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Abstract

Urbanizationis a global trend associated with key socio-economic issues, one of them
being to control the transmission of infectious diseases to a urban fraction of the world’s pop-
ulation that shall reach 68% in 2050. While urban growth has been shown to favor mosquito
species responsible for the transmission of the West Nile Virus (WNV), a major human arbo-
virosis, the effects of concomitant changes in the host bird communities remain hard to
anticipate albeit essential to quantify disease risk and to plan control initiatives. We devel-
oped a RO modelling of WNV transmission in a urban bird community to assess the risk of
outbreak in Merida, one of the cities with the highest growth rate in Mexico. The model was
parameterized using ecological and epidemiological data collected over the past 15-years
on the local vector, Culex quinquefasciatus, and avian community. We identified a 3-weeks
summer period during which the vector population strongly amplifies the WNV enzootic
transmission and lead to a significant risk of outbreaks in humans. Extensive sensitivity
analyses showed that urbanization induced changes in the bird community could lead to an
up-to 6-fold increase in the duration of the risk period, while the daily risk could rise by 40%.
Interestingly, the increase in Quiscalus mexicanus abundance had 4-5 times larger impact
than any other change in the bird community. In such a context, annihilating the current and
future risk of WNV outbreaks in Merida requires reducing the mosquito population by 13%
and up to 56%, respectively. This study provides an integrative assessment of the current
and future risks of WNV outbreak in the fast urbanizing city of Merida, and points toward the
implementation of epidemiological monitoring combined with preemptive measures target-
ing both C. quinquefasciatus and Q. mexicanus populations, as they are expected to have
synergistic effects.
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Author summary

Urbanization is a major trend in human evolution. By 2050, over 2/3 of the world popula-
tion will live in urban areas. A key challenge associated with such a global trend is to pro-
tect urban residents against infectious diseases, while their environment may provide
favourable conditions for parasites and other pathogens. The West Nile Virus (WNV) is a
typical vector borne pathogen whose transmission to human is expected to be facilitated
in urban environments, where mosquitoes transmitting the virus are favored. Here, we
looked at the barely known effects of changes in the host bird community on the risk of
WNV outbreak in humans. By designing empiricaly informed mathematical models of
WNYV transmission in the city of Merida, Mexico, we identified a 3-weeks summer period
during which the virus circulation in urban birds lead to a risk of outbreaks in humans.
Further analyses showed that changes in the bird community could increase the risk
period up-to 6-fold and rise the daily risk by 40%. Such variations are primarily driven by
the increase in a key reservoir species, Quiscalus mexicanus, whose effects are 4-5 times
larger than those of other changes in the bird community. To control the current and
future risks of WNV outbreaks in Merida requires reducing the mosquito population by
13% and up to 56%, respectively. These results strongly call for an epidemiological moni-
toring and preemptive measures targeting both C. quinquefasciatus and Q. mexicanus
populations, as they are expected to have synergistic effects.

Introduction

Urbanization is a paramount trend of our contemporary evolution. The fraction of the world’s
population inhabiting urban areas is expected to rise from 55% in 2018 to 68% in 2050, with
90% of this increase taking place in Asia and Africa, while more than 70% of human beings
already live in urban environments in Northern-America, Latin America and Europe [1].
Among the socio-economic challenges imposed by such a global change, it has been repeatedly
warned that urbanization favors the emergence of new pathogens [2,3] and rises the burden of
infectious diseases already afflicting human populations [4]. These global public health con-
cerns are especially relevant for vector-borne diseases as the environmental changes associated
with urbanization tend to increase vector abundance and species richness [5,6] as well as vec-
tors contact with competent reservoirs [7-9] in inhabited and surrounding areas.

The West Nile virus (WNV) is a mosquito-borne pathogen that was first reported in 1937
in Africa [10]. Its worldwide spread has caused severe outbreaks in humans throughout
North-America and Europe [11,12] and is presumably widely under-reported in South-Amer-
ica, where there is a need for both clinical and epidemiological studies to prevent it from
becoming a major public health concern [13]. The virus is transmitted by Culex spp. and by
secondary mosquito species of genera Ochlerotatus, Aedes, Anopheles and Culiseta [14,15] to
vertebrate hosts that predominantly correspond to bird species, although 29 species of mam-
mals, 3 species of reptiles and 1 species of amphibian were also found infected with WNV
[16,17]. While in most non-avian host species, infected individuals can die of the infection
[18,19], those species are typically considered as dead-end hosts for the WNV, so that the virus
transmission primarily relies upon avian hosts [14]. A large set of previous studies has pro-
vided evidences that urbanization can alter the abundance and species structure of the mos-
quito community [20-23] and that urban landscapes create artificial habitats that serve as
breeding sites for WNV-competent mosquito species, so that their frequency in the mosquito
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community can increase in such environments [24] and reference therein]. Although the con-
tribution of the urban changes in the bird community to the risk of WNV outbreaks has been
less investigated, there are nonetheless evidence that urbanization favors bird biodiversity
reduction and species assemblage changes [25,26] with a correlated increase in Passeriformes
and/or key species that represent competent reservoirs for the WNV [27].

The city of Merida in the Yucatan peninsula (Mexico) is a 1.12 million inhabitants urban
center with an annual population growth rate of 2.5% over the last 40 years, which represents a
fairly typical pattern in comparison with other intermediate Mexican cities [28]. This urbani-
zation process has led the area covered by the city to increase by 300% between 1984 and 2018
[29], with significant land cover changes [29-31], an increase in mosquito breeding sites and a
decrease in bird local biodiversity [32]. While there is still no documented outbreak of WNV
infection in human across the entire Yucatan peninsula [13], evidences of birds’ infection by
WNV have been collected since 2003 in the peninsula [33] and inside the city of Merida [34],
indicative of an enzootic circulation of WNV. The urban sprawl and epidemiological situation
encountered in Merida are likely to be illustrative of many urban places at risk of WNV out-
breaks in Central and South America, and we thus aimed at providing a cost-efficient way to
contribute evaluating such a risk, anticipating its potential evolution, and quantifying the effi-
cacy of vector control interventions that would be necessary to eliminate the risk of transmis-
sion to human.

The complexity of a vector-borne pathogen’s transmission through a host community
makes the use of mathematical models an essential approach to combine available data in the
quantitative way required to identify the main determinants of transmission [35,36], predict
the epidemiological outcomes of urbanization [37] and provide assistance to design effective
control strategies [38-40]. In this study, we identify the network of WNV transmission in the
city of Merida from ecological studies of the urban bird community, molecular identification
of Culex quinquefasciatus blood meals and from experimental studies of the competences for
WNV of the passeriform and columbiform species that shape this host community. We then
model WNV transmission in such an urban bird community and use a next generation matrix
approach to derive a formal expression of the WNV Ry in this context. These modelling and
eco-epidemiological data provide key estimates and insights into i) the current risk of WNV
outbreaks, ii) its expected variations with changes in the composition of the host community
associated with urbanization, and iii) the level of vector control that could annihilate the risk
of outbreaks of infection in humans.

Materials and methods
Modelling West Nile virus transmission in a urban bird community

We developed a Ry model to assess WNV transmission and the risk of outbreak in the urban
area of Merida that is populated by a reservoir bird community made of passeriform and
columbiform species. Our modelling account for vector-borne transmission by the dominant
vector species, Culex quinquefasciatus, between several groups of bird species defined with
respect to their local abundances and reservoir competences. The R, was calculated from the
corresponding community graph using the Next Generation Matrix (NGM) method, as previ-
ously done for other vector-borne pathogens circulating in host communities [36,41-43]. The
general expression of R, for the WNV transmitted by 1 vector to N groups of bird species is
derived below, and subsequently tailored according to the specific entomological and ornitho-
logical situation encountered in the urban environment of Merida (see section ‘Characteriza-
tion of the local network of transmission’).
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The NGM is typically defined from two types of quantities; the mean number of hosts of
group j that are infected by one infected vector during its infectious lifetime (kjy) and the
mean number of vectors infected by one infected host of group j during its infectious lifetime
(kyy).

The expected number of birds of group j infected by one newly infected mosquito (kjy) is
given by the product of i) the probability that the infected mosquito survives the extrinsic incu-
bation period to become infectious, ii) the daily number of bites made by an infectious mos-
quito (a), iii) the probability that such a bite is made on a host of group j (p;), iv) the per bite
probability of (vector to host) virus transmission (b), and v) the duration of the mosquito
infectious lifetime. The mosquito survival probability to the extrinsic incubation period (i) was
calculated by assuming a constant incubation rate () and a constant vector death (py), so that
this probability (that incubation ends before death) equals (k/(k + py)). Further assuming that
an infectious mosquito will remain so during its lifetime, the duration of the mosquito infec-
tious lifetime (v) is given by 1/py. Taken together this leads to:

Kkap;b

- fy (K + py) W

iV

The mean number of vectors infected by one infected host of group j during its infectious
lifetime (ky;) is obtained by multiplying i) the average number of mosquito per host (m), ii)
the mosquito feeding preference for hosts of group j (p;), iii) the daily number of bites made
per mosquito (a), iv) the per bite probability of (host j to vector) virus transmission (c;), and v)
the duration of the host infectious lifetime. We assumed that an infectious host will remain so
until it dies because of WNV induced (o) or intrinsic (y;) mortality. The duration of the infec-
tious lifetime for a host of group j is then given by 1/(y+c). Taken together this leads to;

mpac;
T (o)

(2)

The R, for the WNV transmitted by 1 vector to N groups of bird species can then be calcu-
lated as the dominant eigenvalue of the NGM:

0 kV) kVN
1
NGM= |k, ... 0 ... 0 (3)
0
kyy 0 0

where ky; and k;y are defined as explained above.
This eigenvalue can be expressed as:

N N 2 ijK
R, = \/m - \/Zjl (ap,) e+ ) (1 + ) (4)

Such expression of R, allows predicting when, i.e., for which set of parameter values, the
pathogen is expected to circulate within the modelled host community. We will use the condi-
tion Ry>1 to indicate when the WNV is able to circulate among the urban reservoir host com-
munity, which is typically thought as an estimate of the local risk of spillover to humans, e.g.
[44,45].
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Model parameterization to the local passeriform and columbiform
community and the transmission of WNV by Culex quinquefasciatus in
Merida, Mexico

The above general expression of the NGM was tailored to describe the transmission of WNV
in the urban area of Merida and R, was used as a measure of transmission risk to humans.
Using data that have been published over the last 15 years, we identified the local network of
transmission that set the dimension of our model and we derived independent estimates of all
quantities defining the corresponding kjy and ky;.

Characterization of the local network of transmission

A local network of transmission is defined according to the set of local reservoir hosts that
belong to the vector feeding range and with respect to their levels of competences for WNV.
To characterize this network in the urban environment of Merida, we combined local field
studies of i) the bloodmeals of Culex quinquefasciatus, ii) the species composition of the bird
community and iii) their competences for WNV. While 10-15 mosquito species have been
reported in Merida [46,47], only two collected species were known to be capable of transmit-
ting the WNV, C. quinquefasciatus and C. thriambus [47], with evidences of WNV infection
found only in the former in Mexico [47]. In addition, C. quinquefasciatus was shown to repre-
sent 88.7% of mosquitoes collected in the city of Merida [48], so that the general modelling
proposed for the transmission of the WNV by 1 vector to N groups of bird species does fit ade-
quately the local situation encountered in the city of Merida.

Bloodmeal analysis of C. quinquefasciatus. The local vertebrate host community on which C.
quinquefasciatus feed on in Merida was characterized from a bloodmeal analysis performed on
240 engorged mosquitoes collected in the backyards of 40 houses in Merida from January 2005 to
December 2005, using resting wooden boxes [49]. This study showed that vectors typically feed
on birds from three orders; Galliformes (47.1%), Passeriformes (23.8%) and Columbiformes
(11.2%), on domesticated mammals; dogs (8.8%), cats (1.2%), horses (0.8%) and pigs (0.4%), as
well as on humans (6.7%). While mammals and Galliformes are considered as not competent for
WNV [14,50-54], the high proportion of meals made on passeriform and columbiform species
that are typical bird reservoirs [14,55,56] and the concomitant frequency of bloodmeals on
humans, confirm the existence of a transmission path that could potentialy results in local out-
breaks of WNV. To fine-tune the definition of the local network of transmission and assess such a
risk, we identified the passeriform and columbiform species present in Merida from a local field
study and derived estimates of their competences for WNV from the literature.

Passeriform and columbiform host species and their WNV competences. A census of the bird
community performed between October 2004 and September 2005 in parks of the city of
Merida reported 114 species from an overall collection of 9049 individuals [57]. A total of 65
passeriform species belonging to 15 families were found, 4 of which being considered as non-
resident migrating species that we removed from our analysis. The Quiscalus mexicanus spe-
cies was largely dominant, corresponding to 39.9% of all catched Passeriformes, each of the
other species representing between 0.02% and 5.9% of the census (see S1 Appendix). A total of
6 columbiform species were found, with Zenaida asiatiaca representing up to 76.5% of the
catched Columbiformes while the relative abundance of other species varied between 0.04%
and 9.6% (see S1 Appendix). Independent predictions of the local bird community based on
sampling along transects located in 4 different sites located inside Merida suggested that this
census reported 80%-95% (ACE) and 79%-94% (Chaol) of the expected bird species richness
[57]. We then looked into the litterature for estimates of the reservoir competence index (C)
for each of those 67 passeriform and columbiform species, which came from [58] for Q.
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mexicanus, and from [55,59] for all other bird species (see S1 Appendix). When such estimates
were not available for the reported species, we used estimates gathered for the closest relatives
according to the phylogenetic tree provided in [60]. One of the 61 resident passeriform species
was not present in this phylogeny and was removed from the analysis as it accounted for only
0.13% of the collected individuals. The 60 remaining passeriform species (see S1 Appendix)
were then partitioned into four categories according to their reservoir capacities, with groups
P; to P, defined from conditions 0<C<0.5, 0.5<C<1; 1<C<1.5 and C>1.5. The resulting
groups were made of 19, 32, 0 and 8 species, respectively, so that we ultimately considered the
first two groups, and merged group 3 and 4 into a third group where C>1. We decided to sin-
gle out the Q. mexicanus species since it is well recognized to be the most abundant passeri-
form species [57] and a highly competent reservoir [58], whose abundance is expected to keep
rising with further urbanization. As they were no variations between competence estimates
among Columbiformes (see S1 Appendix), we considered them as a single group.

The network of WNV transmission. The network of WNV transmission in Merida was thus
described as made of a locally dominant vector species, C. quinquefasciatus, and the above
N = 5 groups of reservoir birds that we thereafter refer to by using the following set of index ]
=1{Q, P;, P,, P3, Co}, with (Q) standing for Q. mexicanus and (Co) for all other columbiform
species. Fig 1 shows the community graph corresponding to this network of transmission,
along with the part of the bird community that each of the 5 groups of hosts represent, their
species richness and diversity measured using Simpson index.

Host and vector parameter estimates

To assess the transmission of WNV in this network, we estimated all parameters involved in
the expression of R, established in section ‘Modelling West Nile virus transmission in a urban

B

31%
SR=6
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Fig 1. The network of West Nile Virus transmission in Merida. (A) Community graph with the vector Culex quinquefasciatus, and the 5 groups of host species;
Quiscalus mexicanus (Q), the three groups of passeriform species with reservoir capacities 0<C<0.5 (P,), 0.5<C<1 (P,) and C>1.0 (P;), and the group made of all
columbiform species (Co). The proportion of individuals that was found to belong to each of these 5 groups in the local bird host community and the species richness
(‘SR’) and Simpson’s diversity (‘S’) of each host groups are shown in (B). The white lines represent the proportions of the different species within each group. Created
with BioRender.com.

https://doi.org/10.1371/journal.pntd.0011340.9001
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Table 1. Definition and estimates of the model parameters.

Vector feeding
Biting rate

Feeding preferences

Vector and host abundance

Vector abundance

Host abundance

Vector to host ratio

Vector and host mortality

Vector death rate

Host death rate

Probabilities of WNV transmission

Compounded per bite probabilities of
transmission®

WNYV life-history
Incubation rate in vector
WNV-induced host death rate

Symbol (unit) Estimate References
a (days™) 0.25® [48]
pj(l) 0.22 for passeriform species (including Q. Mexicanus) 0.12 for columbiform [48]
species
N, ® 98,136,160,147,54,78,108,267,99,111,265,95 [49]
NH<Z) 861, 669, 758, 715, 684, 589, 469, 804, 602, 605, 519, 739 [57]
m® 11, 19.6, 20.3, 19.8,7.6,12.7,22.2, 32, 15.8, 17.7,49.2, 12.4

Uy (days'l) 0.08 (rainy) 0.22 (dry) ®) [48]
" (days™) {2.19,3.2,3.1,2.6, 1.5} x 1074 © [62]

b 0.545,0.36, 0.11, 0.016, 0.36 [55] [58]
[59]
K (days™) 0.106 @ [64]
o (days™) 0.25© [58]

® j takes value in ] = {Q, Py, P,, P3, Co}, with (Q) standing for Quiscalus mexicanus, (Py, P,, P3) for other passeriform species and (Co) for Columbiformes. @ Both

vector and host abundances were estimated monthly, and are given from January to December. ) The vector to host ratio was calculated after the field estimates of Ny

were corrected by the ratio Ay/A, to account for the sampling area and by the efficacy of traps estimated to be around 70% (Garcia-Rejon J. and Baak-Baak C, personnal

communication).  Only the product of the per bite probability of (vector to host) virus transmission, i.e. parameter b, and of the per bite probability of (host j to

vector) virus transmission, i.e. parameters cj, are relevant to the calculation of Ry and were estimated as explained in the main text. @ This biting rate estimate implies

that mosquitoes bite on average once every 4 days (1/0.25). ®) These vector death rates correspond to an (adult) mosquito life expectancy of 12.5 (1/0.08) and ~4.5 (1/

0.22) days during rainy (May-October) and dry (November-April) seasons, respectively. ) These host death rates are equivalent to life expectancies of ~12.5 (1/
(2.19x107%x365), ~8.5 (1/(3.2x10™x365), ~8.8 (1/(3.1x10*x365), ~10.5 (1/(2.6x10*x365) and ~18.2 (1/(1.5x10*x365) years, respectively. @ This incubation rate
corresponds to an incubation time of ~9.4 days (1/0.106). () This additional host death rate leads infected hosts to die after 4 days (1/0.25).

https://doi.org/10.1371/journal.pntd.0011340.t001

bird community’ (Eqs 1-4). A description of the derivation of those estimates is provided
below, and Table 1 summarizes the quantitative values taken by all parameters defining R,.

Vector feeding rate (a) and preferences (p;). The overall biting rate of C. quinquefasciatus was
estimated by [48] and found equal to 0.25 bite a day, which is consistent with other estimates
derived in [61]. Preferences were derived from the study by [49] that provided the percentage
of bites made on Passeriformes, including Q. Mexicanus, and Columbiformes and were used
for each of the corresponding groups.

Death rates of host (u;) and vector (uy). Death rates of vector and hosts were estimated using
the typical assumption that their lifetime follows an exponential distribution with a mean equal
to the average life duration expectancy. The average species lifespan was found in [48] for C.
quinquefasciatus, in [62] for 44 other hosts species, and in 4 open-access scientific databases vis-
ited in June 2021 for the last 16 species (see S1 Appendix). For each of the five groups of hosts,
the death rate was then calculated as the average of those species’ death rates weighted by their
relative abundance. As strong differences were reported in C. quinquefasciatus survival between
the rainy and dry seasons [48], we considered two separate estimates of the vector death rate for
the corresponding period of time, i.e. May-October and November-April, respectively.

Vector/host ratio (m). The mosquito to host ratio was calculated from abundance estimates
derived from two longitudinal field studies on vector [49] and hosts [57] in the urban environ-
ment of Merida. The vector abundance was estimated from [49], where mosquitoes were
trapped from 40 backyards, the corresponding backyards and their immediate neighbourhood.
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The vector sampling area (Ay) was considered to be proportional to the mosquito dispersal
range, which was calculated as the surface of a circle with a radius equal to the mean dispersal
distance of C. quinquefasciatus, i.e. 0.27 km per day [63]. Vector abundance was then calcu-
lated by scaling up from the sampling area (A, = 9.16km?) to the total area of Merida (Ay =
883.4km?). Importantly, these field estimates of the vector population were made on a monthly
basis. As [63] also provided monthly variation of the total host abundance, we could estimate
the vector to host ratio for each month of the year. The ratio was found to vary between 7.6
and 49.2, consistent with previously estimated values that were found in the range of 10-100
vectors per host [36,64].

Per bite probabilities of transmission (b, c;). A complete set of independent estimates of
those probabilities is arguably the largest difficulty in calculating the R, for a multiple hosts
network of transmission. It is however important to note that only the products of those prob-
abilities are relevant to the calculation of R,. Now, those products (bc;) can readily be estimated
from the ratio C/D, where C stands for the host reservoir competence defined in [54] and D
represents the duration of viremia in days, respectively. We calculated those quantities from
bird species competence estimates already used to characterize the local network of transmis-
sion and from the duration of infection found in [55,58,59] (see S1 Appendix). Those products
ranged from 0.11 to 0.545, similar to the range of values that were obtained in other modelling
studies of WNV transmission, e.g. [36,64,65].

WNV life history. The duration of the extrinsic incubation period was calculated from the
rate of incubation estimated by [64], and found equal to 9.4 days, which is very similar to pre-
vious estimates found in C. quinquefasciatus and other mosquito species [36] and leads to an
incubation rate in vector k equals to 0.106. The WNV induced host death rate was estimated
under the same assumption as the natural host death rates (see above) and from infection
experiments that provided life duration expectancy upon infection for Q. mexicanus and other
passeriform and columbiform species [58].

Analysing the risk of West Nile Virus outbreak in the urban area of Merida

Seasonal variations of the risk of WNV outbreak. We started our analysis by integrating all
the estimates provided in Table 1 into the calculation of R, for each month of the year. The observed
temporal variations in the vector death rate and in the vector to host ratio are indeed likely to lead to
marked seasonal variations of the risk of WNV outbreak, which obviously is a key public health
information to anticipate. From the predicted variations we then calculated i) the annual period of
time when Ry exceeds 1, ii) the average value of Ry during such a period of risk of WNV spill-over
to humans, and iii) the maximal value of Ry, thereafter denoted as P, R, and R™, respectively.

Systematic sensitivity analyses of the risk of WNV outbreak. We completed our situational
analysis by performing systematic sensitivity analyses of the predicted seasonal variations of the
risk of WNV transmission to changes in each of the model parameters. We then increased or
decreased the estimated values model parameters appearing in Table 1 by 5%, 10%, 15%, 20% and
25% and we measured the corresponding P, R,and R™™. Such analyses were intended not only to
provide a comprehensive view of the potential consequences of the inevitable uncertainty in the
estimates of parameters appearing in Table 1, but also to identify the parameters whose future
changes could have the most significant impact on the risk of WNV outbreak.

Changes in bird reservoir community associated with urbanization and
their implications for the risk of WNV outbreak

With the increase of human population in Merida and the associated changes in the urban
environment, one expects a progressive enrichment of the bird community with the more
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synanthropic species [66]. We simulated the most likely scenario whereby an increase of the
abundance of Q. mexicanus and/or Columbiformes is compensated by a proportional reduc-
tion in the rest of the bird community. The impact of such changes on the risk of WNV out-
breaks was assessed while the abundance of Q. mexicanus and/or Columbiformes were
progressively increased from 0 to 50% by 10%. We systematically measured the resulting
changes in P, R and R?™. All those variations were compared through elasticity measures that
provided the proportional changes in P, R, Ry™ for a proportional change in the abundance of
Q. mexicanus and in the abundance of Columbiformes, i.e. the percentage of variations in P, R,
and R™ when the abundance of Q. mexicanus or the abundance of columbiforms is increased
by 1%. A value of elasticity was calculated to assess the response to a change in Q. mexicanus
provided that the abundance of columbiforms has already raised by 0%, 10%, 20%, 30%, 40%
and 50%, and the same procedure was applied to evaluate the impact of changes in the abun-
dance of columbiforms, when the abundance of Q. mexicanus has already raised by similar
amounts, i.e. between 0% and 50% by 10%.

Potential of vector control to limit the risk of WNYV outbreak

To complete the above analyses, we aimed at exploring how efficient should vector control be
for the risk of WNV outbreaks to be annihilated. We estimated the fraction of the vector popu-
lation that should be removed for R, to remain lower than one all year round, and we did so
for the current bird community as well as for the various alternative compositions of this com-
munity considered when assessing the impact of urbanization.

Results
What is the current risk of WNV outbreak in Merida, Mexico

The R, values estimated from the parameterized network of transmission show a strong sea-
sonal pattern with WNV circulation amongst urban reservoirs peaking in July and August,
and being at its lowest level between mid-November and mid-April (Fig 2A). The season with
a maximal risk of WNV outbreak corresponds to the period of time when, concomitantly, the
vector to host ratio (m) is at (one of its) highest and the mosquito death rate (py) is at its lowest
(Fig 2B), as expected from the general expression of Ry provided by Eq 4. The value of R
reaches a maximum value Rj"™ = 1.07 at the beginning of August, indicating that there is, at
that time, a sustained WNV transmission between birds in Merida and a risk of outbreak of
human infections. This risk seems to be restricted in time as Ry stays above one for a period of
P =23 days, from mid-July to the end of the first week of August, when it is on average equals
to R, = 1.04. Interestingly, all the above predictions were shown to be robust to the inclusion of
a bird recovery in our modelling, as R™, P and R were then changed by a maximum of -3.6%,
-17% and -1.9%, respectively (see S2 Appendix).

Sensitivity analyses of the intensity and duration of the risk of WNV
outbreak in Merida, Mexico

The general pattern of seasonal variations shown in Fig 2 is very robust to all changes we made
to all model parameters (see S3 Appendix). We thus focused our sensitivity analysis on the
three key summary quantities; the amount of time P where Ry>1, the average risk of WNV
outbreak during such a period, R, and its maximal value R™. As expected, all of them increase
in value with most of the parameters that contribute positively to the analytical expression of
R, provided by Eq 4. Those parameters can easily be anticipated from this expression and our
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Fig 2. Seasonal variations of the risk of West Nile Virus outbreak in Merida, Mexico. (A) The monthly values of Ry show a strong temporal pattern
including a period of P = 23 days with a risk of outbreak (Ry>1) and a maximal risk in August equals to R = 1.07. The average value of R, during the

identified period of risk of WNV spill-over to humans was found to be li(,= 1.04. (B) The seasonal variations in Ry are induced by the changes in the vector to
host ratio (m) and in the vector death rate (py) estimated from [44], [52] and [56] appear in green and red, respectively.

https://doi.org/10.1371/journal.pntd.0011340.9g002

sensitivity analysis consistently shows that the vector biting rate (a), the vector preferences for
each (competent) bird species (all p;’s), the vector to host ratio (m), the probabilities of trans-
mission (all b¢;’s but beps that has no effect) and the rate of WNV incubation in vector (k) con-
tribute to increase the risk period and the maximal and average levels of risk (Fig 3). On the
contrary, larger vector (¢y) and WNV-induced host death rate (o) lower the duration and the
risk of transmission, as expected from their contribution to the expression of Ry. Meanwhile,
host mortalities (;) did not show any of the negative effects that were expected from Eq 4.
While the identified (positive or negative) effects of these various parameters on P, R and R™
make epidemiological sense, our modelling further allowed to quantify the extent to which
they affect the risk of WNV outbreaks (Fig 3). The larger variations in the three above key
quantities were induced by the vector biting rate (a), the vector to host ratio (m) and the
WNV-induced host death rate (o). Increasing the vector biting rate by up to 25% led to a 3.8
times broader period at risk and simultaneously raised the maximal and average risk by 36%
and 10%. A decrease in the WNV-induced host death rate extended by up to 3.3 times the
duration of the risk period, while the maximal and average risk increased by up to 24% and
3%. Similarly, an increase in the vector to host ratio produced 2.7 times longer risk period with
a maximal and average risks increased by 20% and 3%, respectively. The next two parameters
with the most significant impacts were both associated with Q. mexicanus. The vector prefer-
ence for Q. mexicanus (pg) had 3 to 5.2 more impact on the duration of the risk period and the
maximal and average risks during this period, than the preference for other Passeriformes and
Columbiformes. Meanwhile, the probability of WNV transmission associated to Q. mexicanus
had 3.7 to 8.7 more effects on those same three quantities than the probabilities associated
with other Passeriformes and Columbiformes. Finally, although a decrease in the vector
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Fig 3. Sensitivity analyses of the risk of West Nile Virus outbreak in Merida, Mexico. The effects of -25% to +25%
changes in each of the model parameters value are shown for the (A) duration of the period at risk of WNV outbreak
(P), and the (B) maximal (R]'™) and (C) average (R,) values of such a risk. The reference values of P, R7** and R, that
are shown in bold and represented by horizonal lines in A-C are those obtained from the model parameters estimates
given in Table 1 and that appeared in Fig 2.

https://doi.org/10.1371/journal.pntd.0011340.g003

mortality rate during rainy season also contributed to broaden the period and (maximal and
average) risks of transmission of WNV in Merida, the vector mortality during the dry season
and the host mortality rates had virtually no effect on any of these three predicted quantities.
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Urbanization, change in the composition of the bird community and its
implications for the risk of WNV outbreak in Merida, Mexico

While the above sensitivity analyses allowed to quantify the effects that independent changes
in each of the model parameters have on the risk of WNV outbreaks, the modification of the
bird community associated with the development of a city such as Merida will concomitantly
involve several of these effects. We assessed their overall outcomes on P, R and R™ (Fig 4A-
4C). The amount of time where people are exposed to a risk of WNV outbreak (P) increases
steadily from 23 to a maximal value of 138 days when the host community was enriched in Q.
mexicanus and Columbiformes. The average and maximum value of the risk also rise when Q.
mexicanus and Columbiformes are made more abundant, but in substantially lower amount.
The value of R™ increased from 1.07 to a maximal value of 1.5, while the average risk R varied
even less, from an initial value of 1.04 to a maximum of 1.23. In other words, the main effect of
modifying the host community is in increasing the duration of the annual period of time with
arisk of WNV outbreaks, rather than in amplifying the daily risk of such outbreak. Interest-
ingly, the changes in the abundance of Q. mexicanus have larger impacts than the changes in
the abundance of Columbiformes on all three quantities; P, R jand R™.

To further quantify these trends we performed an elasticity analysis where the effect of vary-
ing the abundance of Q. mexicanus (Columbiformes) is assessed conditionally to each of the
abundance of Columbiformes (Q. mexicanus) (Fig 4D). The elasticity analysis clearly shows
that the duration of the period at risk of WNV outbreaks (P) strongly depends on the change
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Fig 4. Changes in the bird community associated with urbanization and its implications for the risk of West Nile
Virus outbreak in Merida, Mexico. The effects of increases in the abundance of Quiscalus mexicanus (along the x-
axis) and/or columbiform (along the y-axis) species are shown for the (A) duration of the period at risk of WNV

outbreak (P), and the (B) maximal (Rj™*) and (C) average (}io) values of such a risk, whose reference values appear in

bold in A-C. The elasticity measures shown in (D) represent the percentage of growth in P, R** and R,when the
abundance of Q. mexicanus (Q) or the abundance of columbiforms (Co) is increased by 1%. An elasticity measure was
calculated to assess the response to a change in Q. mexicanus provided that the abundance of columbiforms has already
raised by 0%, 10%, 20%, 30%, 40% and 50%, which led to 6 different elasticity values shown as colored circles where
green = 0%, violet = 10%, yellow = 20%, light green = 30%, red = 40% and blue = 50%. The same procedure was
applied to evaluate the impact of changes in the abundance of columbiforms, when the abundance of Q. mexicanus has
already raised by similar amounts, i.e. from 0% to 50% by 10%, and using the same key for colors. Created with
BioRender.com.

https://doi.org/10.1371/journal.pntd.0011340.g004
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in the abundance of Q. mexicanus as a 1% increase in the latter sparks a 6.6% to 7.8% increase
of duration, according to the abundance of Columbiformes. Meanwhile, a similar increase in
the abundance of Columbiformes would only rise such a duration by 0.8% to 2.1%, according
to the abundance of Q. mexicanus. On average, the period at risk of WNV outbreaks (P) was
then found to be about 4.8 times more sensitive to changes in the abundance of Q. mexicanus.
As described above, increasing the abundance of Q. mexicanus and Columbiformes has much
lower effects, typically 10 times smaller, on the average (R)) and on the maximal (RI"™) risks
encountered during such a period. A 1% increase in the abundance of Q. mexicanus is pre-
dicted to rise R, by 0.2% to 0.34% and R™™ by 0.48% to 0.72%, according to the abundance of
Columbiformes, while the effects of a 1% increase in the abundance of Columbiformes is antic-
ipated to increase R by 0.03% to 0.16% and R™ by 0.05% to 0.27%, according to the abun-
dance of Q. mexicanus. On average, the mean (Iio) and maximal (RJ"™) risks of WNV
outbreaks (P) were then found to be about 2.5 and 2.7 times more sensitive to changes in the
abundance of Q. mexicanus than in the abundance of Columbiformes.

Potential of vector control to limit the risk of WNV emergence

Our estimate of the current risk of WNV outbreak and our predictions about its future point
towards calculating the fraction of the vector population that should be removed for Ry to
remain lower than one all year round in the various contexts considered above (Fig 5). To
reach that objective and annihilate the current risk of outbreaks, the size of the mosquito popu-
lation should be reduced by ~13%. A 50% increase in the abundance of Columbiformes would
only require to strengthen this effort to reach a ~17% reduction in vector abundance, but a
similar increase in the abundance of Q. mexicanus would impose to limit the vector population
size by up to 43%. Obviously, simultaneous rises in the abundance of the two taxa would make
an even stronger control necessary, with an up to 56% reduction required to compensate for a
50% increase in Q. mexicanus and in Columbiformes.

o)}
o

50‘%

N\

Ob/o

Vector control (%)

o

>
0% t 50%

Fig 5. Potential of vector control to limit the risk of WNV outbreak in Merida, Mexico. The percentage of the vector population that
shall be removed by vector control for Ry to remain lower than one all year round is 13% for the current bird community. The variations
of this required percentage of vector control (y-axis) was estimated while varying the percentages of Q. mexicanus and of columbiform
species. The frequency of Q. mexicanus in the bird community was increased from 0 to 50% (by 10%) along the x-axis, while the different
colors stand for different frequency of columbiforms as follows: green = 0%, violet = 10%, yellow = 20%, light green = 30%, red = 40%
and blue = 50%. Created with BioRender.com.

https://doi.org/10.1371/journal.pntd.0011340.g005
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Discussion

Global urbanization is a defining trend of the Anthropocene [67] that favors the emergence of
new pathogens [2,3] and rises the burden of infectious disease already afflicting human popu-
lations [4]. A large set of studies have provided evidence that the ongoing changes in urban
areas favor WNV-competent mosquitoes ([23,24] and reference therein). While urbanization
has also been shown to reduce bird biodiversity [25,26] and to increase the abundance of key
species representing good reservoirs for the WNV [27], the contribution of such alteration of
the bird community to the risk of WNV outbreaks remains much less investigated. To advance
our quantitative understanding of risk of WNV outbreaks in developing cities in this direction,
there is thus an obvious interest in implementing integrative models that bring together ento-
mological, epidemiological and ornithological data [68-70].

A seasonal risk of WNV outbreak in the city of Merida, and the need for
epidemiological surveillance

We developed such an RO-modelling of the transmission of WNV by C. quinquefasciatus in
the passeriform and columbiform community sampled in the city of Merida, Yucatan, Mexico.

Our model predicts a strong seasonal pattern in the circulation of WNV amongst local birds
with a summer peak associated to a 3-weeks period (starting around mid-July) when R,
exceeds 1, which is mostly explained by the low mosquito death rate and the high vector to
host ratio encountered at that time of the year. The mosquito populations are then able to sus-
tain and amplify WNV transmission in the bird community, strongly suggesting a time-lim-
ited but significant risk of outbreak of infections in humans. This prediction is consistent with
previous field studies demonstrating that the virus is circulating in birds, horses and bats
[34,71,72] in Merida, although there is no available record of infection in humans. Those
empirical and modelling results outcomes clearly point toward the need to implement epide-
miological surveillance in and out the city of Merida to better inform the circulation of WNV
between animals and humans, and to provide the opportunity to design inclusive ‘One Health’
preventive strategies [73,74].

The absence of large WNV outbreaks in humans, and the virus vs vector
hypotheses

While the WNV has been introduced in Latin America and the Caribbean in the 2000’s
[75,76], it has yet failed to produce severe human outbreaks in urban places [13] despite the
virus being repeatedly reported in various bird or horse species, such as in Merida, Mexico
[34], Brazil [77], Guatemala [78,79] and various other places in Latin America [80]. One of the
most common hypotheses to explain such pattern is human protection by cross-immunity
with other viral infections such as dengue, yellow fever and the Rocio or Saint-Louis encephali-
tis [13,80-83]. Alternative hypotheses, reviewed by [80] and [13], suggest that the lack of large
outbreaks might be due to the dilution of WNV transmission by higher levels of biodiversity
in the tropics, to under-reporting of cases because of asymptomatic infections [84], misdiagno-
sis by confusion of the symptoms with those of other diseases [76,85], cross-reactivity in sero-
logic tests [86,87], and/or to the typical difficulty in monitoring public health in remote places
such as the Amazonian region [13]. Recently, [13] emphasized that the absence of human
cases of WNV encephalitis or severe disease in South American countries could be explained
by the circulation of mutant strains with lower level of pathogenicity. Interestingly, our model-
ling showed that reducing the bird death from WNYV (o) tends to increase (up to almost 4
times) the duration of the period of risk of WNV outbreaks and, to a lower extent (up to 1.4
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times), the maximal and average R, values of the virus during such period. Those effects are
readily explained by the increase in the duration of the infectious period (equal to 1/(;+cr))
that is associated with the reduction of the bird death from the disease (o). Accordingly,
although strains with lower pathogenicity may indeed lead to asymptomatic cases and reduce
apparent public health concerns [13], they also are spreading at larger rate according to a typi-
cal trade-off already documented for other human-pathogens, e.g. [88-91]. Our sensitivity
analyses further showed that the risk of WNV outbreaks strongly rises with higher vector bit-
ing rates (a) and vector to host ratio (m), which is consistent with the conclusion of [92] who
previously used a SIR model to calculate the Ry of WNV in a bird community, and identified
vector (demographic and biting) parameters as key determinants of the rate of virus circula-
tion. Those two quantitative studies therefore point toward an alternative working hypothesis
that the absence of large outbreaks of WNV in Latin America could be caused by a limited
transmission due to vectors’ features rather than by the virus life-history.

Prevention strategies by vector and bird control

Among the three parameters that were identified as having the largest impact on the duration
and intensity of the risk of WNV outbreaks (see discussion above), only the vector to host
ratio (m) can be targeted through appropriate control strategies. In order to reduce m and
lower WNV transmission among urban birds, typical vector control strategies could be imple-
mented to limit C. quinquefasciatus abundance. As expected, the level of preventive vector
control required to annihilate the predicted risk of outbreaks in human, i.e. for Ry to be lower
than 1 all year round, varies with the structure of the bird community. According to our
model predictions, a reduction of ~13% of the C. quinquefasciatus population would be
enough to reach such a public health objective in the city of Merida with its current columbi-
form and passeriform community. However, such a relatively low figure may be deceptive as
our modelling also shows that it could rise up to 17%, 43% and 56%, if the abundance of
Columbiformes, Passeriformes or both taxa were to increase. While preventive strategies tar-
geting C. quinquefasciatus could probably be implemented at somewhat reduced costs by ade-
quately integrating them into existing vector control program in Merida [93], the last
predictions strongly suggest that concomitantly controlling the bird population dynamics
might substantially help by keeping low the target for vector control. In such perspectives,
another key outcome of our modelling is that bird taxa make significantly different contribu-
tions to the overall risk of transmission, with Q. mexicanus emerging as the host with the largest
impact on WNV transmission, as previously reported in the city of Puerto Barrios, Guatemala
[79]. The mean and maximal risks of WNV outbreaks were indeed found to be 2.5 to 2.7 times
more sensitive to changes in the abundance of Q. mexicanus than in the abundance of Colum-
biformes. This highly competent species thus seems to play a similar role of superspreader as
Turdus migratorious in New York, USA [94], which suggests that it would be worth to (at
least) monitor the growth of its population and survey its prevalence of infection by the WNV
infectious status while the city of Merida is further developing. Such urban field studies might
actually be beneficial to our understanding of other public health concerns in the Americas.
The generalist behavior and ability to adapt to urban environment of Q. mexicanus has indeed
contributed to its spread from Central to North [95] and South [96] America, and as made it a
good reservoir of other human pathogens such as Salmonella spp. [97], Sarcocystis sp. [98], try-
panosomes, haemosporida, and filarial nematodes co-circulating in Texas, USA [99].

To conclude, this study highlights the potential for WNV outbreak of human infection in
the urban Merida, Mexico, and identifies Q. mexicanus as a local superspreader of the virus.
This naturally suggests to implement a dedicated epidemiological monitoring and preemptive
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measures concomitantly targeting C. quinquefasciatus and Q. mexicanus populations, as those
two control strategies are expected to have synergistic effects.

Supporting information

S1 Appendix. List of all passeriform and columbiform species identified in Merida,
Mexico, with the estimates of their abundance, lifespan, competence for WNV and of the
duration of WNYV viremia.

(PDF)

S2 Appendix. Sensitivity analyses of the seasonal variations in WN-RM, with respect to a
recovery rate of birds.
(PDF)

$3 Appendix. Sensitivity analyses of the intensity and duration of the risk of WNV out-
break in Merida, Mexico.
(PDF)

Acknowledgments

The authors are grateful to Julian Garcia Rejon, Carlos Baak Baak, Carlos Machain, David
Roiz and Chablé Santos for enriching discussions concerning trap efficiency and measutes of
the hosts and mosquito communities in the city of Merida.

Author Contributions

Conceptualization: Alheli Flores-Ferrer, Etienne Waleckx, Sébastien Gourbiére.
Data curation: Alheli Flores-Ferrer.

Formal analysis: Alheli Flores-Ferrer, Sébastien Gourbieére.

Funding acquisition: Gerardo Suzan, Etienne Waleckx.

Investigation: Alheli Flores-Ferrer, Etienne Waleckx, Sébastien Gourbiére.
Methodology: Alheli Flores-Ferrer, Sébastien Gourbiére.

Resources: Gerardo Suzan, Etienne Waleckx, Sébastien Gourbiére.
Software: Alheli Flores-Ferrer.

Supervision: Etienne Waleckx, Sébastien Gourbieére.

Validation: Sébastien Gourbieére.

Visualization: Alheli Flores-Ferrer, Sébastien Gourbiére.

Writing - original draft: Alheli Flores-Ferrer, Sébastien Gourbiére.

Writing - review & editing: Gerardo Suzan, Etienne Waleckx, Sébastien Gourbiére.

References

1. Desa U. 2018 Revision of World Urbanization Prospects | Multimedia Library—United Nations Depart-
ment of Economic and Social Affairs [Internet]. 2018 [cited 2022 Oct 25]. Available from: https://www.
un.org/development/desa/publications/2018-revision-of-world-urbanization-prospects.html.

2. Baker RE, Mahmud AS, Miller IF, Rajeev M, Rasambainarivo F, Rice BL, et al. Infectious disease in an
era of global change. Nat Rev Microbiol. 2022 Apr; 20(4):193—-205. https://doi.org/10.1038/s41579-021-
00639-z PMID: 34646006

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 16/21


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011340.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011340.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0011340.s003
https://www.un.org/development/desa/publications/2018-revision-of-world-urbanization-prospects.html
https://www.un.org/development/desa/publications/2018-revision-of-world-urbanization-prospects.html
https://doi.org/10.1038/s41579-021-00639-z
https://doi.org/10.1038/s41579-021-00639-z
http://www.ncbi.nlm.nih.gov/pubmed/34646006
https://doi.org/10.1371/journal.pntd.0011340

PLOS NEGLECTED TROPICAL DISEASES Modelling west nile virus transmission in a urban bird community

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Bloom DE, Black S, Rappuoli R. Emerging infectious diseases: A proactive approach. Proceedings of
the National Academy of Sciences. 2017 Apr 18; 114(16):4055-9. https://doi.org/10.1073/pnas.
1701410114 PMID: 28396438

Feng X, Liu S, Wang C, Sriboonijit J, Liu J, Sriboonchitta S. Does Urbanization Increase the Risk of
Emerging Infectious Diseases in China? A Spatial Econometric Analysis. 2022; 14.

Johnson MTJ, Munshi-South J. Evolution of life in urban environments. Science. 2017 Nov 3; 358
(6363):eaam8327. https://doi.org/10.1126/science.aam8327 PMID: 29097520

Kolimenakis A, Heinz S, Wilson ML, Winkler V, Yakob L, Michaelakis A, et al. (2021) The role of urbani-
sation in the spread of Aedes mosquitoes and the diseases they transmit—A systematic review. PLoS
Negl Trop Dis 15(9): €0009631. https://doi.org/10.1371/journal.pntd.0009631 PMID: 34499653

Oyewole 10, Awolola TS. Impact of urbanisation on bionomics and distribution of malaria vectors in
Lagos, southwestern Nigeria. 2006; 6.

Rose NH, Sylla M, Badolo A, Lutomiah J, Ayala D, Aribodor OB, et al. Climate and Urbanization Drive
Mosquito Preference for Humans. Curr Biol. 2020 Sep 21; 30(18):3570-3579.€6. https://doi.org/10.
1016/j.cub.2020.06.092 PMID: 32707056

Salje H, Lessler J, Paul KK, Azman AS, Rahman MW, Rahman M, et al. How social structures, space,
and behaviors shape the spread of infectious diseases using chikungunya as a case study. Proc Natl
Acad SciU S A. 2016 Nov 22; 113(47):13420-5. https://doi.org/10.1073/pnas.1611391113 PMID:
27821727

Smithburn KC, Hughes TP, Burke AW, Paul JH. A Neurotropic Virus Isolated from the Blood of a Native
of Uganda. The American Journal of Tropical Medicine and Hygiene. 1940 Jul 1;s1-20(4):471-92.

Hadfield J, Brito AF, Swetnam DM, Vogels CBF, Tokarz RE, Andersen KG, et al. Twenty years of West
Nile virus spread and evolution in the Americas visualized by Nextstrain. PLoS Pathog. 2019 Oct; 15
(10):1008042. https://doi.org/10.1371/journal.ppat.1008042 PMID: 31671157

Bakonyi T, Haussig JM. West Nile virus keeps on moving up in Europe. Eurosurveillance. 2020 Nov 19;
25(46):2001938. https://doi.org/10.2807/1560-7917.ES.2020.25.46.2001938 PMID: 33213684

Lorenz C, Chiaravalloti-Neto F. Why are there no human West Nile virus outbreaks in South America?
The Lancet Regional Health—Americas [Internet]. 2022 Aug 1 [cited 2022 Jul 26];12. Available from:
https://www.thelancet.com/journals/lanam/article/P11S2667-193X(22)00093-X/fulltext. PMID:
36776433

van der Meulen KM, Pensaert MB, Nauwynck HJ. West Nile virus in the vertebrate world. Arch Virol.
2005 Apr 4; 150(4):637-57. https://doi.org/10.1007/s00705-004-0463-z PMID: 15662484

Centers for Disease Control and Prevention. Outbreak of West Nile-Like Viral Encephalitis—New York,
1999 [Internet]. 1999 [cited 2022 Mar 24]. Available from: https://www.cdc.gov/mmwr/preview/
mmwrhtml/mm4838a1.htm.

Miller DL, Mauel MJ, Baldwin C, Burtle G, Ingram D, Hines ME, et al. West Nile virus in farmed alliga-
tors. Emerg Infect Dis. 2003 Jul; 9(7):794-9. https://doi.org/10.3201/eid0907.030085 PMID: 12890319

Klenk K, Komar N. Poor replication of West Nile virus (New York 1999 strain) in three reptilian and one
amphibian species. Am J Trop Med Hyg. 2003 Sep; 69(3):260—-2. PMID: 14628941

Montgomery RR, Murray KO. Risk factors for West Nile virus infection and disease in populations and
individuals. Expert Review of Anti-infective Therapy. 2015 Mar 4; 13(3):317-25. https://doi.org/10.1586/
14787210.2015.1007043 PMID: 25637260

Venter M, Pretorius M, Fuller JA, Botha E, Rakgotho M, Stivaktas V, et al. West Nile Virus Lineage 2 in
Horses and Other Animals with Neurologic Disease, South Africa, 2008—2015—Volume 23, Number 12
—December 2017—Emerging Infectious Diseases journal—CDC. 2017 [cited 2022 Mar 25]; Available
from: https://wwwnc.cdc.gov/eid/article/23/12/16-2078_article.

Uttah EC, Wokem GN, Okonofua C. The Abundance and Biting Patterns of Culex quinquefasciatus Say
(Culicidae) in the Coastal Region of Nigeria. ISRN Zoology. 2013 Mar 20; 2013:e640691.

Wilke ABB, Vasquez C, Carvajal A, Moreno M, Fuller DO, Cardenas G, et al. Urbanization favors the
proliferation of Aedes aegypti and Culex quinquefasciatus in urban areas of Miami-Dade County, Flor-
ida. Sci Rep. 2021 Nov 26; 11(1):22989. https://doi.org/10.1038/s41598-021-02061-0 PMID: 34836970

Bradley CA, Gibbs SEJ, Altizer S. Urban Land Use Predicts West Nile Virus Exposure in Songbirds.
Ecological Applications. 2008; 18(5):1083-92. https://doi.org/10.1890/07-0822.1 PMID: 18686573

Ferraguti M, Martinez-de la Puente J, Roiz D, Ruiz S, Soriguer R, Figuerola J. Effects of landscape
anthropization on mosquito community composition and abundance. Sci Rep. 2016 Jul 6: 29002.
https://doi.org/10.1038/srep29002 PMID: 27373794

Johnson BJ, Munafo K, Shappell L, Tsipoura N, Robson M, Ehrenfeld J, Sukhdeo MV. The roles of mos-
quito and bird communities on the prevalence of West Nile virus in urban wetland and residential

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 17/21


https://doi.org/10.1073/pnas.1701410114
https://doi.org/10.1073/pnas.1701410114
http://www.ncbi.nlm.nih.gov/pubmed/28396438
https://doi.org/10.1126/science.aam8327
http://www.ncbi.nlm.nih.gov/pubmed/29097520
https://doi.org/10.1371/journal.pntd.0009631
http://www.ncbi.nlm.nih.gov/pubmed/34499653
https://doi.org/10.1016/j.cub.2020.06.092
https://doi.org/10.1016/j.cub.2020.06.092
http://www.ncbi.nlm.nih.gov/pubmed/32707056
https://doi.org/10.1073/pnas.1611391113
http://www.ncbi.nlm.nih.gov/pubmed/27821727
https://doi.org/10.1371/journal.ppat.1008042
http://www.ncbi.nlm.nih.gov/pubmed/31671157
https://doi.org/10.2807/1560-7917.ES.2020.25.46.2001938
http://www.ncbi.nlm.nih.gov/pubmed/33213684
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(22)00093-X/fulltext
http://www.ncbi.nlm.nih.gov/pubmed/36776433
https://doi.org/10.1007/s00705-004-0463-z
http://www.ncbi.nlm.nih.gov/pubmed/15662484
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm4838a1.htm
https://www.cdc.gov/mmwr/preview/mmwrhtml/mm4838a1.htm
https://doi.org/10.3201/eid0907.030085
http://www.ncbi.nlm.nih.gov/pubmed/12890319
http://www.ncbi.nlm.nih.gov/pubmed/14628941
https://doi.org/10.1586/14787210.2015.1007043
https://doi.org/10.1586/14787210.2015.1007043
http://www.ncbi.nlm.nih.gov/pubmed/25637260
https://wwwnc.cdc.gov/eid/article/23/12/16-2078_article
https://doi.org/10.1038/s41598-021-02061-0
http://www.ncbi.nlm.nih.gov/pubmed/34836970
https://doi.org/10.1890/07-0822.1
http://www.ncbi.nlm.nih.gov/pubmed/18686573
https://doi.org/10.1038/srep29002
http://www.ncbi.nlm.nih.gov/pubmed/27373794
https://doi.org/10.1371/journal.pntd.0011340

PLOS NEGLECTED TROPICAL DISEASES Modelling west nile virus transmission in a urban bird community

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

habitats. Urban Ecosyst. 2012 Sep; 15(3):513-531. https://doi.org/10.1007/s11252-012-0248-1 PMID:
25484570

Carvajal-Castro JD, Ospina-L AM, Toro-Lépez Y, Pulido-G A, Cabrea-Casas LX, Guerrero-Peldez S,
et al. Birds vs bricks: Patterns of species diversity in response to urbanization in a Neotropical Andean
city | PLOS ONE. PLOS ONE. 2019; 14(6):e0218775.

Xu Q, Zhou L, Xia S, Zhou J. Impact of Urbanisation Intensity on Bird Diversity in River Wetlands around
Chaohu Lake, China. Animals. 2022 Feb 14; 12(4):473. https://doi.org/10.3390/ani12040473 PMID:
35203181

Tolsa MJ, Garcia-Pefia GE, Rico-Chavez O, Roche B, Suzan G. Macroecology of birds potentially sus-
ceptible to West Nile virus. Proc R Soc B. 2018 Dec 19; 285(1893):20182178. https://doi.org/10.1098/
rspb.2018.2178 PMID: 30963915

Monkkonen P. (2008). Using Online Satellite Imagery as a Research Tool: Mapping Changing Patterns
of Urbanization in Mexico. Journal of Planning Education and Research, 28(2), 225-236. https://doi.
org/10.1177/0739456X08323771

Biles JJ, Lemberg DS. A Multi-scale Analysis of Urban Warming in Residential Areas of a Latin Ameri-
can City: The Case of Mérida, Mexico. Journal of Planning Education and Research. 2020 Jun
11;0739456X20923002.

Ceron-Palma I., Sanyé-Mengual E., Oliver-Sola J., Monteroa J.-I., Ponce-Caballeroe C., & Rieradevall
J. (2013). Towards a green sustainable strategy for social neighbourhoods in Latin America: Case from
social housing in Merida, Yucatan, Mexico. Habitat International, 38, 47-56. https://doi.org/10.1016/j.
habitatint.2012.09.008

Pérez-Medina S, Lopez-Falfan I. Areas verdes y arbolado en Mérida, Yucatan. Hacia una sostenibilidad
urbana. Economia, sociedad y territorio. 2015 Apr; 15(47):01-33.

Linares Hernandez Gl, Dorantes Euan A, Evan Feldman R. La urbanizacion y suimpacto en la
variacion estacional de las aves de la Ciudad de Mérida. Desde el Herbario CICY. 2018;(10):233—40.

Chaves A, Sotomayor-Bonilla J, Monge O, Ramirez A, Galindo F, Sarmiento-Silva RE, et al. West Nile
Virus in Resident Birds from Yucatan, Mexico. Journal of Wildlife Diseases. 2016 Jan; 52(1):159-63.
https://doi.org/10.7589/2015-02-046 PMID: 26540336

Farfan-Ale JA, Blitvich BJ, Marlenee NL, Lorofio-Pino MA, Puerto-Manzano F, Garcia-Rejon JE, et al.
ANTIBODIES TO WEST NILE VIRUS IN ASYMPTOMATIC MAMMALS, BIRDS, AND REPTILES IN
THE YUCATAN PENINSULA OF MEXICO. The American Journal of Tropical Medicine and Hygiene.
2006 May 1; 74(5):908-14. PMID: 16687701

Andraud M, Hens N, Marais C, Beutels P. Dynamic Epidemiological Models for Dengue Transmission:
A Systematic Review of Structural Approaches. PLOS ONE. 2012 Nov 6; 7(11):e49085. https://doi.org/
10.1371/journal.pone.0049085 PMID: 23139836

Vogels CBF, Hartemink N, Koenraadt CJM. Modelling West Nile virus transmission risk in Europe:
effect of temperature and mosquito biotypes on the basic reproduction number. Sci Rep. 2017 Dec; 7
(1):5022. https://doi.org/10.1038/s41598-017-05185-4 PMID: 28694450

Shartova N, Mironova V, Zelikhina S, Korennoy F, Grishchenko M. Spatial patterns of West Nile virus
distribution in the Volgograd region of Russia, a territory with long-existing foci. PLOS Neglected Tropi-
cal Diseases. 2022 Jan 31; 16(1):e0010145. https://doi.org/10.1371/journal.pntd.0010145 PMID:
35100289

Abboubakar H, Kouchéré Guidzavai A, Yangla J, Damakoa |, Mouangue R. Mathematical modeling
and projections of a vector-borne disease with optimal control strategies: A case study of the Chikungu-
nya in Chad. Chaos, Solitons & Fractals. 2021 Sep 1; 150:111197.

Flores-Ferrer A, Waleckx E, Rascalou G, Dumonteil E, Gourbiere S. Trypanosoma cruzi transmission
dynamics in a synanthropic and domesticated host community. Reithinger R, editor. PLoS Negl Trop
Dis. 2019 Dec 13; 13(12):e0007902. https://doi.org/10.1371/journal.pntd.0007902 PMID: 31834879

Modeling Transmission Dynamics and Control of Vector-Borne Neglected Tropical Diseases | PLOS
Neglected Tropical Diseases [Internet]. [cited 2022 Oct 29]. Available from: https://journals.plos.org/
plosntds/article?id=10.1371/journal.pntd.0000761.

Van den Driessche P. Reproduction numbers of infectious disease models. Infectious Disease Model-
ling. 2017. Aug 2(3): 288-303. https://doi.org/10.1016/j.idm.2017.06.002 PMID: 29928743

Hartemink NA, Davis SA, Reiter P, Hubalek Z, Heesterbeek J a. P. Importance of bird-to-bird transmis-
sion for the establishment of West Nile virus. Vector-Borne Zoonotic Dis. 2007; 7(4): 575-584. https://
doi.org/10.1089/vbz.2006.0613 PMID: 17979541

Marini G, Roséa R, Pugliese A, Heesterbeek H. Exploring vector-borne infection ecology in multi-host
communities: A case study of West Nile virus. J of Theor Biol. 2017; 415: 58—69. https://doi.org/10.
1016/}.jtbi.2016.12.009 PMID: 27986465

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 18/21


https://doi.org/10.1007/s11252-012-0248-1
http://www.ncbi.nlm.nih.gov/pubmed/25484570
https://doi.org/10.3390/ani12040473
http://www.ncbi.nlm.nih.gov/pubmed/35203181
https://doi.org/10.1098/rspb.2018.2178
https://doi.org/10.1098/rspb.2018.2178
http://www.ncbi.nlm.nih.gov/pubmed/30963915
https://doi.org/10.1177/0739456X08323771
https://doi.org/10.1177/0739456X08323771
https://doi.org/10.1016/j.habitatint.2012.09.008
https://doi.org/10.1016/j.habitatint.2012.09.008
https://doi.org/10.7589/2015-02-046
http://www.ncbi.nlm.nih.gov/pubmed/26540336
http://www.ncbi.nlm.nih.gov/pubmed/16687701
https://doi.org/10.1371/journal.pone.0049085
https://doi.org/10.1371/journal.pone.0049085
http://www.ncbi.nlm.nih.gov/pubmed/23139836
https://doi.org/10.1038/s41598-017-05185-4
http://www.ncbi.nlm.nih.gov/pubmed/28694450
https://doi.org/10.1371/journal.pntd.0010145
http://www.ncbi.nlm.nih.gov/pubmed/35100289
https://doi.org/10.1371/journal.pntd.0007902
http://www.ncbi.nlm.nih.gov/pubmed/31834879
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000761
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0000761
https://doi.org/10.1016/j.idm.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29928743
https://doi.org/10.1089/vbz.2006.0613
https://doi.org/10.1089/vbz.2006.0613
http://www.ncbi.nlm.nih.gov/pubmed/17979541
https://doi.org/10.1016/j.jtbi.2016.12.009
https://doi.org/10.1016/j.jtbi.2016.12.009
http://www.ncbi.nlm.nih.gov/pubmed/27986465
https://doi.org/10.1371/journal.pntd.0011340

PLOS NEGLECTED TROPICAL DISEASES Modelling west nile virus transmission in a urban bird community

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Pawelek KA, Niehaus P, Salmeron C, Hager EJ, Hunt GJ. Modeling Dynamics of Culex pipiens Com-
plex Populations and Assessing Abatement Strategies for West Nile Virus. Wang T, editor. PLoS ONE.
2014 Sep 30; 9(9):e108452. https://doi.org/10.1371/journal.pone.0108452 PMID: 25268229

Xia ZQ, Wang SF, Li SL, Huang LY, Zhang WY, Sun GQ, et al. Modeling the transmission dynamics of
Ebola virus disease in Liberia. Scientific Reports. 2015 Sep 8; 5:13857. https://doi.org/10.1038/
srep13857 PMID: 26347015

Zapata-Peniche A, Manrique-Saide P, Rebollar-Téllez EA, Che-Mendoza A, Dzul-Manzanilla F. Identifi-
cacion de larvas de mosquitos (Diptera: Culicidae) de Mérida, Yucatan, México y sus principales cria-
deros. Revista Biomedica. 2007 18(1):3—-17.

Baak-Baak C, Moo-Llanes DA, Cigarroa Toledo NC, Puerto Fl, Machain-Williams C, Reyes-Solis GDC,
Nakazawa YJ, Ulloa A, Garcia-Rejon J. 2017. Ecological Niche Model for Predicting Distribution of Dis-
ease-Vector Mosquitoes in Yucatan State, México. J Med Entomol. 2017 July 01; 54(4): 854—861.

Garcia-Rejon JE, Farfan-Ale JA, Ulloa A, Flores-Flores LF, Rosado-Paredes E, Baak-Baak C, et al.
Gonotrophic Cycle Estimate for Culex quinquefasciatus in Mérida, Yucatan, México. Journal of the
American Mosquito Control Association. 2008 Sep; 24(3):344-8.

Garcia-Rejon JE, Blitvich BJ, Farfan-Ale JA, Lorofio-Pino MA, Chi Chim WA, Flores-Flores LF, et al.
Host-Feeding Preference of the Mosquito, Culex quinquefasciatus, in Yucatan State, Mexico. Journal
of Insect Science. 2010 Apr; 10(32):1-12. hitps://doi.org/10.1673/031.010.3201 PMID: 20578953

Langevin SA, Bunning M, Davis B, Komar N. Experimental infection of chickens as candidate sentinels
for West Nile virus. Emerg Infect Dis. 2001; 7(4):726-9. https://doi.org/10.3201/eid0704.010422 PMID:
11585538

Bosco-Lauth AM, Bowen RA. West Nile Virus: Veterinary Health and Vaccine Development. Journal of
Medical Entomology. 2019; 56(6):4. https://doi.org/10.1093/jme/tjz125 PMID: 31549715

Komar N, Panella NA, Boyce E. Exposure of Domestic Mammals to West Nile Virus during an Outbreak
of Human Encephalitis, New York City, 1999. Emerging Infectious Diseases. 2001; 7(4):3. https://doi.
org/10.3201/eid0704.010424 PMID: 11585540

Kile JC, Panella NA, Komar N, Chow CC, MacNeil A, Robbins B, et al. Serologic survey of cats and
dogs during an epidemic of West Nile virus infection in humans. Journal of the American Veterinary
Medical Association. 2005; 226(8):6. https://doi.org/10.2460/javma.2005.226.1349 PMID: 15844427

Teehee ML, Bunning ML, Stevens S, Bowen RA. Experimental infection of pigs with West Nile virus.
Archives of Virology. 2005; 150(1249-1256):8. https://doi.org/10.1007/s00705-004-0478-5 PMID:
15770358

Kilpatrick AM, LaDeau S, Marra PP. ECOLOGY OF WEST NILE VIRUS TRANSMISSION AND ITS
IMPACT ON BIRDS IN THE WESTERN HEMISPHERE. The Auk. 2007; 124(4):1121-236.

Allison A. B., Mead D. G., Gibbs S. E. J., Hoffman D. M., & Stallknecht D. E. (2004). West Nile Virus
Viremia in Wild Rock Pigeons. Emerging Infectious Diseases, 10(12), 2252—2255. https://doi.org/10.
3201/eid1012.040511 PMID: 15663876

Vidal W de JA. Diversidad De Aves En Parques Dentro De La Zona Urbana De La Ciudad De Mérida,
Yucatan, México. [Mérida, Yucatan]: Universidad Auténoma de Yucatan; 2016.

Guerrero-Sanchez S, Cuevas-Romero S, Nemeth NM, Trujillo-Olivera MTJ, Worwa G, Dupuis A, et al.
West Nile Virus Infection of Birds, Mexico. Emerg Infect Dis. 2011 Dec; 17(12):2245-52. https://doi.org/
10.3201/eid1712.110294 PMID: 22172633

Komar N, Langevin S, Hinten S, Nemeth N, Edwards E, Hettler D, et al. Experimental Infection of North
American Birds with the New York 1999 Strain of West Nile Virus. Emerg Infect Dis. 2003 Mar; 9
(3):311-22. https://doi.org/10.3201/eid0903.020628 PMID: 12643825

Oliveros CH, Field DJ, Ksepka DT, Barker FK, Aleixo A, Andersen MJ, et al. Earth history and the pas-
serine superradiation. PNAS. 2019 Apr 16; 116(16):7916-25. https://doi.org/10.1073/pnas.
1813206116 PMID: 30936315

Birley MH, Rajagopalan PK. Estimation of the Survival and Biting Rates of Culex Quinquefasciatus (Dip-
tera: Culicidae). Journal of Medical Entomology. 1981 Jun 4; 18(3):181-6. https://doi.org/10.1093/
jmedent/18.3.181 PMID: 7328603

Wasser DE, Sherman PW. Avian longevities and their interpretation under evolutionary theories of
senescence. Journal of Zoology. 2010; 280(2):103-55.

Lapointe DA. Dispersal of Culex quinquefasciatus (Diptera: Culicidae) in a Hawaiian Rain Forest.
JOURNAL OF MEDICAL ENTOMOLOGY. 2008; 45(4):500-609.

Wonham MJ, de-Camino-Beck T, Lewis MA. An epidemiological model for West Nile virus: invasion
analysis and control applications. Proc R Soc Lond B. 2004; 271:501-7. https://doi.org/10.1098/rspb.
2003.2608 PMID: 15129960

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 19/21


https://doi.org/10.1371/journal.pone.0108452
http://www.ncbi.nlm.nih.gov/pubmed/25268229
https://doi.org/10.1038/srep13857
https://doi.org/10.1038/srep13857
http://www.ncbi.nlm.nih.gov/pubmed/26347015
https://doi.org/10.1673/031.010.3201
http://www.ncbi.nlm.nih.gov/pubmed/20578953
https://doi.org/10.3201/eid0704.010422
http://www.ncbi.nlm.nih.gov/pubmed/11585538
https://doi.org/10.1093/jme/tjz125
http://www.ncbi.nlm.nih.gov/pubmed/31549715
https://doi.org/10.3201/eid0704.010424
https://doi.org/10.3201/eid0704.010424
http://www.ncbi.nlm.nih.gov/pubmed/11585540
https://doi.org/10.2460/javma.2005.226.1349
http://www.ncbi.nlm.nih.gov/pubmed/15844427
https://doi.org/10.1007/s00705-004-0478-5
http://www.ncbi.nlm.nih.gov/pubmed/15770358
https://doi.org/10.3201/eid1012.040511
https://doi.org/10.3201/eid1012.040511
http://www.ncbi.nlm.nih.gov/pubmed/15663876
https://doi.org/10.3201/eid1712.110294
https://doi.org/10.3201/eid1712.110294
http://www.ncbi.nlm.nih.gov/pubmed/22172633
https://doi.org/10.3201/eid0903.020628
http://www.ncbi.nlm.nih.gov/pubmed/12643825
https://doi.org/10.1073/pnas.1813206116
https://doi.org/10.1073/pnas.1813206116
http://www.ncbi.nlm.nih.gov/pubmed/30936315
https://doi.org/10.1093/jmedent/18.3.181
https://doi.org/10.1093/jmedent/18.3.181
http://www.ncbi.nlm.nih.gov/pubmed/7328603
https://doi.org/10.1098/rspb.2003.2608
https://doi.org/10.1098/rspb.2003.2608
http://www.ncbi.nlm.nih.gov/pubmed/15129960
https://doi.org/10.1371/journal.pntd.0011340

PLOS NEGLECTED TROPICAL DISEASES Modelling west nile virus transmission in a urban bird community

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Bergsman L, Hyman J, Manore C. A mathematical model for the spread of West Nile virus in migratory
and resident birds. Mathematical Biosciences and Engineering. 2016; 13(2):401-24. https://doi.org/10.
3934/mbe.2015009 PMID: 27105987

Hassell JM, Begon M, Ward MJ, Fevre EM. Urbanization and Disease Emergence: Dynamics at the
Wildlife—Livestock—Human Interface. Trends Ecol Evol. 2017 Jan; 32(1):55-67. https://doi.org/10.1016/
j.tree.2016.09.012 PMID: 28029378

Elmqvist T, Andersson E, McPhearson T, Bai X, Bettencourt L, Brondizio E, et al. Urbanization in and
for the Anthropocene. npj Urban Sustain. 2021; 1(1):1-6.

Komar N, Colborn JM, Horiuchi K, Delorey M, Biggerstaff B, Damian D, et al. Reduced West Nile Virus
Transmission Around Communal Roosts of Great-Tailed Grackle (Quiscalus mexicanus). Ecohealth.
2015 Mar; 12(1):144-51. https://doi.org/10.1007/s10393-014-0993-0 PMID: 25480320

Balenghien T, Fouque F, Sabatier P, Bicout DJ. Horse-, Bird-, and Human-Seeking Behavior and Sea-
sonal Abundance of Mosquitoes in a West Nile Virus Focus of Southern France. Journal of Medical
Entomology. 2006 Sep 1; 43(5):936—46. https://doi.org/10.1603/0022-2585(2006)43[936:hbahba]2.0.
co;2 PMID: 17017231

Cruz-Pacheco G, Esteva L, Vargas C. Multi-species interactions in West Nile virus infection. Journal of
Biological Dynamics. 2012 Mar; 6(2):281-98. https://doi.org/10.1080/17513758.2011.571721 PMID:
22873592

Estrada-Franco JG, Navarro-Lopez R, Beasley DWC, Coffey L, Carrara AS, Travassos da Rosa A,
et al. West Nile Virus in Mexico: Evidence of Widespread Circulation since July 2002. Emerg Infect Dis.
2003 Dec; 9(12):1604—7. https://doi.org/10.3201/eid0912.030564 PMID: 14720402

Torres-Castro M., Noh-Pech H., Hernandez-Betancourt S., Pelaez-Sanchez R., Lugo-Caballero C., &
Puerto F. I. (2021). West Nile and Zika viruses in bats from a suburban area of Merida, Yucatan,
Mexico. Zoonoses and Public Health, 68(7), 834—841. https://doi.org/10.1111/zph.12834 PMID:
33878223

Machalaba C, Raufman J, Anyamba A, Berrian AM, Berthe FCJ, Gray GC, et al. Applying a One Health
Approach in Global Health and Medicine: Enhancing Involvement of Medical Schools and Global Health
Centers. Annals of Global Health. 2021; 87(1):30. https://doi.org/10.5334/aogh.2647 PMID: 33816135

Mackenzie JS, Jeggo M. The One Health Approach—Why Is It So Important? Trop Med Infect Dis.
2019 May 31; 4(2):88. https://doi.org/10.3390/tropicalmed4020088 PMID: 31159338

Komar N, Clark GG. West Nile virus activity in Latin America and the Caribbean. Rev Panam Salud
Publica. 2006; 19(2):112-7. https://doi.org/10.1590/s1020-49892006000200006 PMID: 16551385

Dupuis AP, Marra PP, Kramer LD. Serologic Evidence of West Nile Virus Transmission, Jamaica, West
Indies. Emerg Infect Dis. 2003 Jul; 9(7):860-3. https://doi.org/10.3201/eid0907.030249 PMID:
12890329

Azevedo Costa EA, Giovanetti M, Silva Catenacci L, Fonseca V, Aburjaile FF, Chalhoub FLL, et al.
West Nile Virus in Brazil. Pathogens. 2021 Jul 15; 10(7):896. https://doi.org/10.3390/
pathogens10070896 PMID: 34358046

Morales-Betoulle ME, Komar N, Panella NA, Alvarez D, Lopez MR, Betoulle JL, et al. West Nile Virus
Ecology in a Tropical Ecosystem in Guatemala. The American Journal of Tropical Medicine and
Hygiene. 2013 Jan 1; 88(1):116. https://doi.org/10.4269/ajtmh.2012.12-0276 PMID: 23149586

Morales-Betoulle ME, Kading RC, Komar N, Reiche ASG. Host Selection of Potential West Nile Virus
Vectors in Puerto Barrios, Guatemala, 2007. The American Journal of Tropical Medicine and Hygiene.
2013 Jan 9; 88(1):108-15. https://doi.org/10.4269/ajtmh.2012.12-0223 PMID: 23208881

Elizondo-Quiroga D, Elizondo-Quiroga A. West Nile virus and its theories, a big puzzle in Mexico and
Latin America. J Global Infect Dis. 2013; 5(4):168—75. https://doi.org/10.4103/0974-777X.122014
PMID: 24672180

Nemeth, N., Oesterle, P., & Bowen, R. (2008). Passive Immunity to West Nile Virus Provides Limited
Protection in a Common Passerine Species. USDA Wildlife Services—Staff Publications. https://
digitalcommons.unl.edu/icwdm_usdanwrc/1050

Tesh R. B., Travassos da Rosa A. P. A., Guzman H., Araujo T. P., & Xiao S.-Y. (2002). Immunization
with Heterologous Flaviviruses Protective Against Fatal West Nile Encephalitis. Emerging Infectious
Diseases, 8(3), 245-251. https://doi.org/10.3201/eid0803.010238 PMID: 11927020

Garza Rodriguez M de LG, Rodriguez Rodriguez DR, Blitvich BJ, Reyes Lépez MAR, Fernandez-Salas
I, Ramos Jimenez JR, et al. Serologic Surveillance for West Nile Virus and Other Flaviviruses in Febrile
Patients, Encephalitic Patients, and Asymptomatic Blood Donors in Northern Mexico. Vector-Borne and
Zoonotic Diseases. 2010 Mar; 10(2):151-7.

West Nile Virus & Dead Birds | West Nile Virus | CDC [Internet]. 2021 [cited 2022 Mar 24]. Available
from: https://www.cdc.gov/westnile/dead-birds/index.html.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 20/21


https://doi.org/10.3934/mbe.2015009
https://doi.org/10.3934/mbe.2015009
http://www.ncbi.nlm.nih.gov/pubmed/27105987
https://doi.org/10.1016/j.tree.2016.09.012
https://doi.org/10.1016/j.tree.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/28029378
https://doi.org/10.1007/s10393-014-0993-0
http://www.ncbi.nlm.nih.gov/pubmed/25480320
https://doi.org/10.1603/0022-2585%282006%2943%5B936%3Ahbahba%5D2.0.co%3B2
https://doi.org/10.1603/0022-2585%282006%2943%5B936%3Ahbahba%5D2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/17017231
https://doi.org/10.1080/17513758.2011.571721
http://www.ncbi.nlm.nih.gov/pubmed/22873592
https://doi.org/10.3201/eid0912.030564
http://www.ncbi.nlm.nih.gov/pubmed/14720402
https://doi.org/10.1111/zph.12834
http://www.ncbi.nlm.nih.gov/pubmed/33878223
https://doi.org/10.5334/aogh.2647
http://www.ncbi.nlm.nih.gov/pubmed/33816135
https://doi.org/10.3390/tropicalmed4020088
http://www.ncbi.nlm.nih.gov/pubmed/31159338
https://doi.org/10.1590/s1020-49892006000200006
http://www.ncbi.nlm.nih.gov/pubmed/16551385
https://doi.org/10.3201/eid0907.030249
http://www.ncbi.nlm.nih.gov/pubmed/12890329
https://doi.org/10.3390/pathogens10070896
https://doi.org/10.3390/pathogens10070896
http://www.ncbi.nlm.nih.gov/pubmed/34358046
https://doi.org/10.4269/ajtmh.2012.12-0276
http://www.ncbi.nlm.nih.gov/pubmed/23149586
https://doi.org/10.4269/ajtmh.2012.12-0223
http://www.ncbi.nlm.nih.gov/pubmed/23208881
https://doi.org/10.4103/0974-777X.122014
http://www.ncbi.nlm.nih.gov/pubmed/24672180
https://digitalcommons.unl.edu/icwdm_usdanwrc/1050
https://digitalcommons.unl.edu/icwdm_usdanwrc/1050
https://doi.org/10.3201/eid0803.010238
http://www.ncbi.nlm.nih.gov/pubmed/11927020
https://www.cdc.gov/westnile/dead-birds/index.html
https://doi.org/10.1371/journal.pntd.0011340

PLOS NEGLECTED TROPICAL DISEASES Modelling west nile virus transmission in a urban bird community

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Garcia-Ruiz D, Martinez-Guzman MA, Cardenas-Vargas A, Marino-Marmolejo E, Gutiérrez-Ortega A,
Gonzélez-Diaz E, et al. Detection of dengue, west Nile virus, rickettsiosis and leptospirosis by a new
real-time PCR strategy. SpringerPlus. 2016 Dec; 5(1):671. https://doi.org/10.1186/s40064-016-2318-y
PMID: 27350908

Calisher CH, Karabatsos N, Dalrymple JM, Shope RE, Porterfield JS, Westaway EG, et al. Antigenic
Relationships between Flaviviruses as Determined by Cross-neutralization Tests with Polyclonal Anti-
sera. Journal of General Virology. 1989; 70(1):37—43. https://doi.org/10.1099/0022-1317-70-1-37
PMID: 2543738

Papa A, Karabaxoglou D, Kansouzidou A. Acute West Nile virus neuroinvasive infections: cross-reactiv-
ity with dengue virus and tick-borne encephalitis virus. J Med Virol. 2011 Oct; 83(10):1861-5. https://
doi.org/10.1002/jmv.22180 PMID: 21837806

Blanquart F, Grabowski MK, Herbeck J, Nalugoda F, Serwadda D, Eller MA, et al. A transmission-viru-
lence evolutionary trade-off explains attenuation of HIV-1 in Uganda. Neher RA, editor. eLife. 2016 Nov
5; 5:e20492.

Leggett HC, Cornwallis CK, Buckling A, West SA. Growth rate, transmission mode and virulence in
human pathogens. Philosophical Transactions of the Royal Society B: Biological Sciences. 2017 May 5;
372(1719):20160094. https://doi.org/10.1098/rstb.2016.0094 PMID: 28289261

Ben-Shachar R, Koelle K. Transmission-clearance trade-offs indicate that dengue virulence evolution
depends on epidemiological context. Nat Commun. 2018 Jun 15; 9(1):2355. https://doi.org/10.1038/
s41467-018-04595-w PMID: 29907741

Mackay AJ, Amador M, Diaz A, Smith J, Barrera R. Dynamics of Aedes aegypti and Culex quinquefas-
ciatus in Septic Tanks. Journal of the American Mosquito Control Association. 2009 Dec; 25(4):409—16.
https://doi.org/10.2987/09-5888.1 PMID: 20099586

Cruz-Pacheco G, Esteva L, Montano-Hirose J, Vargas C. Modelling the dynamics of West Nile Virus.
Bulletin of Mathematical Biology. 2005 Nov; 67(6):1157—-72. https://doi.org/10.1016/j.buim.2004.11.008
PMID: 16125762

Secretaria de Salud—Servicios de Salud de Yucatan. Programa de Prevencion y Control de Enferme-
dades Transmitidas por Vector [Internet]. [cited 2022 Oct 12]. Available from: http://www.yucatan.gob.
mx/ciudadano/ver_programa.php?id=144.

Kilpatrick AM, Daszak P, Jones MJ, Marra PP, Kramer LD. Host heterogeneity dominates West Nile
virus transmission. Proc R Soc B. 2006 Sep 22; 273(1599):2327-33. https://doi.org/10.1098/rspb.2006.
3575 PMID: 16928635

Pacheco MA, Ferreira FC, Logan CJ, McCune KB, MacPherson MP, Albino Miranda S, et al. Great-
tailed Grackles (Quiscalus mexicanus) as a tolerant host of avian malaria parasites. Lierz M, editor.
PLoS ONE. 2022 Aug 23; 17(8):0268161.

Zanate Mayor (grupo mexicanus)—eBird [Internet]. [cited 2022 Aug 9]. Available from: https://ebird.org/
species/grtgra2.

Minott Picado P, Caballero Castillo M. Determinacion de salmonella spp. y endoparasitos en zanates
(quiscalus mexicanus) del parque de Cafias, Guanacaste. Revista Costarricense de Salud Publica.
2007 Dec; 16(31):27-35.

Sanchez Godoy FD, Chavez Maya F, Méndez Bernal A, Garcia Espinosa G, Guerrero Molina C,
Ledesma Martinez N, et al. Sarcocystis sp. en zanates (Quiscalus mexicanus), tordos (Molothrus
aeneus) y gorriones (Aimophila ruficauda) de México. Veterinaria México OA. 2014 Dec; 1(2):0-0.

Golnar AJ, Medeiros MCI, Rosenbaum K, Bejcek J, Hamer SA, Hamer GL. Vector-Borne Blood Para-
sites of the Great-Tailed Grackle (Quiscalus mexicanus) in East-Central Texas, USA. Microorganisms.
2021 Mar; 9(3):504. https://doi.org/10.3390/microorganisms9030504 PMID: 33673608

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011340 May 30, 2023 21/21


https://doi.org/10.1186/s40064-016-2318-y
http://www.ncbi.nlm.nih.gov/pubmed/27350908
https://doi.org/10.1099/0022-1317-70-1-37
http://www.ncbi.nlm.nih.gov/pubmed/2543738
https://doi.org/10.1002/jmv.22180
https://doi.org/10.1002/jmv.22180
http://www.ncbi.nlm.nih.gov/pubmed/21837806
https://doi.org/10.1098/rstb.2016.0094
http://www.ncbi.nlm.nih.gov/pubmed/28289261
https://doi.org/10.1038/s41467-018-04595-w
https://doi.org/10.1038/s41467-018-04595-w
http://www.ncbi.nlm.nih.gov/pubmed/29907741
https://doi.org/10.2987/09-5888.1
http://www.ncbi.nlm.nih.gov/pubmed/20099586
https://doi.org/10.1016/j.bulm.2004.11.008
http://www.ncbi.nlm.nih.gov/pubmed/16125762
http://www.yucatan.gob.mx/ciudadano/ver_programa.php?id=144
http://www.yucatan.gob.mx/ciudadano/ver_programa.php?id=144
https://doi.org/10.1098/rspb.2006.3575
https://doi.org/10.1098/rspb.2006.3575
http://www.ncbi.nlm.nih.gov/pubmed/16928635
https://ebird.org/species/grtgra2
https://ebird.org/species/grtgra2
https://doi.org/10.3390/microorganisms9030504
http://www.ncbi.nlm.nih.gov/pubmed/33673608
https://doi.org/10.1371/journal.pntd.0011340

