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Models for heartwater epidemiology: Practical 
implications and suggestions for future research 

T. YONOW1*, C.C. BREWSTER2 , J.C. ALLEN2 and M.l. MELTZER3 

ABSTRACT 

YONOW, T. , BREWSTER, C. C., ALLEN, J.C. & MELTZER, M.l. 1998. Models for heartwater epidemi
ology: Practical implications and suggestions for future research. Onderstepoort Journal of Veterinary 
Research, 65:263-273 

We present a simple model of the dynamics of heartwater that we use to explore and better understand 
various aspects of this disease. We adapted the Ross-Macdonald model for malaria epidemiology so 
that we could consider both host and vector populations, and evaluate the interactions between the 
two. We then use two more biologically detailed models to examine heartwater epidemiology. The first 
includes a carrier state and host mortality, and the second includes density dependence. The results 
from all three models indicate that a stable equilibrium with high disease levels is probably the stand
ard situation for heartwater (R

0 
between 5,7 and 22,4) . More than 80% of cattle become infected with 

heartwater if only 12% of infected tick bites produce an infection in cattle, if tick burdens are as low as 
only five ticks per host per day, or if tick lifespans are as short as 7 d. A host recovery rate of 30 d 
results in over 50% of the cattle becoming infected with heartwater. Our analyses indicate that it is 
quite difficult to prevent the establishment and maintenance of high levels of heartwater in a herd, 
thereby supporting previous suggestions that any attempts at controlling this disease through strin
gent tick control regimens are not warranted. 
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INTRODUCTION 

Heartwater, caused by the rickettsia Cowdria rumi
nantium, is a major disease of livestock in Africa, and 
also occurs in the Caribbean.lt can result in approxi
mately 40% mortality in a susceptible herd of cattle, 
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and up to 95% mortality in a susceptible herd of Meri
no sheep (Norval, Meltzer & Burridge 1992). The dis
ease is transmitted to livestock by tick vectors of the 
genus Amblyomma (Bezuidenhout 1987; Petney, Ho
rak & Rechav 1987). A. variegatum is the most im
portant vector, occurring throughout tropical Africa 
as well as in the Caribbean, followed by A. hebraeum, 
which occurs in southern Africa (Uilenberg 1983; Bezui
denhout 1987). Amblyomma ticks are all three-host 
ticks, which means that engorged larvae and nymphs 
must drop from their respective hosts in order to 
moult into the next stage, and adult females must 
drop from their host to lay their eggs. 

Current control of heartwater relies primarily on tick 
control, either by intensive dipping regimens or spray
ing with acaricides. However, the justification of dip
ping to control tick-borne diseases has been ques
tioned (e.g. Norval 1983; Norval, Barrett, Perry, & 
Mukhebi 1991 a; Meltzer 1992; Meltzer, Norval & Do
nachie 1995), and the possibility of promoting a state 
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of enzootic stability has been raised (e.g. Bezui
denhout 1985; Meltzer eta/. 1995). As defined by Cal
low (1977), enzootic stability is a situation in which 
there is frequent transmission of the parasites, and 
infection of all young animals occurs during the pe
riod when they are protected by age-related resist
ance and/or maternal antibodies. Thereafter, immu
nity is maintained by the perpetuation of the carrier 
state through continuous re-infection, and few, if any, 
cases of disease outbreak occur as almost all ani
mals are immune. 

The terms 'enzootic stability' and 'endemic stability' 
seem to have been used interchangeably in the heart
water literature, and, as defined above by Callow 
(1977), enzootic stability would result in a high pro
portion of cattle being infected with heartwater, with 
continuous re-infection ensuring their immunity. Strictly 
speaking, though, endemic and enzootic stability both 
refer to the stable persistence of a disease, without 
specifying the level of infection. It would therefore be 
possible to have endemic (or enzootic) stability with 
low levels of infection, although such a situation could 
reduce the level of immunity in a population of cattle 
and so increase the risk of cattle experiencing acute 
symptoms. In this paper, we use the term 'endemic 
stability' to reflect the persistence of heartwater. How
ever, we also indicate the levels of infection in the 
herd obtained by our analyses to provide an indica
tion of the level of immunity that will exist. 

Despite its importance, the epidemiology of heartwa
ter is poorly understood. There are now some data 
on the transmission efficiency of C. ruminantium from 
infected cattle to ticks (Peter, Deem, Barbet, Norval, 
Simbi, Kelly & Mahan 1994), and on the establish
ment and maintenance of endemic stability (Deem, 
Norval, Yonow, Peter, Mahan & Burridge 1996). How
ever, it is still not clear how long it takes cattle to re
cover from C. ruminantium infection. Some believe 
that infection only persists for relatively short periods 
(less than 3 months) (Neitz 1939; llemobade 1978), 
while others believe that cattle maintain C. ruminan
tium infection for at least 240 d (Andrew & Norval 
1989). The issue of endemic stability is also unre
solved, with some researchers claiming that it does 
not occur (e.g. Uilenberg 1983, 1990; Camus & Barre 
1992), and others claiming it may (e.g. Norval & Law
rence 1979; Deem eta/. 1996). Furthermore, there 
are no data on other important aspects of heartwa
ter epidemiology, such as the proportion of infected 
tick bites that transmit C. ruminantium to cattle. 

Because heartwater is such an important livestock 
disease, and because some recent advances have 
been made in understanding its epidemiology, we 
decided to construct a simple model of the disease 
dynamics. We used the model to examine the con
ditions under which endemic stability occurs within 
a herd, since the establishment of endemic stability 
with high levels of infection in a herd might offer a 
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cheap alternative to chemical control of the disease. 
We used the model to investigate the resilience, or 
robustness, of endemic stability once it is established 
in a herd, and to explore values for those parameters 
on which we have either conflicting or no data, and 
thereby provide other researchers with various hy
potheses to test. By examining a range of potential 
parameter values, we also hoped to identify key ar
eas for further research on heartwater epidemiology. 
We were interested to see how easy or difficult it 
would be, by manipulating different parameter val
ues, to prevent a high level of the disease from occur
ring in a herd. The more difficult it is to prevent the 
establishment and maintenance of heartwater, the 
more reason for now allowing the controlled spread 
of heartwater, and eliminating the need for expensive 
tick control measures to control the disease. 

As the initial model we built was relatively simple, we 
then used two other models to examine the resilience 
of endemic stability in heartwater. The first of these 
models was an extension of our basic model, but al
lowed for different host categories (susceptible, acute
ly infected, carrier), and for additional mortality on 
acutely infected cattle. The second model used was 
the De Leo & Dobson (1996) model, which has very 
different assumptions, and relies on the relationship 
between the carrying capacity and the mass of indivi
dual host animals to determine parasite transmission 
probabilities and basic reproductive rates (R

0
) . 

METHODS 

Basic model 

There have been various attempts at modelling as
pects of tick-borne diseases of livestock (e.g. Maho
ney 1969; Ross & Mahoney 197 4; Smith 1983; Byrom 
& Gettinby 1992; Medley, Perry & Young 1993). To 
model the epidemiology of heartwater, we adapted 
the Ross-Macdonald model for malaria epidemiol
ogy, summarized by Aron & May (1982). This model 
allows us to consider both host and vector popula
tions, and to evaluate the interactions between the 
two populations. The model consists of the following 
two equations: 

dx!dt = (abM/N)y(1-x) - rx 

dy/dt = acx(1-y)- J.lY 

I Eqn. 1 I 
I Eqn. 21 

where-in considering a tick-cattle interaction

x = proportion of cattle population infected 
y = proportion of tick population infected 
M = size of tick population 
N = size of cattle population 
a = number of bites per day (bite rate for a single tick) 
b = proportion of infected tick bites producing an in-

fection in cattle 
c = proportion of ticks becoming infected by feeding 

on an infected cow 
J.1 per capita mortality rate per day for ticks (1 /JJ = 

average lifetime of a tick) 



r = per capita recovery rate per day of cattle (1 /r= av
erage duration of infection in cattle) . This indicates 
how long cattle maintain the infection and there
fore how long they remain part of the 'infected' 
pool, before reverting to the 'susceptible' pool 

We constructed and ran the model using the simu
lation package MATLAB™ with SIMULINK™ (Math
Works Inc. 1994). Feeding by ticks on cattle provides 
a link between cattle and ticks, and allows for the 
transmission of C. ruminantium infection from infected 
cattle to uninfected ticks and from infected ticks to un
infected cattle. This two-equation system makes both 
the cattle and tick components of the disease dynam
ics and their interaction transparent. 

Parameter values 

Table 1 contains the parameter values used for the 
initial run of the model , and for subsequent runs to 
test the sensitivity of the results. Values for N (size 
of cattle population) can come from various sources, 
depending on the area under consideration. How
ever, real values for M (size of tick population) are 
more difficult to obtain, since the tick population com
prises both ticks on hosts and ticks on pasture. To 
avoid this data problem, we set Nat 1 ,0 and consider 
Mto be the number of ticks per head of cattle. Mdoes 
not distinguish between various tick instars, but re
fers to a total average number of ticks per head of 
cattle. We assigned this parameter an initial value of 
10, which is low, considering the range of numbers 
of A. hebraeum collected from cattle by various au
thors (Norval1977a; Du Plessis & Malan 1987; Melt
zer & Norval1993; Norval , Donovan, Meltzer, Deem 
& Mahan 1994a). 

We based the number of bites per tick per day (a) on 
the number of days that a tick instar feeds on a cow. 
For A. hebraeum, Petney eta/. (1987) give feeding 
periods for larvae as 6-8 d; for nymphs, 6-9 d; and for 
females, 6-12 d from mating. Males can remain on 
a host feeding intermittently for up to 6 months (Nor
val, Andrew & Meltzer 1991 b), and can remain at
tached for as long as 8 months (Jordaan & Baker 
1981 ). We set the initial value of this parameter at 0,1, 
defining the mean feeding period of a tick instar as 
10 d. Whilst this may be a slight overestimate for the 
immature stages, it is well within the published range 
for females, and is an underestimate of the values 
published for males. 

As there are no published data on the proportion of 
infected tick bites that transmit C. ruminantium to cat
tle (b), we set the initial value at 25%. The actual value 
could depend on various factors, such as whether the 
tick is a nymph or an adult, the sex of the adult , the 
C. ruminantium strain, and the breed of cattle. We 
explored the impact of this parameter by reducing its 
value to 12% and 6%. 

The proportion of ticks that become infected when 
feeding on an infected cow (c) was set using pub-
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lished estimates. Using a polymerase chain reaction 
(PCR), Peter eta/. (1994) showed that an average 
of 28% (range: 6,67-66,67%) of adult A. hebraeum 
ticks were infected with C. ruminantium after feeding 
as nymphs on infected cattle. Du Plessis & Malan 
(1987) reported lower infection rates of ticks (mean 
= 7 %; range= 1 ,6-30%) , but they detected C. rumi
nantium infection in ticks by an immunoflourescent 
antibody (IFA) test, which is less sensitive than a 
PCR. When fed on clinically infected hosts, 86% (Pe
ter eta/. 1994) to 93% (Mahan, Tebele, Mukwedeya, 
Semu, Nyathi, Wassink, Kelly, Peter & Barbet 1993) 
of ticks became infected. In an endemic region, how
ever, a greater proportion of cattle will be carriers 
rather than clinically ill. Thus, these large estimates 
were not used. The Peter eta/. (1994) estimate was 
adjusted to account for the fact that they only tested 
adult male and female ticks that fed as nymphs on 
infected cattle. We assume that since nymphs take 
more blood than larvae, adult ticks are more likely to 
be infected than nymphal ticks. Transovarial transmis
sion of C. ruminantium (transmission of the infective 
agent from adult female tick to the eggs and thence 
to the emerging larvae) is generally considered not 
to occur, or to occur only as a rare exception (Uilenberg 
1981 ; Bezuidenhout & Jacobsz 1986), so all larval 
ticks can be considered "clean". To account for the 
presence of a larger number of less infective imma
ture stages, the Peter eta/. (1994) average value of 
28 % was therefore halved to 14%. 

Aron & May (1982) defined J1 as the per capita mor
tality rate of mosquitoes (1/Jl =average lifetime of a 
mosquito). We chose an average tick lifespan of 20 d, 
thus making 1/20 (or 0,05) the initial daily value for 
Jl. A tick therefore has 5 d to find a host after moult
ing, an average of 10 d to feed, and 5 dafter detach
ing from the host to moult into the next instar, or, in 
the case of females, to lay eggs. This is a very short 
average tick lifespan, as the non-parasitic, off-host 
stages can survive for considerable periods of time 
(Norval1977b). 

It is not clear how long it takes cattle to recover from 
C. ruminantium infection. Some believe that infection 
only persists for relatively short periods (less than 3 
months) (Neitz 1939; llemobade 1978). Others be
lieve that cattle can maintain C. ruminantium infec
tion for at least 240 d (Andrew & Norval 1989). We 
used the latter value, and set the initial daily recov
ery rate (r) at 1/240 d. 

Assumptions 

We make some fundamental assumptions in adapt
ing the Ross-Macdonald model to the tick-cattle
heartwater system : 

• First, we assume that when an infected tick bites 
an uninfected cow, the cow becomes both infected 
and infectious. Thus, the model does not allow for 

265 



Models for heartwater epidemiology 

a latent period of C. ruminantium infection in the 
cow. Allowing for such a time lag would add an
other equation to the model, and would effectively 
reduce the rate of transmission of the infection . We 
avoid the increased complexity that another equa
tion would incur, and account for the latent period 
of infection by altering parameter values. For ex
ample, we reduce the proportion of infected tick 
bites that produce an infection in cattle (b). 

• Secondly, as there is no evidence to the contrary 
at present, we assume there is no differential mor
tality between uninfected ticks and ticks infected 
with C. ruminantium. 

• Thirdly, we assume that superinfection, or constant 
re-infection of an already infected cow, does not 
occur. Superinfection would only prolong the car
rier status of an infected cow, thereby increasing 
the proportion of infected cattle (x) and possibly al
so their levels of parasitaemia. This, in turn, would 
increase cattle infectivity to ticks, leading to a more 
rapid spread and establishment of heartwater. By 
ignoring superinfection, however, the model under
estimates the cattle-to-tick transmission dynamics, 
and thus represents a conservative underestimate 
of the rate of spread of heartwater. 

• Fourthly, we assume that after the recovery period, 
a cow is immediately susceptible to re-infection . 
This is because the recovery period in our model 
does not represent recovery from clinical illness, 
but represents instead the entire duration of the in
fection, including the duration of the carrier status. 
The recovery period thus accounts for the full pe
riod during which a cow is infected and therefore 
immune from re-infection (since, as stated above, 
we are also assuming that superinfection does not 
occur). Once a cow is no longer infected, it then 
becomes immediately susceptible to re-infection. 

Model equilibrium and stability criteria 

We wanted to determine the robustness of our model, 
and to assess the impact of different parameter val
ues on the extent of endemic stability. At least two 
methods are available for determining whether or not 
an infectious disease can maintain itself. The first , a 
geometrical method, involves deriving the equilibrium 
and stability conditions for the system. By assigning 
A= abMINand C= acin equations (1) and (2} respec
tively, the equilibrium conditions (after setting dxldt 
= dyldt = 0) for our system are : 

A AC-rf.J 
X 

I Eqn. 3 I 
C(A+ r) 

A 

y 
AC-rf.J [~4] 
A(C+f.J) 
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For positive equilibrium states to exist (i.e., for the 
disease to persist), AC - rJl> 0, or AC> rJJ.In terms 
of the original parameters, a stable system with posi
tive equilibrium exists if (abMIN)*(ac) > rJl, or by re
arrangement, if (aciJJ) > (rlabMIN). In phase-plane, 
(aciJJ) and (rlabMIN) represent the initial slopes of 
the isoclines (dyldt= 0, dxldt= 0) of yand x, respec
tively (see Fig . 5.2 in Aron & May 1982}. As outlined 
by Macdonald (1957}, these slopes determine the ex
tent of stability of the system. 

The second measure of the likely persistence of a 
disease is given by the basic reproductive rate, R , 
of the parasite (Macdonald 1952; Aron & May 1982'; 
Dye 1994}. The definition of R

0 
depends on whether 

one is referring to a micro- or macro-parasite (Ander
son 1982}. In our case, for a microparasite, R is the 
number of secondary infected hosts produced by one 
primary infection (Anderson 1982; A ron & May 1982). 
Since C. ruminantium will only establish and main
tain itself in the population if (abMIN)*(ac) > rJl or 
(abMIN)*(ac) I rJl > 1, then 

I Eqn. 5 I 

If R
0 

becomes less than unity, the equilibrium in equa
tions 3 and 4 is unstable and the disease cannot 
maintain itself. 

Analyses 

The model was first run using the initial parameter 
values determined above. Sensitivity analyses were 
then conducted to assess the robustness of the 
model. First, apart from parameters a and c which 
were considered to be adequately set, each param
eter was altered independently of the others, to see 
by how much its value could be altered before R < 1 . 
Second, the initial parameter values were altered in 
various combinations and the R

0 
values were used 

to assess the effects of these changes on the degree 
of persistence of heartwater. These results are pre
sented in Table 1 . As part of these analyses (Table 
1 ), we conducted extensive simultaneous alterations 
of MIN and b, as control of heartwater is based pri
marily on control of ticks (i.e., reducing MIN) , and as 
there are no data on likely values for b. 

More biological detail: A carrier state, host 
mortality and density dependence 

Having explored our basic model, we considered 
some other models to study the cattle-heartwater 
system, with the intention that they will serve as start
ing points for further research into this system. We 
agree with Nowak & Bang ham (1996) that: The strat
egy of successful mathematical modeling is akin to 
Occam's razor : start with the smallest number of es
sential assumptions and follow the implications rig
orously to their logical conclusions.' We hope that 



readers will not be confused by this approach into 
thinking they must decide which model is 'right' or 
'wrong'. These models are simply tools for learning 
about the system, and any model might be best for 
a specific objective. 

First, we present an extension of the Ross model 
(Eqn. 1 and 2) that allows for an immune carrier state 
in cattle. This is a modification of a model suggested 
to us by G.F. Medley (personal communication). The 
susceptible host population is w. Following infection, 
individuals become acutely infected, x, by ticks at rate 
A [where A = abMIN, as in the Ross model (Eqn. 3 
and 4)]. They then proceed to recover at rate r to a 
carrier state zwith reduced infectivity to ticks, A/3. We 
assume that the carrier state is life-long and confers 
immunity, with overall cattle mortality rate m and a 
constant cattle population , i.e. w+x+z = 1 as if de
ceased cattle are replaced . These assumptions lead 
to the following model : 

dwl dt = m(1 - w) - Aw(x + {3z) 

dx/ dt = Aw(x + {3z)- (r + m)x 

dx/ dt = rx- mz 

where the tick vector population has been absorbed 
into the infection rate parameter A. (Note that one 
could still allow for an annual cycle in tick abundance 
by making A into a cyclic parameter.) Since the cat
tle population is constant, we can get by with only two 
of these equations for purposes of analysis. Choos
ing w (susceptible cattle) and x (acute infection) we 
have: 

dwldt = m(1- w)- Aw(x + {3(1- w - x)) 

dx/ dt = Aw(x + {3(1- w- x))- (r+ m)x 

The complete system equilibrium points for w, x, and 
z are given by: 

* m(m+r) * m(A(m+r/3)-m(m+r)) * r * 
w = , x = ' and z = - x 

A(m + r/3) A(m + r)(m + rf3) m 

For a feasible (non-negative) equilibrium for the acute 
infection (x) or carriers (z) , we must have 

A(m + rl3) > m(m + r). 

Following Anderson (1982) and May (1986) , we can 
write the equilibria in the form: 

* * m * r 
w = 1/R , x = --(1 - 1/R ) 'and z = -- (1 -1 /R ) ' 

0 (m + r) 0 (m + r) 0 

where 

A(m + rf3) 
Ro = - - 

m(m + r) 

is interpreted as the basic reproductive rate of the 
pathogen, and we must have R

0 
> 1 for the patho-
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gen to survive in the system. A stability analysis car
ried out on any two of the three variables reveals that, 

* * * like the Ross equations, the point(w, x, z) above is 
asymptotically stable providing that R0 > 1. Other
wise, the system goes to the point (1, 0, O) with dis
ease extinction-a condition we would obviously pre
fer. 

To compare this R
0 

with the value of 16,8 estimated 
from the Ross equations and best guesses of the 
parameters (Table 1 ), we must choose the new pa
rameters m and f3 in addition to those already cho
sen in Table 1 . We suppose that cattle live for about 
10 years giving m = 1/3 600 d = 2,78x10-4fd, and 
since f3 (transmission from carriers) is assumed less 
than a (0, 1 ), we let f3 = 0,01. 

Then, if we put additional mortality y, e.g. 0, 1/d [see 
Shah-Fischer & Say (1989)] on the acute stagey (a 
very realistic assumption), then R

0 
becomes 

A(m + rf3) 
Ro = - ---

m(m+r+ y) 

a smaller value due to loss of the pathogen in the 
acute stage. 

Second, we consider a rather different mathematical 
model , with different assumptions (De Leo & Dobson 
1996). This model relies on the relationship between 
the carrying capacity and the mass of individual host 
animals to determine parasite transmission probabili
ties (b) and basic reproductive rates (R

0
) (De Leo & 

Dobson 1996). We use their formula for a density-de
pendent disease process (susceptible, infective, 
recovered), and assume a carrying capacity of 10 
cattle per square kilometre (1 cow per 10 ha), a natu
ral host mortality rate of 0,1 (i.e. a cow lives for 10 
years) and a two- to ten-fold reduction in the host life 
expectancy due to the disease. According to their for
mulae, this provides a disease-induced mortality rate 
of 0,1-0,9 (i.e. the life expectancy for cows now falls 
within the range of 1-10 years) . We also assume a 
recovery rate (which is not a 'rate' , but rather the pro
portion of animals that recover from infection) of 0,4-
0,8, and an average body weight of 100-150 kg per 
animal. 

RESULTS 

Basic model 

A simulation run using the initial parameter values 
given in Table 1 shows that the spread of heartwater 
stabilizes with around 92,5% of the cattle and 20,5% 
of the ticks infected within 250 d (Fig. 1 ). Under these 
conditions, R

0 
is much greater than unity (Table 1 ), 

which together with a phase-plane analysis plot for 
the tick-host system (Fig . 2) , indicates that heartwa
ter is readily maintained within the cattle population . 
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TABLE 1 The basic reproductive rate, R
0

, for different parameter values. If R
0 
> 1, the disease exists in a stable state . MIN= ticks per 

host per day; a= tick bites per day; b = proportion of infected tick bites producing an infection in cattle; c = proportion of 
ticks becoming infected by feeding on an infected cow; 1/JJ =average lifetime of a tick; 1/r= average duration of infection in 
cattle, or carrier status; x = proportion of cattle infected; y = proportion of ticks infected 

MIN a b c 1/p 1/r Ro X y Comment 

10 0,1 0,25 0,14 20 240 16,80 92.5 20.6 Initial parameters 

5 0,1 0,25 0,14 20 240 8,40 85,3 19,3 Reducing MIN 
4 0,1 0,25 0,14 20 240 6,72 81 ,7 18,6 
3 0,1 0,25 0,14 20 240 5,04 75,9 17,5 
2 0,1 0,25 0,14 20 240 3,36 64,8 15,4 
1 0,1 0,25 0,14 20 240 1,68 34,7 8,9 

10 0,1 0,12 0,14 20 240 8,06 84,7 19,2 Reducing b 
10 0,1 0,06 0,14 20 240 4,03 70,3 16,4 
10 0,1 0,05 0,14 20 240 3,36 64,8 15,4 
10 0,1 0,02 0,14 20 240 1,34 21,2 5,6 

10 0,1 0,25 0,14 7 240 5,88 81,6 7.4 Reducing 1 I J1 
10 0,1 0,25 0,14 4 240 3,36 69,1 3.7 

10 0,1 0,25 0,14 20 120 8,40 85,3 19,3 Reducing 1/ r 
10 0,1 0,25 0,14 20 60 4,20 71,4 16,7 
10 0,1 0,25 0,14 20 30 2,10 46,2 11,5 
10 0,1 0,25 0,14 20 20 1,40 23,8 6,3 
10 0,1 0,25 0,14 20 15 1,05 3,8 1,0 

5 0,1 0,12 0,14 20 240 4,03 70,3 16,4 Reducing MIN 
5 0,1 0,06 0,1 4 20 240 2,02 44,3 11 ,0 and b 
5 0,1 0,04 0,14 20 240 1,34 21 ,2 5,6 

4 0,1 0,12 0,14 20 240 3,23 63,5 15,1 
4 0,1 0,06 0,14 20 240 1,61 32,4 8,3 
4 0,1 0,04 0,1 4 20 240 1,08 5,5 1,5 

3 0,1 0,12 0,14 20 240 2,42 52,6 12,8 
3 0,1 0,06 0,14 20 240 1,21 14,1 3,8 
3 0,1 0,04 0,14 20 240 0,81 

2 0,1 0,20 0,14 20 240 2,69 56,9 13,7 
2 0,1 0,12 0,14 20 240 1,61 32,4 8,3 
2 0,1 0,08 0,14 20 240 1,08 5,5 1,5 
2 0,1 0,06 0,14 20 240 0,81 

1 0,1 0,20 0,14 20 240 1,34 21 ,2 5,6 
1 0,1 0,16 0,14 20 240 1,08 5,5 1,5 
1 0,1 0,12 0,14 20 240 0,81 

5 0,1 0,25 0,14 7 240 2,94 63,9 5,9 and 1/p 
5 0,1 0,25 0,14 4 240 1,68 39,2 2,1 

5 0,1 0,25 0,14 20 120 4,20 71,4 16,7 and 1/ r 
5 0,1 0,25 0,14 20 60 2,10 46,2 11 ,5 
5 0,1 0,25 0,14 20 30 1,05 3,8 1,0 

10 0,1 0,12 0,14 7 240 2,82 62,4 5,8 Reducing b 
10 0,1 0,12 0,14 4 240 1,61 36,7 2,0 and 1/p 

10 0,1 0,06 0,14 7 240 1,41 27,2 2,6 
10 0,1 0,06 0,14 4 240 0,81 

10 0,1 0,12 0,14 20 120 4,03 70,3 16,4 and 1/r 
10 0,1 0,12 0,14 20 60 2,02 44,3 11,0 
10 0,1 0,12 0,14 20 30 1,01 0,6 0,2 

10 0,1 0,06 0,14 20 120 2,02 44,3 11 ,0 
10 0,1 0,06 0,14 20 60 1,01 0,6 0,2 

10 0,1 0,25 0,14 7 120 2,94 63,9 5,9 Reducing 1/p and 1/r 
10 0,1 0,25 0,14 7 60 1,47 30,0 2,9 
10 0,1 0,25 0,14 7 30 0,74 

10 0,1 0,25 0,14 4 120 1,68 39,2 2,1 
10 0,1 0,25 0,14 4 60 0,84 

5 0,1 0,12 0,14 7 240 1,41 27,2 2,6 Reducing MIN and 
5 0,1 0,12 0,14 4 240 0,81 band1 /p 

5 0,1 0,06 0,14 7 240 0,71 

5 0,1 0,12 0,14 20 120 2,02 44,3 11 ,0 band 1/r 
5 0,1 0,12 0,14 20 60 1,01 0,6 0,2 

5 0,1 0,06 0,14 20 120 1,01 0,6 0,2 

5 0,1 0,25 0,14 7 120 1,47 30,0 2,9 1/p and 1/r 
5 0,1 0,25 0,14 4 120 0,84 

5 0,1 0,18 0,14 7 120 1,06 5,1 0,5 b, 1/p and 1/r 
3 0,1 0,15 0,14 14 120 1,06 4,7 0,9 
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FIG. 1 Graphs showing the modelled spread of heartwater over 2 years, using the initial parameter values of M = 10, N =1 , a= 0.1 , 
b = 0,25, c = 0, 14, J.1 = 0,05 and r = 1/240. Basic reproductive rate (R

0
) = 16,80 

Although changing the parameter values in Eqn. 3 and 
4 individually can reduce the percentage of cattle and 
ticks infected with heartwater at equilibrium, substan
tial changes to the default values must be made to ob
tain fewer than 50% of infected cattle. Major changes 
from our default values are also necessary to push 
R

0 
below 1 (Table 1 ). 

The various simultaneous alterations of MIN and b 
(Table 1) indicate that heartwater will spread to a 
large proportion of cattle unless tick numbers are 
very low and/or the transmission efficiency from ticks 
to cattle is very low. Even with a transmission effi
ciency of only 12% (b = 0, 12), 5 ticks/animal/day 
results in more than 70% of the herd infected with 
heartwater, and 3 ticks/animal/day results in more 
than 50% of the herd infected with heartwater. With 
these daily tick loads, transmission efficiency must 
be reduced below 12% to prevent the spread of heart
water to the majority of the herd. With only 2 ticks/ 
animal/day, the transmission efficiency must be 20% 

to infect 50 % of the herd, and with 1 tick/animal/day, 
any decrease in the initial transmission efficiency of 
25% results in only a small proportion of the herd 
being infected. 

More biological detail: A carrier state, host 
mortality and density dependence 

The first extension of the Ross equations, allowing 
for an immune carrier state, gives R

0 
= 11 ,5, which 

compares favourably with the 16,8 obtained from the 
Ross equations. When we put additional mortality on 
the acutely infected host stage y , then R

0 
is some

what smaller (R
0 
= 5,7) due to loss of the pathogen 

in the acute stage. Even so, this implies a tick to cattle 
ratio (MIN) of about 2, which would be difficult to ob
tain in practice. This also generally agrees with our 
results using the Ross equations. These two extend
ed models indicate that in order to control heartwa
ter by controlling ticks, one must reach very low tick 
to cattle ratios. 
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FIG. 2 Phase-plane diagram for the tick-cattle system with the initial parameter values of M = 1 0, 
N =1 , a= 0,1, b = 0,25 , c = 0, 14, J1 = 0 ,05 , and r = 1/240. Basic reproductive rate (R

0
) = 

16,80 ; ac/mu and rl(abMI N) are the initial slopes of they and x isoclines 

Using the De Leo & Dobson (1996} model , we get 
R

0 
= 18,7 for a body mass of 100 kg, and R

0 
= 22:4 

for a body mass of 150 kg. These R
0 

values are 1n 

the same order of magnitude as that calculated in our 
basic model (R

0 
= 16,8} with initial parameter values, 

although they are somewhat higher than the values 
when carrier states (R

0 
= 11 ,5) and host mortality (R

0 

= 5,7) are included . Nonetheless, all of these mod
els indicate that heartwater tends towards endemic 
stability because of high R

0 
values. Furthermore, our 

basic model indicates that with these R
0 

values, over 
75% of the cattle will be infected (Table 1, when R

0 

= 5,04, 75,9% of cattle are infected). 

DISCUSSION 

Regardless of the different assumptions in each of 
the models we considered, all provided R

0 
values 

substantially greater than unity (R
0 

ranges from 5,7 
to 22,4} . This indicates that endemic stability (as op
posed to disease extinction), with a high level of im
mune carrier infection within a herd(> 75%), is likely 
to be the norm for heartwater. Analyses with our 
basic model show that the disease is only prevented 
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from establishing and persisting when several param
eter values are concurrently, and quite significantly, 
reduced. 

An important implication from our simulations is that 
cattle must be kept essentially tick free to ensure that 
heartwater does spread to the majority of a herd (Ta
ble 1 ). With two ticks per host per day, R

0
= 3,36 and 

over 60% of the cattle become infected, and with only 
one tick per host per day, the disease is still main
tained with R

0 
= 1 ,68 and over 30 % of cattle infected 

(Table 1 ). Field data from Zimbabwe (Norval 1977a; 
Norval eta/. 1991 b; Norval eta/. 1994a) indicate that 
tick burdens generally exceed these values. 

Simulations with our basic model indicate that over 
70% of cattle will become infected with a recovery 
period of only 60 d. Reducing the time to recovery 
to 20 and 15 d still results in stability, with R

0 
= 1 ,4 

and R
0 
= 1 ,05 respectively, although the proportion 

of cattle infected is substantially reduced (Table 1 ). 
Such short recovery periods are extremely unlikely, 
as various authors (Uilenberg 1981; Du Plessis 1985; 
Van de Pypekamp & Prozesky 1987; Mebus & Lo
gan 1988} indicate that prior to clinical illness, incu
bation alone often lasts more than 2 weeks, and as 



animals have been shown to remain carriers for well 
over a month (Neitz 1939; llemobade 1978). 

With a recovery period of a month (1/r= 30 d), other 
parameter values must also be concurrently reduced 
to prevent heartwater from establishing itself with R

0 

below unity. Tick burdens (MIN) must be reduced 
from 1 0 to below 5 ticks/host, tick to cattle transmis
sion efficiency (b) must be reduced from 25% to be
low 12%, or the average lifetime of a tick (1/JJ) must 
be reduced from 20 d to less than 1 0 d (Table 1). If 
the recovery period is longer than 30 d, then the pa
rameter values of MIN, band 1 I J.1 must be further re
duced to prevent the establishment and maintenance 
of heartwater. 

It would be useful to have more solid information on 
the carrier status of cattle. We use the latest figure 
of 240 d (Andrew & Norval1989) for our initial param
eter setting, which is quite different from earlier re
ported figures of less than 3 months (Neitz 1939; lle
mobade 1978). Although low levels of heartwater can 
persist with recovery periods as short as 15-20 d (Ta
ble 1 ), a more accurate value, or range of values, for 
the carrier status of cattle would obviously improve 
the model. 

As indicated in Table 1, transmission efficiencies can 
be very low, yet still permit disease establishment 
and maintenance. Simulations with initial parameter 
values show that if only 5% of bites from infected 
ticks successfully transmit C. ruminantium to cattle, 
heartwater will be able to establish and persist in a 
cattle population (R

0 
= 3,36) . In addition, R,;> 1 with 

only five ticks per host per day and a tick-to-cattle 
transmission efficiency (b) of only 4%. To our knowl
edge, there are no data published on the tick-to-cat
tle transmission efficiency (b) . This can provide a 
testable hypothesis: is tick-to-host transmission ef
ficiency> 4%, which in our model produces disease 
establishment and maintenance? We urge that this 
aspect of heartwater epidemiology be studied in 
greater detail. 

Decreasing the average lifetime of a tick, 1/JJ, does 
not prevent C. ruminantium from establishing itself 
unless either the length of the carrier state (1 I r) or 
the tick burden (MIN) is dramatically reduced at the 
same time (Table 1 ). These analyses were con
ducted to examine the effect of stringent tick control 
regimes, such as regular acaricide treatments. For 
example, the four-day tick lifespan could represent 
a weekly dipping strategy, with a three-day residual 
effect of the acaricide. The results clearly question 
the value of weekly dipping regimes to control heart
water, as there are high economic costs associated 
with imposing such stringent control regimens (Melt
zer & Norval 1993). 

As a result of the high costs and difficulties in enforc
ing stringent tick control regimens, many countries are 
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now reassessing their policies regarding the man
agement of heartwater and other tick-borne diseases 
(Meltzer 1992). New tools are being developed, such 
as a heartwater vaccine (Mahan, Burridge & Barbet 
1995) and a tick decoy to control Amblyomma ticks 
(Norval, Sonenshine, Meltzer, Burridge & Yunker 
1994b). If we now accept that heartwater will readily 
establish and maintain itself in a cattle population and 
infect a high percentage of cattle, and that the costs 
of controlling heartwater are too high, we should be 
able to use these new technologies to allow heart
water to become endemically stable in large regions 
of Africa at little loss to productivity (Meltzer et a/. 
1995). Livestock mortality associated with convert
ing herds from being heartwater susceptible to be
ing heartwater carriers could be kept at a minimum 
by using the new heartwater vaccines. Once heart
water is endemically stable, tick populations would 
only need to be managed to minimise losses directly 
attributable to the ticks themselves (e.g. losses in 
livemass gain of cattle, or damage to hides). This 
could readily be done using the concept of economic 
thresholds (Meltzer & Norval 1993). 

In summary, we have used some simple models that 
consider both the vector (tick) and host (cattle) popu
lations to describe heartwater epidemiology. These 
models are useful because (a), they are solvable, (b), 
they offer insights into heartwater epidemiology that 
were not already common knowledge, and (c), they 
can be validated. The models are solvable because 
they are relatively simple. They also emphasise the 
importance of understanding the biology of the two 
interacting species in more detail. 

As a new insight, the models indicate that to prevent 
the establishment and maintenance of high levels of 
heartwater, cattle must be kept almost totally tick 
free, or transmission rates must be very low, or re
covery rates of cattle must be very high (short car
rier state). Given that current management strategies 
do not keep cattle entirely free of ticks (even a weekly 
dipping regime allows some ticks to attach and feed), 
and that the recovery rate of cattle is unlikely to be 
shorter than 20 d, then only exceedingly poor trans
mission efficiencies will prevent heartwater from 
becoming endemic. By indicating that heartwater is 
likely to infect a high percentage of cattle, the mod
els also show that if heartwater were allowed to 
spread throughout the cattle population, immunity will 
be readily maintained and any risks of the disease 
will be minimized. 

In terms of validity, the model results are sensible and 
robust over a wide range of plausible values (Table 1 ). 
By using the model to examine the effects of alter
ing parameter values, we have provided a range of 
values that can be tested to assess whether or not 
our initial values are reasonable. In particular, experi
ments need to be conducted on the tick to cattle 
transmission efficiency (b) and on the duration of the 
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carrier status (1/r) to assess the validity of our model 
as it stands. 

ACKNOWLEDGEMENTS 

Development of this model was primarily funded by 
the UF/USAID/SADC Heartwater Research Project, 
grant number LAG-1328-G-00-3030-06. We dedi
cate this paper to the memory of Andy Norval, who 
initiated this work. 

REFERENCES 

ANDERSON, R.M. 1982. Transmission dynamics and control of 
infectious disease agents, in Population biology of infectious 
diseases, Report of the Dahlem Workshop on Population Bi
ology of Infectious Disease Agents, Berlin, March 14-19, 1982, 
edited by R.M. Anderson & R.M. May. Berlin: Springer-Verlag. 

ANDREW, H.R. & NORVAL, R.A.I. 1989. The carrier status of 
sheep, cattle and African buffalo recovered from heartwater. 
Veterinary Parasitology, 34:261-266. 

ARON, J.L. & MAY, R.M. 1982. The population dynamics of ma
laria, in The population dynamics of infectious diseases: theory 
and application, edited by R.M. Anderson. London: Chapman 
& Hall. 

BEZUIDENHOUT, J.D. 1985. The epizootiology and control of 
heartwater and other tick-borne diseases of cattle in South Af
rica. Onderstepoort Journal of Veterinary Research, 52:211-
214. 

BEZUIDENHOUT, J.D. & JACOBSZ, C.J. 1986. Proof of trans
ovarial transmission of Cowdria ruminantium by Amblyomma 
hebraeum. Onderstepoort Journal of Veterinary Research, 53: 
31-34. 

BEZUIDENHOUT, J.D. 1987. Natural transmission of heartwater. 
Onderstepoort Journal of Veterinary Research, 54:349-351 . 

BYROM, W. & GETTINBY, G. 1992. Using the computer model 
ECFXPERT to study ticks and East Coast fever. Insect Sci
ence and its Application, 13:527-535. 

CALLOW, L.L. 1977. The Vaccination against bovine babesiosis, 
in Immunity to blood parasites of man and animals, edited by 
L.H. Miller, J .A . Pino & J.J. McKelvey. New York: Plenum 
Press. 

CAMUS, E. & BARRE, N. 1992. The role of Amblyomma 
variegatum in the transmission of heartwater with special ref
erence to Guadeloupe. Annals of the New York Academy of 
Science, 653:33-41 . 

DEEM, S.L., NORVAL, R.A.I., YONOW, T., PETER, T.F. , MAHAN, 
S.M. & BURRIDGE, M.J. 1996. The epidemiology of heartwa
ter: establishment and maintenance of endemic stability. Para
sitology Today, 12, 402- 406. 

DE LEO, G.A. & DOBSON, A.P. 1996. Allometry and simple epi
demic models for microparasites. Nature, 379:720-722. 

DU PLESSIS, J.L. 1985. The natural resistance of cattle to arti
ficial infection with Cowdria ruminantium: the role played by 
conglutinin. Onderstepoort Journal of Veterinary Research, 52: 
273-277. 

DUPLESSIS, J.L. & MALAN, L. 1987. Problems with the interpre
tation of epidemiological data in heartwater: a study on 23 
farms. Onderstepoort Journal of Veterinary Research, 54:427-
433. 

DYE, C. 1994. The epidemiological context of vector control. 
Transactions of the Royal Society of Tropical Medicine and Hy
giene, 88:147-149. 

272 

ILEMOBADE, A.A. 1978. The persistence of Cowdria ruminan
tium in the blood of recovered animals. Tropical Animal Health 
and Production, 10:170. 

JORDAAN, J.O. & BAKER, J.A.F. 1981. Survival rate on the host 
and mating capacity of Amblyomma hebraeum (Koch) male 
ticks, in Tick biology and control, edited by G.B. Whitehead & 
J.D. Gibson. Grahamstown: Rhodes University. 

MAcDONALD, G. 1952. The analysis of equilibrium in malaria. 
Tropical Diseases Bulletin, 49:813-829. 

MAcDONALD, G. 1957. The Epidemiology and Control of Malaria. 
Oxford University Press, London. 201 pp. 

MAHAN, S.M. , TEBELE, N. , MUKWEDEYA, D., SEMU, S., 
NYATHI, C. B., WASSINK, L.A., KELLY, P.J., PETER, T. & BAR
BET, A. F. 1993. An immunoblotting assay for heartwater based 
on the immunodominant 32-kilodalton protein of Cowdria rumi
nantium detects false positives in field sera. Journal of Clini
cal Microbiology, 31:2729-2737. 

MAHAN, S.M. , BURRIDGE, M.J. & BARBET, A. F. 1995. Vaccina
tion against heartwater with inactivated Cowdria ruminantium 
organisms protects against lethal challenge. Paper presented 
at the 3rd Biennial Meeting, Society for Tropical Veterinary 
Medicine, 8-12 May 1992, Costa Rica. 

MAHONEY, D.F. 1969. Bovine babesiasis: a study of factors con
cerned in transmission. Annals of Tropical Medicine and Para
sitology, 63:1-14. 

MATHWORKS INC. 1994. High-performance numeric computa
tion and visualization software. MathWorks Inc., Natick, MA. 
USA. 

MAY, R. M. 1986. Population biology of microparasitic infections, 
in Mathematical ecology. An introduction, edited by T. Hallam 
& S. Levin. Berlin: Springer-Verlag. 

MEBUS, C.A. & LOGAN, L.L. 1988. Heartwater disease of do
mestic and wild ruminants. Journal of the American Veterinary 
and Medical Association, 192:950-952. 

MEDLEY, G.F., PERRY, B.D. & YOUNG, A.S. 1993. Preliminary 
analysis of the transmission dynamics of Theileria parva in 
eastern Africa. Parasitology, 1 06:251-264. 

MELTZER, M.l. 1992. Livestock biotechnology: assessing the 
alternatives for controlling ticks and tick-borne diseases in Af
rica, in Biotechnology and development: expanding the capa
city to produce food. Advanced Technology Assessment Sys
tem (ATAS) Bulletin, Issue 9, Winter 1992. New York: United 
Nations. 

MELTZER, M.l. & NORVAL, R.A.I. 1993. Evaluating the economic 
damage threshold for bont tick (Amblyomma hebraeum) con
trol in Zimbabwe. Experimental and Applied Acarology, 17:71-
185. 

MELTZER, M.l. , NORVAL, R.A.I. & DONACHIE, P.L. 1995. Ef
fects of constant tick infestation and tick-borne disease infec
tions (heartwater, anaplasmosis and babesiosis) on lactation 
and weight gain of Mashona cattle in southeastern Zimbabwe. 
Tropical Animal Health and Production, 27:129-144. 

NEITZ, W.O. 1939. The immunity in heartwater. Onderstepoort 
Journal of Veterinary Research, 13:245- 283. 

NORVAL, R.A.I. 1977a. Ecology of the tick Amblyomma 
hebraeum Koch in the Eastern Cape Province of South Africa. 
I. Distribution and seasonal activity. The Journal of Parasitol
ogy, 63:734-739. 

NORVAL, R.A.I. 1977b. Ecology of the tick Amblyomma hebra
eum Koch in the Eastern Cape Province of South Africa. ll. Sur
vival and development. The Journal of Parasitology, 63:740-
747. 

NORVAL, R.A.I. & LAWRENCE, J.A. 1979. The control of heart
water in Zimbabwe Rhodesia. Zimbabwe Rhodesia Agriculture 
Journal, 76:161-165. 



NORVAL, R.A.I. 1983.) Arguments against intensive dipping. 
Zimbabwe Veterinary Journal, 14:19-25 

NORVAL, R.A.I., BARRETT, J.C., PERRY, B.D. & MUKHEBI, 
A.W. 1991a. Economics, epidemiology and ecology: a multi
disciplinary approach to the planning and appraisal of tick and 
tick-borne disease control in southern Africa, in Tick vector bi
ology, medical and veterinary aspects, edited by B. Fivaz, T. 
Petney & I. Horak. Heidelberg: Springer-Verlag. 

NORVAL, R.A.I. , ANDREW, H.R. & MELTZER, M.l. , 1991 b. Sea
sonal occurrence of the bont tick (Amblyomma hebraeum) in 
the southern lowveld of Zimbabwe. Experimental and Applied 
Acarology, 13:81-96. 

NORVAL, A.A. I. , MELTZER, M.l. & BURRIDGE, M.J. 1992. Distri
bution, economic importance and control measures for Cow
dria ruminantium, in Proceedings of a workshop on recent 
developments in the control of anaplasmosis, babesiosis and 
cowdriosis, edited by T.T. Dolan. Nairobi, Kenya: International 
Laboratory for Research on Animal Diseases. 

NORVAL, R.A.I., DONOVAN , P.L., MELTZER, M.l., DEEM, S.L. 
& MAHAN, S.M. 1994a. The relationship between tick (Am
blyomma hebraeum) infestation and immunity to heartwater 
(Cowdria ruminantium infection) in calves in Zimbabwe. Vet
erinary Parasitology, 58:335-352. 

NORVAL, R.A.I., SONENSHINE, D., MELTZER, M.l., BUR
RIDGE, M.J. & YUNKER, C. E. 1994b. Attractant decoy for bont 
ticks. U.S. patent number 5, 296, 227. South African patent 
number 93/4071. 

NOWAK, M.A. & BANGHAM, C.R.M. 1996. Population dynam
ics of immune responses to persistent viruses. Science, 272: 
74-79. 

PETER, T.F., DEEM, S.L. , BARBET, A. F. , NORVAL, R.A.I. , SIMBI, 
B.H., KELLY, P.J. & MAHAN, S.M. 1994. Development and 

T. YO NOW eta/. 

evaluation of a polymerase chain reaction assay for detection 
of low levels of Cowdria ruminantium infection in Amblyomma 
ticks not detected by DNA probe. Journal of Clinical Microbi
ology, 33:166-172. 

PETNEY, T.N., HORAK, I.G. & RECHAV, Y. 1987. The ecology 
of the African vectors of heartwater, with particular reference 
to Amblyomma hebraeum and Amblyomma variegatum. 
Onderstepoort Journal of Veterinary Research, 54:381-395. 

ROSS, D.R. & MAHONEY, D.F. 1974. Bovine babesiasis: com
puter simulation of Babesia argentina parasite rates in Bos tau
rus cattle. Annals of Tropical Medicine and Parasitology, 68: 
385-392. 

SHAH-FISCHER, M. & SAY, R. R. 1989. Manual of tropical vet
erinary parasitology. Oxon, UK: CAB International, Wallingford 
Press. 

SMITH, R.D. 1983. Babesia bovis: computer simulation of the 
relationship between the tick vector, parasite, and bovine host. 
Experimental Parasitology, 56:27-40. 

UILENBERG, G. 1981 . Heartwater disease, in Diseases of cat
tle in the tropics, edited by M. Ristic & I. Mcintyre. The Hague: 
Martinus Nijhoff Publishers. 

UILENBERG, G. 1983. Heartwater (Cowdria ruminantium infec
tion) : current status. Advances in Veterinary Science and Com
parative Medicine, 27:427-480. 

UILENBERG, G. 1990. Present and future possibilities for the 
control of cowdriosis and anaplasmosis. Veterinary Quarterly, 
12:39-45. 

VAN DE PYPEKAMP, H.E. & PROZESKY, L. 1987. Heartwater. 
An overview of the clinical signs, susceptibility and differen
tial diagnoses of the disease in domestic ruminants. Onderste
poort Journal of Veterinary Research, 54:263-266. 

273 




