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Abstract

The genus Philornis comprises neotropical parasitic flies that parasites bird nestlings in their larval stage. The
ecology of most species of these parasitic flies is largely unknown. Here we present an epidemiological model that
describes the behavior of parasite and host populations. The model was validated with real data of nestlings of the
bird community present in a 30ha area in Santa Fe, Argentina. It consists of two weakly coupled population models,
one for the larval population and the other for the nestling population. It takes into account, among other things,
the importance of age structure for both populations, the immune response rate on the host and larval survivor rate,
the incidence of larval load on host death rate, along with others. This work present a simple and intuitive way to
represent the behavior of this complex biological system and it is a good starting point for future studies.

Keywords: Myiasis, Parasite, Host, Larva, Model, Epidemic.

1. Introduction

Myiasis are parasitic diseases caused by larvae of dipterans. They may represent great economic losses for live-
stock industry (e.g. species of Lucilia [1]), public health concern (e.g. Dermatobia hominis [2]), or contribute to
wildlife species declines (e.g. Philornis downsi [3]). The ecology of myiasis has singular aspects that need con-
sideration. The majority of infectious agents wait passively the contact with their host (e.g. a nematode egg must be
accidentally ingested when the host forages) or are transmitted by a vector (e.g. malaria is transmitted by mosquitoes).
In the transmission of myiasis, the gravid female fly actively seek for the host its larvae will feed on, even over rela-
tively long distances. The ecology of myiasis has not been approached through theoretical studies [4].

Mathematical models are very important for understanding the underlying mechanism behind a disease.They are
synthesized upon assumptions about biological mechanisms influencing temporal and spatial characteristics of the
parasite spread [5]. They make the model formulation transparent and unambiguous since all the assumptions used to
build it must be defined from basic theoretical knowledge in order to properly address the mechanism comprised in
the system [6]. Analysis and simulation of these models can identify important combination of parameters, essential
aspects or variables of the model that allow either understand the infectious diseases and find potential ways and
means to control it.

Anderson and May [7], define two types of parasites with different epidemiological characteristics. On one hand
microparasites such as bacteria and viruses increase rapidly in number when introduced into a susceptible host and
there is no advantage on considering the number of infective agents. In this case, compartmental models are tradi-
tionally used and individuals are classified into susceptible, infected or immunized populations. On the other hand,
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macroparasites such as worms are parasitic species for whom reproduction usually occurs trough transmission of im-
mature stages that pass from one host to the next. Host mortality and morbidity increase with the number of parasites
[8]. In this kind of models is important to consider not only the prevalence of infection, the parasite burden and
the whole distribution of parasites among hosts since fertility, mortality and behaviour of host population depend on
parasites distribution among hosts. Reinfection process is an important event in the interaction of hosts and parasites
[6, 8, 9]. In these studies, much about understanding of interactions between parasites and hosts is based on the mod-
els introduced by Anderson and May [7, 10]. The authors show the importance of host heterogeneity in the dynamics
of host-parasite interaction. These models have been the basis of a large development of empirical and theoretical
literature [6, 9, 11, 12, 13, 14]. Some of the factors considered in this kind of models are: i) seasonality [15], ii)
multi-species and/or trophic levels [16], iii) immunity [17], iv) spatial structure and v) genetic diversity [9].

Philornis Meinert (Diptera: Muscidae) is a genus of flies that includes several parasites species, whose larvae
parasitize bird nestling [18]. Most parasitic Philornis spp. cause subcutaneous myiasis, with burrowing larvae tenet
feed on nestlings blood, tissue and fluids [19] (Figure 1). These parasites harm nestlings causing mortality, reduced
fitness and grow [10, 20]. Philornis downsi was subject of extensive research because of its negative impact on
Darwin’s Finches. The larvae of P. downsi reside in the nest material and feed intermittently on blood of nestlings
[21]. Recently, Philornis torquans has been object of of several studies because its documented negative impact on
bird nestlings, which can have sublethal effects, nestlings death or even a complete brood loss [22, 23, 24, 25, 26, 27].
It is also an excellent model to study the ecology of myiasis [28]. These flies only parasite nestlings of wild birds,
which remains in their nests for the whole period in which they are susceptible to be parasite. At the same time,
the larvae do not migrate once they penetrate in the bird’s integument. They develop underneath the point where
they entered the skin, and they are easily identified. All this allows a very specific and sensitive diagnosis, providing
detailed information from every single nestling present in a patch of forest, from the day they hatch until they fledge.

This paper introduces a mathematical model of Philornis larvae and Pitangus sulphuatus nestlings populations
behaviour. The model is build upon two compartmental models, one for each population, coupled through a function
that quantified the effect of larvae load on nestlings death rate. The effect of nestling growth process on larvae load
is addressed trough the inclusion of age structure of nestlings population, which leads to a set of coupled delayed
differential equations (DDE) in contrast to the ordinary differential equations (ODE) resulting from compartmental
models. They represent an approximation of the population of both species. The parameters of the models were
estimated using real data in combination with quasi-newton optimization methods. The importance of this approach
lies mainly in the fact that, up to date, there are no mathematical models explaining the relationship between larvae that
cause myiasis and their hosts. The paper is organized in the following way: Section 2 introduce the populations models
justifying the implemented methodology trough the assumed hypotheses, including a brief review about the myiasis
process and data processing; Section 3 provides the results of the implemented model, parameters optimization a
global sensitivity analysis; conclusions are summarized in section 4; section 6 include descriptive graphics and figures
corresponding to model’s results and Appendix A include the parameters obtained in the optimization procedure.

2. Methods

2.1. The data

The data were collected in the nature reserve in the city of Esperanza, Santa Fe, Argentina (center 60◦55�00��W,
31◦23�08��S ). Around 100 nests were revised during this process in order to collect the relevant data for the model.
This data was aligned assuming that all nestlings birth happen at the same time in order to obtain the behavior of both
populations (larvae and nestling) in a single brood cycle.

2.2. The Model

The life cycle of Philornis flies is little known, but there is some information about they larval and pupal periods.
The larvae penetrate the skin of the host and then began to grow. The larval growth process can be divided in three
stages defined by their size: L1 (up to 4mm), L2 (from 4mm to 7mm) and L3 (larger than 7mm). After penetrating
the skin development from L1 to L3 takes approximately 4 to 6 days for Philornis carinatus [23]. Then, L3 emerges
and pupates within the nest material, which takes from 1 to 3 weeks [23]. There are several factors acting at different
levels that affect the dynamics of Philornis abundance. At the individual level, the main driver of the parasitism are the
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species and the age of the host. At the micro-habitat level the main determinants of larval abundance are the average
height of the forest, at the ecosystem level, the density of hosts and prior rainfall [28].

The model consist on two coupled sub-models, one for each population. The coupling between populations is
modelled trough a function that quantified the effects of larvae load on nestlings death rate. The larval development
time (approximately 6 days) is three time shorter than nestlings one (approximately 19 days). Therefore, at least two
flies generations are incubated in a single nestling cycle. One unexpected behaviour detected in real data, showed
in Figure 2, is the co-existence of larvae from different developmental stages at the same time. This phenomena can
be explained by the following facts: i) larvae raise and fall from nestlings during the day, ii) multiple infestations
at different times, and iii) migration of larvae from dead nestlings in the same nest. Another unexpected behaviour
exposed by Figure 2 is the presence of unexpected variations of L2 and L3 larvae populations. The L2 larvae population
is smaller than L1 population, however, unexpected rises in L3 population can be seen around days 9 and 17. These
changes may be produced by: i) disparity in the measure of data, ii) difficulties in distinguishing between larval
periods, and iii) migration of larvae from dead nestlings into the same nest.

The model of larvae population comprises three coupled delayed differential equations that represent the evolution
of larvae populations through the different stages (L1(t), L2(t) and L3(t)). The larvae birth rate is modelled as an
external input of L1 population. Since there are two generations of flies of flies for each nestling cycle the external
input is given by

F1(t) = k1e−(t−t1)2/2σ2
1 + k2e−(t−t2)2/2σ2

2 . (1)

Each term of F1(t) characterizes the birth rate of each fly generation. The parameters t1 and t2 are the time when
the average of the generation is arriving, σ1 and σ2 typifies the time distribution of the larvae birth, and k1 and k2
is the maximum number of larvae per generation. In a similar way, the larvae income in L2 and L3 populations are
modelled as external inputs with similar structure.

F2(t) = k3e−(t−t3)2/2σ2
3 ,

F3(t) = k4e−(t−t4)2/2σ2
4 .

(2)

Finally, the effect of nestling immune response on larvae development is taking into acount by including an
interaction term (εIr(t)Li(t) i = 1, 2, 3) and a simple model of the immune response. It is a simple measure the
amount of antibodies produced by the host. We assume a complete compatibility between antibodies and larvae, the
parasite do not replicate inside the host and the mortality of larvae is caused by the immune response. The parameters
ε and a describe efficiency and rate host immune response respectively. The resulting model is given by

L̇1(t) = [1 − µ1 − εIr(t)]L1(t) − β1L1(t − τl) + F1,

L̇2(t) = [1 − µ2 − εIr(t)]L2(t) − β2L2(t − τl) + β1L1(t − τl) + F2,

L̇3(t) = [1 − µ3 − εIr(t)]L3(t) − β3L3 + β2L2(t − τl) + F3,

İr(t) =
a

1 + e−(L(t)−L̄)/s
Ir(t),

(3)

where L1(t), L2(t) and L3(t) are the larvae population at different growth stages, L(t) = L1(t) + L2(t) + L3(t) is the
total larvae load at time t, L̄ is the mean larvae population and Ir(t) is the intensity of the nestlings immune response.
Table 1 compiles the biological meaning of each parameter and Figure 3 shows the block diagram that describes the
larvae growth process.

The behaviour of nestlings populations can be characterized using a compartmental model. The nestling popu-
lation is organized in three sub-populations: i) susceptible (S ) are nestlings without larvae but sensitive to charge
them, ii) infested (I) are nestlings with larvae and finally iii) removed (R) are nestlings that are move out of the nest.
Analyzing the data collected we found that models relaying on homogeneous populations fail to describe the dynamic
behaviour of sub-populations. This issue rises from the physiological and anatomical changes suffered by nestlings
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Parameter Description

µi Natural death rate of Li

βi Rate of passage of state Li to Lj, with i � j
ε Efficiency of the host immune response
a Rate host immune response
Fi External supply of larvae at Li

ti Mean time where the input is made
ki Scaling factors
σi Standard deviation

Table 1: Larvae model parameters meaning

during their growth process. The skin of nestlings has no protection coverage (feathers) that make them more sus-
ceptible to larvae infestation when the broods just born, and for a couple of days. As the nestlings grow, they begin
to develop the feathers that reduce their susceptibility to larvae and increase their survivability to infections. Finally,
when nestlings complete their growth process are fully feathered and they are able of flying. Therefore, it is necessary
to include information about the growing process into the model. This information is incorporated into the model
by arranging the three sub-populations into three age groups that define the different developmental stages: i) newly
born, ii) on development, and iii) fully developed. These stages, and the corresponding age groups, can be identified
from the analysis of the evolution of anatomical characteristics(size, weight and tarsus) along the breading time. They
show an exponential growth pattern

S (t) = S max(1 − e−τht), (4)

where t is the development time of the brood, τh is the time when brood reaches 66% of the final value of the
characteristic S max. Figure 4 shows the evolution of the relationship weight/size along the breeding period. This
pattern is consistent with the Von Bertalanffyt model [29] for τh = 6.3 days. This way of modelling the nestling
growth process allows to organize the susceptible and infested sub-populations into three groups according to their
developmental stages: i) nestling whose age is bellow τh (groups S 1 and I1) that characterize for a high susceptibility
to larvae infestation (βH1) and death rate (µI1), ii) nestlings whose age is between τh and 2τh (groups S 2 and I2)
that characterize for a moderate susceptibility (βH2) and death rate (µI2), and iii) nestlings whose age is older than 2τh

(groups S 3 and I3) that shows low susceptibility (βH3) and death rate (µI3). The resulting model for nestling population
is given by

dS 1

dt
= (bS 1 − βH1 − µS 1 )S 1(t) + γ1I1(t) − s12S 1(t − τh) + kΓ(t),

dI1

dt
= βH1S 1(t) + (bI1 − γ1 − µI1 )I1(t) − i12I1(t − τh),

dS 2

dt
= s12S 1(t − τh) + (bS 2 − βH2 − µS 2 )S 2(t) + γ2I2(t) − s23S 2(t − τh),

dI2

dt
= i12I1(t − τh) + (bI2 − γ2 − µI2 )I2(t) + βH2S 2(t)S 2 − i23I2(t − τh),

dS 3

dt
= s23S 2(t − τh) + (bS 3 − βH3 − µS 3 )S 3(t) + γ3I3(t) − s3RS 3(t − τh),

dI3

dt
= i23I2(t − τh) + (bI3 − γ3 − µI3 )I3(t) + βH3S 3(t) − i3RI3(t − τh),

(5)

where the function Γ(t) represent the birth distribution along time and µi(L) i = I1, I2, I3 models the death rate of
corresponding populations. The gamma function is used to model the birth distribution since it is a function that can
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assume a range of shapes, from exponential to normal, using only two parameters. The time distribution of nestlings
birth is given by

Γ(t) =
1
Γ(c)θc

t(c−1)e(−t/θ), (6)

where the parameters c and θ control the scale and shape of the time distribution. The death rates of infected
sub-populations I1, I2 and I3 depend on the larvae load of each nestling. When the larvae load is below the average
load L̄, the death rate is low. However, when the larvae load is over L̄, the death rate grows linearly with the load.
Then, the death rate for I1, I2 and I3 is given by

µi(L) = µ0 + ln(1 + kie−(L−L̄))) i = I1, I2, I3, (7)

where µ0 is the natural death rate and ki is the sensitivity of the population. The biological meaning of the
parameters (equations 6 and 7) is summarized in Table 2, here i, j = 1, 2, 3 and i � j. Figure 5 shows the block of the
nestlings populations behaviour.

Parameter Description

Γ(θ, c, t) Birth distribution function.
bS i Rate at which susceptible individuals remains in susceptible state.
µS i Natural death rate.
bIi Rate at which infected individuals remains in infected state.
τh Growth delayed.
βHi, Infective rate.
γi Recovery rate.
µIi Death rate by larval action.
si j Pass rate from S i to S j

ii j Pass rate from Ii to I j

s3R Immunization rate of feather of susceptible population
i3R Immunization rate of feather of infected population
k Scaling factor.

Table 2: Nestlings model parameters meaning

Some important aspects to consider in this model are the parameters si j and ii j, that represent the step rate from
S i to S j and from Ii to I j respectively. They are affected by the developmental time τh, as well as the step rate from
infected or susceptible to removed i3R and s3R.

The final form of the model is shown in Figure 6, where the coupling between the larvae and nestlings models
previously described and the relation between the nestlings and the larvae can be observed. The larval population
affect trough the βHi parameter the nestlings population; due to the difference of development for both populations,
larval population tends to accumulate at the second period of bird develop as we will see later in the Results section.

3. Results and discussion

The model parameters were estimated following a two stages optimization procedure: i) Firstly, a global search
using stochastic optimization algorithms [30, 31] and then, ii) a local search using gradient based optimization algo-
rithms [32, 33]. This procedure allows us to explore the entire space of parameters searching for good candidates
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(global search), which are used to find the best parameters for the model through a local search. The stochastic opti-
mization methods provides good starting points for gradient-base optimization methods. The objective function used
in these stages is the Normalized Mean Square Error (NMSE), given by

NMS E =
3�

i=1

M�

k=1

� Mi(k) − Di(k) �22
� Mi(k) �22

, (8)

where Mi(k) are the temporal dynamics obtained by the model and Di(k) are the temporal dynamics of real data.
The global search was performed using simulated annealing [34] with 1000 iterations and a stopping criteria of

1e − 10. The parameters obtained in this stage were used as a initial condition for the local search solved using a
Quasi-Newton method with a cubic line search procedure in order to find the best estimation [35]. The objective
function employed for estimating the parameters of larvae model was

NMS Elarvae =

3�

i=1

M�

k=1

� Li(k) − L̂i(k) �22
� Li(k) �22

, (9)

where L̂i(k) is the larval population predicted by the model; Li(k) is the real larval population and i = 1, 2, 3
corresponds to the larval type. The corresponding parameters are resumed in Table A.3. The objective function
employed for estimating the parameters of the myiasis model was

NMS Emyiasis =

3�

i=1

M�

k=1

� S i(k) − Ŝ i(k) �22
� S i(k) �22

+
� Ii(k) − Îi(k) �22
� Ii(k) �22

, (10)

where S i(k) and Ii(k) represent the real proportion of Susceptible and Infected population and Ŝ i(k) and Îi(k) are
the populations predicted by the model, with i = 1, 2, 3 indicating the developmental phase. The parameters obtained
are shown in Table A.4.

Figure 7 shows the results of the adjusted temporal dynamics for L1, L2 and L3 populations in the larval model.
In general the model seems to correspond to the actual data processed and reliably represents the behavior of the
population mean. It can be seen that the mortality of larvae L1 seems to be greater than the other two types, this idea
is supported by the parameters β1 and µ1, which is the rate of larvae that goes from L1 to L2 state and the death rate
of L1. On one hand, the value of β1 is lower than β2 and β3, indicating that fewer larvae spend from L1 to L2. On
the other hand, the value of µ1 suggest that the mortality is bigger for larvae in the fist stage. Both L1, as L2 and L3
temporal dynamics capture the different waves of larvae that affect the nestlings. L1 temporal dynamic shows a well
defined peak around the day 14, the L2 temporal dynamic shows the stagnation and population decline of this larval
stage by the factors explained above, the L3 temporal dynamic shows two well defined peaks on day 9 and day 17.
The low value obtained for ε and a, which indicates a low host immune response corresponds to the hypothesis that a
lower immune response, the host receives a greater burden of larvae.

Figure 8 shows the results of the adjusted temporal dynamics for susceptible nestlings population (S 1, S 2 and
S 3) and infested nestlings population (I1, I2 and I3). It can be seen easily as the susceptible population decreases
markedly from the first stage (S 1) to the last (S 3). Moreover, the population of infested nestlings remains almost
constant throughout the parasitic process. This aspect is also reflected in the values of the set parameters (Table
A.4), especially the βH2 and S 12 which warns that it between the first and second stage of development when most
infestation occurs in the population.

The nestlings model reflects a strong temporal aggregation of the three stages of development. The incidence of
infection by the larvae appears to decrease as the nestling grows, this behavior of the model corresponds with the real
data, as the individual develops acquires plumage that protects the larvae.

Parameters µI1, µI2 and µI3 confirm the hypothesis made about the death rate (equation 7), the greater the number
of larvae is higher death rate. The parameter S 3R measure the rate of susceptible individuals that are removed from
the final stage, this parameter is significantly bigger than I3R i.e. the rate of infested individuals that are removed from
the final stage, this corresponds with the idea that removed individuals from the last development stage are in fact
recovered individuals and those individuals without larvae are more likely to fly.
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3.1. Global Sensitivity Analysis

Global Sensitivity Analysis (GSA) describes a set of mathematical techniques to know how the variation in the
output of a mathematical model can be attributed to variations of its parameters. GSA can be applied for multiple
purposes, such as to investigate the relative influence of the parameters over the predictive accuracy of the model in
order to simplify, calibrate and validate the model using experimental data. To perform GSA of the model proposed
in this work, we use the SAFE toolbox [36]. In this toolbox two well established variance-based sensitivity indexes
are implemented:

• the first-order sensitivity index or ’main effects’.

• the total-order sensitivity index or ’total effects’.

The variance-based first-order indices (’main effects’) and total-order (’total effects’) indices [37] were computed
using an approximation technique [38].

For the analysis of the Philornis model, the parameters that are not strictly defined by biological factors of the
Philornis population were analyzed by computing both sensitivity indexes (first-order and total-order). The parameters
included in this analysis were: the natural death rate µi; i = 1, 2, 3, the transition rate from Li to Lj , βi ; i, j = 1, 2, 3
and i � j, the efficiency of the host immune response ε and the rate of hots immune response a. The other parameters
of this block are fixed by the natural cycle of the fly and they do not change from one cycle to another.

The number of uncertain parameters that are allowed to vary in this analysis, M, is eight: µi, βi, ε and a. The
parameters employed in the analysis were computed using an uniform distribution function given by [Xi − δi, Xi +

δi] i = 1, ..., 8 and δ = 0.1, that is, a variation of 10% of the studied parameters. The sample size N was fixed to
1000, such that the total number of model evaluations was 10000.

Figure 9 shows the sensitivity indices for the larvae model parameters. For simplicity, only the most relevant
ones are showed (those which showed greater variability). The main effect sensitivity analysis and the total effect
sensitivity analysis shows the influence of µ2 and β2 in the model behavior. These parameters determine the dynamics
of the L2 larvae stage, the death rate and the pass to L3 respectively. In the case of the total effect indices, it ca be seen
how the variation of all the parameters at the same time affect in a more significant way the behaviour of the model,
and again µ2 and β2 are the ones that induce more uncertainty.

Figure 10 compares the best set of parameters of the GSA, when the the main effect and total effect sensitivity
indices vary less; the worst case, when the the main effect and total effect sensitivity indices vary more; the model
case, or the set of parameters obtained in the optimization process, and the real data. This figure shows that even when
the variation of the parameters appear to affect the sensitivity of the model in a significant way, this variation does
not produce a very different response in the model temporal dynamics. Even in the worst case the obtained temporal
dynamics seems to be reasonable compared with the adjusted model and the real data.

For the analysis of the nestlings population we study the effect the following parameters: natural death rate µS i i =
1, 2, 3, death rate by larval action µIi i = 1, 2, 3, infective rate βHi i = 1, 2, 3 and recovery rate γi i = 1, 2, 3. The other
parameters are determined by the biology of the nestlings. Here, the number of uncertain parameters that are allowed
to vary, M, is twelve: µS i , µI1 , βHi and γi. The parameters employed in the analysis were computed using an uniform
distribution function given by [Xi − δi, Xi + δ] i = 1, ..., 12 and δ = 0.1. The sample size N was fixed to 1000, such
that the total number of model evaluations was 10000.

Figure 11 shows the sensitivity indices of the nestling model parameters. Again, only the more sensitive parame-
ters are showed. The convergence of the model seems to be most affected when the parameters vary at the same time,
as shows the total effect indices. However, from both, main and total effect can be seen that βH2 and µI2 strongly affect
the convergence. These parameters describe infection and death rates of nestlings that are in the second developmental
stage. This figure shows that parameters that most affect the sensitivity of the model are those related to the infection
and death rates of infected nestlings.

Figure 12 shows the comparison for the best set of parameters of the GSA, when the the main effect and total effect
sensitivity indices vary less; the worst case, when the the main effect and total effect sensitivity indices vary more; the
model case, or the set of parameters obtained in the optimization process, and the real data for the nestlings model.
Again, as well as in the case of the Philornis model, the temporal dynamics obtained are very similar for the best
and the worst case compared with the adjusted model, showing the robustness of the model. Even in the worst case,
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the temporal dynamics are very similar to those obtained in the adjustment process with a decrease in the infected
nestlings.

4. Conclusions

The Philornis gender is considered a generalist parasite group of birds, it means they use a host independently of
his characteristics nest material. In the other hand, the impact of this parasites on the local birds species and in general
fauna is a trend topic due to the great economic losses induced by myiasis in domestic animals breeding, as well as
public health problems and of curse, local fauna population decay. In this order extremely important to have a model
that replicates the process dynamics.

In this paper we have made a first step in order to contribute to understand the myiasis process, introducing an
extended host-parasite model which replicate close enough the real dynamic of a myiasis process in a wild population
of birds opening the scene for more complex models that contemplate different assumptions inherent to more specific
problems. The separation of population in three development stages was an successful strategy because the main
parameters that control the model are affected by the age of the brood.

The model was able to corroborate the proposal hypothesis about the relationship between parasite load and
nestlings mortality. It shows that the number of larvae and death rate of the host population are directly related.
Beyond a certain threshold, the death rate tends to increase linearly. Furthermore, the host immune response tend to
affect the death rate of larvae and the survival rate of the host, it depends on the parasite load of the host, and the rate
of the host immune response. As it requires certain metabolic costs, the model considers them through a threshold.
The low rate in the host immune response and the relatively low mortality of the host population make favorable the
relationship between this two population, justifying the results with field observations.

The Global Sensitivity Analysis shows that critical parameters of each model do not vary significantly, while
Figures 9 and 11 show variability in indices rates, this variability is nos significant if it is taken into account the scale
of the Figures. On the other hand, the temporal dynamics for both models seems to fit very well even for the worst set
of parameters resulting of the GSA.

In a future work the model will be employed to analyze the behaviour of myiasis on other host populations(Phacellodomus
sibilatrix or Phacellodomus ruber), in order to compare the impact of parasite. A more detailed analysis of the model
parameters i.e. stability analysis is the topic for a future paper.
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6. Images

Figure 1: Nestling infested with larvae.
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Figure 2: Aligned larvae population.
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Figure 4: Von Bertalanffyt model for nestling weight/size relationship.
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Figure 7: Optimized larvae population model temporal dynamics.
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Figure 8: Optimized nestling population model temporal dynamics.
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Figure 9: Global Sensitivity Analysis for Philornis model parameters.
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Figure 10: Comparison of the best and worst result of the GSA, the optimized model and the real data for the larvae population
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Figure 11: Global Sensitivity Analysis for Pitangus model parameters
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Figure 12: Comparison of the best and worst result of the GSA, the optimized model and the real data for the nestlings population
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Appendix A. Model parameters

Parameters
k1 2.4512 σ1 4.9510
β1 0.4828 µ1 1.9249
k2 2.6875 σ2 1.4422
ε 0.0022 a 0.0100
β2 1.2422 µ2 0.5115
β3 1.2149 µ3 0.4885
k3 0.1570 σ3 2.6170
k4 0.5013 σ4 0.0064

Table A.3: Larval model parameters

Parameters
bs1 0.4704 µs1 0.1702
βH1 0.6353 bI1 0.5961
µI1 0.2436 γ1 0.9407
k 0.8094 s12 0.1187
i12 0.5948 bS 2 0.9657
µS 2 0.5 βH2 1.0345
s23 1.3594 bI2 0.46
µI2 0.6086 γ2 1.8997
i23 0.5 bS 3 0.3019
µS 3 0.63 βH3 0.5409
s3R 1.1329 bI3 0.7722
µI3 1.0128 γ3 1.7838
i3R 0.5177 θ 1.3667
c 1.1573

Table A.4: Birds model parameters
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