take to reach the height 

of the epidemic; total population growth; and the basic reproduction number (R0) for the model. 

‘epiR’ was used to analyze the severity of variation caused by changing each parameter, by 

calculating the partial rank coefficient constant (PRCC) for each parameter. Positive PRCCs are 

positively correlated to the model output, i.e. increasing that parameter will increase that metric, 

and conversely, any negative PRCCs are negatively correlated to the model output, i.e. increasing 

that parameter will decrease that metric. In order to determine which parameters were influential, 

we created a boxplot of the parameters’ PRCCs when calculating a metric. Outliers are those 

PRCCs that are greater than ±1.5× the IQR (interquartile range) above the upper quartile or below 

the lower quartile respectively. Those PRCCs, which in addition to being outliers, have 
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statistically significant p-values for the calculation of their PRCC, are considered to be 

statistically significant. Figure 5 shows the boxplot of PRCCs for the model parameters when 

calculating R0 from the 500 samples. 

 

 

 

Figure 5: Boxplot of the PRCCs for R0, there are three positive outliers and five negative outliers 

  

 

-0
.8

-0
.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

Boxplot of PRCCs of the 45 Parameters in the Varied Model with respect to R0

P
R

C
C

 v
a
lu

e



 

 98 

Table 5 lists all of the statistically significant PRCCs for the aforementioned metrics. 

 

Metric Total number 

of infections  

Total number 

of deaths 

Maximum 

number of 

infections 

Time to reach 

epidemic peak  

Total 

population 

growth 

R0 

Parameter 

PRCC 

Kappa1  

β2,1         

ε1                

N1i        

K2         

d2              

b2          

N2i        

-0.26 

0.2 

0.26 

0.28 

0.55 

-0.47 

0.31 

0.35 

Kappa1  

β2,1         

ε1                

N1i        

K2         

d2              

b2          

ε2         

γ2              

μ2           

 

-0.27 

0.16 

0.23 

0.26 

0.57 

-0.44 

0.42 

0.32 

-0.23 

0.3 

Kappa1  

β2,1         

ε1                

N1i        

K2         

d2              

b2          

ε2         

γ2              

μ2           

N2i        

 

-0.28 

0.19 

0.24 

0.28 

0.45 

-0.4 

0.24 

0.4 

-0.21 

-0.47 

0.35 

 

Kappa1  

β2,1         

ε1                     

K2         

d2              

b2          

ε2         

μ2           

N2i        

 

0.18 

-0.2 

-0.26 

0.43 

-0.35 

0.2 

-0.24 

0.17 

-0.42 

Kappa1 

N1i 

K2 

d2 

b2 

μ2 

-0.26 

0.27 

0.62 

-0.48 

0.69 

-0.26 

β

21 

ε

1 

β

12 

K2 

d2 

μ2 

d1 

d3 

 

0.51 

0.48 

0.2 

-0.86 

-0.77 

-0.2 

-0.78 

-0.2 

Table 5: PRCCs for selected metrics 

All of these PRCCs in table 5 were significant at greater than 99.9% confidence. Most of 

these parameters identified as positive or negative influences on the above metrics fit with the 

biological understanding of RVFV transmission in cattle and mosquitoes. For example, β21, the 

adequate contact rate between infectious cattle and uninfected Aedes mosquitoes, is a negative 

influence on the time to reach the height of the infection but a positive influence on the total 

number of infections: increasing the rate at which infections are transmitted increases the total 

number of infections while reducing the time taken for the disease to reach its maximal spread in 

the available population. However, there are certain identified parameters whose identification is 
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contrary to commonsense, i.e. N1i, the initial population of Aedes mosquitoes, being a positive 

influence on the total population growth in livestock. This would suggest that perhaps not all 

outliers are truly influential, and that only the more extreme ones are.      

With respect to R0, the most positively influential parameters were β21 β12 and ε1 (the 

adequate contact rate between infectious cattle and uninfected Aedes, the adequate contact rate 

between infectious Aedes and uninfected cattle and the Aedes RVFV incubation rate respectively). 

This again, is fitting with what is known about RVFV transmission in cattle and mosquitoes: 

increasing the rate at which infections are transmitted and the rate at which mosquitoes become 

infectious (and thus the probability a mosquito will become infectious before dying) increases the 

number of secondary infections. The most negatively influential parameters were K2, d1, d2, d3 

and μ2 (the cattle carrying capacity, the general death rates of Aedes mosquitoes, cattle and Culex 

mosquitoes, and the death rate from RVFV in cattle respectively). The death rates are calculated 

as 
 

                      
, therefore the interpretation is that the life expectancy of Aedes, cattle and 

Culex is positively influential on R0, in short increasing life expectancy of all three populations 

increases the number of secondary infections. This is because an increasing life expectancy 

increases the probability that an individual will survive the incubation period to become 

infectious. The death rate from RVFV in cattle is negatively influential on R0, this is because the 

faster the death rate, the swifter infectious cattle (those capable of passing on infection) are 

removed from the population, reducing 
  

  
, and thus reducing the rate at which susceptible 

mosquitoes are exposed and become infectious. K2, the carrying capacity of cattle, is negatively 

influential on R0. This model is logistic, meaning that removal from the compartments through 

natural death is logistic: 
 

  
is mathematically, a modifier of d2 (the death rate of cattle). Increasing 

the carrying capacity of cattle in proportion to the population reduces the rate at which cattle in 
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any compartment die, thus increasing the general population of susceptible, exposed and 

recovered cattle in comparison to the population of infected cattle (this is because infected cattle 

experience a general reduction in death from natural causes, but still experience a non-logistic 

death from the disease). Figure 6 shows a distribution of R0 as calculated from the lhs samples. 

 

Figure 6: Histogram of the 500 values of R0 generated from the Latin hypercube sampling. 

These are not necessarily the values seen in nature, as the sampling assumed an equal distribution 
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of possible values between minimum and maximum values. R0 was calculated using the equation 

from reference [9]:    
       

  
 √(

  

                     
(
          

        
 

          

        
)) 
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DISCUSSION 

 

Using published data from entomological studies on Aedes and Culex mosquitoes, we 

were able to construct mathematical functions or derive mathematical constants representing each 

parameter in the Constant Model. Running model simulations using both the original constants 

and new temperature- or precipitation-forced time-variable parameters, we were able to identify 

which parameters are most important at affecting certain metrics, such a number of infections in 

livestock, number of deaths from infections in livestock, maximal number of infections, the time 

taken to reach the height of the epidemic, total population growth and R0, the basic reproduction 

number. These parameters were β21, β12   , d1, d2, d3, K2 and μ2: the adequate contact rate for 

infectious cattle and uninfected Aedes mosquitoes; the adequate contact rate for infectious Aedes 

mosquitoes and uninfected cattle, the inverse of the incubation period of RVFV in Aedes 

mosquitoes, the death rate of Aedes mosquitoes, cattle and Culex mosquitoes; the carrying 

capacity of cattle and the death rate from infection of cattle.  β21, β12, and    affect R0 

positively, increasing those parameters increases R0. Logically, increasing the contact rate 

resulting in infections will increase the number of secondary infections, however mathematically 

it is only significant between Aedes and cattle. Plotting the adequate contact rates as a function of 

temperature illustrates that the rate of infection transfer between Aedes and cattle is far greater 

than that between Culex and cattle at all temperatures. (figure 7) 
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Figure 7: Adequate contact rate between cattle and mosquitoes as a function of temperature. For 

all four adequate contact rates, they increase as temperature increases. 
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in Aedes mosquitoes, means that more Aedes mosquitoes become infectious before they die, 

enabling them to pass on infection through biting cattle. d1, d2 and d3, the inverse of the life 
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expectancies of Aedes mosquitoes, cattle and Culex mosquitoes respectively, have a negative 

effect on R0, meaning increasing the life expectancies, increases R0. Therefore, reducing the life 

expectancy of cattle through some artificial means (e.g. slaughter once cattle reach a certain age) 

should, theoretically, reduce R0. μ2, the inverse of the death rate from RVFV for cattle also 

negatively influences R0. While there is not much sense in hastening cattle deaths from RVFV, 

increasing the death rate of infected cattle specifically (through culling) would have the same 

reducing effect on R0 as increasing μ2 would.   

This Varied Model can provide the basis for modeling RVFV through the populations of 

Aedes, Culex and a selected host species in any environment. Running simulations while forced 

by Florida-specific temperature and precipitation will enable us to model RVFV transmission 

through Florida. 
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The season of RVFV introduction and average annual 

temperature affect the intensity of outbreaks within and 

between geographical areas in Florida 
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ABSTRACT 

 

The risk of the deliberate or accidental introduction of Rift Valley fever virus to 

the United States, in particular Florida, is real. Due to the lack of epidemiological or 

experimental data, investigating the possible effects of an outbreak of Rift Valley fever in 

cattle in Florida requires mathematical modeling to simulate such an outbreak. Here, we 

show the construction of a Florida-specific one-by-four patch SEIR model using the non-

spatial model created in Chapter III. We used temperature data from www.weather.com 

and precipitation data from the National Climatic Data Center to force the model. We 

discovered that the season of introduction affected the length of time taken to reach the 

height of the epidemic, and that increasing average annual temperature  resulted in an 

increased population infection rate and total number of infections. Due to the migratory 

nature of Florida’s cattle industry and the subtropical/tropical climates, we posit Florida 

to be at significant risk of an epidemic should RVFV be introduced. 
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INTRODUCTION 

 

The state of Florida has a number of risk factors for the introduction and 

establishment of an arbovirus, in particular Rift Valley fever virus:  

 The natural vectors are omnipresent across the state
11

; the climate is 

varied, mild enough in Winter to support vector breeding all year round 

but tropical in the Center and South of the state
8
, supporting rapid vector 

population growth;  

 The geology and precipitation of Florida combine to support frequent and 

numerous production of water-filled depressions
10

, natural breeding habits 

for mosquitoes
9
;  

 Precipitation patterns follow those of East Africa and other RVF-endemic 

locations-becoming wetter during El Nino years, this means RVF 

outbreaks in endemic areas occur simultaneously with increased mosquito 

population growth in the state (see introduction);  

 Florida hosts over 1.5 million cattle, a competent host for RVFV, 

concentrated mostly in the Central South of the State
12

;  

 The majority of Florida’s cattle farms are cow/calf operations where 

young cattle are raised until they are weaned and shipped to the mid-

West
4
, younger cattle are at greater risk of RVFV infection and death;  

 21% of Florida’s international trade is with the Middle East, Asia and 

Africa
5
, regions of endemic RVFV;  
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 Miami airport is fourth in the US (twelfth in the world) for international 

freight transit and twelfth in the US (twenty-sixth in the world) for 

international passenger transit
1
, both potential ingresses for the accidental, 

deliberate, legal or illegal import of infectious mosquitoes, hosts, products 

or people;  

 Tampa and Miami seaports rank in the top 16 US seaports for cargo 

imports
2
, also a potential ingress for the accidental, deliberate, legal or 

illegal import of infectious mosquitoes, products, hosts or people. 

We hypothesized that, in addition to the risk factors highlighted in Chapter III and 

above, a multi-patch model of Florida would identify additional, specific risk factors that 

would be responsible for the spread of RVFV between defined regions in Florida. In 

order to simulate how RVFV would move through Florida if an infected mosquito were 

introduced, a multi-patch model based on the model in Chapter III was created (figure 2). 

This multi-patch model consisted of four contiguous patches in a one-by-four 

construction, which sequentially are modeled on four segments/quadrants of Florida: 

North-West (Patch 1), North-East (Patch 2), Central (Patch 3) and South (Patch 4). Figure 

1 shows a map of Florida split into these arbitrary four segments/quadrants with the four 

counties listed in Chapter III highlighted in black: notice the linear nature of the 

segments/quadrants. 
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Figure 1: A map of the state of Florida, split into four arbitrary segments. The 

black patches represent the counties where the capital’s precipitation and temperature 

data were taken to construct the model 
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Representation of one-by-four Florida model 

 

 

 

Figure 2: Spatial schematic of spatial map.  

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4 

The four blue squares represent non-spatial models for each patch: # 1 (North-West Florida) # 2 

(North-East Florida) #3 (Central Florida) and #4 (Southern Florida). 

The black lines represent adult mosquito population migration. It is only possible between 

neighboring patches. 

The purple lines represent cattle population migration. Cattle can move between non-contiguous 

patches as their movement is assumed to be down to import and export per county. 
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MATERIALS AND METHODS 

 

Model: Several one by four multi-patch models were constructed using the series 

of differential equations in Chapter III. In order to simulate migration, the differential 

equations simulating adult mosquitoes and cattle were altered, adding an element to 

model migration in and out of the patch. The migration values were 0.0001 per day for 

mosquitoes and 0.00025 per day for cattle. These were chosen arbitrarily: mosquitoes, 

while capable of traveling great distances on prevailing winds, tend to stay within 2km of 

their hatching grounds
6
 therefore this small rate was chosen; for cattle, there is no data for 

intrastate movement, but it is known they are moved intensively but at limited times of 

year. As there was no data from which to direct model cattle movement, this rate was 

chosen (mathematically it is equivalent to the rate of transfer of approximately 
 

  
   of 

the population per year: 0.00025×365× N2= 0.09125×N2) to mimic gradual transfer 

throughout the model.  

Parameter data: Several different models were created using different combinations of 

the precipitation and temperature profiles as described in Chapter III. These were 

sinusoid functions taken from the average monthly maximum temperatures of the 

individual quadrants for temperature, and daily records from rain gauges (using 

kNNImputation for interpolating missing daily values) for precipitation. These were 

coded numerically, with four numbers, referring to the profile chosen for that particular 

patch, i.e. Model 1-1-1-1 consisted of a one by four model where all four patches had the 

temperature and precipitation profile #1, whereas Model 1-1-2-2 consisted of a one by 
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four model where patches 1 and 2 had the temperature and precipitation profile #1 and 

patches 3 and 4 had the temperature and precipitation profile #2.  

City (Segment) Equation for temperature (°C) 

Panama City (North-West) 20-5*cos(2πt/365) 

Live Oak (North-East) 27.5-12.5*cos(2πt/365) 

Dade City (Central) 25-5*cos(2πt/365) 

Okeechobee (Southern) 30-5*cos(2πt/365) 

In order to simulate introduction of RVFV in different seasons, the temperature equations 

were modified by substituting t for   
   

 
;   

   

 
; and   

     

 
 for “Spring”, 

“Summer” and “Fall” simulation respectively (the null equation corresponding to 

“Winter”). Similarly, the precipitation files were tied to the correct seasons.  Due to the 

dispute in season definition due to differences astronomically and meteorologically, we 

chose to define the seasons as follows: “Winter” starts at the coldest point in the year and 

warms to the mean annual temperature; “Spring” starts at the mean annual temperature 

and warms to the warmest point in the year; “Summer” starts at the warmest point in the 

year and cools to the mean annual temperature; “Fall” starts at the mean annual 

temperature and cools to the coldest point in the year. This is useful because we can 

compare what occurs between simulations modeling introduction in two “seasons” with 

identical average temperature, but with one season decreasing in temperature while the 

other is increasing (i.e. “Winter” to “Spring” comparisons and “Summer” to “Fall” 

comparisons). The season in which a simulation was performed was coded by W, SPR, 

SUM and FAL for “Winter”, “Spring”, “Summer” and “Fall”. This coding letter is only 

included in model descriptions within the paper when required for clarity, unless 

otherwise stated, the null equations for “Winter” are assumed to be used. 
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Model simulations: 

Initial Conditions: 

Population Patch 1 Patch 2/3/4 

P1i 5,000 5,000 

Q1i 0 0 

S1i 4,999 5,000 

E1i, I1i 1 0 

N1i S1 i +E1 i +I1 i S1 i +E1 i +I1 i 

S2i 1,000 1,000 

E2i, I2i, R2i 0 0 

N2i S2 i +E2 i +I2 i +R2 i S2 i +E2 i +I2 i +R2 i 

P3i , S3i 5,000 5,000 

E3i , I3i 0 0 

N3i S3 i +E3 i +I3 i S3 i +E3 i +I3 i 

Table 1: Initial conditions for the metapopulations on each patch 

Patches’ Profile Season Rationale 

1-1-1-1, 2-2-2-2, 3-3-3-3, 4-4-4-4 W, SPR, SUM, FAL To compare the effect of 

introducing RVFV at different 

seasonal temperatures within the 

different segments of Florida 

 

To compare the effect of 

introducing RVFV into separate 

segments of Florida 
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1-1-2-2, 2-2-3-3, 3-3-4-4 Winter To compare the effect of 

introducing RVFV to the margin 

regions of the four segments of 

Florida 

1-2-3-4 W, SPR, SUM, FAL To investigate the effect of 

introducing RVFV (by season) to a 

1 by 4 model that simulates Florida 

in its entirety 

Table 2: Full temperature/precipitation/seasonal profiles of all simulations  

Numerical methods: R was used for model simulations and for computing model 

output statistics. All plots were drawn using R. 

Model simulation metrics: R was used to compute the following metrics using 

‘deSolve’ 

Metric Equation Rationale Initial value 

Total number of 

cattle infections 

 ∫  
        

  
 

        

  

 

 
 

      

  
 dt 

Integral of incidence rate  

minus death rate of 

exposed cattle that die 

before becoming 

infectious 

0 

Total number of 

cattle deaths from 

infection 

 ∫      
 

 
 dt Integral of rate at which 

infected cattle die 

0 

Total population 

growth 

 ∫      
 

 
 dt Integral of birth rate of 

cattle population 

0 

Table 3: Equations for calculating metrrics 
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RESULTS 

 

 While the season of introduction does not affect either the total number of cattle 

infections or the maximal number of cattle infections over the ten year simulation, it does 

affect the amount of time from introduction to the height of the epidemic in the absence 

of control measures 

 

We ran the following simulations: W1-1-1-1, SPR1-1-1-1, SUM1-1-1-1, FAL1-1-1-1, 

W2-2-2-2, SPR2-2-2-2, SUM2-2-2-2, FAL2-2-2-2, W13-3-3-3, SPR3-3-3-3, SUM3-3-3-

3, FAL3-3-3-3, W4-4-4-4, SPR4-4-4-4, SUM4-4-4-4, and FAL4-4-4-4. 

 

The average number of infections per patch over the ten-year simulation within each 

temperature/precipitation profile was not affected by the season of introduction. 

Temperature/Precipitation 

Profile 

Mean Total 

Number of Cattle 

Infections per 

patch 

Standard Deviation Coefficient of 

Variation 

1-1-1-1 683 117.6 0.17 

2-2-2-2 1504 101.6 0.07 

3-3-3-3 1511 51.2 0.03 

4-4-4-4 1622 39.1 0.02 
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Table 4: Statistics for total number of infections per patch for all four profiles across all 

four seasons. The coefficient of variation is very low for all four profiles, meaning the 

variation in each dataset is very small: the variation in the average total number of 

infections per patch between seasonal datasets is statistically insignificant, meaning that 

seasonal introduction of RVFV has no impact on the total number of cattle infections per 

patch over the ten year simulation. However, when looking at the average number of 

cattle infections over the first year after introduction, there is variation seen for 

temperature/precipitation profile 1 (see Table 5) 

Temperature/Precipitation 

Profile 

Mean Total Number 

of Cattle Infections 

per patch (first 365 

days) 

Standard Deviation Coefficient of 

Variation 

1-1-1-1 232.9 277.1 1.2 

2-2-2-2 1003.5 17.3 0.02 

3-3-3-3 1006.5 19.4 0.02 

4-4-4-4 1003.4 14.7 0.01 

Table 5: Statistics for total number of infections in the first 365 days of the simulation, 

per patch for all four profiles across all four seasons. 

 

 

 Figure 3 plots the maximal number of infections at the height of the epidemic and the 

time taken to reach that number for all model constructs for all seasonal introductions. It 

is clear when looking at figure 3a that there is clear variation in the time taken to reach 

the height of the epidemic for temperature/precipitation profile 1 depending on the 
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season, while the maximal number of infections appears to be less varied. Therefore in 

comparing patch 1 on simulation W1-1-1-1 to patch 2 on simulation FAL1-1-1-1, we can 

see that while the maximal number of infections is very similar, the time taken for patch 

2 on simulation FAL1-1-1-1 to reach that level of disease incidence is approximately 

double that of patch 1 on simulation W1-1-1-1. It is likely this highly variable intensity of 

disease incidence over the first 365 days that is responsible for the variation seen in table 

5.  
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Figures 3a-d. Maximum number of infected cattle and time to reach the height of the 

epidemic for all seasonal introductions of RVFV on all four Florida segments  Red 

corresponds to RVFV introduction in “Winter”, green corresponds to introduction in 

“Spring”, blue corresponds to introduction in “Summer” and grey corresponds to 

introduction in “Fall”. The black line in each plot corresponds to time at the maximal 

height of infection in cattle on that patch during that simulation. Each bar in each 
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simulation corresponds to the maximal number of infections on patches 1, 2, 3 and 4 

respectively of that simulation of the 1 by 4 model. 3a=1-1-1-1, 3b=2-2-2-2,  3c=3-3-3-3, 

4d= 4-4-4-4. 

When comparing the variation of both the maximal number of cattle infections 

produced by different seasonal introductions and the time taken to reach the maximal 

number of infections, it is clear there is both variation within temperature/precipitation 

profiles and between temperature/precipitation profiles (figure 4). 
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Figures 4a-b: A boxplot to show variation across all seasonal variations per 

temperature/precipitation profile. (4a) For the maximal number of infections, excluding 

outliers, temperature/precipitation profiles 2, 3 and 4, have similar ranges, while 

temperature/precipitation profile 1’s is smaller. The outlier for temperature/precipitation 

profile 3 corresponds to the maximal number of infections seen on patch 1 on a “Fall” 
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introduction simulation. (4b) For temperature/precipitation profile 1, the greatest 

variation is seen in the time to reach the height of the epidemic. For the other profiles, 

while the boxplots are skewed right, the entire plots are contained over smaller ranges.  

 

While figure 4a highlights that the variation between the maximal number of 

infections (with the exception of the one outlier seen for temperature/precipitation profile 

3) is relatively minor, within temperature/precipitation profiles, it is largely different 

between temperature/precipitation profile 1 and the others. In fact, the smallest data point 

for temperature/precipitation profile 3 is on the upper cusp of the interquartile range of 

temperature/precipitation profile 1. For the other profiles, there is no overlap at all. The 

outlier of temperature/precipitation profile 3 is for the maximal number of infections seen 

on patch 1 of the “Fall” simulation. This is the simulation where the temperature is 

dropping from the average annual temperature to the lowest point (30°C to 20°C ) at the 

time of introduction. Comparing the prevalence of infection on all four patches of this 

simulation, low-levels of infection (between 1% and 4%) occur on patch 1 from 

introduction until they reach a peak at day 195 at 4.2%, however, for patches 2, 3 and 4, 

the infection prevalence only rises above 1% for approximately twenty-five days either 

side of the day where the maximal numbers of infections peaks (roughly 210). This 

means the majority of infections on patches 2, 3 and 4 occur during the “Winter” season, 

where the temperature is increasing. This can be seen in figure 5. 
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Figure 5: The four patches have different disease prevalences in that the patch of 

introduction (patch 1) experiences a small peak of infection prevalence over a wide range 

of time, whereas the other patches experience more extreme peaks of infection over a 

narrower range of time. Calculating the total number of new infections during the first 

250 days of infection however shows that each patch experiences a similar number of 

new infections: Patch 1: 1054; Patch 2: 996; Patch 3: 996; Patch 4: 988.  

 

0 50 100 150 200 250

0
.0

0
0
.0

5
0
.1

0
0
.1

5

Disease Prevalence in Cattle against Time

 for all Four Patches after RVFV introduction on Simulation 3-3-3-3 in Fall

Time since RVFV Introduction (Days)

D
is

e
a
s
e

 P
re

v
a

le
n
c
e
 i
n

 C
a
tt
le

0 50 100 150 200 250

0
.0

0
0
.0

5
0
.1

0
0
.1

5

0 50 100 150 200 250

0
.0

0
0
.0

5
0
.1

0
0
.1

5

0 50 100 150 200 250

0
.0

0
0
.0

5
0
.1

0
0
.1

5
Patch 1

Patch 2

Patch 3

Patch 4



 

 127 

As stated in the legend of figure 4 and seen in figure 3, the time taken to reach the 

height of the epidemic varies drastically for temperature/precipitation profile 1 but is not 

as varied for temperature/precipitation profiles 2, 3 and 4. However, as the amount of 

time taken to reach the height of the epidemic directly affects the ability to successfully 

implement mitigation efforts (i.e. the longer the time between disease introduction and 

reaching the height of the epidemic, the more time there is to implement 

countermeasures), even the small variation seen in temperature/precipitation profiles 2, 3 

and 4 would greatly affect the introduction of any future countermeasures. The total 

range of days between the minimum and maximum time to reach the height of the 

epidemic per temperature/precipitation profile is seen below in table 6 

 Profile 1 Profile 2 Profile 3 Profile 4 

Range of days to 

reach height of the 

epidemic 

578 211 163 63  

Table 6: Range of days to reach height of epidemics for all four 

temperature/precipitation profiles across all four seasons. As the average annual 

temperature increases, the range gets smaller. 

 

In order to further investigate whether the season of introduction of RVFV 

affected the epidemic, we analyzed whether the average number of new cattle cases per 
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day until the height of the epidemic was altered by the season of introduction. 

 

Figures 6a-d: Average number of new cases per day until height of infection  Red 

corresponds to RVFV introduction in “Winter”, green corresponds to introduction in 

“Spring”, blue corresponds to introduction in “Summer” and grey corresponds to 

introduction in “Fall”. The bars are the number of new cases per day from introduction of 

RVFV until the maximal number of infections is reached. This was calculated by 

counting the total number of new infections on the patch until the maximal number of 

RVFV introduction by season on 1 by 4 patch
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infections is reached, and then dividing by the length of time taken to reach the maximal 

number of infections.  Each bar in each simulation corresponds to the number of new 

cases per day on patches 1, 2, 3 and 4 respectively of that simulation of the 1 by 4 model. 

3a=1-1-1-1, 3b=2-2-2-2,  3c=3-3-3-3, 4d= 4-4-4-4 

With the exception of patch 1 during the “Winter” introduction for simulation 3-3-3-3, 

every single season has patch 1 experiencing a higher average number of new cases per 

day than the other patches. Figure 7 shows the variation between the average number of 

new cases per day for each temperature/precipitation profile. 
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Figure 7: The boxplot of the average number of new cases per day for all four 

temperature/precipitation profile reveals four outliers across all four 

temperature/precipitation profiles. These outliers correspond to larger than average 

number of cases per day until the height of the epidemic and thus those meteorological 

and spatiotemporal conditions that cause such outliers are of interest due to their 

increasing the intensity of the epidemic. 
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The four outliers identified in the boxplot correspond to the following patches: Patch 1 on 

W1-1-1-1; Patch 1 on SPR1-1-1-1, Patch 1 on SUM2-2-2-2 and Patch 1 on SUM4-4-4-4.  

For the second two outliers, both occur on the patch of introduction at the highest annual 

temperature for that simulation. As R0 is temperature-dependent, it follows that the most 

number of new infections would occur at the warmest temperatures. However, for the 

outliers identified for temperature/precipitation profile 1, this does not follow, neither 

outlier is related to “Summer” introduction, although both outliers occur on the patch of 

introduction while the daily temperature is increasing. Patch 1 on W1-1-1-1 and SPR1-1-

1-1 reaches the maximal number of infections in a shorter time than average (as seen in 

figure 3a) and this relatively increases the number of new cases per day seen in these 

simulations.  

Therefore in temperature/precipitation profile 1, an increased number of new 

cases per day correlates with introduction at a time when the daily temperature is 

increasing, for temperature/precipitation profiles 2 and 4, an increased number of new 

cases per day correlates with introduction at a time when the daily temperature is at its 

highest.  

Between the temperature/precipitation profiles, we see that 

temperature/precipitation profile 1 has far fewer average new cases per day than the other 

temperature/precipitation profiles, this is likely due to the average annual temperature 

being 20°C and the annual temperature peaking at 25°C, which is suboptimal for the 

contact rate, at shown in Chapter III, figure 7. 
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The average number of new cattle infections per day and the total number of 

cattle infections are positively affected by temperature  

 

When comparing cases per day between temperature/precipitation profiles, it is 

clear that temperature/precipitation profile 1 is statistically significantly different from 

the other three profiles. The entire boxplot and whiskers of profile 1 lie outside of even 

the minimum values of the other profiles (figure 6).  

The above segments all looked at simulations that were homogeneous, i.e., where 

each patch had the same temperature/precipitation profile. The findings were relevant to 

how RVFV would spread when introduced to a specific quadrant of Florida, i.e., the 

season would determine how quickly the epidemic would reach its peak within each 

quadrant were RVFV introduced. However, in reality, each quadrant does not sit in 

isolation, there are margins where each meet, as seen in figure 1.  Whereas above we 

looked at the effects of RVFV introduction and cattle and mosquito migration through a 1 

by 4 patch model where each patch was identical, now we looked at the effects through 1 

by 4 patch models to simulate migration between margin zones (i.e. the model with the 

temperature/precipitation profiles 1-1-2-2 simulates the margin zone between quadrant 1 

and 2) and the 1 by 4 patch model with the temperature/precipitation profile 1-2-3-4 that 

simulates the entire state of Florida 

In order to see how RVFV spreads between the specific quadrants, and through all 

four quadrants, we ran the following simulations for all four seasons and compared them: 

1-1-1-1; 1-1-2-2; 2-2-2-2; 2-2-3-3; 3-3-3-3; 3-3-4-4; 4-4-4-4; and 1-2-3-4. 
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First we compared the average number of new cattle infections per day over the 

course of the ten-year simulation for all eight model constructs and all four seasons of 

introduction (see figure 8) 

 

Figure 8: As the average annual temperature of the model rises, there is an 

increase in the average number of new cases per day, peaking in the approximately 9 new 

cases per day seen when RVFV is introduced into quadrant 4. Construct 1-2-3-4 which 

mimics the entirety of Florida, experiences an average of 5 new cases per day  
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Figure 8 shows the average number of new cases per day until the height of the 

epidemic per model construct across all seasons. As is expected due to the low 

temperatures, construct 1-1-1-1 has the fewest number of new cases per day, and 4-4-4-4 

(due to the highest average temperatures) has the highest number of new cases per day. 

 

In order to ascertain the direct link between average annual temperature and the 

average number of new cases per day, we ran regression analysis on the two variables 

(figure 9) 
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Figure 9: There is a clear relationship between the average annual temperature 

and the average number of new cases per day. The regression equation is 
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generated over the ten year simulation, we compared the average total number of cattle 

infections over the course of the ten-year simulation for all 8 model constructs (figure 10) 

 

Figure 10: X-axis label is the temperature/precipitation profile. With the 

exception of Profile 1-1-1-1, all model constructions lie with one standard deviation of 

the mean. 

 

It is apparent that while the average annual temperature of the simulation affects 

the intensity of infection (average number of new cases per day) at the beginning of the 
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affect the total number of infections generated over the ten year simulation. As stated 

previously, Profile 1 temperature peaks at 25°C, whereas the other profiles peak at 40°C, 

the optimum temperature for the adequate contact rates for both species of mosquito. In 

addition, when looking at the periodicity of disease outbreak when comparing the effects 

of temperature variation in the non-spatial model in Chapter III (figure 2), we saw that 

the frequency of outbreak rose with increasing average temperature. The non-spatial 

model mimicking temperature/precipitation profile 1 only had one outbreak as a result of 

the initial infection. This low periodicity of outbreak on patches with 

temperature/precipitation profile 1 accounts for the low average total number of 

infections seen for construct 1-1-1-1 in figure 8. However, when plotting the mean total 

number of infections for all eight model constructs across all seasonal introductions 

against the average annual temperature, there is a clear non-linear relationship between 

the two (see figure 11). 
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Figure 11: There is a clear non-linear relationship between the average annual 

temperature and the total number of cattle infections generated over the ten year 

simulation. The regression equation is 
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DISCUSSION 

 

Modeling an epidemic through time and space is important so that one can 

elucidate which factors contribute to the intensity of the epidemic and which to the 

spread. Here, the metrics we chose to measure the impact of RVFV introduction were: 

the maximal number of cattle infections at the height of the epidemic; the time taken to 

reach the height of the epidemic; the number of new cases per day until the height of the 

epidemic; and the total number of cattle infections.  

The maximum number of infected cattle within an epidemic is representative of 

the disease prevalence at the height of the infection. Reducing this figure relative to the 

total population, would reduce the impact of the epidemic. Within any epidemic, the time 

for countermeasure and control is between the disease introduction/recognition and the 

height of the epidemic, indeed the aim of countermeasure and control is to reduce the 

peak of the epidemic. Therefore, any environmental conditions that result in a smaller 

amount of time between those two points, reduces the possibility for successful 

intervention. Similarly, the number of cases per day until the height of the epidemic 

represents the rate of infection through the population. Any factors that affect this rate 

can be manipulated so as to allow countermeasures to be as successful as possible. As 

one of the impacts of an epidemic is measured by the total number of infections, any 

factors that affect the total number of infections can be manipulated to reduce this effect.  
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We ran simulations representing RVFV introduction to separate quadrants in 

Florida at temperatures representing different seasons, RVFV introduction to the 

marginal areas between the quadrants and RVFV introduction to Florida in general. 

Statistically, the season at the time of RVFV introduction to the model made no 

difference to the total number of cattle infections over the course of the ten-year 

simulation. We also found that between temperature/precipitation profiles 2, 3 and 4, 

despite differing average temperatures, there was no statistically significant difference in 

the total number of cattle infections. Profile 1, however, produced far fewer cattle 

infections over the ten-year simulation, and we attribute this to the peak temperature of 

profile 1 being below that of the optimum temperature for disease transmission.  

As in this model, RVFV transmission is driven by temperature-an uninfected 

mosquito taking up an infectious blood meal, the incubation period within the mosquito, 

the biting rate of the infected mosquito-it is understandable that the season of RVFV 

introduction affected the length of time to reach the height of the epidemic, even if the 

maximal number of infections was unaffected. This was true across all quadrants, 

although the extent of the seasonal affect on the length of time to reach the height of the 

epidemic was related to the average annual temperature, as the average annual 

temperature rose, the range of time length between introduction and epidemic peak 

compared across seasons decreased.  

Therefore, we can deduce that the season of introduction is important to control 

efforts as: the temperature at RVFV introduction; increasing average seasonal 

temperature; and an increasing temperature as the season progressed all correlated with a 

decreased time to the height of the epidemic. This means depending on the 
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meteorological conditions at the point of RVFV introduction, the time window for 

mitigation is variable and this makes control efforts either easier or more difficult to 

implement successfully. 

When we switched from looking at homogenous spatial models (which simulated 

disease movement within quadrants of Florida) to more heterogeneous spatial models 

(both simulations of quadrant margins and Florida as a whole), we discovered that 

increasing the average annual temperature led to an increase in the number of cases per 

day until the height of the epidemic and the total number of infections over the course of 

the ten-year simulation. The relationship between temperature and the total number of 

cases per day until the height of the epidemic was a linear one, whereas the relationship 

between temperature and the total number of cattle cases was non-linear. The curve of the 

data for total cases plotted against temperature was approaching a limit for total cases, 

suggesting an upper limit on the total number of infections that could occur over the full 

ten-year simulation.  

In summary, the season of introduction of RVFV determines the initial population 

infection rate, making the timing of mitigation attempts more critical during warmer 

seasons. The population infection rate and the resulting total number of cattle infections 

are positively affected by increasing the peak annual temperature. This means that 

mitigation efforts would be better directed towards an epidemic in a warmer region than a 

colder one. As Florida is a heterogeneous state where the minimum average annual 

temperatures support RVFV transmission and with many opportunities for cattle 

migration both inter- and intra-state, we believe that Florida is at significant risk should 

RVFV be introduced.   
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Chapter V 

 

 

 

Vaccination is the most effective means of reducing 

RVFV transmission through a model of Florida 
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ABSTRACT 

 

After successfully constructing a one-by-four patch geospatial model of Rift 

Valley fever (RVF) moving through an Aedes mosquito, Culex mosquito and cattle 

population within the state of Florida, we investigated what countermeasures would be 

useful at mitigating disease transmission throughout the model as a whole. By 

incorporating new mathematical equations and parameters to simulate disease responses, 

we were able to simulate the effect of adulticiding mosquitoes, and culling, restricting the 

movement of, and vaccinating cattle upon the intensity of RVF moving through the three 

populations. We assessed each countermeasure individually and discovered that 

adulticides and animal movement restriction were ineffective means of controlling the 

epidemic, and that while culling helped to reduce the number of cattle deaths from 

infection, it did not mitigate the effects of the disease upon the cattle population or the 

total number of cattle infections. This contrasted previous studies in a nonspatial model 

that found culling to be effective at disease mitigation. Vaccination was effective at 

reducing maximum number of cattle infections, total number of cattle infections, cattle 

deaths from infection and mitigating population loss even if only moderately efficacious, 

but the time lag between reaching a disease threshold and vaccination administration was 

important, an increasing lag reducing the mitigation effect on the maximum number of 

cattle.   
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INTRODUCTION 

 

As established in Chapter III, there exists in Florida, a number of risk factors that 

make the outbreak of Rift Valley fever (RVF) among cattle likely should the etiological 

agent be imported to the state, in the form of an infected vector, infected host or infected 

product. In order to control such an outbreak, it is necessary to institute appropriate 

countermeasures that stop the spread of the disease. This is done by breaking the chain of 

viral transmission: either by preventing infective mosquitoes from infecting susceptible 

cattle or by preventing susceptible mosquitoes from taking up an infective blood meal 

from infected cattle. There are a number of ways to do this: by wholesale reduction of 

mosquito populations through larvicidal or adulticidal compounds (both coordinated 

through county/state mosquito control agencies and assisted by Department of Human 

and Health Services if needed)
4
, by vaccinating cattle populations (vaccines are provided 

by the National Vaccine Stockpile and administered through state authorities assisted by 

Department of Human and Health Services)
4
, by restricting the movement of infected 

cattle and infected products to areas where both the mosquito and cattle population are 

uninfected (intrastate quarantines are enforced by APHIS in Department of Agriculture)
4
 

and finally, by culling cattle that are infected (culling and carcass disposal are 

coordinated by state authorities and supported by the Geological Survey in Department of 

the Interior)
4
.  

Each countermeasure has both pros and cons and specific limitations for 

institution specifically in Florida. Larvicide formulations take the form of insect growth 

regulators (IGR), microbial larvicides, organophosphates and surface oil and films
12

. 
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Larvicides are the better form of temporary chemical control of mosquito populations, as 

it is easier to control immature mosquitoes that are stationary rather than adult 

mosquitoes that are mobile
12

. However larvicides and larvicide applications are relatively 

expensive and thus less commonly used in Florida, contributing to just 1.2% of acre 

coverage in 2010. The microbial larvicide Bacillus thuringiensis israelensis (Bti) is the 

most commonly used larvicide in Florida (57% of larvicided acres in 2010) due to 

emerging resistance to the organophosphate temephos (28% of larvicided acres in 2010). 

However, not just locally, but globally, larvae are developing resistance to Bti as well
13

.  

Since 1998, adulticides have been the most commonly used method of mosquito 

control. Pyrethroids, specifically permethrin, are more commonly used for aerial and 

ground adulticiding (in FY 2004-2005, 76.7% of ground adulticide-treated acres were 

treated with permethrin)
12

 They replaced organophosphates as the main adulticide of 

choice due to mosquito resistance and the effects on non-targeted wildlife, however, 

naled, an organophosphate, is the still the most commonly used aerial adulticide. The 

aerial application of adulticides has the following advantages over ground spraying: 

ability to treat areas inaccessible to ground spraying; larger areas can be treated in a short 

timeframe, according to local policy, five times as much active agent can be applied in 

comparison to ground spraying. However, the following disadvantages- total expense; 

safety of aerial equipment; narrowness of favorable meteorological conditions to 

maintain efficacy of spraying- mean that aerial spraying will never fully replace ground 

spraying as a means to control mosquito populations
7
.  

Manufacturers’ notes regarding their larvicides and adulticides frequently cite that 

their product has an efficacy of between 95% and 100%, however this is frequently citing 
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experiments done under laboratory conditions. Journal articles citing experiments done 

under field conditions claim varying efficacy for differing larvicides and adulticides, for 

example BTi has a field efficacy of between 40% and 70% depending on precipitation
 7

, 

Malathion had a 56.4% efficacy rate in Manatee County, Florida 
15

 and various 

Caribbean studies have shown mixed efficacies of other adulticides and larvicides
16

   

In the past, there were two main forms of vaccine for RVFV, a live attenuated 

version known as the Smithburn vaccine, and an inactivated whole virus vaccine. New 

live attenuated versions are being produced globally, known as Clone 13 and MP-12
23

 

Currently in the US, none of the vaccines are fully licensed for use, however in August 

2013, the USDA issued a conditional license for the Smithburn vaccine, under the special 

circumstance that it would be needed in the event of an emergency condition-an outbreak 

of RVFV
20

  

Smithburn is inexpensive, gives immunity for three years with one dose and 

provides some immunity to suckling young, however it has both teratogenic and abortive 

properties, making it unsuitable for newborn and pregnant cattle. The inactivated virus is 

safe for those at risk from Smithburn, but is more expensive, requires multiple doses and 

only provides one year of coverage. In addition, both Smithburn and the formalin-

inactivated vaccines require storage at cool temperature per their manufacturers’ 

instructions, supposedly denaturing at room temperature in a matter of days
3
., although 

there is evidence to suggest the formalin-inactivated vaccine maintains its activity even 

when exposed to temperatures of 25°C
16

. Data shows all of the aforementioned vaccines 

have produced protective titers of antibody in 100% of animals tested in clinical trials, 

however, the population size in the test varied between 5 and 9
23
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Using animal movement restriction to control disease outbreaks requires large 

scale tracking of livestock and their location to facilitate narrowing down both the source 

of the disease and identifying any of the potentially exposed. Nationally, the Animal 

Disease Traceability Final Rule, issued in 2013
22

, requires all cattle moved interstate 

(with the exemption of beef cattle under eighteen months old, and cattle being moved 

directly to slaughter houses) to have a Certificate of Veterinary Inspection tied to a 

unique identifying number or an alternative method of identification, such as brands, 

tattoos etc., that are accepted by the receiving state. Florida is in the process of issuing a 

similar rule, the Florida Cattle Identification Rule, covering intrastate movement
8
. It has 

similar exemptions, with the addition of exempting cattle being moved between premises 

under the same management. These rules were put in place to ‘reduce the number of 

animals in a disease investigation, reduce the amount of time to respond…and to reduce 

the length of any quarantine periods’. In Florida, Florida Statue  §585.22 informs that the 

Department of Agriculture and Consumer Services may provide notice putting any area 

of the state under quarantine. However, restricting livestock movement reduces the 

velocity of the livestock economy. Cattle in quarantine cannot be sold for slaughter, and 

require upkeep, further taxing farmers.  

The Animal and Plant Health Inspection Service (APHIS) maintains a list of 

countries from which the US will import beef products. Currently, none of the countries 

that have ever had proven RVFV epidemics are on the import list. Therefore, any import 

of infected animal product would be coming in illegally, which is harder to stop. 

However, as meat products mature, their pH drops which causes rapid RVFV 
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degradation
1
. It is therefore unlikely that illegally imported meats would be a source for 

disease introduction.  

Culling is strictly referred to as mass depopulation. This differs from euthanasia, 

in that euthanasia of animals has an emphasis on the welfare of the animal, whereas mass 

depopulation takes into account the welfare of the animal but has an emphasis on the 

practical constraint of killing large amounts of animals in a short period of time
21

 

Currently the Foreign Animal Disease Preparedness and Response Plan (FADPReP) has 

the following options for euthanizing cattle
21

: penetrating captive bolt, gunshot, 

electrocution and injectable euthanasia agents. There are no options for depopulating 

cattle herds listed, but these options are listed as euthanasia options and it is likely these 

cattle-specific euthanasia options would be used for mass depopulation of cattle herds.  

Florida statute §828.05 allows for the destruction of diseased livestock by either gunshot 

or injection of barbiturate. The issue with depopulating via gunshot is that the caliber of 

round must be personalized by animal weight. In addition, injection of barbiturate is 

labor-intensive, expensive and considered impractical by FADPReP. Regardless of 

choice of depopulation tool, in the event of culling in response to RVFV, special disposal 

of any carcasses is required to prevent further infecting local mosquitoes through larval 

ingestion of contaminated product
19 

and also to prevent contaminated animal product 

from entering the wildlife and/or pet food chain.  

Previous model simulations to analyze the effects of countermeasures utilized the 

original non-spatial model
10

 with invariant parameters and added equations removing 

subpopulations from their compartment according to the countermeasure being modeled 

and either, in the case of vaccination, added the removed to a new compartment 
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representing vaccinated livestock, and in the case of the other countermeasures (larvicide, 

adulticide and culling) removed them completely from the simulation
9
. These simulations 

used temporally constant parameters simulating both low and high transmission rates and 

found vaccination and culling were most effective at stopping outbreaks. Adulticide was 

found to be ineffective at both transmission rates, and larvicide was ineffective at high 

transmission rates and increased cases at low transmission. With the above information 

regarding countermeasures and the findings from the nonspatial model in mind, we 

adapted our variable, spatial model representing the four segments of Florida to simulate 

the effects of ineffective, and moderately effective adulticides (25% and 50% 

respectively), moderately efficacious and very efficacious vaccines (65% and 90% 

respectively), culling of the exposed and infective populations at varying rates (50%, 

75% and 100% respectively) and the restriction of cattle movement on spread of the virus 

through the total population of the four patches of the spatial model. 
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MATERIALS AND METHODS 

 

Model: The model used was the one-by-four spatial model simulating the entirety 

of Florida as created in Chapter III and used in Chapter IV. The model was adapted in 

one of three ways depending on intervention simulation:  

 

The equations were adapted to show removal (by targeted killing) from either 

adult mosquito (0.25/day or 0.5/day) or exposed/infected cattle compartments (0.5/day, or 

1.0/day) to model adulticide and culling upon reaching a disease prevalence in 

mosquitoes or hosts of 1% (in the case of adulticides) and 1% or 10% disease prevalence 

in hosts (in the case of culling).  These values were chosen to model an ineffective 

adulticide and a moderately effective adulticide. As previously stated in the introduction, 

whereas laboratory reports for adulticides claim more than 90% efficiency, field reports 

average closer to 50% efficiency for adulticiding mosquito populations. Also taking into 

account the difficulties inherent in aerial spraying (the mosquito populations may not be 

touched by the adulticide) it was determined that 50% efficiency was the higher boundary 

for killing adult mosquitoes and that compared to laboratory reports, this would be 

determined “moderately effective” and that halving this efficiency to 25% would be the 

lower boundary for killing adult mosquitoes, and that compared to laboratory reports, this 

would be determined “ineffective”. The parameters for culling were chosen to model two 

different methods: the swift destruction of all exposed/infected cattle until the disease 

prevalence falls below the set disease prevalence threshold, or partial, slower culling of 

all exposed/infected cattle until the incidence falls below the set disease prevalence 
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threshold
4
. It is impossible with the current lack of cattle field diagnostics to identify and 

cull exposed and infectious cattle all within one day, however, the development of 

reverse transcriptase loop mediated isothermal amplification (RT-LAMP) PCR 

techniques should, in the future, allow for quick identification (under 60 minutes) of 

exposed and infected cattle and identify said populations for removal and safe disposal. 

The disease prevalence thresholds were set arbitrarily at 1% and 10%. For disease 

prevalence in mosquitoes, these correspond to 1 infectious mosquito in a pool of either 

100 mosquitoes or 10 mosquitoes, these being common size pools for other arbovirus 

disease prevalence surveillance
13

. For ease of comparison, the same thresholds were 

chosen for cattle disease prevalence.  

To model animal movement restriction, the cattle migration matrices were altered 

so that they were only non-zero if below one of the set disease prevalences (either less 

than 1% or 10% disease prevalence in either mosquitoes or cattle) to mimic animal 

movement restriction under those conditions.  

To model the effects of vaccination on the model, the equations were adapted by 

removing susceptible cattle at a rate mimicking either a moderately efficacious vaccine 

(65% efficacious) or highly efficacious vaccine (90%) at 50%, 75% or 100% coverage 

per day and transferring to an extra compartment mimicking vaccinated cattle. This was 

triggered by an arbitrary disease prevalence in cattle of 1% for comparing to the culling 

simulations.  These vaccinated cattle (who are made immediately immune upon 

vaccination) leave this new vaccinated compartment at a rate of 0.1/day entering the 

Recovered compartment. These values were chosen to mimic vaccination under the worst 

conditions (i.e. only 50% of Susceptibles vaccinated with a 65% effective vaccine per 
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day) through to vaccination under almost ideal conditions (i.e. 100% of Susceptible 

vaccinated with a 90% effective vaccine per day). This was to ascertain whether the 

population coverage per day as well as the efficaciousness of the vaccine is important at 

mitigating outbreaks. It is unrealistic with current technology to vaccinate 100% of 

livestock per day, but with the development of quicker, more efficient methods of 

vaccination (e.g. vaccination by aerosol
17

) higher rates of vaccination can be envisaged in 

the future using these technologies. Please see figure 1 for a schematic for the nonspatial 

model adapted to model vaccination. 
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Figure 1: Nonspatial vaccination model schematic. The nonspatial model maintains the 

structure as seen in chapter IIIwith the addition of “V2” the vaccinated cattle 

subpopulation compartment.  

 

To estimate the importance of the number of days between reaching a 1% disease 

prevalence in cattle and commencing vaccination, the non-spatial vaccination model as 

seen in figure 1was adapted to introduce a time-lag between reaching a 1% host disease 

prevalence and the introduction of vaccination. The vaccination was commenced 2, 7 and 

10 days post-the disease prevalence trigger. The temperature/precipitation profile used 

was 4, as this quadrant has the highest average annual temperature (corresponding to the 

highest adequate contact rates between mosquitoes and cattle) and the largest number of 

cattle in Florida according to the 2007 USDA Cattle Census. The 2-, 7- and 10-day time 

AEDES 

                           AEDES            CATTLE              CULEX     
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lags were chosen somewhat arbitrarily. We contacted Zoetic Inc. to ask the average 

length of time between receiving a request for them to manufacture a vaccine and when 

they deliver said vaccine, but the PR department was unable to release that information. 

Therefore the lags were chosen for the following reasons: 2 days models 1 day for 

delivery from the National Vaccine Stockpile, plus 1 day for administration set-up at the 

site of the outbreak; 7 days models 5 days for vaccine manufacture, plus 1 day each for 

delivery and administration set-up at the site of the outbreak; 10 days models 5 days for 

vaccine manufacture, 3 days for delivery of a vaccine damaged during transit, plus 1 day 

each for delivery and administration set-up at the site of the outbreak. 

 

The simulations for the lagged vaccine were solved used the “lsoda” solution (a 

combination of Adams and Backward Differentiation Formula (BDF) integration 

methods).  

 

Model-Initial Conditions: 

Population Patch 1 Patch 2/3/4 

P1i 5,000 5,000 

S1i 4,999 5,000 

Q1i, E1i, 0 0 

I1i 1 0 

N1i S1 i +E1 i +I1 i S1 i +E1 i +I1 i 

S2i 1,000 1,000 

E2i, I2i, R2i, V2i  0 0 
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N2i S2 i +E2 i +I2 i + V2i +R2 i S2 i +E2 i +I2 i + V2i +R2 i 

P3i , S3i 5,000 5,000 

E3i , I3i 0 0 

N3i S3 i +E3 i +I3 i S3 i +E3 i +I3 i 

Table 1: Initial conditions for all metapopulations 

Temperature/Precipitation Data: The model was run using the temperature and 

precipitation data as laid out in Chapters III and IV. The one-by-four model was chosen 

to simulate Florida in its entirety, so run on the temperature/precipitation profile: 1-2-3-4. 

The non-spatial model was run using temperature/precipitation profile 4, as stated above 

Model simulation metrics: 

Various metrics were utilized to analyze the success of each intervention on the 

spread of RVFV through the patches in the model. See the table below for the metrics 

and how they were calculated. All model abbreviations are from Chapter II, Rc refers to 

rate of culling. 

 

 

 

 

Metric Equation Rationale Initial value 

Total number of 

cattle infections 

 ∫  
        

  

 
        

  

 

 

 
      

  

    

Integral of incidence rate  

minus death rate of 

exposed cattle that die 

before becoming 

infectious 

0 
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Total number of 

cattle deaths from 

infection 

 ∫      

 

 

    
Integral of rate at which 

infected cattle die 

0 

Total population 

growth 

 ∫      

 

 

    
Integral of birth rate of 

cattle population 

0 

Total culled 

population 

 ∫       
 

 
   dt Integral of culling rate 

multiplied by exposed 

plus infectious cattle 

0 

Table 2: Equations to calculate selected metrics 

 

 The metrics universally considered were: total number of cattle infections in the 

simulation (calculated by integrating the cattle incidence rate: the rate of cattle exposed 

minus the death rate of exposed cattle); total number of deaths from infection in the 

simulation (calculated by integrating the cattle disease death rate: the rate of infected 

cattle dying from disease; total population growth during the ten-year simulation.  For the 

culling simulation, the total number of culled cattle was also tabulated so as to investigate 

the number of carcasses that would safely need to be disposed.  

 

Numerical Methods: Models were run using “deSolve” on R and all plots were 

generated using R.  
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RESULTS 

 

Adulticide and animal movement restriction were found to be ineffective at 

reducing the total number of deaths from infection, while vaccination was found to be 

effective even when the vaccine is only moderately efficacious and applied to only part of 

the herd per day 
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Figure 2: A bar chart comparing the percentage of total number of deaths from infection 

produced in a simulation in comparison to the null simulation (no intervention). The 

legend denotes the interventions that were modeled, and corresponds to the bar chart 

sequentially: i.e. null (no intervention); then 25% effective adulticide at 1% disease 

prevalence in hosts, etc. For purposes of comparison, the null simulation produced 1373 

cattle deaths from infection. 
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When comparing the bars in figure 2, it is clear that adulticide and animal 

movement restriction are ineffective at reducing the total number of deaths from infection 

in the simulation. Culling 100% of the Exposed/Infected cattle per day however, at 10% 

host disease prevalence reduces the total number of deaths from infection by 

approximately 25%, when the culling is started earlier at 1% host disease prevalence, this 

reduction increases to roughly 70% reduction. Culling 50% of the Exposed/Infected cattle 

per day instead of 100% at 10% host disease prevalence results in 16 extra deaths. 

While culling 100% of Exposed/Infected at 1% disease host prevalence results 

in the largest reduction in total number of deaths from infection, all forms of vaccination 

(i.e. moderately efficacious vaccine incomprehensively applied to the susceptible 

population through to highly efficacious vaccine completely applied to the susceptible 

population) were effective at reducing the number of deaths from infection by 

approximately 75%. 
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Adulticide, culling and animal movement restriction were found to be ineffective at 

reducing the total number of infections, while vaccination in all formats was found to be 

effective 

 

  

Figure 3: A bar chart comparing the percentage of total number of cattle infections 

produced in a simulation compared to the null simulation (no intervention). The legend 
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compares to the bar chart sequentially, i.e. the null simulation, followed by 25% 

adulticide applied at 1% disease prevalence in hosts, etc. 

  

When comparing figure 2 to figure 3, we see that while culling is effective at reducing 

the total number of deaths from infections within the simulation, it is ineffective at 

reducing the total number of infections within the simulation (the most effective: 100% 

killed at 1% host disease prevalence only reduced the total number of infections by 1,342 

cattle, a factor of 22%. We hypothesize that culling reduces the number of deaths due to 

infection by virtue of removing the exposed and infected cattle before they have a chance 

to die from infection. In addition, we hypothesize that the reason culling was found to be 

ineffective at stopping the total number of infections was because the total number of 

infections were calculated by counting all cattle that were infected and did not die by 

natural means before becoming infectious. As this simulation removes exposed cattle 

through culling, for this purposes of the culling simulations, this counts the total number 

of instances that mosquitoes successfully infected cattle, regardless of whether those 

cattle survived to become infectious or were culled immediately after infection. The 

average disease prevalence in Aedes was not altered significantly between the null 

simulation and that of the simulations modeling culling (see table 3).  This similar disease 

prevalence in the mosquitoes predominantly responsible for transmitting infection (see 

Chapter III) combined with the removal of most exposed and infectious cattle before they 

can become immune after recovery, means the total cattle population in culling scenarios, 

when compared to the null simulation, is disproportionately populated by susceptible 
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cattle and thus outbreaks occur more frequently, even if infections in cattle result in 

culling instead of death from disease. 

 

 

Simulation Null Culling 

  1% host disease prevalence 10% host disease prevalence 

  
50%

/day 
100%

/day 
50%

/day 
100%

/day 

Average 

Disease 

prevalence in 

Aedes (%) 

0.59 0.58 0.58 0.54 0.55 

Table 3:  Average disease prevalence Aedes.The average disease prevalence through the 

ten year simulation was not significantly altered between the null simulation and the 

culling simulations 

 

Adulticide and animal movement restriction were found to be ineffective at reducing the 

total number of infections, and vaccination in all forms was found to be effective, 

reducing the total number of infections by a minimum of 3,945 cattle, a factor of 64% 

(65% efficacious vaccine applied at a rate of 0.5/day). Animal movement restriction and 

adulticides were found to be ineffective at reducing the total number of infections and 

deaths from infections, simply because the mosquitoes are too numerous. Even a 50% 

reduction in the population of both Aedes and Culex mosquitoes leaves an average of 

more than one mosquito of both species per host within the simulation. As the simulation 

starts with a disease outbreak caused by the introduction of a solitary infected mosquito 
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into a susceptible population, it is clear that “one is all it takes”. However, as stated in the 

introductory chapter, these model mechanics assume homogeneous mixing of the cattle 

and mosquito and more importantly, that fractions of animals are able to interact with 

each other. These are limitations of this deterministic model. The natural stochastic 

nature of population dynamics and interactions in the real world means that when the 

prevalence of infectious mosquitoes or cattle gets low enough, there is the probability that 

neither would interact with susceptibles to whom they could transmit the infection. 

Similarly, with respect to animal movement restriction in this model, while it is possible 

to control the movement of Exposed/Infected cattle across the patch lines, the proximity 

between patches allows for the movement of Exposed/Infected mosquitoes onto patches 

with susceptible cattle, and only one infected mosquito adult is required to start an 

epidemic. Limitations on animal movement has been suggested during African outbreaks 

of RVFV as the farmers are able to move their animals far away from any possibly 

infected mosquito populations (i.e. to high altitudes
5
), reducing the threat of migrating 

infected mosquitoes to practically zero. However, due to the geological nature of Florida 

supporting almost ubiquitous mosquito growth, it is unlikely that animal movement 

restriction would be effective at mitigating the effect and spread of RVFV. It is likely that 

inter-state animal movement restriction would prevent the import of RVFV into non-

proximal states in the bodies of exposed and infected cattle, as these distances would be 

too far for mosquitoes to reasonably travel. 
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Culling, while being ineffective at reducing the total number of infections, produces a 

large number of carcasses that must be disposed of safely and securely 

 

Figure 4: A bar chart comparing the total number of carcasses produced by varying 

implementations of culling. When these carcasses are added to the carcasses from figure 

2 (deaths from infection), culling produces far more carcasses than no intervention at all. 
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Figure 4 shows the number of carcasses produced by two forms of culling (0.5/day versus 

1.0/day) at two different disease prevalences (10% host disease prevalence versus 1% 

host disease prevalence). More comprehensive culling (100% culled per day rather than 

50% culled per day) results in the disease prevalence dropping below 10% or 1% quicker, 

which is why we do not see a doubling in the number of carcasses between the two forms 

of culling. Similarly, instituting culling at 1% host disease prevalence rather than 10% 

host disease prevalence results in an earlier intervention meaning we do not see a ten-fold 

increase in the number of carcasses between interventions at the two different disease 

prevalences. However, as stated earlier, culling in addition to being an ineffective 

countermeasure, produces far more carcasses that require safe and secure disposal than 

no intervention at all. As stated in chapter II, Animal and Plant Disease Pest Response is 

responsible for the disposal of infectious and potentially infectious carcasses. In 

geographic locales with a high water table, like Florida, onsite burial of cattle is not an 

option, and thus more expensive options like incineration or offsite processing after 

temporary storage must be used
1
. Increasing the number of carcasses requiring this 

special treatment complicates control measures and depending on the cost differential of 

processing several hundred carcasses at once versus processing cattle deaths from 

infection as they occur, could potentially be economically detrimental to control efforts if 

used in isolation. 
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Vaccination in all forms is effective at mitigating the effect of RVFV outbreak but the 

mitigation effect is time-dependent 

 

In order to determine the effect of RVFV introduction to Florida, we calculated the total 

cattle population growth over the ten year simulation of the following simulations: 

Disease introduced-no intervention [negative control]; adulticide administered (0.25/day, 

0.5/day: 1% host disease prevalence | 0.25/day, 0.5/day: 1% mosquito disease 

prevalence); culling implemented (0.5/day, 1/0/day: 10% host disease prevalence  | 

0.5/day, 1.0/day: 1% host disease prevalence); animal movement restriction (stopped at 

10% host disease prevalence, 1% host disease prevalence, 10% mosquito disease 

prevalence, 1% mosquito disease prevalence); vaccination administered (65% effective 

vaccine: 0.5/day, 0.75/day, 1.0/day | 90% effective vaccine: 0.5/day, 0.75/day, 1.0/day); 

and no disease introduced [positive control]. 
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Figure 5: A bar chart showing the total population growth over the ten year simulation in 

all four patches as a percentage of the total population in a model without RVFV 

introduction. The legend illustrates the bars sequentially, i.e. the null simulation, followed 

by 25% effective adulticide at 1% disease prevalence in hosts, etc. D-F refers to Disease-

Free A dotted line bisects the bar chart at the population maintenance percentage of the 

null simulation. This gives a reference for the percentage of population maintenance with 

no intervention, so as to illustrate how effective countermeasures are at mitigating the 
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deleterious effect on population growth that RVFV has without intervention. Adulticides 

and animal movement restriction do not mitigate this deleterious effect, and culling has 

an even greater deleterious effect on population growth than no intervention at all. A 

dashed line bisects the bar chart at 95%, showing that the different vaccination treatments 

are all effective at maintaining more than 95% of the population of the disease free 

simulation. This amounts to approximately 200 calves “lost” at the least effective 

vaccination intervention (65% efficacious administered to 50% of the herd a day). 

 

When herds are diminished through loss of livestock from disease, the next generation is 

naturally smaller: there are fewer females around to carry fewer calves. Therefore the loss 

in population seen when comparing the null simulation (disease introduced, no 

intervention) with the disease-free simulation represent both present and future economic 

losses, i.e. calves not born that could have been sold at market and female calves not born 

that could have been part of the breeding stock for propagating the herd. In a third-world 

setting, this loss could be enough to devastate a herd, in a first-world setting like Florida, 

these female calves need to be replaced, imposing a financial burden. 

 

The similarity in the mitigation effect of the different vaccination interventions can be 

seen in figures 1, 2 and 4. Both vaccine efficiencies administered at different rates 

resulted in very similar output, as seen below in table 4. 
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Vaccine Efficiency and 

Administration Rate 

Total Number of 

Infections 

Total Number of 

Deaths from Infections 

Total Population 

Growth 

65% efficient: 0.5/day 2204 492 3802 

65% efficient: 0.75/day 2215 472 3815 

65% efficient: 1.0/day 2096 467 3821 

90% efficient: 0.5/day 2126 474 3812 

90% efficient: 0.75/day 2094 467 3821 

90% efficient: 1.0/day 1781 397 3850 

NULL SIMULATION 6150 1373 3270 

Table 4: Metrics for  simulations of varying vaccination strategies 

 

The vaccine with a higher efficiency (90%) was more efficient at mitigating the effects of 

the outbreak, even when administered more sparingly than the moderately efficacious 

vaccine. However, the difference between applying a moderately efficacious vaccine to 

0.5 susceptible cattle herd/day and applying the highly efficacious vaccine to all of the 

susceptible cattle in one day resulted in the loss of 48 further future calves, 95 more 

deaths from infection and 423 more cases of cattle infection. This represents 3% of the 

population loss seen in the null simulation, 3% of the number of deaths seen in the null 

simulation and 3% of the number of total infections seen in the null simulation. 

Therefore, even slowed application of a moderately efficacious vaccine would be 

effective at mitigating an RVFV outbreak in Florida. 

 

In order to ascertain whether the time between the disease reaching a specific prevalence 

(in this case, 1% host disease prevalence) and introducing vaccination was important, we 

adapted the non-spatial model to introduce vaccination after the following lag periods 
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post reaching 1% host disease prevalence: 2 days, 7 days and 10 days. We ran the 

simulation with a moderately efficacious vaccine (65%) used on 0.5 susceptible cattle 

herd/day and introduced RVFV at the four different “seasons” discussed in chapter IV. 

This was to ascertain whether the importance of the time lag between reaching the host 

disease prevalence threshold and introducing vaccination was affected by the season of 

RVFV introduction.  
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Figures 6a-d: Number of infectious cattle as a function of time (first 250 days) for 

varying vaccination strategies for all four seasonal introductions of RVFV. Plot of the 

number of infectious cattle during the first 150 days after RVFV introduction in Winter 

(6a), Spring (6b), Summer (6c) and Fall (6d): Comparing the varying time lags shows 

that both the maximum number of infected cattle and the time to reach the height of the 
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epidemic are positively affected by the time period between reaching 1% host disease 

prevalence and introduction of vaccination.  

 

Season of RVFV 

Introduction/(Time 

lag) 

Percentage of 

Maximum 

Infected Cattle 

(compared to 

null) 

Time to height 

of Epidemic 

(days) 

Percentage of 

Total Number of 

Infections 

(compared to 

null) 

Percentage of 

Total Number of 

Deaths from 

Infection 

(compared to 

null) 

Winter (null) 100 74 100% 100% 

Winter (2 days) 17% 54 24% 24% 

Winter (7 days) 31% 57 42% 42% 

Winter (10 days) 36% 61 40% 40% 

Table 5: Metrics for simulations of varying vaccination time-lags after RVFV 

introduction in Winter. The 2 day lag is the best at mitigating disease spread: it causes the 

highest reduction in the maximal number of infected cattle, the total number of infections 

and the total number of deaths from infections. The 7-day lag causes more infections and 

deaths from infections than the 10 day lag due to vaccination altering the periodicity of 

outbreak. There are fewer outbreaks when vaccination is instituted after a 2 day or 10 day 

lag after reaching host disease prevalence 

 

Season of RVFV 

Introduction/(Time 

lag) 

Percentage of 

Maximum 

Infected Cattle 

(compared to 

Time to height 

of Epidemic 

(days) 

Percentage of 

Total Number of 

Infections 

(compared to 

Percentage of 

Total Number of 

Deaths from 

Infection 
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null) null) (compared to 

null) 

Spring (null) 100 56 100% 100% 

Spring (2 days) 16% 42 35% 35% 

Spring (7 days) 33% 45 35% 35% 

Spring (10 days) 44% 49 43% 43% 

Table 6: Metrics for simulations of varying vaccination time-lags after RVFV 

introduction in Spring.. Here, although the 2-day lag is better at reducing the maximal 

number of infected cattle, it does not reduce the total number of infections or deaths from 

infections over the ten year simulation more than instituting vaccination at 7 days.  

 

Season of RVFV 

Introduction/(Time 

lag) 

Percentage of 

Maximum 

Infected Cattle 

(compared to 

null) 

Time to height 

of Epidemic 

(days) 

Percentage of 

Total Number of 

Infections 

(compared to 

null) 

Percentage of 

Total Number of 

Deaths from 

Infection 

(compared to 

null) 

Summer (null) 100 49 100% 100% 

Summer (2 days) 21% 34 36% 35% 

Summer (7 days) 37% 38 32% 32% 

Summer (10 days) 45% 41 40% 40% 

Table 7: Metrics for simulations of varying vaccination time-lags after RVFV 

introduction in Summer. Here, although the 2 day lag is the best for reducing the 

maximal number of infected cattle, it does not reduce the total number of infections or 

deaths from infections over the ten year simulation as much as instituting vaccination at 7 

days. This is because vaccination alters the periodicity of outbreaks, so even though the 
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maximal number of infected cattle is lower with a 2 day lag, there are more frequent 

outbreaks over the ten year simulation than with vaccination at a 7 day lag. 

 

Season of RVFV 

Introduction/(Time 

lag) 

Percentage of 

Maximum 

Infected Cattle 

(compared to 

null) 

Time to height 

of Epidemic 

(days) 

Percentage of 

Total Number of 

Infections 

(compared to 

null) 

Percentage of 

Total Number of 

Deaths from 

Infection 

(compared to 

null) 

Fall (null) 100 87 100% 100% 

Fall (2 days) 20% 47 37% 35% 

Fall (7 days) 29% 54 24% 32% 

Fall (10 days) 38% 56 27% 40% 

Table 8: Metrics for simulations of varying vaccination time-lags after RVFV 

introduction in Fall. Here again, although the 2-day lag is best at reducing the maximal 

number of infected cattle, the 7-day lag, due to a decreased periodicity of outbreak, 

causes fewer number of cattle infections and fewer cattle deaths from infection 

 

 

 

Figure 6a-d shows that during the first 150 days post-RVFV introduction, for all time 

lags for vaccination, there is a reduction in the maximal number of infected and 

correspondingly, the time to the height of the infection. Tables 5-8 show the metrics for 

the entire ten year simulation. The season of RVFV introduction appears to affect the 

mitigation effect of vaccination. As the average seasonal temperature for the time of 
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RVFV introduction increases, the reduction in the maximal number of infected cattle is 

decreased.  

While the positive correlation between the time lag and the maximal number of 

infected/time to height of the epidemic is maintained across the tables, we found that over 

the ten year simulation, there was not a correlation between the reduction in the number 

of infections and the time lag between reaching 1% host disease prevalence and 

introducing vaccination. This was due to the impact that vaccination had on periodicity of 

outbreak. In order for cattle infections to occur, there must be a source of susceptible 

cattle that are capable of becoming infected. In the construct of this model, all cattle are 

born susceptible. As vaccination causes susceptible cattle to bypass infection (and 

consecutively either recovery or death) and become immune through vaccination, this 

means that the smaller the lag between reaching the host disease prevalence and 

vaccination, the quicker the initial post-height-of-the-epidemic population growth. Even 

though the logistic death rate in the simulation with the shorter time lag (2 days) ends up 

being slighter faster due to N2 (total number of cattle) being larger than in the simulation 

with a longer time lag (7 days), this logistic death rate is applicable to all subpopulations 

of cattle, keeping their respective densities within the cattle population the same. This 

means that the minimal number of susceptible cattle required for an outbreak is reached 

sooner the shorter the time lag between reaching 1% host disease prevalence and 

instituting vaccination.  
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DISCUSSION 

 

As can be seen by the output of Chapters II and III, RVFV introduction could be 

very economically destructive if introduced in Florida. Therefore, it was pertinent to 

determine what, if any, interventions would help control and reduce the impact of an 

epidemic in the state. We simulated a state-wide epidemic by adapting the one by four 

patch model seen in Chapter IV, introducing the disease to Patch 1, simulating the North-

West of the state. While the North-West does not have the highest cattle density, it 

borders three states (Georgia, Mississippi and Alabama) and is only 200 miles away from 

the port of New Orleans. In addition, Interstate 10 runs through Florida, ending in Texas, 

thus providing a likely route for cattle to be transported via the ground and thus ensuring 

Northwest Florida is a likely ingress for RVFV. The adaptions to the model allowed 

simulating whether adulticide for mosquito control or culling, vaccination or animal 

movement restriction for cattle control would reduce the effects of disease introduction. 

The varying simulation output showed that adulticides were ineffective at reducing the 

number of infected cattle, the number of cattle deaths from infection and the impact on 

the total cattle population. As larvicide is only used on 2% of acres in Florida and 

adulticides were proven ineffective (in concurrence with previous model output), 

mosquito control does not seem to be an option for controlling a potential RVFV 

outbreak in Florida.  

Culling exposed and infected individuals was effective at mitigating the number 

of cattle deaths from infection, but not effective at reducing the total number of infections 

or mitigating the impact on the total cattle population. Combined with the heavy financial 
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and emotional cost of culling herds, the obvious economic issue of destroying exposed 

and infected cattle that could potentially recover and be economically productive means 

that culling would not be an option for controlling RVFV in Florida. 

Restricting animal movement was ineffective at reducing any of the metrics, 

similar to adulticiding. While this may be an option to prevent non-proximal inter-state 

transfer of RVFV, the ability for mosquitoes to cross county lines means that intra-state 

animal movement restriction would be an financially prohibitive unnecessary and 

ineffective countermeasure.  

Vaccination provided the most effective means of reducing the impact of an 

epidemic: it reduced the total number of infections, total number of deaths from 

infections and mitigated the reduction in population growth caused by disease. Currently 

there is no published data regarding the efficacy in the field of the RVFV vaccines 

Smithburn and Clone 13, however it is unlikely to reach 90%. However, use of a 

moderately efficacious vaccine would have similar mitigation effects to that seen by 

vaccination with the highly effective vaccine alone.  

When investigating the effects of the time lag period between reaching a specific 

host disease prevalence threshold for the introduction of vaccination and beginning 

vaccination administration, the shorter the time lag, the bigger the mitigation of the 

maximum number of infected cattle at the height of the epidemic. However, it is 

important to be aware that the time lags experienced in reactive vaccination programs 

change the nature of natural outbreak cycles and thus potentially we could see an increase 

in the periodicity of outbreaks as a result of vaccination.   
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Appendix A 

 

 

 

 

 
 

Full Haddon Matrix tables for RVFV: pre-, peri-, and 

post-event 
  



 

 

Table 1A.  

 Table 1A: Haddon Matrix for Rift Valley fever, pre-event stage  

 Phase  Influencing factors  

    Environment  

         1
8

5
 

 Host  Agent  Vector  Physical  Socio-cultural  Policy and legal  Economic  



 

 

                                                                                1
8
6

 

 Pre-event  

  

Survey of host 

species: 

susceptible 

wildlife 

Susceptibility 

and number of 

responder 

population 

Population 

dynamics 

Geographic 

specificity 

Size and 

location of 

livestock herds 

 

Identification 

of livestock 

hosts 

Spatio-

temporal 

field surveys 

of wildlife 

host 

Genotypic, 

phenotypic 

variation in 

virulence  

 

Survey and characterize 

species, inc. population 

dynamics and vector 

behavior;  

Biting patterns 

Transmission competence 

and efficiency 

Spatio-temporal field 

surveys of range of vector 

distribution 

Seasonality 

Vector 

breeding 

habitat 

 Location of 

hosts 

Pre-event 

risk 

communicati

on and 

education 

Local events 

(e.g. fairs, 

markets) 

Risk 

assessment  

Mosquito 

control 

measures 

Produce 

existing 

vaccines  



 

 

                                                                     1
8

7
 

 Efficacy of 

vaccines 

and 

therapeutics 

(e.g., 

ribavirin) 

Foraging 

behavior 

Feeding 

preference 

  

  Climatology: 

Precipitation, 

Temperature  

Antecedent ocean temperature 

and vegetation data 

Geomorphology 

Elevation, soil permeability 

 Geography 

 Location and flow rates of 

waterways 

Information 

sharing inc. 

with media 

(“what’s in it 

for me?”)  

Surveillance, 

active and 

passive  

Develop new 

vaccines  

      Livestock data 

garnering 

Stockpiling of 

vaccine and 

Budgeting of 

prevention 



 

 

therapeutics  activities  

                                  

     Incidence of 

unusual events 

that may alter 

risk 

Protection of 

private 

information  

Liquidity of assets 

1
8
8
 

      Standards for 

distribution of 

vaccine, 

therapeutics  

 

       Standards for 

quarantine  

 



 

 

       Border control 

and interstate 

transportation of 

livestock  

 

                             1
8
9

 

      Knowledge of 

current policies 

that may affect 

intervention 

attempts 

 

 

 

 

  



 

 

Table 1B  

 Table 1B: A Haddon matrix for Rift Valley fever, peri-event stage  

 Phase  Influencing factors  

    Environment  

1
9
0
 

  Host  Agent  Vector  Physical  Socio-cultural  Policy and legal  Economic  

 Peri--event  Trained clinical 

and public 

health 

personnel  

Infectivity 

and virulence  

Extrinsic 

incubation 

period  

Vector breeding 

habitat  

Laboratory 

capacity and 

accessibility 

Active and 

passive 

surveillance  

Budget for operations  



 

 

  Adherence to 

infection 

control 

guidelines  

Subclinical 

infection  

Control of 

population 

size  

Meteorology  Availability of 

stockpiled 

vaccine and 

therapeutics  

Distribution 

networks for 

vaccine and 

therapeutics  

Insurance issues  

                           1
9
1
 

                     1
9
1
 

 Compliance 

with 

prophylactic, 

therapeutic 

regimen 

guidelines  

Rate of 

genetic 

evolution in 

new hosts  

Effects of 

control 

attempts on 

population 

dynamics 

 Availability of 

communication 

networks  

Border control 

and interstate 

transportation of 

livestock  

 

  Compliance 

with quarantine 

if instituted  

 Temperature 

dependence 

of incubation 

period 

 Availability of 

standardized 

diagnostic assays  

Penalty 

enforcement for 

non-compliance 

 



 

 

  Culling 

practices and 

disposal of 

livestock 

remains  

   Accuracy of 

media reporting  

Alteration of 

current bills 

 

                       1
9
2

 

               1
9
2
 

 Surveillance for 

vaccine and 

therapeutic 

adverse events  

   Willingness to 

report agricultural 

disease  

  

      Acceptance and 

cooperation with 

government 

control measures  

  

 



 

 

Table 1C  

 Table 1C: A Haddon matrix for Rift Valley fever, post-event stage 

 Phase  Influencing factors  

    Environment  

  Host  Agent  Vector  Physical  Socio-cultural  Policy and legal  Economic  

   1
9
3

 

Post-event  Disposal of 

livestock 

remains  

Surveillance for 

potential genetic 

drift and 

implications 

Persistence of 

agent in the 

environment  

Identify risk 

geographic 

factors  

Restocking of 

vaccine and 

therapeutic 

stockpile  

Continuation of 

disease surveillance  

Impact of loss of 

livestock  

  Identification of 

resistant breeds 

 Travel of agent 

beyond locale 

  Continuation of 

vaccination  

Impact of 

potential decline 



 

 

and phenotypes  in production 

(e.g., milk)  

  Surveillance for 

vaccine and 

therapeutic 

adverse events  

    Government 

compensation for 

livestock losses  

Impact on 

tourism 

1
9
4
 

               1
9
4
 

 Assessing 

population 

structure and 

rates of 

susceptibility 

     Impact on 

state/national 

budgets  

        Impact on 

regional/ 

International 



 

 

trade 

         Impact from 

human 

morbidity/mortal

ity (i.e. health 

care industry 

expenses; loss of 

work force)  

1
9
5
 

        



 

 

                          1
9
5

 

       Impact from 

control effort 

costs (i.e. 

vaccination, 

vector control, 

livestock 

movement 

control) 

1
9
6
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Appendix B 

 

 

 

 

 
 

Nonspatial model code and Spatial model code without 

countermeasures 

  



 

 198 

Nonspatial model R code 

Lines that begin # are not processed by R 

In this code T1(t) computes       at time t, therefore for the temperature-dependent 

non-differential functions listed below, they are dependent on the temperature calculated 

at time t: they are temperature-forced. 

 
setwd("/Users/administrator/Documents/Aimee's work/my 

documents/R/model attempts") 

 

rm(list=ls()) 

everglades<-read.csv('newokee2.csv', sep=",", dec=".", 

header=T) 

 

 

require(deSolve) 

require(sfsmisc) 

 

a <- Sys.time() 

 

 

#----- The differential equations ----- 

 

 

RVF_Single <- function(t, x, p) { 

 

#  x := compartment populations 

#  p := parameters 

 

 with(as.list(c(x,p)),{ 

   

 

 

 

############################ Aedes Mosquitoes  

 

dP1<- SE1(PRE,WET, T1,t)*BE1(WL1, 

T1,t)*Kappa1(RAIN1,WET,t)/N1*(N1-Qu1*I1)-BH1(HR1, SPX, 

T1,t)*Kappa1(RAIN1,WET,t)/N1*P1-DH1(BH1, HR1, SPX, 

T1,t)*N1/Kappa1(RAIN1,WET,t)*P1 

 

dQ1<- SE1(PRE,WET, T1,t)*BE1(WL1, 
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T1,t)*Kappa1(RAIN1,WET,t)/N1*Qu1*I1 - BH1(HR1, SPX, 

T1,t)*Kappa1(RAIN1,WET,t)/N1*Q1-DH1(BH1, HR1, SPX, 

T1,t)*N1/Kappa1(RAIN1,WET,t)*Q1 

 

dS1 <- BH1(HR1, SPX, T1,t)*Kappa1(RAIN1,WET,t)/N1*P1 -

d1*N1/Kappa1(RAIN1,WET,t)*S1 -Beta21(BiR1, WL1,GP, 

DIS1,T1,t)*S1*I2/N2 

 

dE1 <- -d1*N1/Kappa1(RAIN1,WET,t)*E1 +Beta21(BiR1, WL1,GP, 

DIS1, T1,t)*S1*I2/N2-Epsilon1(T1,t)*E1 

 

dI1 <- BH1(HR1, SPX, T1,t)*Kappa1(RAIN1,WET,t)/N1*Q1 - 

d1*N1/Kappa1(RAIN1,WET,t)*I1 + Epsilon1(T1,t)*E1 

 

dN1 <- dS1+dE1+dI1 

 

############################ Livestock Population 

 

dS2 <- b2*N2-d2*S2*N2/K2 -Beta12(BiR1, 

WL1,GP,T1,t)*S2*I1/N1 -Beta32(BiR3,WL3,GP,T1,t)*S2*I3/N3 

 

dE2 <- -d2*E2*N2/K2 +Beta12(BiR1,WL1, GP,T1,t)*S2*I1/N1+ 

Beta32(BiR3,WL3, GP,T1,t)*S2*I3/N3 -epsilon2*E2 

 

dI2   <- -d2*I2*N2/K2 + epsilon2*E2 - gamma2*I2 - mu2*I2  

 

dR2   <- -d2*R2*N2/K2 + gamma2*I2 

 

dN2   <- dS2+dE2+dI2+dR2 

 

dIN   <- Beta12(BiR1,WL1, GP,T1,t)*S2*I1/N1+ 

Beta32(BiR3,WL3, GP,T1,t)*S2*I3/N3-d2*E2*N2/K2 

 

dDN   <- mu2*I2 

 

dTP <- b2*N2 

 

 

############################# Culex Mosquitoes 

 

dP3   <- SE3(PRE, 

WET,T1,t)*BE3(WL3,T1,t)*Kappa3(RAIN3,WET,t)/N3*N3 - 

BH3(HR3, SP3, T1,t)*Kappa3(RAIN3,WET,t)/N3*P3-DH3(BH3, HR3, 

SP3, T1,t)*N3/Kappa3(RAIN3,WET,t)*P3 

     

dS3   <- BH3(HR3, SP3, T1,t)*Kappa3(RAIN3,WET,t)/N3*P3 - 

d3*N3/Kappa3(RAIN3,WET,t)*S3 - Beta23(BiR3, 
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WL3,GP,DIS3,T1,t)*S3*I2/N2 

 

dE3   <- -d3*N3/Kappa3(RAIN3,WET,t)*E3 + Beta23(BiR3, WL3, 

GP,DIS3,T1,t)*S3*I2/N2 - Epsilon3(T1,t)*E3 

 

dI3   <- -d3*N3/Kappa3(RAIN3,WET,t)*I3 + Epsilon3(T1,t)*E3 

 

dN3   <- dS3+dE3+dI3 

 

 

 

 

################################## list all variables 

 

 

list(c(dP1, dQ1, dS1, dE1, dI1, dN1, dS2, dE2, dI2, dR2, 

dN2, dIN, dDN, dTP, dP3, dS3, dE3, dI3, dN3))  

 

 

 

}) 

} 

#functions 

### Other Variables----Non differential functions######## 

 

BE1<-function(WL1, T1,t) {1.888+1.202*(WL1(T1,t))} 

BE3<-function (WL3, T1,t) {1.888+3.606*(WL3(T1,t))} 

 

 

DE1<-function(T1,t) {(1-SPX(T1,t))*BE1(T1,t)} 

DE3<-function(T1,t) {(1-SP3(T1,t))*BE3(T1,t)} 

 

BH1<-function(HR1, SPX, T1,t) {HR1(T1,t)*SPX(T1,t)} 

BH3<-function(HR3, SP3, T1,t) {HR3(T1,t)*SP3(T1,t)} 

 

HR1<-function(T1,t) {0.00552*T1(t)-0.0458} 

HR3<-function(T1,t) {-0.045816+0.006001*T1(t)} 

 

SPX<-function(T1,t) {ifelse(T1(t)>=15 & T1(t)<20, -

2.6296+0.1774*T1(t), 

 ifelse(T1(t)>=20 & T1(t)<25, -0.05844*T1(t)+2.0868, 

 ifelse(T1(t)>=25 &T1(t)<27, -2.7717+0.1359*T1(t), 

 ifelse(T1(t)>=27 & T1(t)<30, 3.0054-0.07807*T1(t), 

 ifelse(T1(t)>=30 & T1(t)<34, 1.203-0.018*T1(t), 

 ifelse(T1(t)>=34 & T1(t)<41, 3.376-0.0819*T1(t), 

 ifelse(T1(t)>=41, 0.0181, 0.03)) 

 ) 
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 ) 

 ) 

 ) 

 ) 

 } 

SP3<-function(T1,t) {ifelse(T1(t)>=15 & T1(t)<20, -

1.0315+0.0942*T1(t), 

 ifelse(T1(t)>=20 & T1(t)<25, 0.6505+0.0101*T1(t), 

 ifelse(T1(t)>=25 &T1(t)<27, 1.58175-0.02715*T1(t), 

 ifelse(T1(t)>=27 & T1(t)<30, 1.0062-0.005833*T1(t), 

 ifelse(T1(t)>=30 & T1(t)<34, 3.9099-0.1026*T1(t), 

 ifelse(T1(t)>=34 & T1(t)<41, 2.238-0.05345*T1(t),  

 ifelse(T1(t) >=41, 0.04655, 0.3815) 

 ) 

 ) 

 ) 

 ) 

 ) 

 ) 

 } 

 

 

DH1<-function(BH1, HR1, SPX, T1,t) {1-BH1(HR1, SPX, T1,t)} 

DH3<-function(BH3, HR3, SP3, T1,t) {1-BH3(HR3, SP3, T1,t)} 

 

 

Kappa1<-function(RAIN1, WET, t) {Kappa10*RAIN1(WET,t)} 

Kappa3<-function (RAIN3, WET, t) {Kappa30*RAIN3(WET,t)} 

 

RAIN1<-function(WET,t) {ifelse(WET(t)>=0& WET(t)<=2, 0.275, 

      ifelse(WET(t)>2& WET(t)<=4, 

0.75, 

      ifelse(WET(t)>4, 1,  0.275) 

      ))} 

RAIN3<-function(WET,t) {ifelse(WET(t)>=0& WET(t)<=2, 0.5, 

      ifelse(WET(t)>2& WET(t)<=4, 

0.75, 

      ifelse(WET(t)>4, 1,  0.5) 

      ))} 

 

SE1<-function(PRE, WET, T1,t) {1*PRE(WET, T1,t)} 

SE3<-function(PRE, WET, T1,t) {1*PRE(WET, T1,t)} 

 

PRE<-function(WET, T1,t) {ifelse(T1(t)>22 & WET(t) >0, 1,  

 ifelse(T1(t)<=22 & WET(t)>0, 0.596, 

 ifelse(T1(t)>22 & WET(t)<=0, 0.197,0.1)))} 
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WET<-function(t) {(everglades$x[t+1])/10} 

 

 

WL1<-function(T1,t) {3.91-0.04*T1(t)} 

WL3<-function(T1,t) {4.225+0.026*T1(t)-0.002*(T1(t))^2} 

 

BiR1<-function(WL1,T1,t) {(-0.79*WL1(T1,t)+3.43)/7*6} 

BiR3<-function(WL3,T1,t) {(-0.79*WL3(T1,t)+3.43)/7*6} 

 

Beta12<-function(BiR1, WL1,T1,t) 

{BiR1(WL1,T1,t)*1*0.48*(6/7)} 

 

Beta21<-function(BiR1, WL1,DIS1, T1,t) 

{(BiR1(WL1,T1,t))*1*DIS1(T1,t)*(6/7)} 

 

Beta23<-function(BiR3, WL3,DIS3,T1,t) 

{(BiR3(WL3,T1,t))*1*DIS3(T1,t)*(6/7)} 

 

Beta32<-function(BiR3, WL3, T1,t) 

{BiR3(WL3,T1,t)*1*0.13*(6/7)} 

 

DIS1<-function(T1,t) {ifelse(T1(t)<17, 0.18, 

     ifelse(T1(t)>=17 &T1(t)<22.5, -

1.36545+0.09091*T1(t), 

     ifelse(T1(t)>=22.5, 

0.43455+0.01091*T1(t), 0) 

     ) 

     ) 

     } 

 

DIS3<-function(T1, t) {ifelse(T1(t) < 26, 

(7.0+0.2308*T1(t))/100, 

      ifelse(T1(t)>= 26, ((-

16.714+1.143*T1(t))/100), 0))} 

 

Epsilon1<-function (T1,t) {1/(1/(-0.132+0.0092*T1(t)))} 

Epsilon3<-function (T1,t) {1/(1/(-0.132+0.0092*T1(t)))} 

 

 

 

 

 

 

 

 

T1<-function(t) {35-5*cos(2*pi*t/365)} 

 



 

 203 

 

  

########## Instruct Driver Program 

 

num_years   <- 10.0 

time_limit   <-num_years*365.00 

 

########## Constants 

 

N1i     <-5.0E03 

K2            <- 1.0E03 

d2           <- 1/(10.0*365.0)      

b2           <- d2   

epsilon2     <- 1.0/4.0  

gamma2       <- 1.0/4.0  

mu2          <- -log(1-0.25)*gamma2   

N2i                 <- 1.0E03 

N3i     <-5.0E03 

Kappa10  <-5.0E03 

d1   <-1.0/10.0 

Kappa30  <-5.0E03 

d3   <-0.1 

Qu1=0.000100 

 

parms    <- c(K2=K2,  

d2=d2, 

 b2=b2, 

  epsilon2=epsilon2, 

   gamma2=gamma2, 

    mu2=mu2, 

     N2i=N2i, 

      N3i=N3i, 

      Qu1=Qu1, 

       d1=d1, 

    d3=d3 

      ) 

 

############# Set up initial conditions 

P10 <-N1i-1.0 

Q10 <-1.0 

S10 <-N1i 

E10 <-0.0 

I10 <-0.0 

N10 <- S10+E10+I10 

 

 

S20 <-N2i 
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E20 <- 0.0 

I20 <- 0.0 

R20 <- 0.0 

N20 <- S20+E20+I20 

IN0 <-0 

DN0 <-0 

TP0 <-0 

 

 

P30 <- N3i 

S30 <-N3i 

E30 <- 0.0 

I30 <- 0.0 

N30 <-S30+E30+I30 

 

xstart <- c(P1=P10, Q1=Q10, S1=S10, E1=E10, I1=I10, N1=N10,  

                    S2=S20, E2=E20, I2=I20, R2=R20, N2=N20, 

IN=IN0, DN=DN0, TP=TP0,  

                    P3=P30, S3=S30, E3=E30, I3=I30, N3=N30)  

                     

                     

############# Set up the timesteps and tolerances 

        times   <- seq(0.0, time_limit, 1.0) 

        tol <- 1e-16 

        my.atol <- rep(tol,5) 

        my.rtol <- 1e-12 

        

############# Call the DE Integrator 

                # Call the DE solver 

        out_rk4 <-  as.data.frame(rk4(xstart, times, 

RVF_Single, parms)) 

         

  

 outfilename<-paste("Generic non-spatial for 

nonintervention.csv")     

        write.csv(out_rk4,file=outfilename,row.names=FALSE, 

col.names=FALSE) 

        b <- Sys.time() 

        print(b-a) 

 

Spatial model R code 
 

# This program is to solve the epidemiological model of Rift Valley    

# fever with 

# spatial dynamics using 4th order Runge-Kutta method. 
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# Default the working directory 

 

setwd("/Users/administrator/Documents/Aimee's work/my documents/R/model 

attempts") 

 

 

 

rm(list=ls()) 

 

a<-Sys.time() 

 

# The script requires deSolve library. 

require(deSolve) 

require(sfsmisc) 

 

newpanamamax<-read.csv('newpanamamax2.csv', sep=",", dec=".", header=T) 

newliveoak<-read.csv('newliveoak2.csv', sep=",", dec=".", header=T) 

newwithlacoochee<-read.csv('newwithla2.csv', sep=",", dec=".", 

header=T) 

newokee<-read.csv('newokee2.csv', sep=",", dec=".", header=T) 

 

 

#-----------Inserting parameters  

 BE1<-function(WL1, T1,t) {1.888+1.202*(WL1(T1,t))} 

BE3<-function (WL3, T1,t) {1.888+3.606*(WL3(T1,t))} 

 

 

DE1<-function(T1,t) {(1-SPX(T1,t))*BE1(T1,t)} 

DE3<-function(T1,t) {(1-SP3(T1,t))*BE3(T1,t)} 

 

BH1<-function(T1,t) {HR1(T1,t)*SPX(T1,t)} 

BH3<-function(T1,t) {HR3(T1,t)*SP3(T1,t)} 

 

HR1<-function(T1,t) {0.00552*T1(t)-0.0458} 

HR3<-function(T1,t) {-0.045816+0.006001*T1(t)} 

 

SPX<-function(T1,t) {ifelse(T1(t)>=15 & T1(t)<20, -2.6296+0.1774*T1(t), 

 ifelse(T1(t)>=20 & T1(t)<25, -0.05844*T1(t)+2.0868, 

 ifelse(T1(t)>=25 &T1(t)<27, -2.7717+0.1359*T1(t), 

 ifelse(T1(t)>=27 & T1(t)<30, 3.0054-0.07807*T1(t), 

 ifelse(T1(t)>=30 & T1(t)<34, 1.203-0.018*T1(t), 

 ifelse(T1(t)>=34, 3.376-0.0819*T1(t), 0.2) 

 ) 

 ) 

 ) 

 ) 

 ) 

 } 

SP3<-function(T1,t) {ifelse(T1(t)>=15 & T1(t)<20, -1.0315+0.0942*T1(t), 

 ifelse(T1(t)>=20 & T1(t)<25, 0.6505+0.0101*T1(t), 

 ifelse(T1(t)>=25 &T1(t)<27, 1.58175-0.02715*T1(t), 

 ifelse(T1(t)>=27 & T1(t)<30, 1.0062-0.005833*T1(t), 

 ifelse(T1(t)>=30 & T1(t)<34, 3.9099-0.1026*T1(t), 

 ifelse(T1(t)>=34, 2.238-0.05345*T1(t), 0.2) 

 ) 

 ) 

 ) 
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 ) 

 ) 

 } 

 

 

DH1<-function(T1,t) {1-BH1(T1,t)} 

DH3<-function(T1,t) {1-BH3(T1,t)} 

 

 

Kappa1<-list(function (RAIN1, WET, t) {Kappa101*RAIN1(WET,t)}, 

 

function (RAIN1, WET, t) {Kappa102*RAIN1(WET,t)}, 

 

function (RAIN1, WET, t) {Kappa103*RAIN1(WET,t)}, 

 

function (RAIN1, WET, t) {Kappa104*RAIN1(WET,t)} 

 

) 

 

Kappa3<-list(function (RAIN3, WET, t) {Kappa301*RAIN3(WET,t)}, 

 

function (RAIN3, WET, t) {Kappa302*RAIN3(WET,t)}, 

 

function (RAIN3, WET, t) {Kappa303*RAIN3(WET,t)}, 

 

function (RAIN3, WET, t) {Kappa304*RAIN3(WET,t)} 

) 

 

RAIN1<-function(WET,t) {ifelse(WET(t)>=0& WET(t)<=2, 0.275, 

      ifelse(WET(t)>2& WET(t)<=4, 0.75, 

      ifelse(WET(t)>4, 1,  0.275) 

      ))} 

RAIN3<-function(WET,t) {ifelse(WET(t)>=0& WET(t)<=2, 0.5, 

      ifelse(WET(t)>2& WET(t)<=4, 0.75, 

      ifelse(WET(t)>4, 1,  0.5) 

      ))} 

 

SE1<-function(PRE, WET, T1,t) {1*PRE(WET, T1,t)} 

SE3<-function(PRE, WET, T1,t) {1*PRE(WET, T1,t)} 

 

PRE<-function(WET, T1,t) {ifelse(T1(t)>22 & WET(t) >0, 1,  

 ifelse(T1(t)<=22 & WET(t)>0, 0.596, 

 ifelse(T1(t)>22 & WET(t)<=0, 0.197, 0)))} 

  

 

WET<-list( 

function(t) {(newpanamamax$x[t+1])/10}, 

 

function(t) {(newliveoak$x[t+1])/10},  

 

function(t) {(newwithlacoochee$x[t+1])/10},  

 

function(t) {(newokee$x[t+1])/10} 

 

) 
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WL1<-function(T1,t) {3.91-0.04*T1(t)} 

WL3<-function(T1,t) {4.225+0.026*T1(t)-0.002*(T1(t))^2} 

 

BiR1<-function(WL1,T1,t) {-0.79*WL1(T1,t)+3.43} 

BiR3<-function(WL3,T1,t) {-0.79*WL3(T1,t)+3.43} 

 

Beta12<-function(BiR1, WL1,T1,t) {BiR1(WL1,T1,t)*1*0.48*(6/7)} 

 

Beta21<-function(BiR1, WL1,DIS1, T1,t) 

{BiR1(WL1,T1,t)*1*DIS1(T1,t)*(6/7)} 

 

Beta23<-function(BiR3, WL3,DIS3,T1,t) 

{BiR3(WL3,T1,t)*1*DIS3(T1,t)*(6/7)} 

 

Beta32<-function(BiR3, WL3,T1,t) {BiR3(WL3,T1,t)*1*0.13*(6/7)} 

 

DIS1<-function(T1,t) {ifelse(T1(t)<17, 0.18, 

     ifelse(T1(t)>=17 &T1(t)<22.5, -

1.36545+0.09091*T1(t), 

     ifelse(T1(t)>=22.5, 0.43455+0.01091*T1(t), 0) 

     ) 

     ) 

     } 

DIS3<-function(T1,t) {-0.003744+0.002170*T1(t)} 

 

Epsilon1<-function (T1,t) {1/(1/(-0.132+0.0092*T1(t)))} 

Epsilon3<-function (T1,t) {1/(1/(-0.132+0.0092*T1(t)))} 

 

 

T1<-list(function(t) {20-5*cos(2*pi*(t)/365)}, 

  function(t) {27.5-12.5*cos(2*pi*(t)/365)}, 

  function(t) {30-10*cos(2*pi*(t)/365)}, 

  function(t) {35-5*cos(2*pi*(t)/365)}) 

 

 

 

AB<-0.0001 

BC<-0.0001 

  

 

 

 

K2     <-list(1.0E03, 1.0E03, 1.0E03, 1.0E03) 

d2           <- 1/(10.0*365.0)      

b2           <- d2   

epsilon2     <- 1.0/4.0  

gamma2       <- 1.0/4.0  

mu2          <- -log(1-0.25)*gamma2   

 

Kappa10  <-5.0E03 

 

 

Kappa30  <-5.0E03 
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Kappa101 <-Kappa10 

Kappa102 <-Kappa10 

Kappa103 <-Kappa10 

Kappa104 <-Kappa10 

 

Kappa301  <-Kappa30 

Kappa302  <-Kappa30 

Kappa303  <-Kappa30 

Kappa304  <-Kappa30 

 

Qu1<-0.0001 

d1<-1/10 

d3<-1/10 

 

 

 

 

 

 

 

#-----------------ODE SYSTEM FUNCTION DEFINITION------------# 

RVF <- function(t,y,p) 

{   

 

 with(as.list(c(y,p)), 

 { 

   

 

 

# Initialization of the derivatives 

  dydt <- rep(0,NP*19) 

 

  # m1[i,j]: travel rate for Aedes mosquito from patch j to patch i 

  # m2[i,j]: travel rate for livestock from patch j to patch i 

  # m3[i,j]: travel rate for Culex mosquito from patch j to patch i 

 

  # Initialize m1,m2,m3 

  m1 <- matrix(0,NP,NP) 

  m2 <- matrix(0,NP,NP) 

  m3 <- matrix(0,NP,NP) 

 

  

    

   

  # Only nearest neighbors have nonzero travel rates between each other 

   for (i in 1:NP) 

 

  { 

   for (j in 1:NP) 

   { 

    if (i!=j) 

    { 

     if (j == i+1 | j == i-1 | j == 1 | j==NP) 

      

     { 
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      m2[j,i] <- 0.00025 

      m2[i,j] <- 0.00025 

             

       

     } 

    } 

 

 

      

    if(j == i+1 | j == i-1 ) 

    

   { 

    m1[i,j] <-0.00001 

    m1[j,i] <-0.00001 

     

   

     

    m3[i,j] <-0.00001 

    m3[j,i] <-0.00001 

   }  

  } 

  } 

   

   

  # Initialize the summaries of incoming movements to a patch 

  s <- rep(0,NP*19) 

 

  for (i in 1:NP) 

  { 

 z <- (i-1)*19 

 

 for (k in 3:6) 

 { 

  for (j in 1:NP) 

  { 

   zz <- (j-1)*19 

   s[z+k] <- s[z+k] + m1[i,j]*y[zz+k] 

  } 

 } 

  

 for (k in 7:11) 

 { 

  for (j in 1:NP) 

  { 

   zz <- (j-1)*19 

   s[z+k] <- s[z+k] + m2[i,j]*y[zz+k] 

  } 

 } 

 

 for (k in 13:16) 

 { 

  for (j in 1:NP) 

  { 

   zz <- (j-1)*19 

   s[z+k] <- s[z+k] + m3[i,j]*y[zz+k] 

  } 

 } 
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 # VARIABLES DEFINITIONS 

  # y[z+1]  = P1[i]: number of uninfected Aedes mosquito eggs in 

patch i 

 # y[z+2]  = Q1[i]: number of infected Aedes mosquito eggs in patch i 

 # y[z+3]  = S1[i]: number of susceptible Aedes mosquito in patch i 

 # y[z+4]  = E1[i]: number of incubating Aedes mosquito in patch i 

 # y[z+5]  = I1[i]: number of infectious Aedes mosquito in patch i 

 # y[z+6]  = N1[i]: size of the Aedes mosquito population in patch i 

 # y[z+7]  = S2[i]: number of susceptible livestock in patch i 

 # y[z+8]  = E2[i]: number of incubating livestock in patch i 

 # y[z+9]  = I2[i]: number of infectious livestock in patch i 

 # y[z+10] = R2[i]: number of recovered livestock in patch i 

 # y[z+11] = N2[i]: size of livestock population in patch i 

 # y[z+12] = P3[i]: number of uninfected Culex mosquito eggs in patch i 

 # y[z+13] = S3[i]: number of susceptible Culex mosquito in patch i 

 # y[z+14] = E3[i]: number of incubating Culex mosquito in patch i 

 # y[z+15] = I3[i]: number of infectious Culex mosquito in patch i 

 # y[z+16] = N3[i]: size of Culex mosquito population in patch i 

 # y[z+17] = incidence of cattle infections 

 # y[z+18] = cattle deaths from RVFV 

 # y[z+19] = cattle population growth 

 

 # dydt[z+k]: derivative of y[z+k], where k = 1:19 

 

 

 # ODE systems for Aedes mosquito vector 

  

 dydt[z+1]<- SE1(PRE,WET[[i]], T1[[i]],t)*BE1(WL1, 

T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*(y[z+6]-Qu1*y[z+5])-

BH1(T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*y[z+1]-

DH1(T1[[i]],t)*y[z+6]/Kappa1[[i]](RAIN1,WET[[i]],t)*y[z+1] 

  

 

dydt[z+2]<- SE1(PRE,WET[[i]], T1[[i]],t)*BE1(WL1, 

T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*Qu1*y[z+5] - 

BH1(T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*y[z+2]-

DH1(T1[[i]],t)*y[z+6]/Kappa1[[i]](RAIN1,WET[[i]],t)*y[z+2] 

 

 

dydt[z+3] <- BH1(T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*y[z+1] 

-d1*y[z+6]/Kappa1[[i]](RAIN1,WET[[i]],t)*y[z+3] -Beta21(BiR1, WL1,GP, 

DIS1,T1[[i]],t)*y[z+3]*y[z+9]/y[z+11]+s[z+3]-(sum(m1[,i])*y[z+3]) 

 

dydt[z+4] <- -d1*y[z+6]/Kappa1[[i]](RAIN1,WET[[i]],t)*y[z+4] 

+Beta21(BiR1, WL1,GP, DIS1, T1[[i]],t)*y[z+3]*y[z+9]/y[z+11]-

Epsilon1(T1[[i]],t)*y[z+4]+s[z+4]-(sum(m1[,i])*y[z+4]) 

 

 

dydt[z+5] <- BH1(T1[[i]],t)*Kappa1[[i]](RAIN1,WET[[i]],t)/y[z+6]*y[z+2] 

- d1*y[z+6]/Kappa1[[i]](RAIN1,WET[[i]],t)*y[z+5] + 

Epsilon1(T1[[i]],t)*y[z+4]+s[z+5]-(sum(m1[,i])*y[z+5]) 

 

dydt[z+6] <- dydt[z+3]+dydt[z+4]+dydt[z+5] 

 

 

############################ Livestock Population 
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dydt[z+7] <- b2*y[z+11]-d2*y[z+7]*y[z+11]/K2[[i]] -Beta12(BiR1, 

WL1,GP,T1[[i]],t)*y[z+7]*y[z+5]/y[z+6] -

Beta32(BiR3,WL3,GP,T1[[i]],t)*y[z+7]*y[z+15]/y[z+16]+s[z+7]-

(sum(m2[,i])*y[z+7]) 

 

dydt[z+8] <- -d2*y[z+8]*y[z+11]/K2[[i]] +Beta12(BiR1,WL1, 

GP,T1[[i]],t)*y[z+7]*y[z+5]/y[z+6]+ Beta32(BiR3,WL3, 

GP,T1[[i]],t)*y[z+7]*y[z+15]/y[z+16] -epsilon2*y[z+8]+s[z+8]-

(sum(m2[,i])*y[z+8]) 

 

dydt[z+9]   <- -d2*y[z+9]*y[z+11]/K2[[i]] + epsilon2*y[z+8] - 

gamma2*y[z+9] - mu2*y[z+9] +s[z+9]-(sum(m2[,i])*y[z+9]) 

 

dydt[z+10]   <- -d2*y[z+10]*y[z+11]/K2[[i]] + gamma2*y[z+9]+s[z+10]-

(sum(m2[,i])*y[z+10]) 

 

dydt[z+11]   <- dydt[z+7]+dydt[z+8]+dydt[z+9]+dydt[z+10] 

 

############################# Culex Mosquitoes 

 

dydt[z+12]   <- SE3(PRE, 

WET[[i]],T1[[i]],t)*BE3(WL3,T1[[i]],t)*Kappa3[[i]](RAIN3,WET[[i]],t)/y[

z+16]*y[z+16] - 

BH3(T1[[i]],t)*Kappa3[[i]](RAIN3,WET[[i]],t)/y[z+16]*y[z+12]-

DH3(T1[[i]],t)*y[z+16]/Kappa3[[i]](RAIN3,WET[[i]],t)*y[z+12] 

     

dydt[z+13]   <- 

BH3(T1[[i]],t)*Kappa3[[i]](RAIN3,WET[[i]],t)/y[z+16]*y[z+12] - 

d3*y[z+16]/Kappa3[[i]](RAIN3,WET[[i]],t)*y[z+13] - Beta23(BiR3, 

WL3,GP,DIS3,T1[[i]],t)*y[z+13]*y[z+9]/y[z+11]+s[z+13]-

(sum(m3[,i])*y[z+13]) 

dydt[z+14]   <- -d3*y[z+16]/Kappa3[[i]](RAIN3,WET[[i]],t)*y[z+14] + 

Beta23(BiR3, WL3, GP,DIS3,T1[[i]],t)*y[z+13]*y[z+9]/y[z+11] - 

Epsilon3(T1[[i]],t)*y[z+14]+s[z+14]-(sum(m3[,i])*y[z+14]) 

 

dydt[z+15]   <- -d3*y[z+16]/Kappa3[[i]](RAIN3,WET[[i]],t)*y[z+15] + 

Epsilon3(T1[[i]],t)*y[z+14]+s[z+15]-(sum(m3[,i])*y[z+15]) 

 

 

dydt[z+16]   <- dydt[z+13]+dydt[z+14]+dydt[z+15] 

 

 

############################## Metrics 

 

dydt[z+17] <-  -d2*y[z+8]*y[z+11]/K2[[i]] +Beta12(BiR1,WL1, 

GP,T1[[i]],t)*y[z+7]*y[z+5]/y[z+6]+ Beta32(BiR3,WL3, 

GP,T1[[i]],t)*y[z+7]*y[z+15]/y[z+16] 

 

dydt[z+18]  <-   mu2*y[z+9] 

 

dydt[z+19] <-   b2*y[z+11] 

 

 

 

 

} 
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 list(dydt) 

   })       

} 

 

 

 

#----------------------PARAMETER VALUES---------------------# 

 

# NP: The total number of patches (e.g. 4, 50, 3000) 

NP <- 4 

 

parms <- c(NP=NP) 

 

#----------------------INITIAL CONDITIONS-------------------# 

 

# Initialization of the initial conditions 

xstart <- rep(0,NP*19) 

 

# Read initial conditions from file 

filename <- paste("Initial(",as.character(NP),").R", sep=" ") 

xstart  <- scan(filename) 

   

#----------------------RUNGE KUTTA SOLVER-------------------# 

# time_period: time period of the model simulation (unit is day, e.g. 

365 days) 

time_period <- 10*365.0 

 

# time_step: time step of simulation (unit is day, e.g. 1 day, 0.1 day) 

time_step <- 1.0 

 

# times: time points of the simulation 

times <- seq(0,time_period,by=time_step) 

 

# Call function rk4 to solve the ODE system 

out <- as.data.frame(rk4(xstart,times,RVF,parms)) 

 

# Give the corresponding names of the variables for the outputs 

vnames <- 

c("P1","Q1","S1","E1","I1","N1","S2","E2","I2","R2","N2","P3","S3","E3"

,"I3","N3", "IN", "DN", "TP") 

names <- rep(0,19*NP) 

newnames <- rep(0,19) 

 

for (i in 1:NP) 

{ 

 z = (i-1)*19 

 

 for (j in 1:19) 

 { 

  newnames[j] <- paste(vnames[j],"[",as.character(i),"]") 

  names[z+j] <- newnames[j] 

 } 

 

} 

 

names(out) <- c("Times",names) 
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#-------------------------OUTPUT RECORDS---------------------# 

 

 

outfilename<-paste("P1234-T1234-4sqSEASON.csv") 

write.csv(out,   file=outfilename,row.names=FALSE, col.names=FALSE) 

 

 

 

# Record the running time (in seconds) 

ptm <- proc.time() 

b<-Sys.time() 

print(b-a) 

 


	Abstract
	Results
	Construction of a Haddon matrix for RVFV requires an understanding of the epidemiology, pathology and veterinarian-medical response to the disease. Scrutinization of the relevant information in the introduction identifies factors in each phase of an o...
	Pre-event factors
	Peri-event factors
	Post-event factors
	Discussion
	1. Abdo-Salem, S., Waret-Szkuta, A., Roger, F., Olive, M., Saeed, K., & Chevalier, V. (2011). Risk assessment of the introduction of Rift Valley Fever from the Horn of Africa to Yemen via legal trade of small ruminants. Tropical Animal Health and Prod...
	References
	1. Airports Council International. (n.d.). Airports Council International Passenger Traffic 2011. Retrieved from Airports Council International: http://www.aci.aero/Data-Centre/Annual-Traffic-Data/Passengers/2011-final

