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Malaria in the Amazon is often perceived as an exclusively rural disease, but transmission has
been increasingly documented within and near urban centers. Here we explore patterns and
causes of urban-to-rural population mobility, which places travelers at risk of malaria in Mancio
Lima, the main malaria hotspot in northwestern Brazil. We also analyze rural-to-urban mobility
caused by malaria treatment seeking, which poses an additional risk of infection to urban
residents. We show that the rural localities most frequently visited by urban residents —
typically farming settlements in the vicinity of the town — are those with the most intense
malaria transmission and also the most frequent source localities of imported malaria cases
diagnosed in the town. The most mobile urban residents are typically poor males 16 to 60-years
old from multi-sited households who lack a formal job. Highly mobile residents represent a
priority target for more intensive and effective malaria control interventions, that cannot be
readily delivered to the entire community, in this and similar urbanized endemic settings across
the Amazon.
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Introduction

Although the overall burden of malaria in Latin America and the Caribbean has decreased
dramatically over the past two decades, transmission persists in 21 countries in the region,
where 120 million people are estimated to be currently exposed to some risk of infection
(WHO, 2019). The Amazon Basin, a vast territory that extends over Bolivia, Brazil, Colombia,
Ecuador, Guyana, French Guiana, Peru, Suriname, and Venezuela, contributes approximately
90% of the region’s malaria burden (Ferreira, Castro, 2019).

Malaria in the Amazon has traditionally been perceived as a disease affecting poor rural
communities, with most reported infections acquired in remote riverine villages (Ladeia-
Andrade et al., 2009), frontier farming settlements (Castro, Monte-Moér, Sawyer, 2006; Da Silva
Nunes et al., 2008), gold mining (Pommier et al., 2016; Sdnchez et al., 2017), and Amerindian
reserves (Robortella et al., 2020). Indeed, malaria rates tend to be lower in cities and towns,
compared to surrounding rural settings, due to multiple factors such as improved housing and
access to healthcare and limited availability of mosquito vector habitats (Wilson et al., 2015).
Nevertheless, since the mid-1990s malaria cases have been increasingly reported within and
near urban centers in the Amazon, consistent with sustained transmission in or around towns
across the region (Corder et al., 2019; Salla et al., 2020).

Urbanized spaces ranging from metropolitan areas to small towns sprawling into the rainforest
gradually became more tightly articulated to the surrounding farming settlements, riverine
villages, and even indigenous communities (Monte-Moér, 2004; Castriota, Tonucci, 2018). This
process extends to rural spaces some socioeconomic and spatial relations that are typical of
urban centers, blurring the traditional rural-urban boundary, and fosters human mobility across
the rural-urban interface as a key component of new livelihood and income diversification
strategies (Barbieri, Monte-Mér, Bilsborrow, 2009; Barbieri, Guedes, Dos Santos, 2019). Rural
families typically travel to the nearest town or city at least once a month to sell their crops,
purchase goods, and receive social benefits from conditional cash transfer programs and rural
retirement programs (Eloy, Brondizio, Pateo, 2015).

Malaria transmission rates in Brazil are nowadays greatest in the upper Jurua Valley, next to the
border with Peru (Ferreira, Castro, 2016). With <0.5% of the Amazon's population, the region
contributes 18% of the overall country's malaria burden, estimated at 186,485 cases in 2018
(WHO, 2019).

Here we combine travel histories and epidemiological surveillance data to explore human
mobility patterns in Mancio Lima the main urban malaria hotspot of Brazil. We found that the
localities that are most frequently visited by urban residents are typically those with the most
intense malaria transmission. These localities also contribute the vast majority of imported
malaria infections diagnosed in the urban area. Importantly, communities that drive most
urban malaria risk are not hard-to-reach riverine villages; instead, they are situated in the
vicinity of the town, where effective public health interventions are easier to implement.



Methods

In the urban area of Mancio Lima (Fig. 1), located in the upper Jurua Valley, a population census
performed by our field team between November 2015 and April 2016 enumerated 9,124
permanent residents, with ages ranging between <1 month and 105 years (mean, 27.0; median,
22.0; SD, 20.0 years) and distributed into 2,329 households (Corder et al., 2019). Structured
guestionnaires applied to a household-based random sample of approximately 20% of the
urban residents were used to obtain sociodemographic data and travel histories. To this end,
two consecutive cross-sectional surveys were carried out in the study site and targeted the
same population sample. The first survey, between May and June 2019, comprised 2,015
subjects aged <1-105 years (mean, 28.2; median, 24.0; SD, 20.1 years) distributed into 522
households, while the second, between September and October 2019, comprised 2,130
subjects aged <1-105 years (mean, 28.4; median, 24.5; SD, 20.1 years) distributed into 562
households. Demographic, socioeconomic and occupational/behavioral information was
obtained.

To measure the spatial mobility of urban residents, individual reports of overnight trips within
the past 6 months were collected during two consecutive cross-sectional surveys carried out 6
months apart. Reports included the total duration of each trip and its destination, allowing us
to calculate the total number of days each individual spent in each destination between
September 2018 and August 2019.

We retrieved all malaria case notifications from the upper Jurua Valley region (combined 2020
population estimate, 144,671 inhabitants) that were entered into the electronic malaria
notification system of the Ministry of Health of Brazil between January 2016 and December
2018. Because malaria is a notifiable disease in Brazil and diagnostic testing and treatment are
not available outside the network of government-run health care facilities, the database
comprises the vast majority of laboratory-confirmed malaria episodes countrywide (Daher et
al., 2019).

From the electronic malaria notification system we retrieved the following locality-related
information: (a) GPS coordinates, (b) population size, (c) number of locally acquired, laboratory-
confirmed malaria episodes that were diagnosed and treated in the locality between 2016 and
2018, and (d) number of malaria episodes reportedly acquired in other localities that were
diagnosed, treated and notified in the town of Mancio Lima between 2016 and 2018 (i.e.,
imported infections — WHO, 2018).

From these data retrieved from the electronic malaria notification system we estimated the
average Annual Parasite Index (API) between 2016 and 2018 for every locality in the region and
guantified rural-to-urban mobility caused by malaria-treatment seeking during this period,
which determines the frequency of influx of infected individuals into the town (i.e., its
vulnerability — WHO, 2018).



Fig 1. Location of the study site, the municipality of Mancio Lima, Acre state, Brazil. 1: Brazilian
Federal Units and the Amazon, also known as Legal Amazonia (magenta line in the map); 2:
Acre and Amazonas states in dark and light gray, respectively, with the municipalities covered in
this study highlighted in the western area. 3: The municipalities of the upper Jurua Valley
region: Mancio Lima, Rodrigues Alves and Cruzeiro do Sul in Acre state and Guajara in
Amazonas state. Dark thick lines represent the municipalities’ borders. The triangles show the
town of each municipality, and in light green the forest cover in contrast with gray representing
mostly deforested areas. Roads and streets are represented.
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Data analysis

Field-collected data, entered using tablets programed with REDCap (Harris et al., 2009), were
cleaned and exported to Stata SE 15.0 (StataCorp, TX, USA) for statistical analysis. Proportions
were compared with y2 tests and correlations were investigated using the Pearson’s correlation
test.

Multivariate regression models with either dichotomic or continuous outcome variables were
run to identify correlates of urban-to-rural mobility. The dichotomic outcomes analyzed with
logistic regression models were: (1) overnight trip outside the town within the past 12 months
(no/yes) and (2) overnight trip to high-risk localities —i.e., those with an API greater than that of
the town of Mancio Lima (442 cases per 1,000 inhabitants) — within the past 12 months



(no/yes). Given the nested structure of the data (individuals clustered into households), we
used the “meqrlogit” STATA command to build mixed-effects logistic regression models that
included the grouping variable “household” as a random factor. These models performed
better than their Poisson counterparts, as judged by Akaike’s and Bayesian information criteria;
therefore, only logistic regression results are presented here. The continuous outcome
variables analyzed with negative binomial models were: (3) total number of overnights outside
the town within the past 12 months and (4) total number of overnights in high-risk localities.
Models were built with the “menbreg” STATA command, including the grouping variable
“household” as random factor.

Variable selection for the final models followed the hierarchical approach based on conceptual
frameworks as suggested by Victora and colleagues (Victora et al., 1997). Variables available
were: age group (0-5; 6-15; 16-40; 41-60; 41-60; > 60 years); gender (female, male); literacy
(illiterate; literate); terciles of a household wealth index (poorest; intermediate; least poor) that
considers housing characteristics and assets, such as vehicles and home appliances, and was
computed as described by Filmer and Pritchett (Filmer, Pritchett, 2001); if anyone in the
household receives benefits from the federal Bolsa Familia conditional cash transfer program
(Rasella et al., 2013) (no; yes); individual work status (does not work; formal employee;
informal employee; employer); family head workstatus (does not work; formal employee;
informal employee; employer); regular fishing (no/yes) and presence of a second residence
outside the urban area (no, yes).

Ethics statement

The study protocol was approved by the Institutional Review Board of the Institute of
Biomedical Sciences, University of S3o Paulo, Brazil, and by the National Committee of Ethics in
Research (CONEP) of the Ministry of Health of Brazil (CAAE number 64767416.6.0000.5467).
Written informed consent and assent were obtained from all study participants.

Results

Complete mobility information was available from 1,903 individuals, distributed into 504
households, who participated in both cross-sectional surveys. This total corresponds to 94.4%
of individuals interviewed in May-June 2019 and 89.3% of those interviewed in September-
October 2019. Participants have a mean age of 28.4 years, with a male:female ratio of 0.95.
Adults >25 years old reported 7.3 years of schooling on average, which corresponds to
incomplete elementary school; 19.2% of study participants 215 years old are illiterate. Only
53.0% of individuals 218 years old reported to be currently working; of those, 8.6% are formally
employed and the majority (55.7%) are informal employees who engage in seasonal farming in
the surroundings of the town. Multi-sited households are common in Mancio Lima — 16.8% (85
out of 504) of the families maintain both urban and rural residences.



Malaria rates in the town of Mancio Lima and surrounding localities

Fig. 2 shows that average APIs vary widely among the 65 localities in the upper Jurud Valley that
were reported as destinations of overnight trips by urban residents in Mancio Lima.

Fig 2. Map showing the location of the municipal seat of Mancio Lima and the 65 localities in
the upper Jurua Valley region that were mentioned as travel destinations by study participants.
Georeferenced localities are represented by circles with size proportional to their population
size and filled with tones from light yellow to dark brown that are proportional to malaria
transmission intensity, using the average annual parasite incidences (APIs) for both P. vivax and
P. falciparum between 2016 and 2018 as a proxy (higher APIs in darker tones).

' i G GUAJARA
@ ® y A

&N

Legend
Population

9,943 - 74,234
628 - 9,942
13 - 627

Mean Annual Parasite
Incidence 2016-2018
mmm 500 - 1,714
m— 250 - 499.9 v
w50 - 249.9 .
10-49.9
0-9.9

Forest v
— /A) ®
Roads L) ©
Rivers 0 10 20 km
A Towns |

Average APl between 2016 and 2018 ranges across localities from 1 to 1,714 laboratory-
confirmed malaria cases, regardless of the species, per 1,000 population per year. The average
API for the town of Mancio Lima during the same period was 442 cases per 1,000 population
per year, which is surprisingly high for an urban setting. For comparison, the three other urban
centers in the upper Jurua Valley region— namely, Cruzeiro do Sul (estimated urban population,
63,800 inhabitants), Rodrigues Alves (population, 13,200), and Guajara (population, 8,800),
whose locations are indicated in Fig. 2 — sustain substantially lower malaria transmission



compared with Mancio Lima, with mean APIs of 1, 50, and 8 malaria cases per 1,000 population
between 2016 and 1018, respectively. Of note, three fourths of the 24 localities with very
intense malaria transmission (APl > 500) are periurban farming settlements situated within a
20-km radius of the town of Mancio Lima. Only three high-risk localities are remote riverine
villages along the main local rivers (Jurud, Moa, and Azul).

Contrary to the commonly held perception of malaria as a disease of isolated communities
deep in the rainforest in the Amazon, periurban agricultural settlements contribute most of the
malaria burden in the upper Jurua Valley, what is especially apparent for the municipality of
Mancio Lima. Somewhat surprisingly, this pattern is even more marked for P. falciparum
infections, which mostly cluster in the vicinity of the town, being much less frequent in more
remote sites. Locally transmitted malaria remains relatively infrequent in the towns of
Rodrigues Alves and Guajara and the city of Cruzeiro do Sul (Table 1).

Table 1. Malaria cases according to most likely local of infection (either urban or rural) for all
municipalities in the Amazon and selected municipalities in the Upper Jurua Valley of Brazil,
2016-2018.

Malaria cases %
Municipality Urban Rural Total Urban Rural
All municipalities in the Amazon 67,700 383,479 451,179 15.0 85.0
Mancio Lima 11,550 12,171 23,721 48.7 51.3
Cruzeiro do Sul 8,033 43,181 51,214 15.7 84.3
Rodrigues Alves 639 13,033 13,672 4.7 95.3
Guajara 669 5976 6645 10.1 89.9

Urban-to-rural mobility and its determinants

Over one third (35.5%) of the study participants reported at least one overnight trip between
September 2018 and August 2019, with a total of 34,150 overnights outside the town,
corresponding to approximately 5% of their nights during the study period. Nearly half (47.0%)
of the study participants who reported overnights outside the town were away for 21 month
during the study period (one or more trips); 24.4% of them were away for 23 months.

The three most frequent destinations are two small rural settlements (Tonico and Timbauba,
#15 and #54 in Fig. 3, respectively) and the nearest city (Cruzeiro do Sul, #30 in Fig. 4). In
contrast, the towns of Rodrigues Alves and Guajara attract relatively few visitors from Mancio
Lima. Tonico, the most visited locality, displays the highest API in the region, estimated at 1,714
cases per 1,000 inhabitants between 2016 and 2018.



Fig 3. Trip destinations of residents in the town of Mancio Lima according to number of
overnight stays. As in Fig 2, the map shows the location of the town of Mancio Lima and the 65
localities in the upper Jurua Valley region with overnigths reported by study participants.
Georeferenced localities are represented by circles with size proportional to their population
size and filled with tones from light orange to dark brown that are proportional to the number
of overnights in each locality between September 2018 and August 2019 (larger number of
overnights in darker tones). The lower panel shows the cumulative number and proportion of
overnights in the top-15 localities; their identification codes (IDs) are shown in the map.
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Fifteen localities (14 of them rural) account for over 80% of overnights (Fig. 3, lower panel).
Importantly, the localities within 20 km of Mancio Lima (32.3% of those shown in Fig. 3)
account for 58.1% of the total overnights outside the town. In addition, 48.7% of the reported
overnights were in rural localities with API > 500 (compare Fig. 2 and 3), exposing urban visitors
to substantial malaria risk. In other words, during the study period participants reportedly
spent, on average, 2.4% of their nights in high-risk localities, mostly in the vicinity of the town.

The number of overnights in each locality is not significantly correlated with its distance from
the town of Mancio Lima (Pearson’s r=-0.22, P = 0.09). We note, however, that the three most
visited localities (Tonico, Cruzeiro do Sul and Timbauba) are outliers in the regression analysis,




being disproportionately more visited than expected from their distance from the town of
Mancio Lima. Because the city of Cruzeiro do Sul (4,204 overnights), situated at Euclidian
distance of 26 km southeast from Mancio Lima, is the largest urban center in the region, its
attractiveness is easily understood. Moreover, as discussed below, Tonico and Timbauba are
common sites for second residences of urban families. When these three outliers are removed
from the regression analysis, a significant negative correlation is observed between the number
of overnights and distance from the town (Pearson’s r=-0.36, P = 0.004), suggesting that study
participants tend to spend more overnights in proximate localities, with the exceptions noted
above.

Not surprisingly, members of multi-sited households display increased mobility. Indeed, 55.4%
of study participants whose families have a second residence reported at least one overnight
trip in the previous 12 months, compared with only 30.7% of those with no second residence (P
< 0.01, %2 test). The riverine village of Timbauba, along the Moa river (54 km northwest of the
town in Euclidian distance), is the second most frequent site for a second residence and also
the second most visited locality (4,204 overnights). Likewise, the farming settlement of Tonico
(16 km west of the town by road), the most visited locality (4,791 overnights) and the highest
APl in the region, is among the top-five locations where study participants have a second
residence.

Mixed-effects multiple logistic regression analysis identified five significant correlates of overall
urban-to-rural mobility and four correlates of mobility to high-risk areas (Table 2). Common risk
factors associated with both outcomes were: (a) male gender; (b) regular fishing; and (c) a
second residence outside the urban area. Age between 16 and 40 years was a statistically
significant risk factor for overall mobility, while people older than 60 years old were less likely
to spend their nights in high-risk areas. Informal employees were more likely to travel, but not
necessarily to high-risk localities.

Mixed-effects negative binomial regression models identified the following factors
independently associated with increased number of overnights outside the town: (a) male
gender, (b) age between 16 and 60 years, (c) informal employment, (d) regular fishing, and (e)
second residence outside the urban area (Table 3). We note that the least poor study
participants reported less overnights outside the town, compared with the lowest wealth
stratum. Taken together, these results allow to identify high-mobility study participants as
typically males aged 16 to 60 years old in the lowest wealth stratum, with informal jobs, who
have a second residence outside the town and fish regularly.



Table 2. Mixed-effects logistic regression analysis of correlates of urban-to-rural overall mobility (left columns) and mobility to high-risk areas (right columns) in the

study population of Mancio Lima, northwestern Brazil (n=1,903)

Overall mobility
(overnight trip outside the town within the past 12 months)

Mobility to high-risk areas
(overnight trip outside the town within the past 12 months to localities

with an API greater than that of the town of Mancio Lima)

Unadjusted model Adjusted model Unadjusted model Adjusted model
OR® [ (95%cyr | P OR® (95%cl)> | P OR® [ (95%cl)> | P OR® | (95% c1)° [

Age

0-5 Reference Reference Reference Reference

06-15 1.19  (0.7-2.0) 0.506 1.06  (0.6-1.8) 0.837 1.01 (0.5-2.0) 0.968 0.93 (0.5-1.9)  0.846

16-40 2.64 (1.6-4.2) <0.0001 1.97 (1.2-3.3) 0.009 1.47 (0.8-2.7) 0.210 1.08 (0.5-2.1) 0.815

41-60 2.49 (1.4-4.4) 0.001 1.60 (0.8-3.0) 0.146 1.18 (0.6-2.5) 0.657 0.72 (0.3-1.7) 0.452

>60 0.81 (0.4-1.6) 0.543 0.63 (0.3-1.3) 0.198 0.32 (0.1-0.9) 0.029 0.22 (0.1-0.6) 0.006
Gender

Female Reference Reference Reference Reference

Male 1.82  (1.4-2.4) <0.0001 1.46  (1.1-2.0) 0.011 2.01 (1.4-2.9) <0.0001 1.61 (1.1-2.4)  0.017
Work status

Does not work Reference Reference Reference Reference

Formal employee 1.38 (0.8-2.3) 0.198 0.90 (0.5-1.6) 0.709 1.38 (0.7-2.6) 0.312 1.15 (0.6-2.4) 0.695

Informal employee 3.13  (2.2-4.4) <0.0001 1.61  (1.1-2.4) 0.022 2.21 (1.5-3.4) <0.0001 1.44 0.8-2.5)  0.192

Employer 0.36 (0.0-4.2) 0.414 0.22 (0.0-2.6) 0.231 3.90 (0.1-105.5) 0.419 3.74 (0.1-108.8) 0.444
Wealth index®

Poorest Reference Reference Reference Reference

Intermediate 0.70  (0.4-1.2) 0.223 0.77 (0.43-1.4) 0.385 1.90 (0.8-4.4) 0.132 2.33 (1.0-5.5)  0.054

Least poor 0.76  (0.4-1.3) 0.336 0.75  (0.4-1.4) 0.368 1.29 (0.6-3.0) 0.554 1.35 (0.6-3.3)  0.515
Fishing

No Reference Reference Reference Reference

Yes 3.3 (2.3-4.7) <0.0001 2.40 (1.6-3.5) <0.0001 2.52 (1.58-4.0) <0.0001 2.13 (1.3-3.6) 0.004
Second residence

No Reference Reference Reference Reference

Yes 5.05 (2.8-9.1) <0.0001 5.59 (3.0-10.6) <0.0001 6.8 (2.9-16.0) <0.0001 7.58 (3.1-18.6) <0.000

20R= odds ratio
bCl= confidence interval
“‘Wealth Index terciles
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Table 3. Mixed-effects negative binomial regression analysis of correlates of urban-to-rural overall mobility (left columns) and mobility to high-risk areas (right
columns), in the study population of Mancio Lima, northwestern Brazil (n=1,903)

Overall mobility
(total number of overnights outside the town within the past 12 months)

Mobility to high-risk areas

(total number of overnights in localities with an API greater than that of

the town of Mancio Lima)

Unadjusted model

Adjusted model

Unadjusted model

Adjusted model

IRR? | (95% c1)> | P IRR? [ (95%c)y | P IRR? [ (95%c)y | P IRR? [ (95%cl)> | P

Age

0-5 Reference Reference Reference Reference

06-15 131 (0.7-2.3) 0.362 1.24  (0.7-2.2) 0.463 1.01 (0.4-2.3) 0.990 0.91 (0.4-2.0) 0.821

16-40 3.52 (2.1-6.0) <0.0001 2.73 (1.5-4.8) 0.001 2.06 (1.0-4.3) 0.052 1.61 (0.7-3.6) 0.243

41-60 4.14 (2.2-7.8) <0.0001 2.42 (1.2-4.9) 0.015 1.75 (0.7-4.4) 0.237 1.06 (0.4-2.9) 0.911

>60 1.27 (0.6-2.8) 0.566 0.97 (0.4-2.2) 0.938 0.72 (0.2-2.4) 0.595 0.48 (0.1-1.7) 0.256
Gender

Female Reference Reference Reference Reference

Male 243 (1.8-3.3) <0.0001 1.94  (1.4-2.7) <0.0001 3.04  (2.00-4.7) <0.0001 2.76 (1.7-4.6)  <0.0001
Work status

Does not work Reference Reference Reference Reference

Formal 159  (0.9-2.8) 0.114 097 (0.5-1.8)  0.917 1.87 (0.8-4.6)  0.175 155 (0.6-4.0)  0.363
employee

Informal

426  (2.9-6.2) <0.0001 1.70  (1.0-2.8) 0.031 3.32 (1.9-5.7) <0.0001 1.46 (0.7-3.0) 0.302

employee

Employer 1.66  (0.1-22.0) 0.702 0.65  (0.0-9.4) 0.751 465 (0.2-130.1) 0.366 2.85  (0.1-102.2) 0.566
Wealth index®

Poorest Reference Reference Reference Reference

Intermediate 0.53 (0.3-1.0) 0.041 0.60 (0.3-1.1) 0.103 3.03 (1.0-9.4) 0.056 2.76 (1.0-7.8) 0.055

Least poor 0.53 (0.3-1.0) 0.047 0.51 (0.3-1.0) 0.037 1.74 (0.6-5.4) 0.335 1.14 (0.4-3.2) 0.805
Fishing

No Reference Reference Reference Reference

Yes 3.60  (2.4-5.4) <0.0001 1.93  (1.3-3.0) 0.003 2.62 (1.4-4.9) 0.003 1.39 (0.7-2.7) 0.322
Second residence

No Reference Reference Reference Reference

Yes 13.3  (7.3-24.4) <0.0001 15.46  (8.3-28.8) <0.0001 60.18 1%3; <0.0001 60.99 1(;:;; <0.0001

2RR= incidence rate ratio. Note that “incidence” here refers to the total number of overnights over 12 months.

bCl= confidence interval
“Wealth Index terciles
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Malaria treatment seeking and rural-to-urban mobility

Overall, 19,847 laboratory-confirmed malaria cases — including 16,347 P. vivax infections
(82.4%) and 3,500 P. falciparum infections (17.6%) — were diagnosed, treated, and notified in
the town of Mancio Lima between January 2016 and December 2018. Of them, 5,389 (33.0%) P.
vivax infections and 1,545 (44.1%) P. falciparum infections were classified as imported during
routine case investigation. The ratio between locally transmitted and imported infections in the
town is 2.0:1 for P. vivax and 1.3:1 for P. falciparum. These data indicate that a large number of
subjects, either urban residents or not, who acquired malaria outside of the town regularly seek
treatment in Mancio Lima and expose their inhabitants to some risk of infection, given the
malaria receptivity of the urban area.

We next investigated the geographic origin of imported malaria infections notified in Mancio
Lima. The vast majority of them (77.8% for P. vivax and 78.3% for P. falciparum infections) had
one of the 65 localities shown in Fig. 2 recorded as the most likely origin during routine case
investigation. Importantly, the top-10 source localities, none of them more than 20 km away
from the urban area, account for 64.5% of P. vivax and 69.3% of P. falciparum infections
imported into the town of Mancio Lima. Permanent malaria diagnosis outposts are not
available in these localities. Importantly, the number of imported cases correlates negatively
with the distance between the putative source locality and the town (Pearson’s r=-0.45, P =
0.001).

Discussion and Conclusion

The association between circular population movement and urban malaria risk has long been
recognized in South America (Osorio et al., 2010). Although public health policies cannot
prevent directly human mobility, which is “driven mostly by need rather than choice” (Martens
et al., 2000), they can proactively address some of the underlying causes and consequences of
movements that contribute to malaria transmission.

Here we show that surveillance data combined with additional sociodemographic and mobility
information from population-based surveys provides valuable information that can be explored
for evidence-based planning and deployment of interventions aimed to reduce urban malaria
risk across the Amazon.

We characterize patterns of spatial mobility in the main urban malaria hotspot of Brazil and
their main determinants. We focus on the urban-to-rural mobility that places travelers at risk
for malaria and rural-to-urban mobility caused by treatment seeking that poses a risk to urban
residents, especially if rural visitors extend their stay in the town for selling crops, purchasing
goods, or fully recovering from the current malaria episode. Importantly, the most common
travel destinations are typically those with the most intense malaria transmission — essentially
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farming settlements situated within 20 km of Mancio Lima, accessible to public health
interventions, rather than remote riverine communities. These findings have clear implications
for implementing effective malaria control policies in potential source communities that may
fuel urban malaria transmission. The most mobile urban residents are poor males 16 to 60-
years old from multi-sited households who lack a formal job in the town. Likewise, the most
frequent source localities of imported cases diagnosed in Mancio Lima are also situated within
20 km radius of the town.

The presence of multi-sited households in the Amazon (Olson et al., 2010) is part of a broader
process called extended urbanization (Monte-Mér, 2004; Barbieri, Monte-Mér, Bilsborrow,
2009; Castriota, Tonucci, 2018). The traditional rural-urban divide in the region has been
gradually replaced by a continuous gradient of “urbanicity” — typically urban features are
extended to rural communities while towns and cities retain some “rurality” (Dal’Asta et al.,
2018). Our findings suggest that human mobility across the rural-urban gradient, mostly
motivated by subsistence or commercial farming in peri-urban settlements, poses a continuous
risk of malaria introduction into more urbanized and densely populated spaces.

These results can inform public health responses to prevent mobility-related urban and peri-
urban malaria transmission across the Amazon, including large cities such as Manaus (Almeida
et al., 2018) and Porto Velho (Tada et al, 2007) in Brazil and Iquitos in Peru (Brach et al., 2005).
The first challenge consists in identifying the most mobile population strata who may
contribute a large proportion of infections in the community (Corder et al., 2019). Once
identified, mobile individuals may be targeted with more intensive and effective interventions
that cannot be readily delivered to the entire community. Importantly, the high-risk individuals
in Mancio Lima will acquire clinical immunity faster, after repeated infections (Corder et al.,
2020), and eventually constitute a large clinically silent reservoir that carries malaria parasites
across the rural-urban interface. Delivering personal protection measures, such as bed nets,
and adequate access to diagnosis and treatment are examples of strategies to mitigate
mobility-associated malaria risk.

Second, human mobility fuels malaria transmission in urban centers in the Amazon that are
receptive —i.e., whose environmental conditions allow for malaria transmission from a human
through a vector mosquito to another human (WHO, 2018). Indeed, molecular analyses of
parasite isolates provide evidence for sustained malaria transmission in the town of Mancio
Lima (Salla et al., 2020). Vectors are increasingly abundant in this and other urbanized spaces in
the Amazon and can sustain local malaria transmission. Typical larval habitats are natural water
bodies in unplanned peri-urban settlements adjacent to forested areas (Crowder, 2002) and
natural and human-made fish farming ponds, now widespread in towns and cities across the
region (Maheu-Giourx et al., 2010; Reis et al., 2015; Barros, Hondrio, 2015; Lana et al., 2017;
Martins et al., 2018). Larval source management with biological larvicides represents a logical
approach to malaria control in urbanized spaces where breeding sites are relatively few, easy to
find and readily accessible. It has been successful in African cities (Fillinger, Lindsay, 2011;
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Maheu-Giroux, Castro, 2013) and can drastically reduce anopheline larval density in fish
farming ponds in the Amazon (Fontoura et al., 2020).

Third, imported infections diagnosed in urban communities across the Amazon do not
necessarily originate in hard-to-reach traditional settlements. Instead, our results indicate that
they are mostly acquired in farming settlements in the vicinity of the city or town, where
farmers usually sell their crops and purchase goods. These findings imply that more intensive
control interventions and better infrastructure for laboratory diagnosis and prompt treatment
in nearby rural localities might drastically reduce the number of cases imported into the urban
area.

This study has some limitations. One is the possible recall bias in travel histories obtained at
approximately six-month intervals. Alternatives to travel histories include the use of mobile
phone data, which have been increasingly used to track human movements over time
(Wesolowski et al. 2016). To this end, individuals are assigned to a primary cell phone tower
based on the most frequently used tower at night. Travel to another tower catchment area is
inferred if their location is recorded at that tower for more than one night. However, this
strategy depends on relatively good mobile phone coverage, typically found in cities and towns
(Fornace et al., 2018) but absent in most rural sites in the Amazon. Recall bias may also affect
the inference of the most likely site of infection, which was also self-reported, in the
investigation of imported malaria cases. Finally, the use of routine malaria surveillance data,
which are limited to clinical cases detected by conventional diagnostic methods such as
microscopy or rapid diagnostic tests, is also a limitation. Routine surveillance typically overlooks
chronic asymptomatic carriers of submicroscopic parasitemias who may seed infections in
urban spaces over extended periods of time (Lindblade et al., 2013).

Despite these potential study limitations, we show that surveillance data combined with
additional sociodemographic and mobility information from population-based surveys provides
valuable information that can be explored for evidence-based planning and deployment of
interventions aimed to reduce urban malaria risk across the Amazon.
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