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Abstract

Background: Plasmodium vivax is a widely distributed, neglected parasite that can cause malaria and death in tropical areas.
It is associated with an estimated 80-300 million cases of malaria worldwide. Brazilian tropical rain forests encompass host-
and vector-rich communities, in which two hypothetical mechanisms could play a role in the dynamics of malaria
transmission. The first mechanism is the dilution effect caused by presence of wild warm-blooded animals, which can act as
dead-end hosts to Plasmodium parasites. The second is diffuse mosquito vector competition, in which vector and non-
vector mosquito species compete for blood feeding upon a defensive host. Considering that the World Health Organization
Malaria Eradication Research Agenda calls for novel strategies to eliminate malaria transmission locally, we used
mathematical modeling to assess those two mechanisms in a pristine tropical rain forest, where the primary vector is
present but malaria is absent.

Methodology/Principal Findings: The Ross-Macdonald model and a biodiversity-oriented model were parameterized using
newly collected data and data from the literature. The basic reproduction number (Ry) estimated employing Ross-
Macdonald model indicated that malaria cases occur in the study location. However, no malaria cases have been reported
since 1980. In contrast, the biodiversity-oriented model corroborated the absence of malaria transmission. In addition, the
diffuse competition mechanism was negatively correlated with the risk of malaria transmission, which suggests a protective
effect provided by the forest ecosystem. There is a non-linear, unimodal correlation between the mechanism of dead-end
transmission of parasites and the risk of malaria transmission, suggesting a protective effect only under certain
circumstances (e.g., a high abundance of wild warm-blooded animals).

Conclusions/Significance: To achieve biological conservation and to eliminate Plasmodium parasites in human populations,
the World Health Organization Malaria Eradication Research Agenda should take biodiversity issues into consideration.
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collectively, the prevalence was 2% in 2011, most cases occurring
in children [6]. Recently, Murray et al. suggested that, although
malaria mortality rates have remained stable worldwide, the

Introduction

The dynamics of malaria transmission involve a tritrophic

interaction among vector mosquitoes (Anopheles species), protozoan
parasites (Plasmodium species), and vertebrate hosts. Malaria is
endemic in tropical and subtropical regions [1-3]. The Global
Malaria Eradication Program adopted in the 1950s has failed to
meet expectations for malaria control in tropical and subtropical
countries. One of the causes of that failure was the lack of an in-
depth knowledge of the ecology of malaria-parasite transmission
[4]. In addition, Plasmodium vivax malaria has been neglected as a
chronic disease [5].

The prevalence of malaria remains high, especially in Africa,
the Americas, Asia, and the western Pacific. In those regions

PLOS Neglected Tropical Diseases | www.plosntds.org

World Health Organization underestimated malaria mortality for
the last two decades, purporting that the number of deaths from
malaria among adults in Africa, as well as among adults and
children outside of Africa, was substantially higher than that
reported [7]. Because of the suffering caused for malaria to
humans mainly in developing countries, elimination of this disease
is a challenge for the Malaria Eradication Research Agenda [8].
According to the World Health Organization agenda for vector
control, there is an urgent need to identify key knowledge gaps in
vector ecology and biology [9]. Such knowledge will be important
to define strategies for mosquito control, as well as to reduce the
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Author Summary

Plasmodium vivax malaria is a neglected infectious disease
that can cause severe symptoms and death in tropical
regions. It is associated with an estimated 80-300 million
cases of malaria worldwide. Brazilian tropical rain forests
are home to a rich community of animals that can
participate in the dynamics of malaria transmission. In this
study, we used real data and computer simulation to study
two aspects of biodiversity (an increase in the abundance
of wild warm-blooded animals; and an increase in the
abundance of non-malarial mosquitoes) and the effects
they have on malaria outbreaks. We found that both
aspects can help prevent malaria outbreaks in tropical
forests. We also found that a decrease in the abundance of
wild warm-blooded animals can increase the population of
malarial mosquitoes and thus increase the chances of
malaria outbreaks. Forest conservation and malaria control
are not incompatible and thus biodiversity issues should
be included in the World Health Organization Malaria
Eradication Research Agenda in order to achieve the
desirable goals of biological conservation and mainte-
nance of low malaria transmission.

number of infective bites and the basic reproduction number [8].
The basic reproduction number (Rp) is the expected number of
secondary cases arising from a single case in a given susceptible
population and is used as a measure of malaria-parasite
transmission, as well as of the impact of control programs.

In the forested areas of the biogeographical subregion known as
the Serra do Mar (mountain range), within the Atlantic Forest of
southeastern Brazil [10], where the levels of insect and vertebrate
richness are high [11,12], malaria is hypoendemic [13-16], and
the primary malaria parasite being Plasmodium vivax [17]. In the
Atlantic forest, species of the Anopheles subgenus Kerteszia are the
primary malaria vectors. The majority of Kerteszia species use
bromeliad-phytotelmata as larval habitats [18], and it has been
suggested that Rerleszia spp. participate in the dynamics of malaria-
parasite transmission in Trinidad [19] and along the Atlantic coast
of Brazil [20,21]. Between 1944 and 1951, there were malaria
epidemics in the southern Atlantic Forest within the states of Santa
Catarina and Parana, the overall incidence for the period being
5% [21]. Such epidemics mainly ceased because of deliberate
deforestation that eliminated 3,800 km? of native forest [22],
removing bromeliads and reducing the number of resting sites for
adult mosquitoes within the forest [21].

Although malaria epidemics are currently uncommon, temporal
and spatial clustering of cases can occur in the Atlantic Forest.
One low-incidence outbreak occurred among outdoor workers in
the forested highlands of the state of Espirito Santo between 2001
and 2004 [23]. In 2006, another epidemic occurred in the
southern periphery of the city of Sao Paulo, where residents of the
Marsilac district invaded the Serra do Mar Natural Forest Reserve
to construct houses [24]. Given the presence of Anopheles vector
species, as well as that of infected and susceptible hosts, together
with the circulation of Plasmodium, it is hypothesized that ecological
interactions among Anopheles (Rerteszia) cruzii, Plasmodium species,
and the local biodiversity are modulating malaria transmission in
the Serra do Mar.

Forested areas offer a diverse range of habitats for mosquito
species [25]. Consequently, high levels of mosquito species
richness and abundance are expected [11]. This scenario can
decrease the number of infective bites, because multiple vector and
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non-vector mosquito species would try to feed on a defensive host
[26,27], decreasing the chances of successful bites by the vector
population. In addition, malaria parasite transmission could be
affected by an abundance of non-competent hosts that would
prevent mosquitoes from transmitting Plasmodium parasites to
humans [28]. This would represent a dilution effect of wild warm-
blooded animals, which act as dead-end hosts [29]. Therefore,
diffuse mosquito vector competition and dead-end transmission of
parasites are mechanisms in the dynamics of malaria transmission
in tropical forests that, consequently, can alter the chances of
malaria emergence.

The insight that ecological mechanisms can influence the
dynamics of malaria parasite transmission supports arguments
against human occupation of protected natural areas. Current
theory says that biodiversity can have an impact on the emergence
and transmission of infectious diseases, which is a new focus of
conservation studies [30]. Some authors have shown that when
biodiversity declines, there is an increased risk of humans
contracting schistosomiasis [31], West Nile fever [32], hantavirus
infection [33], or Lyme disease [34]. Similarly, diseases that affect
coral reefs become more widespread when biodiversity is reduced
by human activities [35]. The relationship between a decline of
biodiversity and an elevated risk of vector-borne disease might be
attributable to changes in the abundance of hosts and vectors or to
modified host, vector, or parasite behavior [30]. In the Brazilian
Amazon, gradual and continuous changes in the natural
ecosystems can create ecological conditions that favor a rapid
increase in abundance of Anopheles darlingi, which have been
associated with an increased risk of malaria. Sawyer and Sawyer
coined the term “frontier malaria” to define the dynamics of
malaria transmission in recently deforested arcas of the Amazon
Forest [36]. In those areas, malaria transmission decreases when
the natural ecosystem is highly modified, to the point that the
maintenance of vector species and Plasmodium circulation are not
ecologically supported [36,37]. Therefore, malaria in Amazon and
in the Atlantic Forest are both associated with biodiversity,
because the larval habitats of An. darlingi, the primary vector in
Amazon Region, and 4n. cruzu, the primary vector in Atlantic
Forest, depend on the presence of forested areas.

Historically, tropical regions have been considered economically
underdeveloped hotspots of biodiversity [38]. However, Brazil is
now becoming an emerging global economy, which suggests that
its forest cover, along with its biodiversity, will decline rapidly [39].
If this occurs, frontier malaria will be eliminated, which would
increase the risk of rural and urban malaria alike, because Anopheles
margjoara could become a vector of Plasmodium parasites [40,41].
Given that malaria cannot be completely eliminated and that there
is an urgent need for conservation/restoration of tropical
biodiversity, it is important to understand interactions between
the dynamics of malaria transmission and the diversity of
vertebrates and mosquitoes. Here, we employed a mathematical
model to develop a theoretical framework that might explain how
biodiversity can modulate malaria epidemics in a tropical rain
forest. Our case study site is a protected area within the Atlantic
Forest, inhabited by indigenous peoples and fishermen, where An.
cruzu is present but no malaria cases have been reported in the last
30 years. Our objectives were to propose a novel mathematical
model for malaria transmission with explicit mechanisms of diffuse
mosquito vector competition and dead-end transmission of
parasites, applying this model to this case study site, as well as
assessing how diffuse competition among mosquito vectors and
dead-end transmission affect malaria epidemics.
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Figure 1. Study area. A: South America and Brazilian States; B: The Iguape-Cananéia-Paranagud estuarine lagoon region, southeastern coast of
Brazil; and C: Parque Estadual da Ilha do Cardoso. G, The Guarani Mbya village; and M, Maruja. Source: Bird and mammal observations [45]; Altitude

and vegetation sampling [46] (Figure S6).
doi:10.1371/journal.pntd.0002139.g001

Materials and Methods

Study area

The Iguape-Cananéia-Paranagud estuarine lagoon region is a
coastal plain area of approximately 22,600-km?, situated on the
southeastern coast of Brazil (Figure 1A), between the Ribeira de
Iguape River and the Atlantic Ocean (Figure 1B). Three great
islands stretch along the coast a hundred kilometers from northeast
to southwest, namely Comprida, Cananéia, and Cardoso [42].
Cardoso island, hereafter referred to as Parque Estadual da Ilha
do Cardoso (PEIC), is a Sdo Paulo State Park within the Atlantic
Forest [43].

The PEIC is separated from the mainland by the Ararapira
Channel, a body of water that is as narrow as 30 m wide at places.
Therefore, even large animals, such as muriqui (Brachyteles) can
cross [44]. Common wild warm-blooded animals include medium
to large birds, such as quail (Odontophorus capueira), toucans
(Ramphastos species), guans (Penelope species and Pipile jacutinga),
tinamous (7Tinamus solicarius), and mammals, such as howler
monkeys (dlouatta species), agoutis (Dasyprocta leporina), and squirrels
(Scuurus ingrami), as described by Bernardo [45]. Vegetation types
form a successional gradient from sand dunes at the shore to
higher and ancient terrains inland. Along the coastal plain, there is
sand dune vegetation, scrubland, and low forests with sandy soil
(arboreal restinga, or shoal vegetation). As can be seen in
Figure 1C, tropical pluvial forest vegetation types are found on
hillsides and hilltops [46].

Descendents of European colonists previously occupied what is
now the PEIC, and the major local activities were fishing and
family farming [47]. The population density is currently approx-
imately 3.3 people/km?, which has no relevant impact on local
biodiversity. However, tourism has become one of the main
sources of income, and thousands of tourists arrive every summer
in the fishing village of Maruja, to the south (Figure 1C). In
addition, the indigenous Guarani Mbya tribe has been settled in
the northwestern part of the PEIC since 1992, having the right to
engage in subsistence hunting and logging in the forest [48,49].

Anopheles cruzii, i.e., a primary malaria vector in the Atlantic
Forest, is present in PEIC. Although no malaria cases have been
reported in the last 30 years in PEIC, P. vivax is circulating in the
immediate surrounding region [13,15,17] (Figure S1). Therefore,
it is plausible to assume that introduction of Plasmodium species can
occur in the region because of the thousands of tourists that visit
the PEIC during the summer, including those traveling from
endemic areas.

Model of malaria transmission

The mathematical model proposed herein represents parasite
transmission among four compartments that play specific roles in
the dynamics of malaria transmission in the Atlantic Forest.

The first compartment is susceptible human populations in the
Guarani and Maruja settlements, which were set at constant sizes.
Considering that few humans are allowed to live in the PEIC, the
size of the human population size remains approximately constant.
However, malaria could emerge in the area because of'its location in
the Serra do Mar, where low-level endemic parasite transmission
occurs [13,15]. In addition, it is also plausible to assume that
introduction of Plasmodium species can occur in the region because of
the 15,000 tourists that visit the PEIC during the summer [48],
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including those traveling from endemic areas. Consequently, the
human population from PEIC can be exposed to malaria parasites.

The human risk of Plasmodium infection in PEIC depends on the An.
cruzu biting rate [50] and the probability of an infective bite [51,52].
Therefore, a proportion of susceptible humans are included in the
second compartment, infected humans. For this simple vector-human
malaria parasite transmission, however, ecological interactions can be
added in order to create a more realistic scenario of malaria
transmission. Other mosquito species and a diversified vertebrate
community [12,45] (Table S1 and Table S2) are intermixed,
competing for food and spatial resources with mosquito vectors and
humans. Therefore, human malaria transmission may become difficult
because of the increased abundance of non-vector mosquitoes and of
vertebrate animals. Infectious humans can recover, becoming again
susceptible to infection with malaria parasites. This assumption is based
on the lack of human cross-immunity against Plasmodium species that
circulate in the Atlantic Forest.

Until infectious humans are cured of the infection, they can infect
An. cruzii [50] with a given probability of infection [51,52]. In the third
compartment, An. cruzi population was assumed to be in equilibrium,
meaning that its mean mortality rate [50] was assumed to be lower
than its hatch rate because ofits high abundance in forested areas of the
Adantic Forest [14,21]. The An. cruzii hatch rate is dependent on
successful bites on animals and humans. Biting success was expressed
by the mean period of free biting until the occurrence of host defensive
behavior (Figure S2). Susceptible An. cruzi in the third compartment
may be infected by means of biting infectious humans. Non-vector
mosquito species decrease the risk of human-vector contact, whereas
increased numbers of animals and humans can increase vector
abundance. In the forth compartment, An. cruzii is now infected by
Plasmodium and can transmit it back to humans.

Mathematical model of malaria transmission

To calculate the risk of malaria parasite transmission, we used our
model and the Ross—-Macdonald model for the two most populated
human settlements, the Guarani village and Maruja (Figure 1C). With
the Ross—Macdonald model, it was assumed that An. cruzii abundance
was constant; that is, there were no ecological interactions [33].
Therefore, the model was mathematically expressed as follows [54]:

d)(h _ bT, hm )(/x Ym

= 7Y, 1
7l N +y 1, (1)
Yy _ DT Xy Yo,

i v )
dX, bTn Xon Y
S =Y, -

a N )

de bTthm Yh
_Hmhdmth _y 4
dr N W (4)

where X), =susceptible humans; Y, =infected humans; X, =
susceptible  mosquitoes; Y, =infected mosquitoes; N =Xj,+ Y3
b =biting rate; T}, = transmission probability from a biting infected
mosquito to a human; 7, = transmission probability from a infected
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human to a biting mosquito; y =recovery rate by humans; and
1= mortality rate of vector mosquitoes.

To add ecological interactions, such as diffuse mosquito vector
competition and dead-end transmission of parasites, we based our
model on the Ross-Macdonald model [54]. First, we transformed
the transmission factor in the Ross—-Macdonald model (ie.,
bThmA/h Yo, . . . . . ..
T} in another in which malaria-parasite transmission
can be blocked by defensive hosts and non-vectors (i.e., diffuse
mosquito vector competition) and non-hosts (i.e., dead-end
transmission of parasites):

b Thm A/h }/ﬂ’l

(5)
1C+M
(B+NKE+E§IN)

where M =abundance of An. cruzii females, & =Dbiting tolerance
exhibited by vertebrate animal and human hosts; B = abundance of
wild warm-blooded animals; and C =abundance of non-vector
mosquito females. Second, we considered that population dynamics
of An. cruzii females was present:

abM
e (6)
hB+N

where the rationale is that a successful bite is needed in order to
start a new mosquito generation in the larval habitat in which
density-dependent mechanisms can occur. It includes the
following factors: female adult recruitment in the larval habitat
() and female adult activity plus interactions with hosts and non-

vectors  ( M) The o parameter is a measure of

| 1C+
AN

recruitment of adult female emergence and it can be fitted with
abundance data collected in the field. Predation and competition
which are strong components of mosquito populations in the larval
habitat are implicitly considered in this o parameter. Abundance of An.
cruzu adult females was assumed to be associated with life conditions
and interactions in the larval habitat to estimate o. This association
means that high abundance of adult females is expected when
optimum physical, chemical and biological conditions are present in
the larval habitat, or wvice-versa. Abundance data was obtained with
automatic CDC-COy traps which collect a sample of species (i.c., host-
seeking females) in mosquito community. This automatic trap do not
mimic host defensive behavior and diffuse competition which were thus
made explicit in the population dynamics of An. cruzii females

b
(W) Third, we estimated o considering that the

h B+N
abundance of An. cruzii is in equilibrium (X,7) and utilizing the
following equation:

x;=G§_0m3+m—c )

where the underlying assumption is that competition affects both An.
cruzii and non-vector mosquito species, leading to a situation in which
vector and non-vector mosquito species can coexist and An. cruzu is
therefore not excluded by competition.

Therefore, our final model for abundance of individuals in each
compartment is as follows:
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dX; lemX Y
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h B+N
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de _ abM bTthm Y,
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h B+N h B+N
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where M =X,,+ Y.

The Ross—Macdonald model is a special case of our model if we
consider that wild warm-blooded animals are either absent or do
not interact with An. cruzii (B=0); non-vector mosquito species are
absent or do not interact with 4n. cruzii (C=0); humans do not
react to mosquito bites (h—o0); and An. cruzii abundance is
constant (tb= (). Analyses performed using our model had
parameter values as inputs in order to calculate the basic Ry as
an output (Text S1, Text S2). The goal of the analyses was to
examine the relationship between malaria transmission dynamics
(synthesized by Ry estimate) and hypotheses regarding ecological
interactions (formalized into a model structure).

Finally, an intermediate model, in which both A4n. c¢ruzzi and
non-vector mosquito species have constant populations, was
elaborated (Text S3).

Results

On the basis of collected data and data from the literature, the
models described in the Materials and Methods section were
completely parameterized for the case study site (Text SI).
Empirical values were unavailable only for the host tolerance (/)
parameter, which was set to a range of permissible values and
submitted to a sensitivity analysis (Text S1).

The indigenous settlement in the study area (a village occupied
by members of the Guarani Mbya tribe) is inhabited by 150
natives in a 2.8-km? area, whereas 165 people (fishermen and
their families) live in Maruja in a 0.8-km? area (N parameter;
Figure S3). As can be seen in Table 1 and in the Figure S4, Figure
S5 and Table SI, the estimated abundance of wild birds and
mammals (B parameter) was 172 in The Guarani Mbya village
and 47 in Maruja. The estimated abundance of mosquitoes in The
Guarani Mbya village and Maruja, respectively, was 1,514 and
300 for the malaria vector An. cruzii (X, parameter), compared
with 14,101 and 3,640 for non-vectors (C parameter), which were
supported by Figure S6, Figure S7 and Table S3.

Data in the literature, from laboratory and field experi-
ments, show that the estimated maximum An. cruzi biting rate
(b parameter) is 0.5 bites/day (Table 1). In the laboratory, we
found the estimated gonotrophic cycle to be four days, and our
field experiments indicated gonotrophic discordance in natural
populations (Table 1). In our laboratory experiments, An. cruzi
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Table 1. Parameters, descriptions, estimates and references of the mathematical model of malaria transmission.

Parameter simbology

Description

Estimates Reference

Human population size (N)

Abundance of wild warm-blooded
animals (B)

Total number of inhabitants in The Guarani Mbya village and

Maruja

Estimates of abundance of avian and mammalian species in
The Guarani Mbya village and Maruja

150 and 165, respectively Text S1

172 and 47, respectively [45], Text S1

from

humans to Anopheles cruzii (T,.;) dynamics

Human recovery rate (y)

Host tolerance (/)

Daily human recovery rate, which can be understood as
the average duration of the infectious period S1

Number of bites per day before a host starts a defensive
behavior divided by An. cruzii biting rate (0.5)

Abundance of non-vector mosquito Estimates of abundance of non-vector mosquito species in 14,101 and 3,640, respectively Text S1

species? (C) The Guarani Mbya village and Maruja

Abundance of Anopheles cruzii® (X Estimates of abundance of An. cruzii in The Guarani Mbya 1,514 and 300, respectively Text S1
village and Maruja

Anopheles cruzii biting rate (b) Biting rate of each An. cruzii female upon a given host per 0.50 [50], Text S1
day

Anopheles cruzii mortality rate (u) Mortality rate of An. cruzii female population per day 0.80 [50], Text S1

Anopheles cruzii convertion rate (o) Convertion rate of a successful bite upon a host to the 5.5 and 3.1, respectively Text S1
number of emerging females in The Guarani Mbya village
and Maruja

Probability of Plasmodium transmission Probability of Plasmodium transmission from An. cruzii to 0.022 [51,52]

from Anopheles cruzii to humans (7},,) humans in low-endemicity malaria transmission dynamics

Probability of Plasmodium transmission Probability of Plasmodium transmission from humans to 0.24 [51,52]

Anopheles cruzii in low-endemicity malaria transmission

0.0035 (286 days) [51,52] and Text

20, i.e., host defensive behavior occur ~ Text S1

after the 107 bite in a given day

doi:10.1371/journal.pntd.0002139.t001

mortality (4 parameter) was estimated to be 0.80/day (Table 1).
Employing the previously mentioned data from the literature,
we estimated the o parameter, which indicates how many new
adults will be generated from a single successful bite of An.
cruzit, to be 5.5 in The Guarani Mbya village and 3.1 in
Maruja (Table 1).

The estimated probabilities of Plasmodium species transmission
and the human recovery rate correspond to the dynamics of
transmission in a low-endemicity area (Table 1). Mosquitoes
transmit malaria parasites to humans with a probability of 0.022
(Thm parameter), humans infect mosquitoes with a probability of
0.24 (T, parameter), and the human recovery rate (y parameter)
is 0.0035/day, which means that average duration of the infectious
period is 286 days (Table 1).

The h parameter was derived from two other values: the number
of bites/day before a host starts a defensive action (assumed herein
to be 10 bites/day), divided by the maximum biting rate (0.5 bites/
day for An. cruzii). Another way to interpret the /i parameter is that
host defensive behavior will be stronger when the average biting rate
is greater than 10 bites/day (Table 1). On the basis of our field work
experience in tropical forests (mainly the Atlantic Forest), we can
state that neither humans nor animals can stand mosquito biting
rates greater than approximately 10 bites/day before they begin to
exhibit defensive behavior (e.g., shaking body parts or, in the case of
humans, waving hands and swatting). Therefore, & was set at 20.
Mosquito vector diffuse competition and dead-end parasite
transmission patterns were assessed for /1 values within 20 and 30
(e.g., 21, 25, and 29) in the sensitivity analysis (Figure S8, Figure S9
and Figure S10). As a result, no qualitative changes could be made
in the initial interpretations (see the following paragraphs).

The basic Ro (Text S2), as calculated by the Ross-Macdonald
model is as follows:
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2 Aedes serratus, Limatus durhami, Runchomyia reversa and Wyeomyia quasilongirostris.
5. Anopheles cruzii is the primary vector of malaria P. vivax and P. malariae parasites [13].

- b
B+ M (1+1550)

Thm Tmh NX, ;;,
YH

(13)
Thm TthX,;;
T

where no malaria cases are to be reported when Ry is <1 and if it
exceeds 1 (Rp> 1) then the disease can invade and there should be
an epidemic episode.

If we employ the Ry estimate relative to the Ross-Macdonald
model (eq. 12), The Guarani Mbya village would have an Ry of
2.18 and Maruja would have an Ry of 0.93. Using the model
employed in the present study (eq. 13), we found the Ry to be 0.30
for The Guarani Mbya village and 0.39 for Maruja. If the
abundances of non-vector mosquito and non-host vertebrate
species were reduced by approximately 80% and 70%, respec-
tively, the critical threshold level (Rp = 1) would be exceeded in
The Guarani Mbya village (Figure 2). Similarly, a 50% reduction
in the abundance of non-vector mosquito species could cause
malaria invasion (Rop>1) in Maruja (Figure 3). However,
epidemics would not occur in Maruja even if there were local
extinction of all non-host vertebrate species but would occur if the
human population increased by approximately 50% (Figure 4).
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Figure 2. Predicting hypothetical scenarios I: dilution effect and diffuse mosquito vector competition in The Guarani Mbya village.
Increase in abundance of non-vector mosquito species and in abundance of wild warm-blooded animals is correlated with decrease in the risk of
malaria-parasite transmission. Reduction in abundance of wild warm-blooded animals (blue dashed arrow) and in abundance of non-vector mosquito
species (red dashed arrow) can exceed the critical threshold level (Ry=1). The red circle is Ry estimate of our model (0.3; eqg. 13). The black isoline
represents malaria transmission threshold (R, =1). Color legend shows a range of Ry values from 0.00 to 1.40.

doi:10.1371/journal.pntd.0002139.9002

Additionally, new simulations utilizing the intermediate model
(Text S3) supported the previous statements (Figure S11) and
showed that the original results are robust.

Discussion

Although scarce malaria cases are reported annually in the
surrounding area [13,15,17], no malaria cases have been reported
in the last 30 years, being assumed that Plasmodium transmission
does not occur in Parque Estadual da Ilha do Cardoso. The
estimated Ry provided by Ross-Macdonald model (Rg=2.18)
suggests that malaria parasite transmission may be occurring in
that region. Contrasting, based on the model proposed herein,
estimated Ry for The Guarani Mbya village was 0.30, which is in
accordance with assumption of no malarial transmission. This
model simulations (i.e., predicting hypothetical scenarios) were
performed in order to show what would happen with Ry estimate
value if: 1) Non-vector populations increase (i.e., effect of diffuse
mosquito vector competition), 2) Non-host populations increase
(i.e., effect of dead-end transmission of parasites), and 3) Human
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population increases (effect of over-encroachment of human
populations). Simulation results provide support for biodiversity
preventing the circulation of P. wiwax in human settlements
embedded in natural ecosystems. The absence of malaria cases
can be explained by the diffuse mosquito vector competition and
dead-end transmission of parasites provided by high abundances
of mosquitoes and vertebrates. Greater abundances of mosquitoes
and vertebrates can be correlated with higher levels of biodiversity,
which increase ecosystem’s functional redundancy, thus decreasing
the chances of malaria occurrence, which is in keeping with the
insurance hypothesis [55]. According to this hypothesis, an
msurance effect is the ability of an ecosystem to buffer
perturbations (e.g., P. vivax circulation), as well as the ability of
the species in the community to respond differentially to
perturbations (e.g., diffuse mosquito vector competition and
dead-end transmission of parasites). Therefore, these mechanisms
that hinder malaria parasite transmission are services provided by
the forest ecosystems.

In view of the results of simulations conducted using the models
applied in the present study (Figure 2,3), we suggest that increasing
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Figure 3. Predicting hypothetical scenarios II: diffuse mosquito vector competition in Maruja. Increase in abundance of non-vector
mosquito species is linearly correlated with decrease in the risk of malaria-parasite transmission. Reduction in abundance of non-vector mosquito
species (red dashed arrow) can exceed the critical threshold level (Ry=1). The red circle is R, estimate of our model (0.39; eq. 13). The black isoline
represents malaria transmission threshold (Ry=1). Color legend shows a range of R, values from 0.00 to 1.50.

doi:10.1371/journal.pntd.0002139.g003

non-vector mosquito abundance can reduce the number of An.
cruzu bites, decreasing malaria parasite transmission in the Atlantic

Forest. A new law of mosquito-host relationship (

icea)®
Th BTN
proposed here and it is supported by the following evidences: 1)
there must be an intense selection pressure on hosts to exhibit
defensive behavior against biting insects [56,57], and 2) contacts
between mosquito species and specific hosts in a community may
be influenced more by the presence/absence of hosts than by
innate mosquito choices [58]. This law can be defined as a
community of defensive hosts in which the access to their blood is
a limiting resource, providing competition among opportunistic
blood-feeder mosquito species. The total abundance of non-vector
and not-infected vector mosquito species can have a negative
impact on malaria parasite transmission because of apparent
competition mediated by host defensive behavior. The effect of
apparent competition is a functional response that may be
associated with host tolerance to mosquito bites. When the host
tolerance threshold is reached, mosquito bites are avoided by
defensive responses from the host. The presence of non-vector and
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not-infected vector mosquitoes seems to propitiate a larger number
of unsuccessful bites, with few Plasmodium-infective bites. The
vector competition effect could also occur within species. For
example, when there is more larval habitat available (during the
wet season), hatch rates increase, making the proportion of
nulliparous females larger than that of parous females. Host
defensive behavior was observed for blacklegged ticks that are killed
when feeding on the blood of opossums and squirrels [34].
Consequently, diffuse competition is a protective mechanism
against infective bites and should therefore be considered a major
factor in studies related to the dynamics of malaria transmission. In
considering that Plasmodium species infection can affect the feeding
behavior of anthropophilic mosquitoes [59], it would be important
to understand how the mechanism of diffuse competition can be
applied to malaria control strategies in endemic tropical regions.
The abundance of wild warm-blooded animals can decrease
the transmission of Plasmodium species. Such animals can act as
dead-end hosts, diminishing the chances of infective bites in
humans, which can be used as an indirect method of malaria
control. This might represent a dilution effect mechanism
present in natural ecosystems that have a high abundance of

March 2013 | Volume 7 | Issue 3 | e2139



Biodiversity and Malaria Outbreaks

800

600

400

Abundance of non-hosts (B)

200

600
Human population size (N)

1.35

1.20

1.05

0.90

10.75

40.60

0.45

0.30

0.15

300 0.00

Figure 4. Predicting hypothetical scenarios IlI: dilution effect in Maruja. Increase in abundance of wild warm-blooded animals is non-
linearly correlated with decrease in the risk of malaria-parasite transmission. Reduction in abundance of wild warm-blooded animals (red dashed
arrow) does not exceed the critical threshold level (Ry=1). However, increase in human population size (blue dashed arrow) can exceed the critical
threshold level (Ry=1). The red circle is Ry estimate of our model (0.39; eq. 13). The black isoline represents malaria transmission threshold (Ry=1).

Color legend shows a range of Ry values from 0.00 to 1.40.
doi:10.1371/journal.pntd.0002139.g004

warm-blooded animal species. Dilution effect mechanisms [29]
were observed by Swadle and Calos [32], Johnson et al. [31],
and Suzan et al. [33] for West Nile fever, schistosomiasis, and
hantavirus infections, respectively. However, a low- to medium-
level abundance of dead-end hosts can create a neutral situation
in which the dilution effect is either unimportant [60] or
harmful [28]. Using a computer simulation, Allan Saul showed
that the dilution effect (zooprophylaxis) can be harmful when a
small number of dead-end hosts potentiate malaria parasite
transmission by providing blood-feeding opportunities to vectors
[28]. Our model predicts that few wild warm-blooded animals
can serve as blood sources for mosquito species, increasing the
vector population and Plasmodium species dissemination. This
can be seen in the non-linear unimodal relationship between the
abundance of non-hosts and the critical threshold level (Ry=1),
as depicted in Figure 4. This finding is supported by the work of
Randolph and Dobson, who stated that the dilution effect
applies only to species-rich host communities in which there is
variable reservoir competence [61]. In addition, hunting
activities that are allowed for traditional human communities
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in natural protected conservation units can reduce vertebrate
abundance, whereas it increases the density of vegetation and
the abundance of invertebrates, resulting in the so-called
“empty forest” effect [62] and increasing the chances of malaria
parasite transmission.

Having the present model as a starting point, two new avenues can
be pursued for studying dynamics of malaria transmission in tropical
forests. In respect of a hypothesis suggesting that non-human hosts may
be reservoirs of malaria-parasites [15], the present model can be
extended by means of new compartments along with theirs parameters
representing the role of susceptible and infective primates. Moreover,
the present model assumes that all host species have the same tolerance
to mosquito bites. Considering that animals may have more tolerance
to mosquito bites than humans, this assumption can be unlikely and
thus dilution effect herein may predict a underestimated blocking-
transmission impact because of (more) intolerant dead-end hosts. It is
therefore important to evaluate how primates as Plasmodium-reservoirs
and tolerance of warm-blooded animals to mosquito bites may affect,
positive or negatively, dilution effect predictions in the dynamics of
malaria transmission.
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Plasmodium-infected  An. cruzi were found within  human
domiciles during epidemics occurring in the municipalities of
Blumenau, Brusque, Joinvile, and Florianépolis, all located within
the Adantic Forest region, in the 1940s and 1950s. One
determinant of the malaria burden in those days was the rapid
increase in the population of susceptible humans, which reached
800,000 in a short period of time [21]. Another determinant was
that humans were immunologically naive to Plasmodium species
infection. Consequently, while clearing native forest for agriculture
and cattle farming, they lived in the nearby jungle, which
increased the contact between humans and infective mosquitoes.
It is likely that more recent malaria epidemics in the Amazon
Forest occurred because of ecological and social determinants
similar to those present in the Machadinho settlement project in
the state of Rondénia between 1984 and 1995. Castro et al.
observed that the prevalence of malaria increased rapidly in the
carly stages of settlement and subsequently decayed, reaching a
low level 11 years later, which represents the general pattern of
frontier malaria in the Amazon [37]. One way of avoiding malaria
epidemics in tropical regions (mainly in the Amazon) is clearing
large areas of forest and rapidly establishing agriculture or farming
in order to limit the exposure of new settlers to infective mosquito
bites [37]. This is in consonance with the traditional approach of
forest clearing used in the Atlantic Forest in the 1950s [21]. In
contrast, the results of the approach taken in the present study
suggest that biodiversity contributes to disease control and thus
ecosystems in tropical forests can be managed to sustain an
equilibrium between high levels of biodiversity and the over-
encroachment of human populations. Furthermore, diffuse mos-
quito vector competition can be considered a novel measure of
vector control, especially because some Anopheles vector species
seem not to be susceptible to indoor residual insecticide spraying
and treated bed nets, which are currently the most successful
strategies in Africa [8].

Contrary to what has long been believed, forest conservation
and malaria control are not incompatible, and biodiversity issues
should be included in the World Health Organization Malaria
Eradication Research Agenda in order to achieve the desirable
goals of biological conservation and maintenance of low malaria
endemicity. Although releasing non-vector mosquitoes is not a
practical alternative as vector control, conservation of the natural
ecosystems may hinder transmission of malaria-parasites. The
main application of the present model is to provide a formal
framework in which biodiversity conservation and control of the
human population size in protected areas are measures that can be
taken to control transmission in any malarial endemic settings.
The effect of mosquito vector diffuse competition means that
policies of removal of native vegetation to eliminate malarial
vectors, which were practiced in the past [21], have their
shortcomings because they may also decrease non-vector commu-
nity that buffers malarial transmission. For rural malaria, which
includes Anopheles  gambiae malarial dynamics in Africa, the
mosquito vector diffuse competition is also a plausible underlying
mechanism because it supports high transmission rates when
native fauna is locally depleted by forest removal. Dead-end
parasite transmission (dilution effect), by the framework herein
proposed, was shown to be highly dependent on host tolerance.
Consequently, there are two general predicted scenarios, i.e., 1)
this mechanism may favour parasite decrease if the most tolerant
host is a dead-end and 2) it may increase the vector population if
tolerant hosts are present. It is noteworthy that these scenarios are
not mutually exclusive. According to the subliminal message in
Smith and colleagues’ work [63], scientists of the present century
should go beyond the Ross-Macdonald’s Theory in order to have
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better insights on the ways that make possible the control of
malarial transmission. In addition, the present model also makes
qualitative predictions, and not just a correction in the value of
Ry, that are very distinct from the Ross-Macdonald (R-M) model,
e.g., the behavior of Ry when N (i.e., human population)
increases: it decreases in the R-M model, but it increases in the
dynamics of the present model because greater N implies higher
vector-host contacts, leading to increase of parasite dissemination.
The present model constitutes an essential step for understanding
the dynamics of malaria transmission in tropical forest ecosystems
that can provide the service of hindering malaria epidemics,
allowing to reconcile malaria control with conservation of
biodiversity.

Supporting Information

Text S1 Collected data and data from the literature
regarding estimates of input parameters utilized in the
mathematical model of malaria transmission.

(PDF)
Text S2 Explicit derivation of the basic reproduction
number R.

(PDF)

Text 83 Analysis of an alternative model.

(PDF)

Figure S1 Plasmodium vivax’s presence in the imme-

diate surrounding region of Parque Estadual da Ilha do
Cardoso. Curado and others [13] has found positivity of IgG
antibodies against P. viwax in human samples from Iporanga
municipality (prevalence ~50%). Castro Duarte and others [15]
detected  Plasmodium vivax infections in howler-monkeys (i.e.,
Alouatta  guariba  clamitans) from the Atlantic Forest (possibly
Juquitiba municipality) (prevalence ~6%). Finally, D’Avila Couto
and others [17] estimated that near 400 cases of malaria (being
97.2% attributable to P. vivax) were confirmed between 1980 and
2007 by official agencies of epidemiological surveillance (e.g.,
Superintendéncia de Controle de Endemias da Secretaria de
Estado da Satde de Sao Paulo and Sistema de Informagdo de
Agravos de Notificagdo).

(PDF)

Figure S2 Relationships between successes and at-
tempts in mosquito biting events in a given day. The X
axis is the total number of mosquitoes (4n. cruzi) (M) and non-
vectors species (C). The Y axis is the total number of biting
successes per day (—2% ). Guarani, The Guarani Mbya village;

., .I:FIIB+N
and Maruja, Maruja.

(PDF)

Figure S3 Human population and its geographical
location. Clear-cut areas in the northern part of The Guarani
Mbya village (G) represent logged forest that are utilized to
agriculture. In slopes of the southern part of The Guarani Mbya
village (G) vertebrate animals can be hunted. Fishermen build
houses for their families in Maruja (M) which are also utilized as
hostels for ecotourists. Source: Instituto Florestal do Estado de Sao
Paulo [64].

(PDF)

Figure S4 Occurrence of mammals in the Parque
Estadual da Ilha do Cardoso. Mammal species were either
seen or heard. Footprints were also utilized to indicate their
presence. Legend: filled black circle, Alouatia guariba (howler
monkey); hollow circle, Mazama americana (deer); hollow circle
with vertical line, Nasua nasua (coati); filled black square, Pecari
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tajacu (collared peccari); hollow square, Leopardus pardalis, L. weedii e
Herparlurus  yaguarondi (small spotted cats); hollow square with
vertical line, Sciurus ingram: (squirrel); filled black triangle, Cerdocyon
thous (fox); hollow triangle, Fira barbara (tayra); hollow triangle with
vertical line, Tayassu pecari (white-lipped pecary); cross, Dasyprocta
leporina (agouti). Source: Bernardo [45].

(PDF)

Figure S5 Occurrence of birds in the Parque Estadual
da Ilha do Cardoso. Bird species were either seen or heard.
Legend: filled black circle, Ramphastos dicolorus and R. vitellinus
(toucans); hollow circle, Penelope obscura and P. superciliaris (guans);
filled black square, Pipile jacutinga (guan); hollow square, Crypturellus
obsoletus (tinamouy); filled black triangle, Odontophorus capueira (spot-
winged wood quail); hollow triangle, Tinamus solitarius (tinamou).
Source: Bernardo [45].

(PDF)

Figure S6 Vegetation and altitude at sampling sites of
non-vector mosquito species (C) and Anopheles cruzii
(X,,): interpolations of ecologic niche axes. A: Vegetation
biomass (m? of wood per m?); B: Altitude (meters above the sca).
Points represent field sampling locations that were utilized for
performing interpolations (grid of 200 m-spatial resolution).
Source: Bernardi et al. [46].

(PDI)

Figure S7 Abundance of non-vector mosquito species
(C) and Anopheles cruzii (X),): spatial abundance
distribution modelling. A: Abundance of An. cruzu (altitude
B, of 6.65 and vegetation biomass f3, of 2.13; R2-adjusted = 0.91);
B: Abundance of Ae. serratus (vegetation biomass f; of 2.13; R*-
adjusted = 0.16); C: Abundance of Li. durhami (altitude 8, of 2.88
and vegetation biomass f, of 1.00; Rz—adjusted: 0.93); D:
Abundance of Ru. reversa (altitude f5; of 6.4; R2-adjusted=O.25);
and E: Abundance of W). quasilongirostris (altitude f; of 5.5; R2-
adjusted = 0.34; grid of 200 m-spatial resolution). G, The Guarani
Mbya village; and M, Maruja.

(PDF)

Figure S8 Sensitivity analysis: if /=21 then Ry <1. A, B:
Decrease in abundance of non-vector mosquito species can
increase risk of malaria transmission (Ryp>1) in The Guarani
Mbya village and Maruja, respectively; C, D: Decrease in
abundance of non-host vertebrate species does not increase risk
of malaria transmission (R < 1) in The Guarani Mbya village and
Maruja, respectively. The parameter o is 5.3 in The Guarani
Mbya village and 3 in Maruja.

(PDE)

Figure S9 Sensitivity analysis: if /=25 then Ry <1. A, B:
Decrease in abundance of non-vector mosquito species can

References

1. Sinka ME, Bangs MJ, Manguin S, Chareonviriyaphap T, Patil AP, et al. (2011)
The dominant Anopheles vectors of human malaria in the Asia-Pacific region:
occurrence data, distribution maps and bionomic précis. Parasit Vectors
4: 89.

2. Sinka ME, Bangs M]J, Manguin S, Coetzee M, Mbogo CM, et al. (2010) The
dominant Anopheles vectors of human malaria in Africa, Europe and the Middle
East: occurrence data, distribution maps and bionomic précis. Parasit Vectors 3: 117.

3. Sinka ME, Rubio-Palis Y, Manguin S, Patil AP, Temperley WH, et al. (2010)
The dominant Anopheles vectors of human malaria in the Americas: occurrence
data, distribution maps and bionomic précis. Parasit Vectors 3: 72.

4. Ferguson HM, Dornhaus A, Beeche A, Borgemeister C, Gottlich M, et al. (2010)
Ecology: a prerequisite for malaria elimination and eradication. PLoS Med 7:
€1000303.

5. Carlton JM, Sina BJ, Adams JH (2011) Why is Plasmodium vivax a neglected
tropical disease? PLoS Negl Trop Dis 5: ¢1160.

PLOS Neglected Tropical Diseases | www.plosntds.org

1

Biodiversity and Malaria Outbreaks

increase risk of malaria transmission (Ro>1) in The Guarani
Mbya village and Maruja, respectively; C, D: Decrease in
abundance of non-host vertebrate species does not increase risk
of malaria transmission (Rg < 1) in The Guarani Mbya village and
Maruja, respectively. The parameter o is 4.7 in The Guarani
Mbya village and 2.8 in Maruja.

(PDF)

Figure S10 Sensitivity analysis: if =29 then Ry <1. A, B:
Decrease in abundance of non-vector mosquito species can
increase risk of malaria transmission (Rop>1) in The Guarani
Mbya village and Maruja, respectively; C, D: Decrease in
abundance of non-host vertebrate species does not increase risk
of malaria transmission (Ry < 1) in The Guarani Mbya village and
Maruja, respectively. D: Increase in abundance of non-host
vertebrate species can increase risk of malaria transmission
(Ro>1) in Maruja, which is supported in the work by Saul [28].
The parameter o is 4.3 in The Guarani Mbya village and 2.6 in
Maruja.

(PDF)

Figure S11 Basic reproduction number (R)) as a
function of the human population size (VN), for the three
models compared. The other parameter models are the same
from Table 1 (main text) for the Maruja.

(PDF)

Table S1 Animal and bird species, density and popula-
tion size estimates in the Parque Estadual da Ilha do
Cardoso.

(PDF)

Table S2 Mosquito species and vegetation types in the
Parque Estadual da Ilha do Cardoso.

(PDF)

Table S3 Mosquito abundance regression models,
independent variables and Akaike Information Criteria
values.

(PDF)

Acknowledgments

We are in debt to Dr. José Vicente Elias Bernardi for kindly providing raw
data of vegetation biomass and altitude of Parque Estadual da Ilha do
Cardoso, and to three anonymous reviewers for their comments and
suggestions that greatly improved the first draft of this manuscript.

Author Contributions

Conceived and designed the experiments: GZL PIKLdP RAK RMC
MAMS. Performed the experiments: GZL. Analyzed the data: GZL RMC.
Contributed reagents/materials/analysis tools: GZL MAMS. Wrote the
paper: GZL PIKLdP RAK RMC MAMS.

6. WHO (2011) World Malaria Report 2011. World Health Organ Tech Rep Ser
2011. Available: http://www.who.int/malaria/world_malaria_report_2011/
en/. Accessed 19 March 2012.

7. Murray CJL, Rosenfeld LC, Lim SS, Andrews KG, Foreman KJ, et al. (2012)
Global malaria mortality between 1980 and 2010: a systematic analysis. Lancet
379: 413-431.

8. Alonso PL, Brown G, Arevalo-Herrera M, Binka F, Chitnis C, et al. (2011) A
research agenda to underpin malaria eradication. PLoS Med 8: e1000406.

9. The malERA Consultative Group on Vector Control (2011) A research agenda

for malaria eradication: Vector Control. PLoS Med 8: ¢1000401.

. Galindo-Leal C, Gusmao IC (2003) The Atlantic Forest of South America:

biodiversity status, threats, and outlook. Washington, DC: Island Press. 488 p.

11. Forattini OP, Gomes AC, Natal D, Santos JLF (1986) Observacdes sobre

atividade de mosquitos Culicidae em mata primitiva da encosta no Vale do
Ribeira, Sao Paulo, Brasil. Rev Satde Publica 20: 1-20.

March 2013 | Volume 7 | Issue 3 | e2139



20.
21.

. Reitz R (1983) Bromeliaceas e a malaria-bromélia endémica. Itajai: Herbario

23.

24.

25.
26.
27.
28.
29.

30.

31.

32.

34.

36.

37.

38.

. Galetti M, Giacomini HC, Bueno RS, Bernardo CSS, Marques RM, et al.

(2009) Priority arcas for the conservation of Atlantic forest large mammals. Biol
Conserv 142: 1229-1241.

. Curado I, Malafronte RS, Duarte AMRC, Kirchgatter K, Branquinho MS, et

al. (2006) Malaria epidemiology in low-endemicity areas of the Atlantic Forest in
the Vale do Ribeira, Sdo Paulo, Brazil. Acta Trop 100: 54-62.

. Marrelli MT, Malafronte RS, Sallum MAM, Natal D (2007) Kerteszia subgenus

of Anopheles associated with the Brazilian Atlantic rainforest: current knowledge
and future challenges. Malaria J 6: 127.

. Duarte AMRC, Malafronte RS, Cerutti Jr C, Curado I, Paiva BR, et al. (2008)

Natural Plasmodium infections in Brazilian wild monkeys: Reservoirs for human
infections? Acta Trop 107: 179-185.

. Oliveira-Ferreira J, Lacerda MVG, Brasil P, Ladislau JLB, Tauil PL, et al.

(2010) Review Malaria in Brazil: an overview. Malaria J 9: 115.

. Couto RDA, Latorre MRD, Di Santi SM, Natal D (2010) Autochthonous

malaria notified in the State of Sdo Paulo: clinical and epidemiological
characteristics from 1980 to 2007. Rev Soc Bras Med Trop 43: 52-58.

. Zavortink TJ (1973) Mosquito studies (Diptera, Culicidae) XXIX. A review of

the subgenus Kerteszia of Anopheles. Contrib Am Entomol Inst 9: 1-54.

. Downs WG, Pittendrigh CS (1946) Bromeliad malaria in Trinidad, British West

Indies. Am J Trop Med Hyg 26: 47-66.
Lutz A (1903) Waldmosquitos und waldmalaria. Centralbl Bakt 33: 282-292.
Smith LB (1953) Bromeliad Malaria. Rep Smithson Inst 1952: 385-398.

Barbosa Rodrigues. 808 p.

Cerutti C, Boulos M, Coutinho AF, Hatab MCLD, Falqueto A, et al. (2007)
Epidemiologic aspects of the malaria transmission cycle in an area of very low
incidence in Brazil. Malaria J 6: 33.

CVE (2006) Casos confirmados de malaria autoctones. Centro de Vigilancia
Epidemiologica 2011. Available: http://www.cve.saude.sp.gov.br/htm/zoo/
malaria0309_cautoctone.htm. Accessed 18 Oct 2011.

Shannon RC (1931) The environment and behavior of some Brazilian
mosquitoes. Proc Ent Soc Wash 33: 1-26.

Edman JD, Kale HW (1971) Host behavior: its inuence on the feeding success of
mosquitoes. Ann Entomol Soc Am 64: 513-516.

Pianka EP (1974) Niche overlap and diffuse competition. Proc Natl Acad
Sci U S A 71: 2141-2145.

Saul A (2003) Zooprophylaxis or zoopotentiation: the outcome of introducing
mortality while searching. Malaria J 2: 32.

Ostfeld RS, Keesing I (2000) Biodiversity series: the function of biodiversity in
the ecology of vector-borne zoonotic diseases. Can J Zool 78: 2061-2078.
Keesing F, Belden LK, Daszak P, Dobson A, Harvell CD, et al. (2010) Impacts
of biodiversity on the emergence and transmission of infectious diseases. Nature
468: 647-652.

Johnson PT]J, Lund PJ, Hartson RB, Yoshino TP (2009) Community diversity
reduces Schistosoma mansoni transmission, host pathology and human infection
risk. Proc R Soc Lond B Biol Sci 276: 1657.

Swaddle JP, Calos SE (2008) Increased avian diversity is associated with lower
incidence of human West Nile infection: observation of the dilution effect. PLoS
One 3: ¢2488.

Suzan G, Marcé E, Giermakowski JT, Mills JN, Ceballos G, et al. (2009)
Experimental evidence for reduced rodent diversity causing increased hantavirus
prevalence. PLoS One 4: ¢5461.

Keesing F, Brunner J, Duerr S, Killilea M, LoGiudice K, et al. (2009) Hosts as
ecological traps for the vector of lyme disease. Proc R Soc Lond B Biol Sci 276:
3911.

. Raymundo 1], Halford AR, Maypa AP, Kerr AM (2009) Functionally diverse

reef-fish communities ameliorate coral disease. Proc Natl Acad Sci U S A 106:
17067.

Sawyer DR, Sawyer DO (1992) The malaria transition and the role of social
science research. In: Cheng LC, editor. Advancing the Health in Developing
Countries: The Role of Social Research. Westport: Auburn House. pp. 105-122.
Castro MC, Monte-Moér RL, Sawyer DO, Singer BH (2006) Malaria risk on the
amazon frontier. Proc Natl Acad Sci U S A 103: 2452-2457.

Wilson EO (1988) Biodiversity. Washington: National Academy Press. 657 p.

PLOS Neglected Tropical Diseases | www.plosntds.org

12

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

57.

58.

59.

60.

61.

62.

63.

64.

Biodiversity and Malaria Outbreaks

Metzger JP, Lewinsohn TM, Joly CA, Verdade LM, Martinelli LA, et al. (2010)
Brazilian law: full speed in reverse? Science 329: 276-277.

~onn JE, Wilkerson RC, Segura MNO, de Souza RTL, Schlichting CD, et al.
(2002) Emergence of a new neotropical malaria vector facilitated by human
migration and changes in land use. Am J Trop Med Hyg 66: 18-22.

Laporta GZ, Ramos DG, Ribeiro MC, Sallum MAM (2011) Habitat suitability
of Anopheles vector species and association with human malaria in the Atlantic
Forest in south-eastern Brazil. Mem Inst Oswaldo Cruz 106: 239-245.

Suguiu K, Petri S (1973) Stratigraphy of the Iguape-Cananéia lagoonal region
sedimentary deposits, Sao Paulo State, Brazil. Bol Inst Geo 4: 1-20.

Tabarelli M, Pinto LP, Silva JMC, Hirota M, Bed L (2005) Challenges and
opportunities for biodiversity conservation in the Brazilian Atlantic Forest.
Conserv Biol 19: 695-700.

Ingberman I, Fusco-Costa R, Cheida CC, Nakano-Oliveira EC, Rodrigues RG,
et al. (2010) Was there ever a Muriqui (Brachyteles) population in the Ilha do
Cardoso State Park in southeastern Brazil? Neotrop Primates 17: 21-24.

. Bernardo CSS (2004) Abundancia, densidade e tamanho populacional de aves e

mamiferos cinegéticos no Parque Estadual ITha do Cardoso, SP, Brasil [Master’s
thesis]. Piracicaba (Brazil): Universidade de Sao Paulo. 156 p.

Bernardi JVE, Landim PMB, Barreto CL, Monteiro RC (2005) Spatial study of
the vegetation gradient from Cardoso Island State Park, SP, Brazil. Holos
Environ 5: 1-21.

Almeida AP (1946) Memoria historica da Ilha do Cardoso. Rev Arq Municipal
111: 19-52.

Conselho Estadual do Meio Ambiente (2001) Plano de manejo do Parque
Estadual da Ilha do Cardoso. Sao Paulo: Secretaria do Meio Ambiente. 60 p.
Galetti M (2001) Indians within conservation units: lessons from the Atlantic
Forest. Conserv Biol 15: 798-799.

Santos RLC (2001) Medida da capacidade vetorial de Anopheles albitarsis e de
Anopheles (Kerteszia) no Vale do Ribeira, Sdo Paulo[Ph.D. thesis]. Sdo Paulo
(Brazil): Universidade de Sao Paulo. 81 p.

Chitnis N, Hyman JM, Cushing JM (2008) Determining important parameters
in the spread of malaria through the sensitivity analysis of a mathematical model.
Bull Math Biol 70: 1272-1296.

Nedelman J (1984) Inoculation and recovery rates in the malaria model of Dietz,
Molineaux, and Thomas. Math Biosci 69: 209-233.

. Anderson RM, May RM (1991) Infectious diseases of humans: dynamics and

control. New York: Wiley Online Library. 757 p.

. Keeling MJ, Rohani P (2008) Modeling infectious diseases in humans and

animals. Princeton: Princeton University Press. 408 p.

. McCann K8 (2000) The diversity—stability debate. Nature 405: 228-233.
. Kelly DW (2001) Why are some people bitten more than others? Trends

Parasitol 17: 578-581.

Edman JD, Webber LA, Schmid AA (1974) Effect of host defenses on the feeding
pattern of Culex migripalpus when offered a choice of blood sources. ] Parasitol 60:
874-883.

Chaves LF, Harrington LC, Keogh CL, Nguyen AM, Kitron UD (2010) Blood
feeding patterns of mosquitoes: random or structured? Front Zool 7.

Cohuet A, Harris C, Robert V, Fontenille D (2010) Evolutionary forces on
Anopheles: what makes a malaria vector? Trends Parasitol 26: 130-136.

Begon M (2008) Effects of host diversity on disease dynamics. In: Ostfeld RS,
Keesing F, Eviner VT, editors. Infectious disease ecology: The effects of
ecosystems on disease and of disease on ecosystems. Princeton: Princeton
University Press. pp. 12-29.

Randolph SE, Dobson ADM (2012) Pangloss revisited: a critique of the dilution
effect and the biodiversity-buffers-disease paradigm. Parasitology 1: 1-17.
Terborgh J (2000) The fate of tropical forests: a matter of stewardship. Conserv
Biol 14: 1358-1361.

Smith DL, Battle KE, Hay SI, Barker CM, Scott TW, et al. (2012) Ross,
Macdonald, and a theory for the dynamics and control of mosquito-transmitted
pathogens. PLoS Pathog 8: ¢1002588.

Instituto Florestal do Estado de Sao Paulo (1998) Plano de gestdo ambiental do
Parque Estadual da Ilha do Cardoso. Sao Paulo: Secretaria do Meio Ambiente.
47 p.

March 2013 | Volume 7 | Issue 3 | e2139



1 Introduction

Here, we better describe Materials and Methods section regarding estimates of input parameters which
were utilized in the mathematical model of malaria transmission.

1.1 Human population size (V)

The management plan of Parque Estadual da Ilha do Cardoso [1] was utilized to estimate population size
in The Guarani Mbya village and Marujd. Using Aerophotogrametric images (Figure S3), it was possible
to identify the geographical localities where inhabitants logged to build houses or to cultivate crops. The
Guarani Mbya village is in the northwest, where approximately 150 people live today [2]. They can log
natural vegetation on lowlands for small-scale agriculture and to hunt animals in slopes of the primary
tropical forest (Figure S3). Marujd is located on the margins of the southern coastal plain (Figure S3),
where 165 inhabitants subsist by fishing and exploring tourism [1].

1.2 Abundance of wild warm-blooded animals (B)

Christine Sao Bernardo and her advisor Dr. Galetti estimated the density of birds and mammals in
Parque Estadual da Ilha do Cardoso (Table S1 [2]). Animal observations were performed in up to 273
km of transects in 13 trails throughout the region (Figure S4, Figure S5 [2]). Bird and mammal species
density [2] was multiplied by the area of The Guarani Mbya village (2.8 km?; Figure S3) and Maruj4
(0.8 km?; Figure S3). As a result, estimates of abundance of bird and mammal species were 172 and 47,
respectively (Table S1).

1.3 Abundance of non-vector mosquito species (C') and Amnopheles cruzii
(X;)
Mosquito species that have overlapping period of biting activity were collected employing CDC-CO traps
[3] from 600 am to 1800 pm in altitudinal and vegetational succession gradients. Species identifications
were based on the morphological identification keys [4-8]. As a result, a total of 3,299 mosquitoes
belonging to 41 species were collected. Plasmodium vector Anopheles cruzii and non-vectors Ae. serratus,
Li. durhami, Ru. reversa, and Wy. quasilongirostris were found in restinga and forest (Table S2), where
females may compete for blood sources, such as agoutis in the former, and howler monkeys and squirrels
in the latter. It was assumed that mosquito blood-feeding relied primarily on host availability [9].
Variations along the altitudinal and vegetational succession gradients were assumed to provide specific
resting places after blood-feeding to the egg maturation, which could influence both An. cruzii and non-
vector species abundances. Altitude and vegetation biomass data were obtained in locations thoroughly
sampled [10] and then a generalized linear Gaussian geostatistical model with Bayesian inference was run
to interpolate the altitude and vegetation biomass in the statistical environment R 2.13 with geoR package
[11]. Results are shown in Figure S6A, in which light green represents scrubs on plains and hilltops,
whereas dark green means tropical pluvial forest. In Figure S6B, lowlands were represented as light
brown (<50 m) and hillsides as dark brown (from 50 to 350 m), whereas hilltops were underrepresented.
Abundance of An. cruzii and non-vectors species was, firstly, regressed against values of altitude and
vegetation biomass interpolations and, secondly, extrapolated to Parque Estadual da Ilha do Cardoso
(Figure STA-E), based on the best fitted and parsimonious regression model [12,13] (Table S3). Zonal
statistic in the Spatial Analyst extension of ArcMap (www.esri.com) was utilized to estimate abundances
of An. cruzii (X)) as 300 and non-vectors (C') as 3,640 in Maruja and 1,514 (An. cruzi, X;;,) and 14,101
(non-vectors, C) in The Guarani Mbya village.
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1.4 Anopheles cruzii biting rate (b) and mortality rate (u)

Roseli La Corte dos Santos and her advisor Dr. Forattini estimated the vectorial capacity of mosquitoes
of subgenera Kerteszia of Anopheles in Atlantic Forest, southeastern Brazil [14].

Roseli considered the gonotrophic cycle estimate as approximately 4 days under laboratory condi-
tions [14]. In this laboratory experiment An. cruzii female cohorts were accompanied from blood-feeding
until oviposition giving an estimate of the length of a physiological gonotrophic cycle. Another couple
of scientists also performed a similar experiment with An. cruzii female cohorts and estimated dura-
tion of gonotrophic cycle as 4.01 days [15], which means that the gonotrophic cycle estimate as 4 days
is reasonable and also concensus in the literature. Following, some authors consider that An. cruzii
has gonotrophic discordance [14,16], and then it was assumed that females could bite two times in av-
erage per cycle duration (4 days), which thus led to an estimate of biting rate of 0.5 bites/day (i.e.,
gonoltn;ggﬁiecr :}fc]i):(eiirpaetriocgiledays = % =0.5 bite/female/daY)'

Roseli considered the daily survival estimate as 0.45 employing mark-release-recapture experiments
[14]. This value was obtained from a regression analysis (Milby and Reisen [17]) of marked-and-recaptured
females in function of days after the day of release of females (y = -0.7958x + 5.3103; anultiplc = 0.7612;
exp(-0.7958) = 0.4512201 = daily survival). It was considered that An. cruzii mortality rate was
independent of density, what amounts to say that the mortality rate (u) is related to the daily survival
(Sday) by p = —log(sday), providing the value of p = —log(0.45) = 0.8/day. Moreover, we calculated
that, with a vector mortality rate as 0.8 per day, 0.17% of the female population will remain alive until
the 8** day (when Plasmodium vivaz extrinsic period is complete [18]), being 24 females in the Guarani
Mbya tribe and 6 in Maruja. It is well-known that only few females of the population can survive long
enough to become infective and thus our model estimate has connection with the real nature of this
parameter.

1.5 Anopheles cruzii conversion rate («)

Anopheles cruzii was present, so it must be true that emergence of An. cruzii adults in average surpasses
its mortality rate (i.e., ab > u), and at the same time abundance of non-vector mosquito species are not
high enough to competitively exclude An. cruzii (i.e., C < (%b — 1) h(B+ N)). Equilibrium population
between An. cruzii and non-vector mosquito species was derived from the model equations, and is given
by:

X;‘L:<O;b—1>h(B+N)—C. 1)

Note that when 2% ~ 1 An. cruzii is not present because of the lack of environmental conditions
that offer niche to the species. For example, dune pioneering vegetation ecosystem represents a situation
in where An. cruzii niche requirement is absent because of the lack of bromeliads in where its larvae
develop. In this situation, « is, probably, under 1 and %b may be < 1. However, in our study the Guarani
Mbya tribe is in a forest and Marujé is in a “restinga” vegetation, in where An. cruzii is present (Table
S2).

It was considered that the estimated populations of mosquitoes (see Section 1.3) are in fact equilibrium
ones, and we used those values to find out the conversion rate « in the wild. Using input parameters
discussed in the previous subsections in the formula above, we have:

1,514 = (aoos - 1> 20(172 + 150) — 14,101 = o = 5.5
for The Guarani Mbya village and

0.5
300 = (068 - 1) 20(47 + 165) — 3,640 = o = 3.1



in Maruja.

The parameter « was higher (5.5) in The Guarani Mbya village than in Marujé (3.1) because the
former place is in a forest and the latter is in a “restinga” vegetation. Veloso and others [19] performed
an intensive ecological study of larval habitats of An. cruzii in Atlantic Forest and observed that this
species is more associated with forest environment than with “restinga” vegetation. The « parameter
estimate represents environmental conditions (mainly associated with larval habitats), and not simply a
physiological characteristic.

1.6 Host tolerance (h)

Success to feed upon a host was assumed to be determined by the lack of host defensive responses to biting
mosquitoes, which is supported by the works of Kelly [20] and Edman and others [21]. In the present
work, host tolerance (h) is a phenomenological parameter, providing a functional response of hosts to
mosquito density. This functional response represents here the simplest model for a phenomenon that
increases linearly when mosquito density is low but reaches a saturation point when mosquito density is
high (Figure S2). In addition, h is an adimensional parameter representing simply the number of bites.
To estimate host tolerance, however, we need the number of bites received before starting a defensive
behavior. Tolerance (i.e., number of bites per day without a host defensive behavior) is herein named as
6 which equals 10 (bites / day), a common sense number representing how many times a given host (e.g.,
humans in a forest) is not bothered about being bitten during mosquito haematophagic activity:

BITES %Y},

yBITES _ 2

h (B+ N) 2)

where V,BITES is the number of bites upon infected humans, B + N is the total number of hosts, and
BITES is the total number of bites which is in function of

BITES = bX,,SUCCESS (3)

where b is the biting rate, X,, is the number of Anopheles cruzii and SUCCESS is the success factor of
mosquito versus host, i.e., being mathematically

-1 -1
SUCC’ESS:{l—kbC—H)M} :{ 1C’+M]

0B + 0N hB+N (4)

where h = %, (bC + bM) is the total number of attempts of biting mosquitoes upon hosts per a given

time, and (0B + 6N) is the total number of bites in which hosts can repel 50% of attempts of biting
mosquitoes per a given time. It is important to note that the success factor (i.e., SUCCESS) must have
the following properties:

e goes to 1 when M = C =0 or when N + B — +00
e strictly, decreases with M and C and increases with N and B
e goes to 0 when M — +o00 or N, B — 0 (because nobody can take infinite bites)

Host tolerance (h) may be interpreted as an order-of-magnitude estimate, being related to real param-
eters (i.e., possible to be estimated in laboratory or field experiments) such as tolerance (#) and biting
rate (b). Moreover, it is clear that we made two simplifications: 1) tolerances were assumed to be equal
for both hosts, i.e., B and N, and 2) biting rates rates were assumed to be equal for all mosquitoes, i.e.,
C and M. Although these assumptions may be strong, they permitted us to consider An. cruzii’s b and
humans’ @ estimates as proxies for other species.



As the number of bites in a day without a host defensive behavior was estimated as 10 and An cruzii
biting rate (0.5), then h parameter equals 20 (i.e., h = 6‘—% = 20). Total biting success per day is a
Power-based function and, therefore, it decays up to its asymptote (Figure S2).

Since this value (h = 20) is harder to establish with precision, we performed a sensitivity analysis
of malaria model to host tolerance (h), in which h was varied keeping M = X/, constant and thus «
was adjusted, being possible to estimate a new Ry value. For values of h smaller than 18, the Ry was
< 0 in both human settlements, so this is the minimum of the considered interval. The maximum value
was chosen to be 30, which corresponds to a human tolerance far greater than observed. Thus mosquito
vector diffuse competition and dead-end parasite transmission patterns were assessed for h values within
20 and 30 (e.g., 21, 25, and 29). As a result, no qualitative changes in the first interpretations (see the
main text) could be made (Figure S8A-D, Figure S9A-D, and Figure S10A-D).
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1 Ry calculation

Below, we present a derivation of the expression for Ry of the main model, following the method presented
in [1]. The procedure for the Ross-MacDonald model is completely analogous.

We denote by X/ the population of vector mosquitoes in the absence of infection, as in the main
text, and write down the matrices F' and V, used to build the next generation matriz K:

0 M%qu
=5
B (B+N) (1++ S )
F= bTavn X, 0

(B+N) (144 G )

_(r O
V_<0 u)
0

— -1 _
K=FV"" = VT X5

1
~ C+Xr
Y (B+N) (1+4 )

1 0T N
=
H(B+N) (1+3 S

0

The value of Ry will be given by the largest non-negative eigenvalue of the next generation matrix,
which in this case is the same as the spectral radius p of the matrix K, as follow:

b T Tain N X
Ry = p(K) = |
s\
_ I TrmTyun NXG,
a(B+N) a7z
. TuuThnN |(22 = 1) h(B + N) = C|
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1 Alternative model

In this section we briefly analyze a variant model from that of the main text, to make clearer what are
the consequences of specific ecological hypotheses assumed.

The model described by equations (8-11, main text) differs from the Ross—MacDonald one by intro-
ducing two effects: a saturating biting rate, caused by the diffuse competition among mosquitoes for
feeding bites; and a limitation of the vector mosquito population by number of bites, while other compet-
ing mosquito species are regulated by factors not included in the model. The diffuse competition effect
is essential to our model, as it is thought to cause decrease in number of bites and thus malaria risk.

In order to separate these effects, we are going to relax the second one and assume instead a constant
vector mosquito population. This variant model is given by the system of equations:

dXh _ bTthhYm + ’YYh (1)
BN (1+15H)

e )
at c

(B+N) (1++553)
de bTthth
aw T 1 C+M 3)
(B+N) (1+ 4554

dYp, _ WL Xin Y _ MY (4)

BN (141G

where M = X,,, + Y,,.
Applying the same method from R, calculation (Text S2) one can calculate the basic reproduction
number Ry of this model, obtaining:

b Thm T NXF,

- : (5)
(B+N) (1++55) T

Ry =

which is the same expression as before, but with the crucial difference that now X7, is given by the initial
vector mosquito abundance, and does not vary with other model parameters or human abundance.

The main difference between this model and the main one is how the human population (N) influences
the transmission dynamics. This can be seen in Figure S11 which shows that at low human population
sizes Ry increases with N for both main and alternative models (but not for Ross-MacDonald); and
for larger populations alternative model gets close to Ross-MacDonald predictions, while main model
increases and saturates at a higher value.

The inclusion of diffuse competition between mosquitoes decreases the risk of an outbreak of malaria
at very low population sizes, which is intuitive and reasonable. On the contrary, Ross-MacDonald model
predicts the opposite — which is to be expected since it allows each human to take several hundreds of
bites per day in that situation.

At larger population sizes, the relevant assumption is that vector population size is regulated by
diffuse competition, being dependent on the human population size. In the absence of this regulation,
alternative model approaches the Ross-MacDonald predictions for large N, while main model (equations
8-11, main text) predicts a higher risk of outbreak of malaria as human population increases. Therefore,
we chose the most conservative model (i.e., main model), which gives a pessimistic scenario for population
sizes concerned herein.
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Figure S1. Plasmodium vivax’s presence in the immediate surrounding region of Parque
Estadual da Ilha do Cardoso. Curado and others [1] has found positivity of IgG antibodies against P.
vivaz in human samples from Iporanga municipality (prevalence ~ 50%). Castro Duarte and others [2]
detected Plasmodium vivar infections in howler-monkeys (i.e., Alouatta guariba clamitans) from the
Atlantic Forest (possibly Juquitiba municipality) (prevalence ~ 6%). Finally, D’Avila Couto and others [3]
estimated that near 400 cases of malaria (being 97.2 % attributable to P. vivaz) were confirmed between
1980 and 2007 by official agencies of epidemiological surveillance (e.g., Superintendéncia de Controle de
Endemias da Secretaria de Estado da Saide de Sao Paulo and Sistema de Informacao de Agravos de
Notificagao).
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Figure S2. Relationships between successes and attempts in mosquito biting events in a
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Figure S3. Human population and its geographical location. Clear-cut areas in the northern
part of The Guarani Mbya village (G) represent logged forest that are utilized to agriculture. In slopes
of the southern part of The Guarani Mbya village (G) vertebrate animals can be hunted. Fishermen
build houses for their families in Marujid (M) which are also utilized as hostels for ecotourists. Source:
Instituto Florestal do Estado de Sao Paulo [1].
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Figure S4. Occurrence of mammals in the Parque Estadual da Ilha do Cardoso. Mammal
species were either seen or heard. Footprints were also utilized to indicate their presence. Legend: filled
black circle, Alouatta guariba (howler monkey); hollow circle, Mazama americana (deer); hollow circle
with vertical line, Nasua nasua (coati); filled black square, Pecari tajacu (collared peccari); hollow square,
Leopardus pardalis, L. wiedii e Herpailurus yaguarondi (small spotted cats); hollow square with vertical
line, Sciurus ingrami (squirrel); filled black triangle, Cerdocyon thous (fox); hollow triangle, Fira barbara
(tayra); hollow triangle with vertical line, Tayassu pecari (white-lipped pecary); cross, Dasyprocta lepo-
rina (agouti). Source: Bernardo [1].
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Figure S5. Occurrence of birds in the Parque Estadual da Ilha do Cardoso. Bird species were
either seen or heard. Legend: filled black circle, Ramphastos dicolorus and R. vitellinus (toucans); hollow
circle, Penelope obscura and P. superciliaris (guans); filled black square, Pipile jacutinga (guan); hollow
square, Crypturellus obsoletus (tinamou); filled black triangle, Odontophorus capueira (spot-winged wood
quail); hollow triangle, Tinamus solitarius (tinamou). Source: Bernardo [1].
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Figure S6. Vegetation and altitude at sampling sites of non-vector mosquito species (C)
and Anopheles cruzii (X,): interpolations of ecologic niche axes. A: Vegetation biomass (m?
of wood per m?); B: Altitude (meters above the sea). Points represent field sampling locations that were
utilized for performing interpolations (grid of 200 m-spatial resolution). Source: Bernardi et al. [1].
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Figure S7. Abundance of non-vector mosquito species (C) and Anopheles cruzii (X}):
spatial abundance distribution modelling. A: Abundance of An. cruzii (altitude f; of 6.65 and
vegetation biomass 32 of 2.13; R2-adjusted = 0.91); B: Abundance of Ae. serratus (vegetation biomass 3;
of 2.13; R?-adjusted = 0.16); C: Abundance of Li. durhami (altitude £3; of 2.88 and vegetation biomass
B2 of 1.00; R2-adjusted = 0.93); D: Abundance of Ru. reversa (altitude £; of 6.4; R%-adjusted = 0.25);
and E: Abundance of Wy. quasilongirostris (altitude 3, of 5.5; R2-adjusted = 0.34; grid of 200 m-spatial
resolution). G, The Guarani Mbya village; and M, Maruj4.
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Figure S8. Sensitivity analysis: if h = 21 then Ry < 1. A, B: Decrease in abundance of non-vector
mosquito species can increase risk of malaria transmission (Ry > 1) in The Guarani Mbya village and
Marujé, respectively; C, D: Decrease in abundance of non-host vertebrate species does not increase risk
of malaria transmission (Ry < 1) in The Guarani Mbya village and Maruj, respectively. The parameter
a is 5.3 in The Guarani Mbya village and 3 in Maruja.
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Figure S9. Sensitivity analysis: if » =25 then Ry < 1. A, B: Decrease in abundance of non-vector
mosquito species can increase risk of malaria transmission (Rg > 1) in The Guarani Mbya village and
Marujé, respectively; C, D: Decrease in abundance of non-host vertebrate species does not increase risk
of malaria transmission (Ry < 1) in The Guarani Mbya village and Marujd, respectively. The parameter

« is 4.7 in The Guarani Mbya village and 2.8 in Maruja.
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Figure S10. Sensitivity analysis: if h =29 then Ry < 1. A, B: Decrease in abundance of non-vector
mosquito species can increase risk of malaria transmission (Rg > 1) in The Guarani Mbya village and
Marujé, respectively; C, D: Decrease in abundance of non-host vertebrate species does not increase risk
of malaria transmission (Rg < 1) in The Guarani Mbya village and Maruja, respectively. D: Increase in
abundance of non-host vertebrate species can increase risk of malaria transmission (Rp > 1) in Maruj4,
which is supported in the work by Saul [1]. The parameter « is 4.3 in The Guarani Mbya village and 2.6
in Maruja.
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Figure S11. Basic reproduction number (Ry) as a function of the human population size
(N), for the three models compared. The other parameter models are the same from Table 1 (main
text) for the Maruja.



Table S1. Animal and bird species, density and population size estimates in the Parque
Estadual da Ilha do Cardoso.

Species (popular name) Animal density Number of individuals
(n° of individuals per km?) (n°)
Odontophorus capueira (spot-winged wood quail) 26.7 (18.0 - 37.2) 2,963 (2,004 - 4,129)
Ramphastos dicolorus and R. wvitellinus (toucans) 12.2 (10.6 - 15.9) 1,354 (1,179 - 1,765)
Alouatta guariba (howler monkey) 8.9 (6.9 - 11.6) 997 (769 - 1,291)
Dasyprocta leporina (agouti) 3.4 (2.3-44) 385 (264 - 488)
Penelope obscura and P. superciliaris (guans) 3.2 (2.8-4.2) 359 (311 - 467)
Pipile jacutinga (guan) 2.1 (1.8 -2.7) 234 (203 - 304)
Sciurus ingrami (squirrel) 1.6 (1.1 - 2.0) 182 (124 - 231)
Tinamus solitarius (tinamou) 1.2 (1.0 - 1.6) 140 (121 - 182)

Estimates of animal population size and density were performed in the software DISTANCE 4.1. The

values in parentheses correspond to the lower and upper limits of 95% confidence interval. Source:
Bernardo [1].
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Table S2. Mosquito species and vegetation types in the Parque Estadual da Ilha do Cardoso.

Species Scrub vegetation | Restinga | Tropical pluvial forest
Aedes albifasciatus 13 0 0
Aedes hastatus 3 18 2
Aedes fulvus 0 2 0
Aedes oligopistus 4 26 2
Aedes scapularis 542 79 6
Aedes serratus 26 160 21
Anopheles bellator 26 9 0
Anopheles cruzii 23 33 90
Anopheles homunculus 1 11 15
Anopheles maculipes 1 0 0
Anopheles mediopunctatus 1 0 1
Coquillettidia chrysonotum 766 337 93
Coquillettidia venezuelensis 3 3 1
Culex imitator 1 0 0
Culez inadimirabilis 7 0 0
Culez neglectus 0 2 0
Culex ocossa 2 0 0
Culex ribeirensis 83 0 0
Culex sacchettae 9 15 0
Psorophora albigenu 0 9 0
Psorophora albipes 0 8 0
Psorophora ferox 7 64 0
Limatus durhami 0 42 14
Limatus flavisetosus 0 16 3
Runchomyia cerqueirai 0 ) 0
Runchomyia frontosa 0 0 3
Runchomyia humboldt: 0 4 1
Runchomyia reversa 0 54 1
Runchomyia theobaldi 0 29 2
Sabethes intermedius 0 1 0
Sabethes soperi 0 1 0
Trichoprosopon pallidiventer 0 2 2
Wyeomyia aporonoma 0 4 3
Wyeomyia confusa 0 11 4
Wyeomyia mulhensi 10 137 8
Wyeomyia occulta 0 1 0
Wyeomyia pallidoventer 0 61 0
Wyeomyia pertinens 0 ) 1
Wyeomyia quasilongirostris 12 228 18
Wyeomyia shannoni 0 1 0
Wyeomyia theobaldi 0 17 3




Table S3. Mosquito abundance regression models, independent variables and Akaike Information Criteria values.

Model | Independent variables | Anopheles cruzii | Aedes serratus | Runchomyia reversa | Limatus durhami | Wyeomyia quasilongirostris
1. GL Alt 190.89 212.76 165.98 161.03 241.25
2. GL Bioveg 210.70 209.61 165.72 162.10 239.60
3. GL Alt + Bioveg 190.83 209.12 162.94 162.19 234.18
4. GL Alt x Bioveg 192.15 209.10 164.52 156.58 236.10
5. a-LS Alt 194.81 211.67 173.20 151.96 232.35
6. a-LS Bioveg 201.69 209.52 169.21 146.64 228.22
7. a-LS Alt + Bioveg 195.63 210.22 175.46 154.15 229.01
8. a-L.S Alt x Bioveg 205.92 219.95 186.86 165.53 238.09
9. NB Aly 140.35 183.89 111.82 91.83 195.57
10. NB Bioveg 149.95 178.85 110.87 83.25 189.81
11. NB Alt + Bioveg 142.10 177.81 100.49 83.87 181.62
12. NB Alt x Bioveg 143.95 177.81 86.40 72.64 183.59
13. GA Alg 139.81 177.94 83.81¢ 62.92 160.22¢
14. GA Bioveg 149.86 175.37¢ 86.55 58.41 174.62
15. GA Alt + Bioveg 136.45¢ 178.23 84.34 57.34¢ 164.58
16. GA Alt x Bioveg NC 177.74 NC NC NC

Model: GL, Gaussian linear regression model (the simplest model); a-LS, autoregressive least square model (it considered spatial
correlation structure); NB, negative binomial regression model (it considered exponential non-linear relationship between mosquito
abundance and independent variables); and GA, generalized additive regression model (it considered exponential non-linear relationship
and a very flexible smooth function that maximize model fit).
Independent variables: Alt, altitude interpolation; Bioveg, vegetation biomass interpolation; Alt + Bioveg, sum of effects; Alt x Bioveg,

interaction.

NC: model did not converge to a result.
@: The best model, i.e., the lowest Akaike Information Criteria value.



