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I. INTRODUCTION 
Reintroduction of Przewalski’s horses to Mongolia 

The Przewalski’s horse (Equus ferus przewalskii) was discovered by Nikolaj Michajlowitsch 

Przewalski in the Dsungarian Gobi in southwest Mongolia at the end of the 19PthP century. 

This discovery triggered a rush of zoological expeditions to this area. Only 80 years later, in 

the 1960s, the Przewalski’s horse was extinct in the wild. The cause of extinction cannot be 

stated with certainty but it is suggested that a crucial factor was the growing human and 

livestock pressure on the steppe range, which forced the Przewalski’s horse to suboptimal 

habitats. Hunting, military activities and the killing and dispersing of adults when capturing 

foals for western zoo collections led to the final disappearance of this species in the wild 

(Van Dierendonck and Wallies de Vries, 1996). 

A captive population founded on thirteen Przewalski’s horses from Mongolia is being bred in 

zoos and animal parks, and the first animals were returned to their original habitat in the 

1990s. At present, six different reintroduction projects exist worldwide and one is located in 

Takhin Tal (N45°32’19”, E093°39’05”) in the Gobi B Strictly Protected Area (SPA) of south-

western Mongolia, a site where some of the last sightings of this species were recorded. This 

project is supervised by the International Takhi Group (ITG, www.takhi.org) and the 

Mongolian National Commission for the Conservation of Rare Animals in accordance with 

the reintroduction guidelines of the International Union for the Conservation of Nature (IUCN) 

(Walzer et al. 2000). The population has gradually grown through various introductions of 

animals from captive breeding programs and natural breeding on site. In July 2007 113 adult 

Przewalski’s horses and 16 foals were living in Takhin Tal (Kaczensky and Walzer, 2007). 

Consistent disease and mortality monitoring was implemented in 1999, and results from 

post-mortem examinations suggested that, second to strangles, equine piroplasmoses may 

be responsible for considerable losses. However, the causal agent was not unequivocally 

identified (Robert et al. 2005). In a preliminary study in Takhin Tal, equine piroplasms, 

Theileria equi and Babesia caballi, were found to be endemic in the domestic horse 

population. This serological survey showed an equivalent prevalence of B. caballi in the 

domestic and the reintroduced horse populations. However, the seroprevalence of T. equi 

was significantly lower in Przewalski’s horses (Rüegg et al. 2006, see appendix). Reasons 

for these differences were not clearly identified, but are likely to be due to (1) a different 

epidemiology of the two parasites and/or (2) different immune responses of the mammalian 

and the arthropod (ticks) hosts. The results further suggest that equine piroplasmoses may 

affect the success of the reintroduction project, and that the local epidemiology of these 

parasites should be investigated. 
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Introduction 

Equine piroplasmoses 

Equine piroplasmoses are caused by two protozoa: Theileria equi (formerly Babesia equi; 

Mehlhorn and Schein, 1998) and Babesia caballi. They are both transmitted by ticks and 

infect only equids. 

Piroplasms in the horse 

In the mammalian host, B. caballi sporozoites infect red blood cells and go through multiple 

divisions (merogony). The resulting merozoites infect new erythrocytes (Friedhoff, 1988). 

However, rarely more than 10% of the erythrocytes are infected (Schein, 1988). In contrast, 

T. equi sporozoites first infect lymphocytes in which they undergo merogony. The resulting 

merozoites then invade red blood cells and initiate a second merogony (Mehlhorn and 

Schein, 1998). During this infection, parasitaemia rarely exceeds 5% (Schein, 1988).  

Infections with either B. caballi or T. equi cannot be differentiated clinically. The course of 

infection and the clinical manifestation depend on the general immune status of the host and 

the virulence of the pathogen. During the acute form of the disease, fever of 39 – 42°C 

coincides with the presence of merozoites in the blood. In T. equi infections, intermittent 

fever is frequently observed whereas in the case of B. caballi infections, the fever persists for 

a longer time. Hyperaemia and petechial haemorrhages of the mucous membranes, 

tachypnoea and tachycardia are further signs of acute disease. Haemolytic anaemia causes 

the haematocrit to drop, and shock with lung oedema may lead to death. B. caballi may also 

affect the nervous system. The acute course of the disease lasts for up to 12 days, while in 

the chronic disease the clinical signs persist for an average of 22 days. In chronic cases, 

especially T. equi infections, palpebral and extensive subcutaneous oedema of the 

abdomen, breast, genital organs and extremities occur. Abortion has been associated 

particularly with T. equi infections, but the fetus can be infected with either piroplasm without 

the mare showing clinical signs. Furthermore, weakness, apathy and anorexia as well as 

extensive weight loss are common unspecific clinical signs (Schein, 1988). Histopathological 

lesions frequently associated with piroplasmoses are pulmonary oedema, congested spleen, 

tubulonephrosis and haemosiderin-loaded macrophages in various organs (de Waal and van 

Heerden, 1994). 

Diagnosis of piroplasms 

Clinical diagnosis is made on the basis of the typical clinical signs in conjunction with tick 

exposure. During the acute phase of infection, the protozoa can be detected in Giemsa-

stained blood smears of peripheral blood. Chronic infections can rarely be detected by this 

method as parasitaemia is generally very low (Böse et al. 1995) to blood smears, DNA of the 
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protozoa can be demonstrated using a polymerase chain reaction (PCR) assay (Alhassan et 

al. 2005; Caccio et al. 2000; Rampersad et al. 2003).  

For the detection of specific antibodies, the complement fixation test (CFT) is the prescribed 

test in the international trade (OIE, 2004b). For epidemiological research, the indirect 

fluorescent antibody test (IFAT) (Gummow et al. 1996; Heuchert et al. 1999; Rüegg et al. 

2006) and the enzyme linked immunosorbant assay (ELISA) (Boldbaatar et al. 2005) have 

primarily been used. Sensitivity and specificity of the IFAT has been evaluated in a field 

survey in Brazil and was found to be well suited for this purpose (Pfeifer Barbosa et al. 

1995). In some cases cross-reactions were reported to cause false positive reactions in the 

B. caballi-specific IFAT, and it was suggested to confirm the results obtained with this test by 

Western blot (Heuchert et al. 1999). The ELISA has been evaluated with samples from 

experimentally infected horses (Ikadai et al. 2000) and applied in an epidemiologic survey 

(Boldbaatar et al. 2005), but no information is available on its sensitivity and specificity in the 

field. 

Piroplasms in ticks 

Ticks become infected with piroplasms during a blood meal on an infected horse. In the gut 

lumen of the vector, most of these protozoa deteriorate but some develop further to undergo 

sexual reproduction. The resulting zygotes of Babesia give rise to club-shaped sporokinetes 

which infect cells of various organs of the tick in which they divide again. Generally, this 

process persists through ecdysis and in the next tick stage (transstadial transmission). In the 

adult female, tick oocytes may become infected and thus the progeny becomes infected 

(transovarial transmission). When the next tick stage is feeding, a final cycle of multiple 

fissions occurs in cells of the salivary glands and the sporozoites are released into the saliva 

to infect the mammalian host (Friedhoff, 1988). In contrast, Theileria zygotes do not multiply 

in the tick tissues but are released into the haemolymph of the tick and directly invade the 

cells of the salivary gland. Hence, transovarial transmission seems not to occur in these 

parasites and it would be expected that T. equi is not transmitted from female ticks to their 

progeny (Uilenberg, 2006). However, Battsetseg et al. have detected  DNA of T. equi in 

progeny of infected Dermacentor nuttalli (Battsetseg et al. 2002). This observation provides 

some arguments for the taxonomic discussion whether this species should be called 

Theileria or Babesia (Uilenberg, 2006). For epidemiological considerations it should be noted 

that Uilenberg (2006) claims that ticks loose theilerial infections after having transmitted the 

parasite and that the following stage therefore is free of the infection. 
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Introduction 

Epidemiology of piroplasmoses 

Epidemiological investigations examine factors influencing the equilibrium between 

acquisition and elimination of an agent resulting in its presence or absence in a population or 

geographical area. Both agents, T. equi and B. caballi, are probably endemic throughout 

Asia with the exception of Siberia and Japan (Friedhoff and Soule, 1996). Their occurrence is 

strictly bound to the presence of tick species responsible for their transmission. Possible 

vectors in the Gobi are the ixodid tick species Dermacentor nuttalli, D. marginatus (syn. D. 

niveus, D. daghestanicus), Hyalomma asiaticum asiaticum, H. as. koslovi, H. dromedarii and 

Rhipicephalus pumilio (Dash et al. 1988). Both D. marginatus and D. nuttalli are known to 

transmit B. caballi (Friedhoff, 1988; Qi et al. 1995) and T. equi (Battsetseg et al. 2002; 

Battsetseg et al. 2001; Pomerantzev, 1959).  

The acquisition of piroplasms by a vertebrate host is affected by the population dynamics of 

the vector tick, population dynamics of tick hosts (for two- or three-host ticks), transmission 

rates between different tick stages and tick infestation rates on the vertebrate host, as well as 

the behavioural and immunological defence of the host against ticks and piroplasms. On the 

other hand, the elimination of the parasites depends on physiological and behavioural factors 

as well as environmental conditions which converge in an effective or ineffective immune 

response of the host  

Historically, two different approaches have been used to study the epidemiology of 

piroplasms. The first focuses on the infection pressure arising from the tick population and 

the transmission dynamics within the vector population. It requires data on the population 

dynamics of the vector, transmission rates of the parasite between different tick stages as 

well as data on the infestation of the host. The population dynamics of a number of tick 

species is known in some detail, but for D. nuttalli appropriate data is scarce. Furthermore, 

transmission rates of piroplasms between various tick stages have been studied primarily for 

bovine and ovine piroplasms (Friedhoff and Smith, 1981) and thus little is known about 

equine piroplasms. A field study on transmission dynamics of B. caballi and T. equi in D. 

nuttalli would thus be necessary. Prevalences of Babesia spp. in ticks in the field are very 

low (Kuzna-Grygiel et al. 2002; Rüegg et al. 2007; Skotarczak et al. 2002), and because the 

transmission from each tick stage to the next may have a different dynamic (Donnelly and 

Peirce, 1975) and may vary under different climatic conditions (Friedhoff and Smith, 1981), 

investigating the parasite cycle in the tick population in situ is very laborious and requires 

very large numbers of ticks to be studied.  

An alternative approach is to examine primarily the mammalian host population. It gives 

valuable information on the exposure of animals to the protozoa, especially in endemic areas 

where the infection pressure from the tick population can be regarded as approximately 
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stable over long time periods. The first published studies were conducted on bovine 

babesiosis in Australia in the 1960s in which the prevalence was estimated based on 

microscopical examination of thick blood smears (Mahoney, 1962). At the same time, first 

reports on the epidemiology of equine piroplasmoses were published discussing a series of 

related clinical cases (Sippel et al. 1962). After the CFT and the IFAT were established 

(Donnelly et al. 1980b; Tenter and Friedhoff, 1986) further systematic quantitative studies 

were possible. Donnelly and colleagues considered the exposure time to equine piroplasms 

as a risk factor, and the concept of a cumulative antibody prevalence with rising age (Joyner 

and Donnelly, 1979) was applied to equine piroplasmoses for the first time (Donnelly et al. 

1980a). In later sero-epidemiological investigations, additional data on tick infestation was 

collected and descriptive statistics were applied (Pfeifer Barbosa et al. 1995; Tenter et al. 

1988). In a South African study, the association of sex, colour and geographical location with 

the presence of specific antibodies was investigated (Gummow et al. 1996). The 

seroprevalence of B. caballi (but not T. equi) appeared to be higher in colts than in fillies, but 

it appeared not to correlate with the colour of the animals or the known distribution of the tick 

vectors. 

There are only three reports on the epidemiology of equine piroplasmoses in central Asia. In 

a study of 110 horses from Central Mongolia, seroprevalences of 88.2% and 84.5% for T. 

equi and B. caballi, respectively, were observed (Avarzed et al. 1997). The authors stratified 

their sample into seven age strata and reported a significantly lower prevalence in animals 

between 11 and 16 years (stratum size n =5) compared to younger animals. In another 

study, 254 horses from six Mongolian provinces of different climatic zones were investigated 

using an ELISA (Boldbaatar et al. 2005). The seroprevalence in the different provinces varied 

between 39% and 96% for T. equi and between 17% and 63% for B. caballi but neither age 

nor any other factors were included in the analysis. In China, prevalences of 14% and 81.6% 

were observed in endemic areas for T. equi and B. caballi, respectively (Wang cited in Yin et 

al. 1997), but more comprehensive studies are not available from this neighbouring country. 
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Introduction 

Statistical analysis of piroplasmoses 

Two methods are often used to analyse the effect of continuous exposure variables: (1) 

stratifying the exposure into categories and calculating the relative effect using one category 

as a reference or (2) using (generalised) linear models to describe the relation between the 

exposure(s) and the effect. The disadvantage of stratification is the loss of information and 

thus statistical power, the possibility of an arbitrary and/or opportunistic choice of cut points, 

and the fact that the relative risk or odds ratios are based on averaging risks within the 

categories. (Generalised) linear models may provide better power than categorical analysis. 

The simplest such model is the linear regression, assuming a linear relation between 

exposure (e.g. age) and a dependent continuous response variable (e.g. size). If the 

response variable is binary, such as an infection or serological status, the logistic regression 

can be used. This model assumes a linear relationship between the log of the odds ratio 

(P/1-P) and the explanatory factors. Generalised linear models (GLM) require that the 

response variable can be transformed such that it has a linear relation to the explanatory 

variable(s). Thus, they may not be adequate if the relation of the investigated variables is 

non-linear. General additive models (GAM) are an option to overcome these shortcomings 

(Figueiras and Cadarso-Suarez, 2001; Helfenstein et al. 1997; Hirst et al. 2002; Johansen et 

al. 2005; Pinchbeck et al. 2002). These models divide the continuous factor into a number of 

segments with breakpoints (knots) where each segment is fitted with a spline function 

(usually cubic). The optimal number of segments used is determined by minimising the 

Akaike Information Criterion (AIC). This criterion accounts for the deviance of the data and 

the complexity of the used model. The lowest AIC characterises the model with the fewest 

parameters possible to describe the data as accurately as possible. The advantage of GAMs 

is that dependencies with several gradient changes can be detected. However, the 

interpretation of the resulting parameters is quite challenging since the models are purely 

descriptive. To gain explanatory information about the data, it is advisable to use models 

which can be interpreted in terms of the disease transmission process or other 

epidemiological mechanisms of the disease. Such models need to be developed for each 

particular disease system or investigated process and are difficult to generalise. 

Nevertheless, they should be applicable to as many situations as possible. The epidemiology 

of the genera Theileria and Babesia has been explored in respect to modelling, and the study 

concluded that the transmission of both piroplasma could be modelled with the same model 

catering for all the biological particularities because the differences were mainly quantitative 

variations of certain parameters (Dallwitz et al. 1987). Historically, however, the modelling 

approach to Theileria and Babesia has taken two separate courses. 
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Modelling theileriosis   

Efforts to model theileriosis have been focused on T. parva in African cattle (East Coast 

Fever, ECF) as this disease causes considerable financial losses to the animal production on 

this continent. The main aim of these studies was to determine the potential geographical 

distribution of the disease and to prevent spreading of the parasite. To this end, the 

occurrence of theileriosis has been primarily predicted based on models of the population 

dynamics of the transmitting tick vector. Originally, the tick abundance was predicted based 

directly on climatic parameters (King et al. 1988) and more recently using data from satellite 

imagery (Randolph, 1999; Randolph, 2000). The basic idea behind is that the disease may 

only occur where the vector is occurring. 

To the author’s knowledge, only one model of ECF has been presented which describes the 

disease transmission (Medley et al. 1993). It simulates a cohort of calves developing under 

endemically stable conditions. The cohort is divided into different subpopulations, namely 

susceptibles, individuals with incubating infection, individuals with infections eventually 

resulting in death of the animals, infected individuals that will survive, and recovered 

individuals. A set of five ordinary differential equations (ODE) describes the age-dependent 

changes of these subpopulations. The parameter of primary interest to the authors was the 

rate of infection β, i.e. the rate at which animals transfer from the susceptible to the 

incubating subpopulation. This parameter was estimated by fitting the model to data from a 

cohort study with 31 animals in an endemic area. The values of the other five parameters 

were determined based on previous experimental and epidemiological work. Mortality was 

assumed to be zero as no animal in the cohort died. Using a binomial likelihood function, the 

log-likelihood was calculated and maximised with a numerical algorithm. This procedure was 

performed with the model including an age-independent β or alternatively a β(t) that was 

linearly increasing with age (t). By selecting the model with the highest log-likelihood a 

linearly increasing β(t) provided the best fit. In a second step, β was substituted by a function 

of the proportion of ticks infected and the proportion of infected cattle. For the analysis of this 

model, the authors investigated the dynamic consequences of manipulating the disease 

transmission process on the ECF-specific mortality and prevalence of disease in the cattle 

population (Medley et al. 1993). One major drawback of this work is the scarcity of data. With 

data from only 31 animals in one cohort, the estimates may be not representative on a 

population level. Furthermore, the authors used values for the other parameters which they 

estimated or derived from experimental data. However, parameter values derived from 

laboratory model hosts and artificial inoculation are often quite different to those of natural 

systems, leading to false quantitative, and even qualitative, conclusions (Randolph and 

Nuttall, 1994).  
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Introduction 

Modelling babesiosis 

The first mathematical model of the epidemiology of Babesia was developed based on a 

model for malaria (Mahoney, 1969) with the assumptions that  transmission is continuous 

and age-independent, recovery rate (r) is faster than new infections occur (inoculation 

rate=h), and that, therefore, the prevalence asymptotically approaches an upper limit 

determined by L=h/r. Consequently, the number of infected animals at any age t is 

( tre )
r
htI *1*)( −−=  (1) 

Prevalence data of B. bovis and B. bigemina in two cattle herds was used to estimate the 

model parameters. Because L represents the asymptote of the function, the authors visually 

determined the age at which I(t) reaches 99% of L for each Babesia species. By substituting 

0.99*h/r for I(t) and the determined age for t, formula (1) is rearranged, and solved for r. 

These r-values were inserted into formula (1) and mean values for  

tre
tIL *1
)(
−−

=  (2) 

were calculated based on the different observed age-dependent prevalences in the two 

herds. Finally, the inoculation rate  was calculated (Mahoney, 1969). Because it 

was observed in the field that economically significant clinical babesiosis only occurs if either 

up to 12 or more than 75% of the herd are infected, a theoretical “zone of high risk” of values 

for the inoculation rate in which the economic impact of babesiosis is significant was 

calculated using the same model (Mahoney and Ross, 1972). The model was also extended 

to account for super-infections with antigenic variants of B. bovis, to explain the relapsing 

nature of parasitaemia in cattle. The parameters were estimated based on field data. 

Graphical inspection of the computed age-dependent prevalence implied that field data from 

areas with high inoculation rates fitted well and that the fit was not accurate for areas with 

low inoculation rates (Ross and Mahoney, 1974). 

Lrh *=

In a computer based model, the whole babesial cycle including vector population dynamics 

and mammalian host dynamics was simulated (Smith, 1983). Babesial infections in ticks and 

cattle were iteratively recalculated for each tick generation cycle (d) until equilibrium was 

reached. The time for a tick generation cycle was chosen to be the minimum time required 

for completion of one generation cycle under laboratory conditions. Other parameters were 

deduced from data in the literature. The inoculation rate was defined as a function of the 

number of infected ticks which depends on the number of infected cattle. The prevalence in 

cattle was defined as 

drheI
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h
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The authors determined the minimal tick burden to maintain Babesia in the tick and the 

bovine population and suggested to estimate the actual risk of contracting babesiosis in 

different areas using this model. However, the use of parameter values derived from 

laboratory systems raises the previously mentioned concerns about the results from such 

models (Randolph and Nuttall, 1994). In addition, nothing is known about the variability of the 

parameters and hence statistical inference of the model is difficult or even impossible. 

In analogy to Theileria models, the occurrence of Babesia has also been modelled based on 

models of the population dynamics of the transmitting vector tick. As an example, population 

dynamics of Boophilus ticks have been simulated depending on climatic parameters (Mount 

et al. 1991). B. bovis infections were then introduced in this model with stratified cattle and 

tick populations (Haile et al. 1992). The parameter values were derived from the literature. 

Single parameters were modified to investigate the model sensitivity, while the other 

parameters were held constant. The output of the model was compared quantitatively to field 

data, but no statistical procedure was applied. The authors showed that the inoculation rate 

was most sensitive to the parameters of transovarial transmission, fecundity reduction and 

infectivity in cattle. 
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Introduction 

Conclusions of previous work and aims of this study 

Pathological examination of dead Przewalski’s horses in south-western Mongolia suggested 

that piroplasmoses may have a considerable impact on the successful establishment of the 

wild horse population (Robert et al. 2005). This hypothesis was further supported by the 

results of the author’s preliminary study in the reintroduction area in which seroprevalences 

of 88.6% (T. equi) and 75.2% (B. caballi) were observed in the domestic horse population 

(Rüegg et al. 2006, see appendix). This serological data does not allow for a robust inference 

on the prevalence of the parasites per se and therefore, it is not possible to further 

characterise the risk of infection for Przewalski’s horses qualitatively or quantitatively in order 

to suggest adequate counter measures. In addition, conventional data analysis methods 

appear unsatisfactory to investigate this type of age-dependent data: If stratification is used, 

the arbitrary and/or opportunistic choice of cut points may bias the analysis, and statistical 

power is lost because relative risks or odds ratios are based on average risks within the 

categories. If GLMs are used, a linear relationship between dependent and independent 

variables is assumed and thus epidemiologically important non-linear dependencies may be 

missed. 

The focus of the first publication is thus to collect a sound data set to explore the 

epidemiology of equine piroplasmoses at the reintroduction site of Przewalski’s horses. The 

data is analysed with GLMs and with GAMs to detect (non-)linear relationships. Because 

GAMs are purely descriptive and do not allow for an interpretation in terms of the 

epidemiology of the disease, the author proceeds in the second publication with a more 

mechanistic modelling approach presenting a direct translation of the parameters influencing 

the transmission dynamics into a mathematical framework. Founded on previously published 

models of the transmission dynamics of Theileria and Babesia, a series of nested models 

catering for both parasite genera is presented. Estimates for the parameters of each model 

are computed using Maximum Likelihood methods. Best fitting models are determined by 

using Monte Carlo procedures to compute empirical p-values. The resulting best fitting 

models for T. equi and B. caballi provide a qualitative as well as quantitative description of 

their epidemiology. Assuming that the transmission dynamics occurring in domestic horses is 

similar in Przewalski’s horses, this data is used to discuss the risk for newly introduced 

Przewalski’s horses to acquire piroplasmoses. 
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II. PUBLICATIONS 
 

Age-dependent dynamics of Theileria equi and Babesia caballi infections 
in southwest Mongolia based on IFAT and/or PCR prevalence data from 
domestic horses and ticks  
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The source code used to analyse the data in this publication is presented in the appendix. 
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Estimation of the transmission dynamics of Theileria equi and Babesia 
caballi in horses  
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III. DISCUSSION 
The purpose of this project is to evaluate the effect of equine piroplasmoses on the 

reintroduction of Przewalski’s horses to Mongolia. In this discussion, the results of the two 

presented articles on the epidemiology of T. equi and B. caballi in the domestic horse 

population are extrapolated to Przewalski’s horses. It is assumed that the same transmission 

dynamics operate in the two populations as their social structures and behavioural patterns 

are similar (Volf, 1996). The prevalence of parasites and antibodies in a reintroduced cohort 

of Przewalski’s horses are simulated by applying the point estimates of the models 10 and 32 

for T. equi and B. caballi in domestic horses, respectively.  

However, in contrast to domestic horses, where I(0)= 12.5% for T. equi and M(0)= 58.5% 

and I(0)= 12.6% for B. caballi (Rüegg et al. 2008), Przewalski’s horses have no immunity to 

the parasites because the reintroduced animals originate from countries where equine 

piroplasmoses are not present or occur only sporadically (OIE, 2004a). To account for this 

situation, all Przewalski’s horses are included in the susceptible class at t = 0 (S(0) and S1(0) 

respectively).  

Fig. 1 shows the expected (time-dependent) proportion of animals with antibodies after the 

reintroduction of a cohort. This corresponds to the proportion of animals exposed to the 

parasites as antibodies are not eliminated. However, in respect to the reintroduction, 

primarily the cases resulting in death are interesting. Death due to equine piroplasmoses is 

usually preceded by clinical manifestation due to a new (acute) infection. Thus, the most 

interesting result of the model prediction is the annual proportion of new infections, which 

would correspond to the gradient of the curves in Fig. 1. Most new T. equi infections are 

expected within the first three years after reintroduction and 90% of the animals will have 

acquired the parasite after six years. The highest number of new B. caballi cases will be 

expected in the first year after reintroduction with new infections in roughly 60% of the cohort. 

In the second year further 5% of the cohort will acquire infections, but beginning at the 3rd 

year only few new cases are to be expected each year. Thus, during the first six years and 

particularly in the first year after reintroduction to Mongolia, the highest morbidity and 

mortality due to equine piroplasmoses is to be expected. This prediction corresponds to 

observations during the preliminary study where the seroprevalence of T. equi was 

significantly lower in the wild horses compared to domestic horses, whereas it was 

equivalent for B. caballi (Rüegg et al. 2006, see appendix). Considering that 15 of the 23 

investigated Przewalski’s horses had been in Takhin Tal between 2 and 5 years, this adds 

further evidence that there is a lower infection pressure for T. equi than for B. caballi. 

Although, under endemically stable conditions clinical piroplasmoses are observed only 

rarely (Penzhorn, 2006), T. equi may play an important role in reproduction failure (Donnelly 
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et al. 1982; Neitz, 1956; Potgieter et al. 1992), which may reduce the reproduction rate of the 

population in Takhin Tal compared to populations in non-endemic regions. In addition, 

environmental factors affect the clinical manifestation and mortality of equine piroplasma 

infections. In particular, stress has been reported to correlate with increased outbreaks of 

clinical piroplasmoses (Penzhorn, 2006). Because most acute infections with T. equi or B. 

caballi are likely to occur in the first year after reintroduction, these would coincide with the 

stress of acclimatising to the semi-arid conditions in Takhin Tal. It appears that naïve 

stallions are particularly susceptible to piroplasmoses in this period (Robert et al. 2005), but 

in our models, no sex specific infection rates could be detected. It may be, as these authors 

suggested, that the intensive social activity predisposed these individuals to fatal 

piroplasmosis. The environmental conditions cannot be changed. However, the transmitting 

ticks are primarily active from April to July, and it may be advisable to introduce the 

Przewalski’s horses after this season to permit a longer acclimatisation period before the first 

tick exposure. Consequently, most new infections with piroplasms would occur in the 

following tick season when the environmental stress on the Przewalski’s horses is lower. 

 
 
Fig. 1 Simulation of the proportion of animals immune to T. equi (black) and B. caballi (grey) in a 

cohort of naïve horses introduced to endemic conditions in Takhin Tal (Mongolia)  
:  
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This recommendation is made based on observations and statistical analysis of field data. 

They could be summarised as a recording interface comprising the processes of (1) 

sampling, (2) sample analysis, (3) statistical analysis and its interpretation, and (4) the 

prediction for Przewalski’s horses. Each process has an influence and may cause bias to the 
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final outcome. The scientifically ideal, errorless interface can only be approached 

asymptotically as no method records everything observable (Hacking, 1996) and therefore, 

these processes need to be evaluated in respect to their susceptibility to bias. 

(1) Sampling 

The horse owners were compensated for their collaboration by providing antiparasitical 

treatment to the sampled animals. Therefore the sampling tended to be biased towards 

horses valuable to their owner and those easy to catch with a lasso. Furthermore, according 

to the preliminary study, the transmission appeared to be most dynamic in animals younger 

than two years (Rüegg et al. 2006, see appendix). Hence, priority was given to the youngest 

animals and subsequently older animals were sampled. The age bias was corrected during 

the data analysis. A further aspect affecting the sample is that apicomplexan parasites are 

reported to cause infected erythrocytes to adhere to the vascular walls in order to evade 

filtration and elimination in the spleen (Cooke et al. 2005). Therefore, the number of parasites 

in the blood sample may be reduced as a jugular sample may not contain these sequestered 

erythrocytes. As this effect is assumed to occur in all infected animals the infection rates may 

be underestimated, but it will in general not affect the selection of the transmission model. 

(2) Sample analysis 

In theory, PCR is 100% specific and very sensitive for the detection of agents in any kind of 

substrate. However, the previously published PCR protocols to detect equine piroplasms 

(Bashiruddin et al. 1999; Battsetseg et al. 2001; Ueti et al. 2003) were not suited to amplify 

piroplasma DNA from the investigated samples. Using the protocols of Bashiruddin et al. 

(1999) and Ueti et al. (2003), the 28 samples unequivocally positive for T. equi by light 

microscope were negative, and the protocol of Bashiruddin et al. (1999) gave negative 

results for the 8 samples unequivocally positive for B. caballi. Thus, for T. equi a new PCR 

specific for the 18S rDNA of the local isolates was designed, whereas for B. caballi the 

protocol by Battsetseg et al. (2001) could be adapted. However, the amplified sequence of 

the roptry associated protein 1 contained 7% nucleotides which were different to previously 

published sequences. Therefore, the multiplex PCR described in the first article (Rüegg et al. 

2007) is valid for the samples of this study, but it should be re-evaluated if applied to isolates 

from a different site. 

Admittedly, the specificity and sensitivity of the IFA tests were not validated with a gold 

standard procedure. However, the protocol employed had been applied in different countries 

world wide (Pfeifer Barbosa et al. 1995; Tenter and Friedhoff, 1986; Tenter et al. 1988) and 

proved to be very reliable for the detection of antibodies against T. equi and B. caballi. In 
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addition, fluorescence in the positive samples was strong and negative samples were 

distinctly dark that there is little doubt about the specificity of these reactions.  

(3) Statistical analysis and interpretation 

Any kind of statistical procedure aims at summarising data following a reasonable procedure. 

Fig. 6 of the second article shows the nonlinear dependence of the PCR and IFAT 

prevalences of T. equi and B. caballi. The shortcomings of applying generalised linear 

models to this data are therefore self-explanatory, and the use of age classes (as has been 

done to plot the data points in Fig. 6) for statistical procedures is contradictory, because 

classification is arbitrary (Figueiras and Cadarso-Suarez, 2001). A possible alternative is 

provided by generalised additive models using spline functions to fit non-linear relations 

between dependent and explanatory variables. However, their parameters yield no biological 

explanation for the data. Nevertheless, they are a useful tool for detecting non-linear 

associations if no further information is available. For the present data, the underlying 

disease transmission dynamics have been elucidated in some detail (Friedhoff, 1988) and 

with this information disease transmission models were formulated as presented in the 

second article (Rüegg et al. 2008). These incorporate data on parasite presence (PCR) and 

immunity (IFAT) into a single model whose parameters are directly interpretable in a 

biological context. The scientific evidence still leaves room for many variants of the same 

transmission model. These competing hypotheses were judged based on empirical p-values 

resulting from a Monte Carlo study.  

For the interpretation of statistical results it is important to be aware that their explanatory 

capacity is limited to the possibilities of the models that are used to summarise the data. On 

the other hand, if a model contains too many parameters, the surplus parameters yield no 

information and can take any value without affecting the model fit. A good statistical analysis 

therefore uses the simplest model that contains a sufficient number of parameters to 

describe the data generating process. Still, reality is its own best image and the statistical 

summary is inherently imprecise and a measure for this imprecision are the bootstrap 

confidence intervals of the parameters.  

(4) Extrapolation to Przewalski’s horses 

Because the Przewalski’s horses arrive in Takhin Tal at an age of two years or more 

(Kaczensky and Walzer, 2002), the time of exposure does not correspond to age. It is 

debatable whether the age-dependent infection rate of B. caballi in local domestic horses is 

due to age per se, exposure to ticks and consequent immunity or other unknown factors. For 

the present prognosis it is assumed that the relevant parameter for Przewalski’s horses is 

time of exposure rather than age. 
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IV. SUMMARY AND CONCLUSION 
To evaluate the risk caused by the tick-borne equine piroplasms, Theileria equi and Babesia 

caballi, during the reintroduction of Przewalski’s horses to south-western Mongolia the 

epidemiology of these parasites was investigated in local domestic horses and ticks. 

Prevalences of T. equi and B. caballi in 510 horses were 66.5% (95% CI: 62.1–70.7) and 

19.1% (15.6–22.9), respectively by multiplex PCR and 78.8% (74.9–82.3) and 65.7% (61.3–

69.9) by indirect immunofluorescence antibody test (IFAT). Of 166 ticks analysed from PCR- 

and IFAT-negative horses 1 was PCR positive for B. caballi and none for T. equi. Analysis 

with generalised linear models (GLM) and generalised additive models (GAM) demonstrated 

age-dependent, exponentially increasing proportions of T. equi-PCR and -IFAT positive 

horses. In contrast, the B. caballi-PCR prevalence decreased with age despite a concurrent 

increase in the proportion of IFAT-positive animals. The tick (Dermacentor nuttalli) burden of 

the horses increased with age and decreased with advancing season. Geldings were more 

likely to be infected with, and seroconvert to, T. equi. The data suggested that neither herd 

affiliation, date of sample collection nor abundance of tick infestation had a significant 

influence on parasite prevalence. Alternative to the generalised models, several 

mathematical models of the transmission dynamics were constructed with parameters 

directly interpretable in the context of the transmission process. These models cater for 

maternal protection with antibodies, susceptible animals, infected animals and animals which 

have eliminated the parasite and also allow for age-dependent infection in susceptible 

animals and sex-specific transmission rates. Maximum likelihood estimation procedures were 

used to estimate the model parameters and a Monte Carlo approach was applied to select 

the best fitting model. T. equi appeared to cumulate in the horse population with an age-

independent infection rate of 0.45 per horse and year, whereas B. caballi had a much higher 

infection rate in young animals (1.57) than in animals over the age of one (0.05) and was 

eliminated from the host after approximately 1.5 years. Antibodies appeared not to affect the 

transmission dynamics of T. equi, but for B. caballi, maternal antibodies were protective and 

immune animals had almost no risk of re-infection. The higher susceptibility of geldings for T. 

equi was not confirmed in this analysis. Applied to the Przewalski’s horses, the transmission 

models predicted that the highest risk of infection with T. equi occurs during the first three 

years after reintroduction, whereas for B. caballi the risk is highest during the first year. 

Because these high risk periods would coincide with the acclimatisation stress predisposing 

animals to clinical outbreaks, it is suggested to schedule reintroductions towards the end of 

the tick season to assure an advanced acclimatisation at the time of the first tick, and 

concurrent piroplasm, exposure. 
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Summary and Conclusion 

In conclusion, molecular diagnostic methods, mathematics and experimental data were 

successfully combined to provide a tool for the evaluation of disease risk in an endangered 

species. The presented procedure is particularly satisfactory because the models rely on 

current opinions on the epidemiology of equine piroplasmoses and because the results could 

be confirmed with independent experimental data. As the discussion of the second paper 

states, other methods frequently applied in epidemiology may even lead to erroneous 

conclusions with consequent management decisions. In addition, due to the simultaneous 

analysis of two parasites in the same host population, this work has unexpectedly provided 

further evidence that T. equi is probably not a Babesia spp.  

The primary focus of this study was to elucidate the disease dynamics of piroplasms in 

respect to the mammalian host, and it is obvious that for a comprehensive understanding, 

the epidemiology in the tick population demands more attention. However, because 

collection of ticks from the local vegetation proved to be very unsatisfactory, a prerequisite 

for such research would be a sustainable tick population in the laboratory. Unfortunately, the 

establishment of such a population at the Institute of Parasitology (University of Zurich, 

Switzerland) failed and further questions in this regard were not pursued. From another 

perspective, ecosystems of tick-borne diseases consist of closely co-evolved elements, 

namely the vertebrate host, the tick vector and the infective agents. Often several agents are 

transmitted to several host species by the same vector. How these different elements interact 

and lead to a stable system constitutes an interesting ecological question which might even 

contribute to answer issues in regard to sustainable agriculture in areas where tick-borne 

diseases are endemic. 
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Source code for the statistical analysis of the data in Rüegg et al. 2007 

#**************************************************************************** 
#               
#     R SOURCE CODE OF THE PROCEDURES APPLIED IN:         
#               
#  “Age-dependent dynamics of Theileria equi and Babesia caballi infections   
#   in southwest Mongolia as assessed by using generalized additive models    
#   based on IFAT and/or PCR prevalence data from domestic horses and ticks”  
#   Ruegg et al. 2007, Parasitology.           
#                      
#**************************************************************************** 
 
# load mgcv package 
# Read data  
data=read.table("horse_data.txt",header=T,row.name=1,skip=3) 
attach(data) 
str(data) 
 
# Data dependence  
########################## 
 
# dependence of PCR and IFAT 
#---------------------------- 
# To investigate the dependence of the response factors (PCR, IFAT)of  
# B. caballi and T. equi on age, herd, sex, date of collection and  
# tick infestation GLMs and GAMs are used. Because the response  
# factors have two levels (0,1), binomial models are used (logistic 
# regression). As an example we use the PCR results of T. equi (PCR_TE) 
# it can be replaced by any of the other response factors: 
 
glmPTE=glm(PCR_TE~Age+Herd+Sex+Date+ticks, family=binomial) 
 
# Multinomial logistic regression analyses the linear dependence of the 
# log(p/(1-p)) on the independent variables (right of the ~). 
 
gamPTE=gam(PCR_TE~s(Age)+Herd+Sex+Date+ticks, family=binomial) 
 
# The goodness of fit of the GLM is questioned by using GAM. The independent 
# variable in s() is fitted with a spline function allowing for non-linear 
# dependence. Additionally to Age, Date can be checked for non-linearity.  
 
# The summary, the AIC and the deviance can be retrieved using: 
summary(glmPTE) 
AIC(glmPTE) 
deviance(glmPTE) 
 
# Plotting the relation of age to the adjusted logit of the response variable 
plot(gamPTE,xlab="",ylab="log(OR)",ylim=c(-5,10), 
       main="PCR of T. equi",font.main=4) 
 
# To calculate odds ratio and its 95% CI from the coefficients of the models 
# the exponent of the coefficient +/- the std. error is calculated: 
 
OR=function(coeff,error) 
{return(list(exp(coeff),exp(coeff-error),exp(coeff+error)))} 
 
OR(summary(glmPTE)$coef[2],summary(glmPTE)$coef[28]) 
 
# dependence of tick infestation 
#-------------------------------- 
# To investigate the dependence of the tick infestation on age, herd, gender 
# and date of collection GLMs and GAMs are used. Because ticks are over- 
# dispersed, the quasipoisson models are used as described above: 
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glm_t=glm(ticks ~ Age+Herd+Sex+Date,family="quasipoisson") 
 
gam_t=gam(ticks ~ s(Age)+Herd+Sex+s(Date),family="quasipoisson") 
 
# the results are analysed as described above 
 
# Fisher's exact test 
####################### 
 
# 2x2 contingency tables for PCR and IFAT results 
PCR=matrix(c(length(subset(data$PCR_TE,data$PCR_TE==1)), 
 length(subset(data$PCR_TE,data$PCR_TE==0)), 
 length(subset(data$PCR_BC,data$PCR_BC==1)), 
 length(subset(data$PCR_BC,data$PCR_BC==0))), 
 nr=2,dimnames=list(c(1,0),c("T.equi","B.caballi"))) 
 
IFAT=matrix(c(length(subset(data$IFAT_TE,data$IFAT_TE==1)), 
 length(subset(data$IFAT_TE,data$IFAT_TE==0)), 
 length(subset(data$IFAT_BC,data$IFAT_BC==1)), 
 length(subset(data$IFAT_BC,data$IFAT_BC==0))), 
 nr=2,dimnames=list(c(1,0),c("T.equi","B.caballi"))) 
 
# apply the test to PCR and IFAT  
fisher.test(PCR,conf.int=T) 
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Source code for the models used in Rüegg et al. 2008 

 
############################################################################################ 
############################################################################################ 
#######                    Program code to paper                                                                                                   ####### 
#######  "A Mathematical Approach to Estimate the Transmission Dynamics                                             ####### 
#######   of Theileria equi and Babesia caballi using Monte Carlo Techniques"                                          ####### 
#######                S.R. Rüegg, D. Heinzmann and others (2008)                                                                   ####### 
############################################################################################ 
############################################################################################ 
 
 
#------------------------------  Content of the file  -------------------------------------- 
#                                                                                            
#  This file contains the program code written in the statistical software R to solve the  
#  (differential) equations of the different models represented in Rüegg et al (2007) 
#  together with the code to compute the corresponding maximum likelihood estimates.              
#  The code intends to provide a source for further applications of our models in the domain          
#  of parasitic diseases. For reasons of simplicity and shortness, we omit here          
#  to present the code of the simulations for the empirical p-value. 
#  But it is straight forward to set up the simulation based on the code provided  
#  in this file.                 
#                                                                                            
#  Note 1: The model notations follow exactly the one in the paper.  
#  Note 2: the code can copy-paste directly into R                           
#  Note 3: In case of further questions: s.ruegg@switzerland.org   
#------------------------------------------------------------------------------------------- 
 
 
#------------------------------  Sections in this file  ------------------------------------ 
#    0. Initializing global variables and load required packages 
#    A. Model 10 (equation (2) in the paper) 
#          A.1 Solving the differential equation of Model 10  
#          A.2 Computing the NLL of Model 10 
#    B. Model 23*  
#          B.1 Solving the differential equations of Model 23* 
#          B.2 Computing the NLL of Model 23* 
#    C. Model 23 
#          C.1 Solving the differential equation of Model 23 
#          C.2 Computing the NLL of Model 23    
#    D. Model 22 
#          D.1 Solving the differential equation of Model 22 
#          D.2 Computing the NLL of Model 22    
#    E. Model 21 
#          E.1 Solving the differential equation of Model 21 
#          E.2 Computing the NLL of Model 21 
#    F. Model 20 
#          F.1 Solving the differential equation of Model 20 
#          F.2 Computing the NLL of Model 20   
#    G. Model 33 
#          G.1 Solving the differential equation of Model 33 
#          G.2 Computing the NLL of Model 33    
#    H. Model 32 
#          H.1 Solving the differential equation of Model 32 
#          H.2 Computing the NLL of Model 32    
#    I. Model 31 
#          I.1 Solving the differential equation of Model 31 
#          I.2 Computing the NLL of Model 31 
#    J. Model 30 
#          J.1 Solving the differential equation of Model 30 
#          J.2 Computing the NLL of Model 30      
#    K. Optimization procedure - a short application     
#          K.1 Initialize the data  
#          K.2 Optimization of the different models  
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#------------------------------------------------------------------------------------------- 
 
 
 
#------------------------------------------------------------------------------------------- 
#-------------- 0. Initializing global variables and load required packages ---------------- 
#------------------------------------------------------------------------------------------- 
 
#---------- global data frames: 
data_real= read.table("horse_data.txt",skip=3,header=T)  
        # important to have horse_data.txt in the same directory than the workspace.  
        # change the directory in the menue "file" accordingly 
data_global 
    # global_data matrix needs to be a matrix with n lines and 4 columns, 
    # such that 1.column=AGE    (real numbers (in years)) 
    #           2.column=PCR    (dichotomous value (0 or 1)) 
    #           3.column=IFAT   (dichotomous value (0 or 1)) 
     #           4.column=GENDER (nominal value (male,female,gelding)) 
        # Note 4: For all functions in this file, data_global needs to be specified! 
    # For the applications in this file, we will specify data_global based on  
    # the Babesia caballi data set provided in the real data  
    # set ("data_real" specified above). 
    # Note 5: For other applications, you need only to redefine data_global!  
data_global=matrix(nrow=length(data_real[,1]),ncol=4) 
# Babesia caballi information are read into the matrix: 
data_global[,1]=data_real[,6]   # first column contains Age 
data_global[,2]=data_real[,12]  # second column contains PCR_BC (PCR results for Babesia caballi) 
data_global[,3]=data_real[,10]  # third column contains IFAT_BC (IFAT results for Babesia caballi) 
data_global[,4]=data_real[,5]   # forth column contains Sex 
 
#--------- global vectors 
age=unique(data_real[,6]) 
age_global=na.omit(age[order(age)]) 
 
#--------- required packages in R 
require(Matrix) 
 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  A. Model 10  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- A.1 Solving the differential equation of Model 10 ----------------- 
 
model_10= function(par) 
# this function solves the differential equation (2) in the paper for all ages in age_global 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=3) 
  beta <- par[1] 
  mu <- par[2] 
  I <- par[3] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)) 
  # limiting conditions for the parameter space 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
  if (par[3]> 1) 
  { 
      print("na because I > 1") 
      return(X) 
  } 
   if(par[1]+par[2]==0){return(X);print("NA because beta+mu=0")} 
 
   L=beta/(mu+beta) 
   xI=L+(I-L)*exp(-(mu+beta)*age) 
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   xS=1-xI 
   # produce of the output 
   X=cbind(age,xS,xI) 
   X=round(X,12) 
return(X) 
} 
 
#----------------------------- A.2 Computing the NLL of Model 10 ------------------------- 
 
NLL_model_10=function(coef) 
# this function evaluates the NLL of model 10 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(1e4) 
  } 
  if (coef[3]> 1) 
  { 
      print("na because I > 1") 
      return(1e4) 
  } 
  LLsum=0 
  pot=model_10(coef) 
  if (is.na(pot[1,1])==T)  {return(1e4)} 
  data<- data_global 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F) 
               { 
                 like1=data[i,2]*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=(1-data[i,2])*ifelse((1-pot[j,3])==0,-70,log(1-pot[j,3])) 
 
                 LLsum=LLsum+like1+like2 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  B. Model 23*  ------------------------------------------ 
#------------------------------------------------------------------------------------------- 
 
#---------------------- B.1 Solving the differential equations of Model 23* ----------------- 
 
# Global variables which shoud be initialized by the MLE values of beta and mu from model 10 
beta_global= 0.446 
mu_global=    0.014  
I_global=0.125 
 
model_231= function(par) 
# this function solves the differential equations of Model 2.3.1 with the inital values 
# of beta (beta_global), mu (mu_global) and I(0) (I_global) from model 1.0. The idea is  
# to have a model which allows a comparison of model 1.0 and model 2.3  
# (cf. paper for more information) 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=5)   
  a <- par[1] 
  beta <- beta_global 
  mu <- mu_global 
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  d <- par[2] 
  I <- I_global 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[3]+I> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[3], 1-par[3]-I, I, 0); 
  A=Matrix(c(-(a+beta), 0, 0, 0, a, -beta, 0, d, beta, beta, -mu, beta, 0, 0, mu, -(d+beta)),byrow=T,nrow=4,ncol=4) 
  # Matrix computes the exponential of a matrix as required in equation (5) of the paper  
  # The function Matrix is provided in the R-package Matrix (which should be loaded in R). 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:5]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#----------------------------- B.2 Computing the NLL of Model 23* ------------------------- 
 
NLL_model_231=function(coef) 
# this function evaluates the NLL of model 23* based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[3]+I_global> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_231(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=data[i,2]*ifelse(pot[j,4]==0,-70,log(pot[j,4])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,5])==0,-70,log(pot[j,2]+pot[j,5])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
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  } 
return(-LLsum) 
} 
 
 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  C. Model 23  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- C.1 Solving the differential equation of Model 23 ----------------- 
 
model_23= function(par) 
# this function solves the differential equation (3) in the paper  
# for the model 23 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=5) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  d <- par[4] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[5]+par[6]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[5], 1-par[5]-par[6], par[6], 0); 
  A=Matrix( c(-(a+beta), 0, 0, 0, a, -beta, 0, d, beta, beta, -mu, beta, 0, 0, mu, -(d+beta)),byrow=T,nrow=4,ncol=4) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:5]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- C.2 Computing the NLL of Model 23 --------------------------- 
 
NLL_model_23=function(coef) 
# this function evaluates the NLL of model 23 based on the real data provided in "data_real" 
 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[5]+coef[6]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_23(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
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  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=data[i,2]*ifelse(pot[j,4]==0,-70,log(pot[j,4])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,5])==0,-70,log(pot[j,2]+pot[j,5])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  D. Model 22  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- D.1 Solving the differential equation of Model 22 ----------------- 
 
model_22= function(par) 
# this function solves the differential equation (4) in the paper  
# for the model 22 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=5) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  d <- par[5] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[6]+par[7]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[6], 1-par[6]-par[7], par[7], 0); 
  A=Matrix(c(-(a+beta), 0, 0, 0,a, -beta, 0, d,beta, beta, -mu, e, 0, 0, mu, -(d+e)),byrow=T,nrow=4,ncol=4) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:5]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- D.2 Computing the NLL of Model 22 --------------------------- 
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NLL_model_22=function(coef) 
# this function evaluates the NLL of model 22 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[6]+coef[7]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_22(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=data[i,2]*ifelse(pot[j,4]==0,-70,log(pot[j,4])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,5])==0,-70,log(pot[j,2]+pot[j,5])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  E. Model 21  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- E.1 Solving the differential equation of Model 21 ----------------- 
 
model_21= function(par) 
# this function solves the differential equation (4) in the paper  
# for the model 21 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=5) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  d <- par[5] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[6]+par[7]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
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  x0= c(par[6], 1-par[6]-par[7], par[7], 0); 
  A=Matrix(c(-(a+e), 0, 0, 0,a, -beta, 0, d,e, beta, -mu, e,0, 0, mu, -(d+e)),byrow=T,nrow=4,ncol=4) 
 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:5]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- E.2 Computing the NLL of Model 21 --------------------------- 
 
NLL_model_21=function(coef) 
# this function evaluates the NLL of model 21 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[6]+coef[7]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_21(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=data[i,2]*ifelse(pot[j,4]==0,-70,log(pot[j,4])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,5])==0,-70,log(pot[j,2]+pot[j,5])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  F. Model 20  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- F.1 Solving the differential equation of Model 20 ----------------- 
 
model_20= function(par) 
# this function solves the differential equation (4) in the paper  
# for the model 20 with specified parameters as described in the paper 
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{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=5) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  f <- par[5] 
  d <- par[6] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0) ||(par[8]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[7]+par[8]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[7], 1-par[7]-par[8], par[8], 0); 
  A=Matrix(c(-(a+f), 0, 0, 0,a, -beta, 0, d,f, beta, -mu, e,0, 0, mu, -(d+e)),byrow=T,nrow=4,ncol=4) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:5]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- F.2 Computing the NLL of Model 20 --------------------------- 
 
NLL_model_20=function(coef) 
# this function evaluates the NLL of model 20 based on the real data provided in "data_real" 
 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0) ||(coef[8]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[7]+coef[8]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_20(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse(pot[j,3]==0,-70,log(pot[j,3])) 
                 like2=data[i,2]*ifelse(pot[j,4]==0,-70,log(pot[j,4])) 
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                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,5])==0,-70,log(pot[j,2]+pot[j,5])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  G. Model 33  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- G.1 Solving the differential equation of Model 33 ----------------- 
 
model_33= function(par) 
# this function solves the differential equation (6) in the paper  
# for the model 33 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=6) 
  a <- par[1] 
  mu <- par[2] 
  e <- par[3]  
  f <- par[4] 
  g <- par[5] 
  k <- par[6] 
  d <- par[7] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0) ||(par[8]< 0)||(par[9]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[8]+par[9]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[8], 1-par[8]-par[9], 0, par[9], 0); 
  A=Matrix(c(-(a+f), 0, 0, 0, 0, a, -(k+g), 0, 0, 0, 0, k, 0, 0, d, f, g, 0, -mu, e, 0, 0, 0, mu, -(d+e)),byrow=T,nrow=5,ncol=5) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:6]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- G.2 Computing the NLL of Model 33 --------------------------- 
 
NLL_model_33=function(coef) 
# this function evaluates the NLL of model 33 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0) ||(coef[8]< 0)||(coef[9]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[8]+coef[9]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
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  } 
 
  LLsum=0 
  pot=model_33(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F && is.na(pot[j,6])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse((pot[j,3]+pot[j,4])==0,-70,log(pot[j,3]+pot[j,4])) 
                 like2=data[i,2]*ifelse(pot[j,5]==0,-70,log(pot[j,5])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,6])==0,-70,log(pot[j,2]+pot[j,6])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  H. Model 32  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- H.1 Solving the differential equation of Model 32 ----------------- 
 
model_32= function(par) 
# this function solves the differential equation (6) in the paper  
# for the model 32 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=6) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  g <- par[5] 
  k <- par[6] 
  d <- par[7] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0) ||(par[8]< 0)||(par[9]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[8]+par[9]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[8], 1-par[8]-par[9], 0, par[9], 0); 
  A=Matrix(c(-(a), 0, 0, 0, 0, a, -(k+g), 0, 0, 0, 0, k, -beta, 0, d, 0, g, beta, -mu, e, 0, 0, 0, mu, -
(d+e)),byrow=T,nrow=5,ncol=5) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 

  
 67 



Appendices 

     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:6]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- H.2 Computing the NLL of Model 32 --------------------------- 
 
NLL_model_32=function(coef) 
# this function evaluates the NLL of model 32 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0) ||(coef[8]< 0)||(coef[9]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[8]+coef[9]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_32(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F && is.na(pot[j,6])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse((pot[j,3]+pot[j,4])==0,-70,log(pot[j,3]+pot[j,4])) 
                 like2=data[i,2]*ifelse(pot[j,5]==0,-70,log(pot[j,5])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,6])==0,-70,log(pot[j,2]+pot[j,6])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  I. Model 31  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- I.1 Solving the differential equation of Model 31 ----------------- 
 
model_31= function(par) 
# this function solves the differential equation (6) in the paper  
# for the model 31 with specified parameters as described in the paper 
 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=6) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  f <- par[5] 

  68



Biology and epidemiology of equine piroplasmoses in Takhin Tal (Mongolia) 

  k <- par[6] 
  d <- par[7] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0) ||(par[8]< 0)||(par[9]< 0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[8]+par[9]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[8], 1-par[8]-par[9], 0, par[9], 0); 
  A=Matrix(c(-(a+f), 0, 0, 0, 0, a, -(k+f), 0, 0, 0, 0, k, -beta, 0, d, f, f, beta, -mu, e, 0, 0, 0, mu, -
(d+e)),byrow=T,nrow=5,ncol=5) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:6]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- I.2 Computing the NLL of Model 31 --------------------------- 
 
NLL_model_31=function(coef) 
# this function evaluates the NLL of model 31 based on the real data provided in "data_real" 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0) ||(coef[8]< 0)||(coef[9]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[8]+coef[9]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
 
  LLsum=0 
  pot=model_31(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F && is.na(pot[j,6])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse((pot[j,3]+pot[j,4])==0,-70,log(pot[j,3]+pot[j,4])) 
                 like2=data[i,2]*ifelse(pot[j,5]==0,-70,log(pot[j,5])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,6])==0,-70,log(pot[j,2]+pot[j,6])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
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return(-LLsum) 
} 
 
#------------------------------------------------------------------------------------------- 
#-------------------------------  J. Model 30  -------------------------------------------- 
#------------------------------------------------------------------------------------------- 
 
#---------------------- J.1 Solving the differential equation of Model 30 ----------------- 
 
model_30= function(par) 
# this function solves the differential equation (6) in the paper  
# for the model 30 with specified parameters as described in the paper 
{ 
  age <- age_global 
  X= matrix(nrow=length(age),ncol=6) 
  a <- par[1] 
  beta <- par[2] 
  mu <- par[3]  
  e <- par[4] 
  f <- par[5] 
  g <- par[6] 
  k <- par[7] 
  d <- par[8] 
  if((par[1]< 0) ||(par[2]< 0) ||(par[3]< 0)||(par[4]< 0)||(par[5]< 0) ||(par[6]< 0) ||(par[7]< 0) ||(par[8]< 0)||(par[9]< 
0)||(par[10]<0)) 
  { 
     print("na because par or initial proportions < 0") 
     return(X) 
  } 
    if (par[9]+par[10]> 1) 
    { 
       print("na because M+I > 1") 
       return(X) 
    } 
     
  x0= c(par[9], 1-par[9]-par[10], 0, par[10], 0); 
  A=Matrix(c(-(a+f), 0, 0, 0, 0, a, -(k+g), 0, 0, 0, 0, k, -beta, 0, d, f, g, beta, -mu, e, 0, 0, 0, mu, -
(d+e)),byrow=T,nrow=5,ncol=5) 
  n=0   
  for (t in age) 
   { 
     B<<-A 
     n=n+1 
     subtot= expm(t*B)%*%x0 
     X[n,1]= t 
     X[n,2:6]= t(subtot)[1,] 
     X=round(X,12) 
   } 
return(X) 
} 
 
#---------------------------- J.2 Computing the NLL of Model 30 --------------------------- 
 
NLL_model_30=function(coef) 
# this function evaluates the NLL of model 30 based on the real data provided in "data_real" 
 
{ 
  if((coef[1]< 0) ||(coef[2]< 0) ||(coef[3]< 0)||(coef[4]< 0)||(coef[5]< 0) ||(coef[6]< 0) ||(coef[7]< 0) ||(coef[8]< 0)||(coef[9]< 
0)||(coef[10]< 0)) 
  {print("na because par or initial proportions < 0") 
   return(1e9) 
  } 
  if (coef[9]+coef[10]> 1) 
  {print("na because M+I > 1") 
   return(1e9) 
  } 
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  LLsum=0 
  pot=model_30(coef) 
  if (is.na(pot[1,1])==T)  {return(1e9)} 
 
  data<- data_global 
 
  for (j in 1:length(pot[,1])) 
  { 
    for (i in 1: length(data[,1])) 
      { 
          if (data[i,1]==pot[j,1] && is.na(data[i,1])==F && is.na(pot[j,1])==F) 
          { 
               if (is.na(data[i,2])==F && is.na(data[i,3])==F && is.na(pot[j,2])==F && is.na(pot[j,3])==F&& is.na(pot[j,4])==F 
&& is.na(pot[j,5])==F && is.na(pot[j,6])==F) 
               { 
                 like1=(1-data[i,2])*(1-data[i,3])*ifelse((pot[j,3]+pot[j,4])==0,-70,log(pot[j,3]+pot[j,4])) 
                 like2=data[i,2]*ifelse(pot[j,5]==0,-70,log(pot[j,5])) 
                 like3=(1-data[i,2])*data[i,3]*ifelse((pot[j,2]+pot[j,6])==0,-70,log(pot[j,2]+pot[j,6])) 
 
                 LLsum=LLsum+like1+like2+like3 
               } 
          } 
      } 
  } 
return(-LLsum) 
} 
#------------------------------------------------------------------------------------------- 
#-----------------  K. Optimization procedure - a short application ------------------------ 
#------------------------------------------------------------------------------------------- 
 
# In this last part, we want to give an idea how the optimization is done in R using 
# the optimization routine "optim" with the specified search routine "L-BFGS-B" 
# which allows for box-constraints (cf. R package stats for a more detailed description). 
 
 
#--------------------  K.1 Initialize the data  -------------------------------------------- 
 
# The data used for this application is the Babesia caballi specified before and 
# provided in data_global 
 
 
 
#--------------------  K.2 Optimization of the different models  -------------------------- 
 
#-------------------  1. We start with optimizing the NLL of model 10 
st=0.1 # startung value 
OPTIMAL_model_10=optim(rep(st,3),NLL_model_10,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,1),control=c(maxit=150)) 
#-------------------  2. take the parameters of the model 10 as values for the fixed 
#                        parameters in model 23* since model 23* provides a tool 
#                        to compare model 10 with model 23 (cf. paper) 
beta_global=OPTIMAL_model_10$par[1] 
mu_global=OPTIMAL_model_10$par[2] 
I_global=OPTIMAL_model_10$par[3] 
#-------------------  3. Optimizing the NLL of model 23* 
OPTIMAL_model_231=optim(rep(0.001,3),NLL_model_231,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,1),control=c(maxit=150)) 
#-------------------  4. Optimizing the NLL of model 23 
OPTIMAL_model_23=optim(rep(st,6),NLL_model_23,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#-------------------  5. Optimizing the NLL of model 22 
OPTIMAL_model_22=optim(rep(st,7),NLL_model_22,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#-------------------  6. Optimizing the NLL of model 21 
OPTIMAL_model_21=optim(rep(st,7),NLL_model_21,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#-------------------  7. Optimizing the NLL of model 20 
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OPTIMAL_model_20=optim(rep(st,8),NLL_model_20,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#-------------------  8. Optimizing the NLL of model 33 
OPTIMAL_model_33=optim(rep(st,9),NLL_model_33,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#-------------------  9. Optimizing the NLL of model 32 
OPTIMAL_model_32=optim(rep(st,9),NLL_model_32,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#------------------- 10. Optimizing the NLL of model 31 
OPTIMAL_model_31=optim(rep(st,9),NLL_model_31,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
#------------------- 11. Optimizing the NLL of model 30 
OPTIMAL_model_30=optim(rep(st,10),NLL_model_30,method="L-BFGS-B",lower=0, 
    upper=c(Inf,Inf,Inf,Inf,Inf,Inf,Inf,1,1),control=c(maxit=150)) 
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