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Abstract 

Background: Mayaro virus (Togaviridae) is an endemic arbovirus of the Americas with epidemiological similarities 
with the agents of other more prominent diseases such as dengue (Flaviviridae), Zika (Flaviviridae), and chikungunya 
(Togaviridae). It is naturally transmitted in a sylvatic/rural cycle by Haemagogus spp., but, potentially, it could be incor‑
porated and transmitted in an urban cycle by Aedes aegypti, a vector widely disseminated in the Americas.

Methods: The Mayaro arbovirus dynamics was simulated mathematically in the colombian population in the eight 
biogeographical provinces, bearing in mind the vector’s population movement between provinces through passive 
transport via truck cargo. The parameters involved in the virus epidemiological dynamics, as well as the vital rates of 
Ae. aegypti in each of the biogeographical provinces were obtained from the literature. These data were included in a 
meta‑population model in differential equations, represented by a model structured by age for the dynamic popula‑
tion of Ae. aegypti combined with an epidemiological SEI/SEIR‑type model. In addition, the model was incorporated 
with a term of migration to represent the connectivity between the biogeographical provinces.

Results: The vital rates and the development cycle of Ae. aegypti varied between provinces, having greater biological 
potential between 23 °C and 28 °C in provinces of Imerí, biogeographical Chocó, and Magdalena, with respect to the 
North‑Andean Moorland (9.33–21.38 °C). Magdalena and Maracaibo had the highest flow of land cargo. The results 
of the simulations indicate that Magdalena, Imerí, and biogeographical Chocó would be the most affected regarding 
the number of cases of people infected by Mayaro virus over time.

Conclusions: The temperature in each of the provinces influences the local population dynamics of Ae. aegypti and 
passive migration via transport of land cargo plays an important role on how the Mayaro virus would be disseminated 
in the human population. Once this arbovirus begins an urban cycle, the most‑affected departments would be Antio‑
quia, Santander, Norte de Santander, Cesar (Provinces of Magdalena), and Valle del Cauca, and Chocó (biogeographi‑
cal province of Chocó), which is why vector control programmes must aim their efforts at these departments and 
include some type of vector control to the transport of land cargo to avoid a future Mayaro epidemic.

Keywords: Aedes aegypti, Arbovirus, Biogeographical provinces, Haemagogus, Meta‑population model (SEI/SEIR), 
Passive transport
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Background
Mayaro is an arbovirus of the family Togaviridae belong-
ing to the genus Alphavirus, which includes another 

29 viruses; among them, the causal agents of chikun-
gunya fever and the eastern, Venezuelan, and western 
equine encephalitis virus [1]. Mayaro virus takes its 
name from the location where it was isolated (reported) 
for the first time in Trinidad and Tobago in 1954 [2]. 
Since then, it has been reported in the French Guyana, 
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Brazil, Venezuela, Peru, Bolivia, Surinam, Costa Rica, 
Guatemala, Panama, Mexico, Haiti, and, sporadically, in 
Colombia [3, 4]. Since its discovery, three genotypes, D, 
L and N, have been identified; one of them (L) is exclu-
sive of the Amazon region of the State of Pará, Brazil. The 
second genotype (D), has been isolated from the Amazon 
region of Peru, Bolivia, Venezuela, Colombia, Argentina 
and Brazil, and the third genotype (N) was isolated from 
a strain from Peru [5, 6].

The disease caused by the Mayaro virus is characterized 
by high fever and intense joint pain, with duration from 3 
to 7 days, causing medical disability [7]. Most infections 
with Mayaro virus are sporadic and occur in people with 
a recent history of activity in forest areas (rural or semi-
rural) or their surroundings [8]. This disease is not fatal, 
but it is unknown whether it generates other symptoms, 
like Zika, which is related with microcephaly in neo-
nates and Guillain-Barré syndrome [9]. The Mayaro virus 
shares characteristics such as the special tropism through 
osteomuscular tissue with more prominent arbovirus 
like dengue (Flaviviridae), Zika (Flaviviridae) and chi-
kungunya (Togaviridae) [10]. In addition, it shares epide-
miological, ecological and biogeographic traits, including 
dependence on vectors at the forest and/or urban level 
[11–13]. However, unlike dengue (Asian), chikungunya 
and Zika (African) viruses, it is native to the American 
continent [8].

The Mayaro virus is endemic in rural areas in South 
America where it maintains an enzootic sylvan cycle 
(similar to chikungunya) that involves wild vertebrates 
(birds and reptiles), including primates and hematopha-
gous mosquitoes [14]. In sylvatic and rural areas, Mayaro 
is transmitted by the bite of females of the Haemagogus 
spp. infected with this virus [15]. Furthermore, in natu-
ral populations of Aedes (Stegomyia) aegypti (Linnaeus, 
1762) from South America and North America it has 
been observed experimentally their susceptibility to 
being infected and transmitting the genotype D of the 
Mayaro virus [16, 17]. Additionally, in natural popula-
tions of Ae. aegypti from South America, natural infec-
tion with the genotype L of the Mayaro virus has also 
been observed [18].

Aedes aegypti has the human population as preferen-
tial source of food, and urban areas as main reproduction 
areas [19], although it can also be found in rural areas 
[20]. Consequently, this species has the potential of serv-
ing as vector bridge between rural areas close to natural 
foci of the Mayaro virus and urban areas [8, 21–23]. Due 
to the aforementioned, it cannot be discarded that this 
arbovirus can emerge as a global pathogen through Ae. 
aegypti, as recently observed in chikungunya and Zika 
arboviruses [24, 25].

The importance of Ae. aegypti lies in that it is present 
in large densities in all continents, with a high degree of 
anthropophilia, thus, being able to introduce the Mayaro 
virus into an urban cycle and, thereby, rapidly spread the 
etiological agent [21, 26]. In the Americas, Ae. aegypti 
is the primary vector of dengue, chikungunya and Zika 
[27–29], which are distributed in the tropical regions of 
the continent [21]; in Colombia, this species is present up 
to 2300 m [30], representing 80% of the territory [9] that 
could be at risk of contracting the Mayaro virus.

Once the Mayaro virus starts to circulate in the urban 
area through Ae. aegypti and, given that currently no vac-
cine is available to prevent Mayaro infection in humans 
(with good results in mice) [31], the only alternative will 
be the control of this vector. For this purpose, elimina-
tion or closing of locations where larvae develop and 
use of insecticides to control larval and adult forms are 
ways currently used globally [28]. Nevertheless, frequent 
use of insecticides has caused resistance to practically 
all classes of insecticides used globally [32], which is 
why substitution options by other classes of insecticides 
are scarce due to the poor offer of environmentally safe 
products with distinct action sites thus hindering actions 
to control of this species [33]. Hence, understanding the 
Mayaro epidemiological cycle in the urban area is of vital 
importance to elaborate control programmes more in 
keeping with these new problems.

Given that the Mayaro virus is genetically related to the 
chikungunya virus [34], and chikungunya is transmitted 
by Ae. aegypti in Colombia, an epidemiological behav-
ior would be expected for Mayaro virus similar to that 
observed in chikungunya. Recently, it has been observed 
experimentally that in Ae. aegypti individuals infected 
initially with chikungunya and then with Mayaro virus, 
both arboviruses can be transmitted with similar effi-
ciency. Further, if it is initially infected with Mayaro virus 
and then with chikungunya virus, there is an exclusion 
due to over-infection to chikungunya; in any of the situa-
tions described, Mayaro virus will always be transmitted 
[35].

Since the natural distribution of the Mayaro virus is 
unknown in sylvatic areas and how it could be potentially 
transmitted by another vector different from Haema-
gogus spp., an option to know its epidemiological impact 
is to formulate a mathematical model that permits simu-
lating its behavior and expansion in the human popula-
tion, through the Ae. aegypti potential vector, given that 
it is distributed in peri-urban and urban areas.

For Ae. aegypti, the mathematical models have proven 
to be useful tools to understand dengue transmission 
[14, 36] and, recently, chikungunya [37] and Zika [38], 
as well as to help in planning control strategies [39]. 
Among the different mathematical approaches to study 
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infectious diseases through vectors, as with the Mayaro 
virus, the SEIR-type (susceptible, exposed, infected and 
recovered) epidemiological models [40, 41] and in meta-
populations, have been used widely [42–46]. Nonethe-
less, none of them considers the passive vector transport 
(dispersion process of invasive species associated with 
human activities) or its dynamic populations, under dif-
ferent biogeographical conditions; therefore, an option is 
to include a meta-population model in differential equa-
tions, where each local population includes a structured 
model on age for the dynamic population of Ae. aegypti 
and an SEI/SEIR-type epidemiological model for the 
population of humans, as well as the passive transport of 
the mosquito through land cargo, which, has also been 
used recently to study the dynamics of Rift Valley fever 
transmission in the human population, with Ae. aegypti 
as the main vector [47]. Among the causes for this het-
erogeneity, there is the level of connectivity among the 
places where the species is found and the set of biogeo-
graphical conditions where the individuals inhabit [48]. 
For Colombia, according to Morrone [49], there are eight 
biogeographical provinces (North-Andean Moorland, 
Cauca, Napo, Imerí, Chocó, Venezuelan Plains, Marac-
aibo and western Ecuador), each characterized by having 
different geographical, climatic, altitudinal and natural 
components. Among these characteristics, temperature 
plays an important role in the life-cycle and vector trans-
mission of mosquitoes of medical importance [50, 51]. 
For instance, optimal temperatures for development, lon-
gevity, and fecundity are between 22  °C and 32  °C [52], 
while at higher temperatures survival range of Ae. aegypti 
decreases; however, egg-laying time increases causing a 
growth in egg number [53]. Moreover, the extrinsic incu-
bation period of the dengue virus is reduced, resulting in 
higher rates of viral transmission [54, 55]. On the other 
hand, at lower temperatures, the transmission of arbovi-
rus may be impeded in some cases [22]. Considering that 
temperature and passive transport are important factors 
in arbovirus transmission, here we evaluated how passive 
transport and the different vital parameters of Ae. aegypti 
affect the dynamics of Mayaro virus transmission in the 
Colombian human population, from which the study 
only quantified transport via land cargo due to the lack of 
data from other means of transport.

Methods
The parameters involved in the epidemiological dynam-
ics of the Mayaro virus were obtained from the lit-
erature; data used here belong to Mayaro genotype 
D (Table  1). In a parallel manner, based on the bio-
geographical regions for Latin America proposed by 
Morrone [49], Colombia was divided into eight biogeo-
graphical provinces (Fig.  1). For each biogeographical 

province, from historical data available in the Wolrd-
clim-2 library on temperature from 1970 to 2000 [56], 
the minimum and maximum median historical tem-
perature was estimated. These variables are recognized 
in the literature as the most influential in the life-cycle 
of Ae. aegypti [50, 51]. The areas of the biogeographi-
cal provinces were defined for Colombia, as proposed 
by Morrone [49] in R software version 3.5.1, using the 
raster, rgdal [57], sp [58], dplyr [59] and st [60] librar-
ies. Thereafter, the layers of the biogeographical prov-
inces were overlapped with each of the raster layers for 
temperature. Then, for each biogeographical province 
and each raster layer of temperature, the median, mini-
mum, and maximum historical average temperatures 
were extracted. At the same time, the vital rates of Ae. 
aegypti corresponding to different temperatures were 
obtained from the literature and adjusted by average for 
each region, taking into account its temperature range. 
Additionally, in 2018 and for each province, the size of 
the human population was estimated through the pro-
jections of the Departamento Administrativo Nacional 
de Estadística (DANE; Table 1) [61].

These data were included in a meta-population model 
in differential equations, where each province was con-
sidered a local population. For each province, a SEI-type 
model structured on age for the population dynamics of 
Ae. aegypti was combined with a SEIR-type epidemio-
logical model for the human population. In addition, the 
model included a term that represents the passive trans-
port of the mosquitoes through land cargo in Colombia, 
using data from the Colombian Ministry of Transporta-
tion for 2017 [62].

Figure  2 represents the compartmental diagram of the 
model. In the model structured on age for the population 
dynamics of Ae. aegypti, four stages were considered: egg 
( H ); larva ( L ); pupa ( P ); and adult (A). The adult stage is 
divided, in turn, into three classes, based on the SEI epi-
demiological model: susceptible ( As ), exposed ( Ae ), and 
infected ( Ai ). The vital rates of Ae. aegypti in each stage 
vary according to the biogeographical province (r). Time (t) 
is measured in days.

The variables and parameters used are defined by: 
Hr(t) : number of eggs over time t , in province r ; Lr(t) : 
number of larvae over time t , in province r ; Pr(t) : num-
ber of pupas over time t , in province r ; Asr(t)r : number 
of adults susceptible over time t , in province r ; Aer(t) : 
number of adults exposed over timet , in province r ; 
Air(t) : number of infectious adults over time t , in prov-
ince r ; θ : proportion of females/males; K  : carrying 
capacity for larvae; χ : intraspecific competition coef-
ficient, proportional to K  ; µr

x : death rate of individuals 
of stage x ( x = H , L,P and A ); �rH : rate of transition from 
egg to larva, in province r ; �rL : rate of transition from larva 
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to pupa, in province r ; �rP : rate of transition from pupa 
to adult, in province r ; �rA : rate of oviposition of female 
mosquitoes, in province r ; �Ae : rate of transition from 
exposed to infected adult mosquitoes; mr : net number of 
adult migrant mosquitoes per day in province r ; βH : rate 
of effective contacts between susceptible mosquitoes and 
infected humans; βM : rate of effective contacts between 
infected mosquitoes and susceptible humans.

The system of differential equations that interprets the 
dynamics of Ae. aegypti is the following:

dHr

dt
= θ�rA(NM)−

(

�
r
H + µr

H

)

Hr

dLr

dt
= �

r
HH

r
−

(

�
r
L + µr

L

)

Lr − χ
(

Lr
)2

The human population was divided into four classes: 
susceptible ( S ); exposed ( E ); infected ( I  ); and recovered 

dPr

dt
= �

r
LL

r
−

(

�
r
P + µr

P

)

Pr

dAsr

dt
= �

r
PP

r
− βH (I

r/NHr)Asr − µr
AAs

r
+mrAs

r

dAer

dt
= βH (I

r/NHr)Asr − �AeAe
r
− µr

AAe
r
+mrAe

r

dAir

dt
= �AeAe

r
− µr

AAi
r
+mrAi

r

NMr
= Asr + Aer + Air

Fig. 1 Map of Colombia showing its geopolitical divisions, principal roads, and biogeographical provinces. Biogeographical region Chocó (Pacific 
coast of northern Ecuador, Colombia and Panama with rainforests and cloud forests), Maracaibo (northern Colombia and northeastern Venezuela 
with dry forest and rainforest ecosystems and swamps caused by periodic flooding), Magdalena (eastern Venezuela and northeastern Colombia 
with dry forest and rainforest ecosystems), Venezuelan Plains (Plains covering much of Venezuela and northeastern Colombia, with the largest 
savanna ecosystem in Latin America), Cauca (western Colombia and Ecuador with rainforests and dry forests), Napo (southeastern Colombia and 
eastern Ecuador with rainforests, with a vast system of rivers with meanders, which create habitat mosaics), Imerí (southern Venezuela, southeastern 
Colombia, northeastern Peru, and northern Brazil with diversity of ecosystems, with one of the largest ecosystems of black‑water rivers in the world), 
and the North‑Andean Moorland (high mountain ranges (> 3000 m) of Venezuela, Colombia, Ecuador, and Peru, with moorland, pastureland, flood 
zone vegetation, and cushion vegetation habitats)
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( R ) over time t , (in days). The vital rates of the human 
population were considered the same for all the biogeo-
graphical provinces.

The variables and the parameters used in this model 
are: Sr(t) : number of humans susceptible over time t , in 
province r ; Er(t) : number of humans exposed over time t , 
in province r ; Ir(t) : number of humans infected over time 
t , in province r ; Rr(t) : number of humans recovered over 
time t , in province r ; �E : rate of transition from humans 
exposed to humans infected; �I : rate of transition from 
infected to recovered humans; µr

F : death rate of humans 
in class z(F = S,E,R, I) ; Nr : total human population in 
province r ( Nr

= Sr + Er
+ Ir + Rr).

The system in differential equations that interprets the 
SEIR dynamics for humans is:

dSr

dt
= µNHr

− βMSr
(

Ar
i /NM

r
)

− µFS
r

dEr

dt
= βMSr

(

Ar
i /NM

r
)

− �EE
r
− µFE

r

dIr

dt
= �EE

r
− �I I

r
− µF I

r

dRr

dt
= �I I

r
− µFR

r

NHr
= Sr + Er

+ Ir + Rr

The Ae. egypti passive transport through the move-
ment of cargo trucks is represented with the term mrA

r , 
where mr is the net daily rate of migration of adult mos-
quitoes between provinces. Assuming that for every 1000 
trucks traveling from one province to another, the num-
ber of effective migrants (Mig ) is equal to 3 mosquitoes, 
as already observed in the field [63]. These numbers are 
consigned in Table 4, obtained in turn from official data 
on cargo transport in Colombia from the National Reg-
istry of Land Cargo Dispatches (RNDC, for the term in 
Spanish) (Table 3), and comprise the Mig matrix of the 8 
× 8 order, whose ij component represents the number of 
individuals going from province i to province j.

The entry rate of adult individuals in state X (As, Ae, 
Ai) to province r from other provinces is given by:

The exit rate of adult individuals is state X from prov-
ince r to other provinces is given by:

where PropXr
=

Xr

PTAr  is the proportion of adult individu-
als in state X in province r , i.e. the ratio of the number of 
adult individuals in state Xr and the total population of 
adult mosquitoes (PTAr).

ImigX(r) =

8
∑

i=1

Mig(i, r) ∗ PropXr

EmigX(r) =

8
∑

i=1

Mig(r, i) ∗ PropXir

Fig. 2 Compartmental diagram of the SEI/SEIR model of the Mayaro transmission through the Ae. aegypti vector in the human population. 
Rectangles indicate the mosquito’s development stages and the Mayaro states of incubation. The arrows around the mosquito image indicate the 
transitions between each stage. Arrows coming out from each stage indicate the mortality rate in each stage. Broken arrows indicate modulation/
influences between the adult mosquito and the disease
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The numerical solution of the model was obtained by 
using the Runge-Kutta 4th order method implemented in 
 MATLAB® environment [64]. From this, and using the 
parameters obtained from the literature for the life-cycle 
dynamics of Ae. aegypti and the Mayaro virus in each 
biogeographical province, the behavior of the vector and 
human populations was simulated in each of the biogeo-
graphical provinces, with and without passive transport 
(migrations), for 300 days. The province of Imerí was 
taken as center of origin of the infection with Mayaro 
virus of adult individuals of Ae. aegypti, given that pre-
vious reports have been registered in vertebrates for this 
arbovirus [65]. Additionally, scenarios were simulated 
with the beginning of the infection, not in Imerí, but in 
Magdalena, taking into account that it is the province 
most connected by land [62]. In both simulations, ini-
tial proportions of human populations were taken from 
DANE data (Table  1), and the initial mosquito popula-
tions were hypothetical values because in Colombia and 
the rest of the world there are no precise estimates of 
these, there are some mathematical estimates that can-
not be extrapolated for our case [66, 67]. In all provinces, 
the initial populations were H: 300, L: 200, P: 200, As: 200 
and Ae: 0. Relating to Ai, an infected mosquito was ini-
tially placed in the infection focus region and zero in the 
others.

A global sensitivity and uncertainty analysis was per-
formed using the partial coefficient correlation index 
(PRCC). The parameters considered for this analysis were 
the infection rate from the mosquito to humans ( βM ), 
from humans to the mosquito ( βH ) the migration rate 
( Mig ), and carrying capacity ( K  ) assuming a uniform dis-
tribution of the parameters and statistical independence 
between them. For the uncertainty analysis, the multidi-
mensional parametric space of the parameter values was 
explored using the Latin hypercube sampling (LHS) [68] 
method in the LHS package [69] using R software. The 
effect of the variation was analyzed of the parameters on 
the model response variable, infected adult mosquitoes 
(Ai), through a sensitivity test [70], by means of a partial 
correlation coefficient analysis (PRCC) implemented with 
the sensibility package [71] in R. Additionally, to deter-
mine the population dynamics of Ai for those parameters 
significantly correlated with it, from the data reported, 
they were simulated taking into account its respective 
interval scale.

Results
From the data of the life-cycle dynamics of Ae. aegypti, 
associated with data for temperature from the biogeo-
graphical provinces obtained from the literature, it is 
possible to observe that the provinces with the best 

conditions for the development of this mosquito species 
presenting the ranges of most optimal temperatures for 
the development and life-cycle of Ae. aegypti, are Imerí, 
Chocó and Magdalena (Table 1).

Table 2 shows the parameters involved in the epide-
miology of the Mayaro virus, both in the vector such 
as in humans, obtained also from the literature. These 
parameters are not related directly with the biogeo-
graphical provinces, but with the conditions of the 
hosts.

Data on cargo transport movement available in the 
RNDC 2017 showed that the provinces with the high-
est flow of land cargo are Magdalena, Maracaibo and 
North Andean Moorlands, in contrast with Imerí and 
Napo which have the lowest connectivity (Table  3). 
Consequently, the same pattern was observed regard-
ing the daily migration of mosquitoes between biogeo-
graphical provinces (Table 4).

Figures  3, 4, 5 correspond to some numerical tests 
obtained from the model proposed in this study, consid-
ering (I) or not (II), passive transport through land cargo 
and when the focus of infection is in the Imerí region 
(Figs. 3a, b, 4a, b, 5a, b), which is the province with the 
lowest connectivity, or in the province of Magdalena 
(Figs. 3c, d, 4c, d; 5c, d), which is the province with the 
highest connectivity.

To appreciate the population dynamics correspond-
ing to the different vital rates of each province, Fig.  3 
shows the evolution of the proportion of adult mosqui-
toes in relation to the total population over time in each 
of the provinces. When passive transport (II) is not con-
sidered, the highest values were those of the Venezue-
lan Plains where the highest transfer rates of immature 
stages occur, and the lowest values corresponded to the 
Northern Moorland Province, the province with the 
highest mortality rate; these dynamics are independent 
of the infection focus province (Fig.  3b, d). When con-
sidering passive transport (I) there were small changes 
in the dynamics within these regions due to the arrival 
of individuals from other provinces; similar results were 
obtained for both scenarios.

To demonstrate the influence of passive transport on 
the spread of the virus, some simulations are presented 
here corresponding to scenarios where initially there are 
only infected mosquitoes in a region; furthermore, the 
only source of infection considered is due to migrations. 
Two infection focus regions, Imerí and Magdalena, were 
chosen, as they had, respectively, the lowest and highest 
road connectivity with the remaining regions.

Figure 4 corresponds to proportions of infected mos-
quito populations when the focus of infection is Imerí 
(Fig. 4a, b) or Magdalena (Fig. 4c, d) and when there is 
passive transport (I) or it is not considered (II). When 
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migrations are not considered, Fig.  4b and d corre-
spond to the local dynamics in Imerí and Magdalena, 
respectively; in these cases, the rest of the regions keep 
the infected population at zero. The most notable dif-
ference between the two provinces is the time it takes 
populations to start growing and the size of the peaks, 
which is due to the difference between the vital rates 
of each region. On the other hand, if there is passive 
transport, infected mosquitoes begin to migrate from 

the infection focus region, Imerí (Fig. 4a) or Magdalena 
(Fig.  4c), to neighboring regions and spread according 
to connectivity between provinces (Table  3) and they 
are developed following local vital rates (Table 1).

Figure 5 shows the dynamics of infected human pop-
ulations when the focus of infection is Imerí (Fig. 5a, b) 
and Magdalena (Fig.  5c, d) and when there is passive 
transport (I) or not (II). Initially there are no infected 
humans, so, the dynamics depends on infected mos-
quitoes. Figure  6 shows the results of the sensitivity 
analysis made with the parameters human-to-mosquito 
contagion rate ( βH ), mosquito-to-human contagion 
rate ( βM ), number of mosquitoes transported per 
1000 trucks ( Mig  ) and larvae carrying capacity ( K  ). 
The parameters βH (positive) and βM . (negative) were 
the only statistically significant and therefore are the 
parameters that influence this study.

Knowing that βH and βM are sensitive and significant 
parameters in the results of the simulations, Fig. 7 shows 
in the province of Imerí (Fig. 7a, b, e and f ) and Magda-
lena (Fig. 7c, d, g and h), the population dynamic of num-
ber of infected humans and the proportion of infected 

Table 2 Parameters involved in the Mayaro virus epidemiical 
dynamics

Parameter Symbol Value References

Duration of the infection in humans 12 (days) [31, 107]

Intrinsic time of virus incubation 3–11 (days) [108]

Extrinsic time of virus incubation 7 (days) [16, 35]

Rate of vector‑host effective contact βM 0.5–0.8 [109]

Rate of host‑vector effective contact βH 0.29–0.39 [109]

Larvae carrying capacity K . 50,000 [41, 75]

Table 3 Daily movement of trucks between Colombian biogeographical provinces

Notes: Data taken from [62]; the vertical list shows the provinces of origin and the horizontal list shows the provinces of destination. Additionally, note that the values 
along the diagonal are 0 because transport within provinces was not considered

Origin/Destination Chocó Maracaibo Magdalena Venezuelan Plains Cauca Napo Imerí North‑
Andean 
Moorland

Biogeographical region Chocó 0 330.208 1123.085 243.638 1334.058 1014.901 6.745 207.316

Maracaibo 127.984 0 1705.929 42.323 615.268 639.101 2.926 1060.038

Magdalena 20.595 39.430 0 15.310 71.005 258.367 5.573 268.313

Venezuelan Plains 996.636 1415.997 2519.942 0 2216.414 1432.855 47.918 2109.723

Cauca 1217.638 520.868 2264.142 647.249 0 1800.444 42.989 2288.684

Napo 734.860 585.627 1199.586 663.978 1567.970 0 61.460 1041.003

Imerí 1.367 0.507 5.841 1.142 5.532 10.532 0 7.841

North‑Andean Moorland 992.189 1244.951 2000.353 852.332 2014.932 1098.164 65.148 0

Table 4 Passive daily migration of mosquitoes between Colombian biogeographical provinces

Notes: The values presented represent the passive transport of 3 mosquitoes per 1000 trucks, as previously recorded in the literature. Additionally, note that the values 
along the diagonal are 0 because transport within provinces was not considered

Origin Chocó Maracaibo Magdalena Venezuelan Plains Cauca Napo Imerí North‑
Andean 
Moorland

Biogeographical region Chocó 0 0.991 3.369 0.731 4.002 3.045 0.020 0.622

Maracaibo 0.384 0 5.118 0.127 1.846 1.917 0.009 3.180

Magdalena 0.062 0.118 0 0.046 0.213 0.775 0.017 0.805

Venezuelan Plains 2.990 4.248 7.560 0 6.649 4.299 0.144 6.329

Cauca 3.653 1.563 6.792 1.942 0 5.401 0.129 6.866

Napo 2.205 1.757 3.599 1.992 4.704 0 0.184 3.123

Imerí 0.004 0.002 0.018 0.003 0.017 0.032 0 0.024

North‑Andean Moorland 2.977 3.735 6.001 2.557 6.045 3.294 0.195 0
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mosquitoes over time, under the effect of the variation 
of the βH (Fig.  7a, c, e and h) and βM (Fig.  7b, d, f and 
g) parameters. In Imerí and Magdalena providences, the 
population dynamics for infected humans (Fig.  7a, c) 
and infected mosquitoes (Fig.  7e, h) in the simulations 
with respect to βH parameter showed that with βH less 
than 0.5, both the number of infected humans (Fig.  7a, 
c) and the proportion of infected mosquitoes (Fig.  7e, 
h) decrease. In contrast, simulations with different val-
ues o. f showed no difference in the behavior of infected 
humans at Imerí (Fig. 7b) or Magdalena (Fig. 7d) as well 
as infected mosquitoes at Imerí (Fig.  7f ) or Magdalena 
(Fig. 7g).

Discussion
Our principal findings indicate that once the Mayaro 
virus starts to disseminate through Ae. aegypti in the 
vector and human populations, regardless of the center 

of origin of the infection, Imeri or Magdalena, the prov-
inces of Colombia most affected by the virus will be Mag-
dalena, biogeographical Chocó, and Imerí, having as a 
basic difference the time in which the infection begins to 
grow. The epidemiological dynamics of the Mayaro virus 
observed in the human population is quite similar to that 
of other arboviruses in Colombia, like dengue between 
2004–2013 [72, 73], chikungunya 2014–2015 [74], and 
Zika 2015–2016 [73], where the most-affected popula-
tions were from the departments of Antioquia (6,768,388 
inhabitants), Santander (2,100,704 inhabitants), Norte 
de Santander (1,402,695 inhabitants), Cesar (1,077,770 
inhabitants) (Provinces de Magdalena), Valle del Cauca 
(4,804,489 inhabitants), and Chocó (5,25,296 inhabitants) 
(Province of biogeographical Chocó).

The dynamics and transmission of this type of arbovi-
rus in human populations, globally, have been associated 
with the movement through passive human transport 

Fig. 3 Populations dynamics in proportion of adult Ae. aegypti individuals in each biogeographical province, through time. I and II correspond 
to the simulations with and without migration respectively. a, b Simulations with the center of the epidemic in Imerí. c, d Simulations with an 
epidemic center in Magdalena
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and to the colonization of mosquitoes of epidemiologi-
cal importance such as Ae. aegypti, the main vector in the 
Americas for dengue, chikungunya and Zika [75] and Ae. 
albopictus, the main vector of these arboviruses in Asia 
and Europe [27, 76]. In Ae. aegypti, it has been noted 
that passive migration occurs principally through human 
activities, such as movement of land, air, sea and river-
ine cargo at local, regional and international levels [77, 
78], which evidences the urgency to quantify the effect 
of passive transport on migration [78–80]. Recently, for 
Ae. albopictus, it has been shown that adult individu-
als are transported passively in private cars and that, for 
every 1000 vehicles, between two and 11 carry the mos-
quito [63]. This agrees with the findings in the present 
study, where the number of individuals for migration 

to be effective between biogeographical provinces was 
between one and three mosquitoes for every 1000 trucks. 
Migration of Ae. aegypti, through land cargo transport, 
influenced directly the migration of this vector and the 
potential dissemination of the Mayaro virus among bio-
geographical provinces, principally in Magdalena, with 
the particularity that when the infection origin center is 
Magdalena, the Mayaro would spread faster to the other 
biogeographical provinces compared to when the infec-
tion origin center is Imeri. In Colombia, the departments 
of Antioquia, Cundinamarca, Santander, Norte de San-
tander and Huila from the province of Magdalena, are 
the most interconnected and, hence, with the greater 
probability of migration of mosquitoes infected with the 
Mayaro virus or not, through cargo transport [62].

Fig. 4 Populations dynamics in proportion of adult mosquitoes infected Ae. aegypti individuals in each biogeographical province, through time. 
I and II correspond to the simulations with and without migration respectively. a, b Simulations with the center of the epidemic in Imerí. c, d 
Simulations with an epidemic center in Magdalena
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Furthermore, changing climate conditions, like global 
warming, are generating new niches (in latitude, lon-
gitude and altitude) and optimal for subsequent habi-
tat expansion not only in Ae. aegypti (temperature and 
precipitation play an important role in the abundance 
of this species [81]), but also in other species of medi-
cal importance [82, 83]. In tropical countries, it has been 
found that the duration of the development cycle and the 
vital rates of Ae. aegypti vary with respect to tempera-
ture [84–86], where temperatures between 22–33 °C are 
optimal for its vital development [52], in contrast to tem-
peratures ≤ 16  °C [87]. Consequently, places with opti-
mal temperatures have population growth and shorter 
life development for Ae. aegypti, as well as increased 
probability of arbovirus transmission [88], in contrast to 
places with lower temperatures [87]. Our results show 

Fig. 5 Human infected populations dynamics by Mayaro over time in each biogeographical province under the effect of migration (I) or not (II). a, 
b Simulations with the center of the epidemic in Imerí. c, d Simulations with an epidemic center in Magdalena

Fig. 6 PRCC analysis represents the effect on Imerí ofβH , βM , Mig , and 
K  on the number of mosquitoes infected over time. The gray area 
represents PRCC values that are not statistically significant
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that the provinces of Imerí (20.99–32.25  °C), Chocó 
(21.17–30.76  °C) and Magdalena (21.17–30.76  °C) have 
the best conditions for Ae. aegypti development, with 
the highest number of adult mosquitoes at 300 days, in 
contrast to the province of North-Andean Moorlands 
(9.33–21.38  °C). Additionally, the carrying capacity (K) 
did affect the population size of living beings; however 
here, K did not affect the population size of Ae. aegypti, 
in these or in the other biogeographical regions, like 
the size [89] and amount of available water in the larva 
breeding sites [90], or climatic factors such as humid-
ity and precipitation [91], could be affecting our results; 
hypotheses that were not tested here. Meanwhile, it 
should be stressed that these areas in Colombia have the 
highest levels of precipitation [92]. According to García 
et al. [93], areas with high levels of precipitation are char-
acterized by higher population densities of Ae. aegypti 
than areas with less rainfall. According to Mohammed 
& Chadee [94] temperatures ≥ 34  °C cause a gradual 
drop in the vital rates of Ae. aegypti, with temperatures 
> 39 °C being lethal for this species [95, 96], suppressing 
embryo development and diminishing survival of larval 
stages [97], having less individuals of the vector in the 
long term. The only province with temperatures over 
34 °C was the Venezuelan Plains, where the vital rates of 
egg development time, larva, pupa and days of survival 
of Ae. aegypti adults are lower with respect to the other 
provinces.

The model presented here has limitations, which origi-
nate from the assumptions considered, among which it 
was assumed that Mayaro disease is caused by the virus 
genotype D, the most frequent, and it is dispersed from 
where there are records of disease outbreaks (Imerí Prov-
ince [5, 6]), by mosquitoes that are transported by land 
cargo. However, an additional limitation is the lack of 
data on Mayaro outbreaks in the other local populations. 
Despite this, the epidemic dynamics obtained in Colom-
bia is consistent with that reported in other studies avail-
able in the literature of dengue [65, 66], chikungunya [67] 
and Zika [66] for the country.

The HLS/PRCC analysis shows that the contact rate 
of infected humans and susceptible mosquitoes ( βH ) 
and the contact rate of infected mosquitoes and suscep-
tible humans ( βM ) have an effect on the variation in the 

number of infected mosquitoes over time; this behav-
ior has been previously evidenced by Requena & Juárez 
[40] in their model for chikungunya suggesting that the 
most effective way to control or reduce the rate ( βH ) is 
through the use of repellents, mosquito nets, or fumi-
gations at Ae. aegypti hatcheries. In this scenario, pop-
ulation control of this vector is essential to prevent a 
possible Mayaro epidemic; however, currently there are 
difficulties in controlling Ae. aegypti populations due to 
the spread of resistance to the insecticides used to con-
trol it [98, 99]. Therefore, in Colombia, new alternatives 
for the control of Ae. aegypti populations are being 
evaluated, such as the use and release of mosquitoes 
infected with Wolbachia pipientis-WMel lineage (mos-
quitoes with refraction to arboviruses transmitted by 
Ae. aegypti) [100]. Additionally, the potential vectorial 
role of other species such as Ae. albopictus, a species 
that shares ecological niches in Colombia and America 
with Ae. aegypti and that in other latitudes is the main 
vector of dengue, chikungunya and Zika is unknown 
[101–103].

Conclusions
Our results indicate that temperature influences local 
vector proliferation, since vital rates depend on it. 
That is, in each biogeographical province the dynam-
ics of the vector is different, while the passive migra-
tion of Ae. aegypti plays an important role on how the 
Mayaro virus would be disseminated in human popula-
tions. Once this arbovirus begins an urban cycle from 
the Imerí or Magdalena provinces, the most-affected 
departments would be Antioquia, Santander, Norte de 
Santander, Cesar (Provinces of Magdalena), and Valle 
del Cauca and Chocó (Province of biogeographical 
Chocó) as already occurred with dengue, chikungunya 
and Zika. Therefore, vector control programmes must 
aim their efforts at these departments and include some 
type of vector control to the transport of land cargo to 
avoid a future Mayaro epidemic.

(See figure on next page.)
Fig. 7 Population dynamic in Imerí and Magdalena providences for the number of infected humans and proportion of infected mosquitoes over 
time, under the effect of the variation of the βM (a, c, e, h) and βH (b, d, f, g) parameters. a and b correspond to the proportion of mosquitoes 
infected in the province of Imerí; c and d correspond to the proportion of mosquitoes infected in the province of Magdalena; e and f correspond to 
the number of infected humans in the province of Imerí; h and g correspond to the number of infected humans in the province of Magdalena
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