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Abstract

Infectious diseases are a growing threat to the conservation of nonhuman primates. In the
case of diseases shared with humans, the risk is higher where habitat loss and fragmen-
tation facilitate proximity to wildlife. Yellow fever (YF) is an infectious disease transmit-
ted by mosquito vectors between primates in a sylvatic cycle or between humans in an
urban cycle. Whereas YF does not compromise the survival of primates in Africa, where
the disease is native and endemic, it has caused significant losses in Atlantic Forest primate
populations in South America. Given that Asia is free of YF, we anticipate maps of
infection risk for 80 species of Asian primates based on biotic and abiotic predictors of YF
environmental suitability. Specifically, we used data on climate, forest cover, and the
potential distribution of the mosquitoes that act as vectors in YF sylvatic cycles. We found
that Malaysia, Singapore, Indonesia, Brunei, and portions of southern India are high-risk
zones for the occurrence of the YF virus. Four primate species have their ranges located
completely within YF high-risk zones and an additional 44 species include high-risk zones
within their distributions. We found that YF is a potential threat to wildlife worldwide, and
that Asian primates can become particularly vulnerable if the YF virus is introduced into
the region. Given the documented negative effects of YF on primates that are not immune
to the disease, we stress the urgency of global control policies, such as mass human
vaccination and safer travel protocols, to prevent the spread of the YF virus.

Keywords Alien species - Conservation - Haplorrhini - Health - Infectious diseases -
Strepsirrhini

Introduction

Infectious diseases (hereafter diseases) shared with humans have long been known to
cause high mortality in nonhuman primate (hereafter primate) populations (Balfour
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1914; Collias and Southwick 1952; Formenty et al. 1999; see also Ryan and Walsh
2011; Wallis and Lee 1999). Yet, diseases were not officially recognized as major
threats to the conservation of primates until recently. This situation is illustrated by the
lack of any primate listed among the 54 mammals in the 2006 ITUCN Red List of
Threatened Species for which diseases were considered a major threat (Pedersen ef al.
2007). Whereas most primate researchers and conservationists have focused their
efforts on understanding and lowering the most pervasive impacts of habitat loss,
habitat fragmentation, and hunting (Cowlishaw and Dunbar 2000), a few have pro-
posed strategies to avoid the transmission of diseases from humans to primates even
before the full recognition of diseases as critical threats to conservation (Wallis and Lee
1999; see also Bicca-Marques and Calegaro-Marques 2014; Wolfe et al. 1998).

Outbreaks of Ebola in chimpanzee (Pan troglodytes) and gorilla (Gorilla beringei
and G. gorilla) populations in Africa (Bermejo et al. 2006; Formenty et al. 1999;
Walsh et al. 2003) were critical in highlighting the importance of health surveillance of
populations of threatened primate species (Wolfe ez al. 1998). Since then, addressing
disease prevention has gained momentum in primate research and conservation
(Chapman et al. 2005; Estrada et al. 2017, 2018; Gillespie et al. 2008; Nunn and
Altizer 2006; Nunn and Gillespie 2016). Outbreaks of other diseases, such as the
yellow fever (hereafter YF) in South America (Almeida et al. 2012, 2014; Bicca-
Marques et al. 2017; Holzmann et al. 2010; Moreno et al. 2013) and the Kyasanur
Forest Disease in Asia (Shah et al. 2018), have reinforced the need to monitor the
health of wild populations and to study the impact of diseases on their long-term
viability.

Within this context, YF is an important disease to investigate. First, its causative
agent, the YF virus, evolved in Africa sometime in the past 1500 yr (95% probability =
288-1304 yr; Bryant et al. 2007), where primates coevolved with it and developed
resistance (Monath and Vasconcelos 2015). Second, it was introduced in the Americas
between 300 and 400 yr ago during the trade of enslaved African humans (Bryant ef al.
2007; Hanley et al. 2013), where it is currently endemic in 13 countries (WHO 2020b)
and where its impacts on primates have been much higher than recorded in Africa.
Third, YF never established itself in Asia (Hanley et al. 2013; Klitting et al. 2018;
Kuno 2021), despite the likely existence of biotic and abiotic conditions to maintain its
cycle (Monath and Vasconcelos 2015). This absence has been explained by the putative
cross-immunity between the YF virus and other arboviruses, particularly the dengue
virus. A less likely hypothesis, among others, is the lower competence of mosquito
vectors (Amaku et al. 2011; Valentine et al. 2019). Although only few Asian primates
are known to be susceptible to experimental infection with the YF virus (e.g., Macaca
mulatta: Stokes et al. 1928; Theiler and Anderson 1975), its introduction in Asia could
be catastrophic given the primates’ lack of prior contact, as we describe in the text that
follows for platyrrhines. An importation of human cases of YF from Angola into China
in 2016 (Song et al. 2018; Wang et al. 2016; Wilder-Smith and Leong 2017) did not
result in secondary in-country infection (Barrett 2018) but warned about its risk of
introduction and spread in Asia given the presence of mosquito vectors and dense
populations of unvaccinated people (Monath et al. 2016).

Yellow fever is a disease of great concern to public health. Despite the existence of a
safe vaccine, tens of thousands of humans die in Africa and the Americas every year
because there is no specific and effective treatment (WHO 2020b). Most infected

@ Springer



76 Bicca-Marques J.C. et al.

unvaccinated people are asymptomatic or develop a mild, harmless form of the disease.
Those people who develop the severe or the fatal form and die represent ca. 6% of the
infected population (Johansson et al. 2014). In the Americas, YF can follow an urban
cycle that involves the original African mosquito vector Aedes aegypti and humans as
hosts and a sylvatic cycle that is maintained by native Haemagogus spp. and Sabethes
spp. mosquitoes and primates as hosts. Humans enter the sylvatic cycle accidentally
(Abreu et al. 2019; Cardoso et al. 2010; Hanley et al. 2013; Monath and Vasconcelos
2015). Whereas the urban cycle has not generated cases throughout the continent of
South America since the 1950s (Vasconcelos 2002), except for a localized and
controlled resurgence in Paraguay in 2008, sylvatic outbreaks occur periodically
outside the endemic region (Monath and Vasconcelos 2015). The two most recent
extra-Amazonian sylvatic YF outbreaks occurred in center-west, southeast and south-
e Brazil between 2007 and 2009 and between 2014 and 2021 (Almeida et al. 2012;
Bicca-Marques 2009; Bicca-Marques and Freitas 2010; Hill et al. 2020; Jesus et al.
2020; Moreno et al. 2011, 2013; Romano et al. 2019).

Thousands of deaths of howler monkeys (Alouatta spp.) during these outbreaks
(Almeida et al. 2012, 2014; Bicca-Marques and Freitas 2010; Bicca-Marques et al.
2017; Hill et al. 2020; Holzmann et al. 2010; Moreno et al. 2011, 2013; Possamai
et al. 2019; Romano et al. 2019) confirmed their long-known high susceptibility to
the YF virus (Balfour 1914; Collias and Southwick 1952). After the 2007-2009
outbreak, the conservation status of Alouatta guariba clamitans changed from
Endangered to Critically Endangered in Argentina and from Near Threatened to
Vulnerable in Brazil, while that of Alouatta caraya changed from Least Concern to
Vulnerable in Argentina and to Near Threatened in Brazil, and from Vulnerable to
Endangered in the southernmost Brazilian state of Rio Grande do Sul (see Bicca-
Marques et al. 2020).

Howlers, marmosets (Callithrix spp.), and capuchin monkeys (Sapajus spp.) were
the most frequent taxa among the 23,270+ primate deaths recorded by the Brazilian
Ministry of Health from July 2014 to June 2019 (Romano et al. 2019), a number that is
certainly underestimated given that most primate deaths that occur in the interior of
forests go unnoticed to local inhabitants, health, and environmental authorities. This
later outbreak is also believed to have caused a 32% decline in the wild population of
the Endangered Leontopithecus rosalia from 3700 individuals before the outbreak in
2014 to 2516 after it in 2018 (Dietz et al. 2019). The largest population of the Critically
Endangered Brachyteles hypoxanthus decreased nearly 10% from 324 to 293 individ-
uals in just 6 mo (October 2016—April 2017), whereas another, smaller population
declined 26% from 34 to 25 individuals (Strier et al. 2019). The populations of the
three primates syntopic with the larger B. hypoxanthus population showed greater
losses. The Endangered Callithrix flaviceps decreased by >90%, the Vulnerable
Alouatta guariba clamitans by >80%, and the Near Threatened Sapajus nigritus by
40%-50% between 2015 and 2017/2018 (Possamai ez al. 2019). A population of the
Near Threatened Callicebus nigrifrons was estimated to decrease by almost 80% after
the same outbreak (Berthet et al. unpublished). This widespread impact of YF on
platyrrhine monkeys even after ca. 400 yr of the introduction of the virus in the
continent led the Vulnerable A. guariba to be included in the 2018-2020 list of the
25 world’s most endangered primates (Buss et al. 2019) as an ambassador for warning
about the risk of diseases to primate populations.

@ Springer



The Risks of Yellow Fever to Asian Primates 77

In addition to highlighting the need to better understand the role of each component
of the sylvatic cycle, these later outbreaks provided critical data for improving our
understanding of the factors that may facilitate the occurrence and spread of extra-
Amazonian outbreaks of sylvatic YF. Modeling environmental suitability of the YF
virus in the state of Rio Grande do Sul, Brazil based on the distribution of primate
hosts, mosquito vectors and the occurrence of YF-related primate deaths during the
2008-2009 outbreak identified rainfall, air humidity, ambient temperature, and wind
speed as important environmental predictors of YF distribution. While the first three
variables modulate vector reproduction and density, wind speed facilitates the dispersal
of infected vectors through the landscape (Almeida et al. 2019b).

Rainfall, temperature, altitude, and diversity of primate hosts were also associated
with the occurrence of human cases of YF in South America (Hamrick et al. 2017).
Similarly, temperature, rainfall, and vegetation cover were critical factors in the
modeling of the global distributions of two mosquito vectors. Whereas India and other
parts of eastern Asia are predicted as highly suitable for the mosquito Aedes aegypti,
eastern China and Japan are particularly suitable for Aedes albopictus (Kraemer et al.
2015). Authors focusing on modeling the global distribution of YF have identified
highly suitable areas in eastern Thailand and areas of lower suitability in parts of
Malaysia and Indonesia (Rogers ef al. 2006). Large areas of lower suitability were also
identified in Cambodia, India, Laos, Myanmar, Papua New Guinea, the Philippines,
and Vietnam (Shearer et al. 2018). These models have used environmental (mainly
vegetation) variables and the distributions of vectors and primate hosts to identify
regions suitable for the introduction of the YF virus that could also impact humans
(e.g., Shearer et al. 2018).

Here we assess the suitability of the distribution ranges of Asian primates for the
establishment of sylvatic YF cycles based on abiotic and biotic conditions. We begin
by estimating the worldwide habitat suitability for the major mosquito vectors and
combine this information with environmental gradients to predict the potential distri-
bution of the YF virus. Then we assess the percentage of the distribution of each Asian
primate species that is suitable for the establishment of YF as a proxy of their risk upon
the introduction of the YF virus and compare this risk between taxonomic families and
conservation status categories. We further explore our findings in light of the risk of
different pathways for the introduction of the YF virus, the challenges of the required
mitigating strategies, and the potential consequences for the conservation of Asian
primates.

Methods
Data Collection

We modeled the global environmental suitability for the mosquito vectors involved in
the sylvatic YF cycles in the Americas and Africa and in the Zone of Emergence in
Africa, where other mosquito species are responsible for virus spillover into humans,
who replace nonhuman primates as primary hosts (Fig. 1). We adopted a conservative
approach of focusing on the sylvatic vectors because our aim was to assess the invasion
of Asian forests by the YF virus and the Aedes, Haemagogus and Sabethes mosquitos
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as “prerequisites” for the establishment of sylvatic cycles of the disease. We used the
mosquitoes involved in the sylvatic cycles in Africa and South America as proxies for
Asian sylvatic mosquitoes because of missing information on the efficacy of the latter
as YF vectors (Kuno 2021). We decided not to model the suitability for the urban
vector so as not to lose focus on the risks of establishing sylvatic cycles. This decision
was also supported by the lack of evidence of infected Aedes aegypti in those urban and
periurban areas in Brazil where primates have died of yellow fever (Abreu et al. 2019;
Cunha et al. 2020; Sacchetto et al. 2020).

To establish the environmental conditions likely to drive the occurrence and poten-
tial distribution of sylvatic vectors, we first obtained biological data for those mosquito
species available in online data repositories [Global Biodiversity Information Facility
(GBIF) (www.gbif.org) and SpeciesLink (splink.cria.org.br)]. After removing duplicate
occurrences and those outside land masses, we grouped the mosquito records by genus,
resulting in a mean of 1670 + SD 1450 records (Aedes: 699 records, Haemagogus:
3,846, Sabethes: 466). We used the occurrence data to model the global environmental
suitability for each mosquito genus.

We generated 9999 random points within a previously estimated YF polygon
(Hanley et al. 2013) to create a proxy of global suitability for the occurrence of the
disease. We then assumed that the random points encompass the conditions that allow
the simultaneous occurrence and interaction among the YF virus, vectors, and hosts.
However, our assumption of a homogeneous probability of disease occurrence across
the entire YF polygon increases commission error and uncertainty. To circumvent these
positional issues, we removed YF occurrences that fell outside of landscapes with

Aedes africanus
Alouatta spp. Haemagogus janthinomys

Callithrix spp. Haemagogus leucocelaenus
Cercocebus spp. Haemagogus spegazzinii A
Cercopithecus spp. Sabethes chloropterus G
wo M
Colobus spp. SO\)
Papio spp.
. TOT
Galago senegalensis
Aedes africanus Aedes aegypti
Aedes bromeliae
Aedes furcifer
Aedes taylori TOT
'7;;/, Aedes luteocephalus
) Aedes metallicus
Aedes opok
Aedes vittatus

Homo sapiens

Aedes simponi

sylvatic cycle zone of emergence urban cycle
(Africa and South America) (Africa only) (Africa and South America)

Fig. 1 Sylvatic transmission, spillover, and urban transmission of the YF virus. In Africa, virus transmission
occurs among mosquitoes (mainly Aedes africanus) by transovarial transmission process (TOT) and from
mosquitoes to wild nonhuman primates in the sylvatic cycle. During the rainy season it reaches a “zone of
emergence.” Once the virus reaches humans, virus transmission is sustained and amplified by Aedes aegypti in
urban areas. In South America, the sylvatic cycle is sustained by Haemagogus and Sabethes vector species and
platyrrhine primates as hosts, especially Alouatta spp., which are highly susceptible and develop clinical
disease. Eventual transmission to humans (without passing through a “zone of emergence”) promotes the
spillover to urban areas, where the cycle is also sustained and amplified by A. aegypti.
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<30% forest cover based on estimates of tree cover from the literature (Hewson et al.
2019). Therefore, we approximate our YF occurrences to the regions where YF sylvatic
cycles are more likely to take place.

We then estimated the influence of environmental variables on the distributions of
mosquitoes and the YF virus. To do so, we defined which predictors are most likely to
affect the species’ macroscale distributions. Climate acts as a physiological filter to
restrict and, therefore, determine species distribution at large geographical scales,
whereas vegetation modulates habitat use and species occurrence. We incorporated
multiple environmental dimensions, including climatic, vegetation, and topographic
predictors, as mediators of habitat suitability. Climate information was obtained at
WorldClim version 2 (https://worldclim.com/version2) in the form of 19 gridded spatial
files encompassing a wide range of conditions that species are likely to experience in
the wild (Fick and Hijmans 2017). These are called “bioclimatic predictors.” Vegeta-
tion was obtained as NASA Earth Observations (https://neo.sci.gsfc.nasa.gov/) in the
form of gridded estimates of Normalized Difference Vegetation Index (NDVI) and Net
Primary Productivity (NPP) (Electronic Supplementary Material [ESM] Table SI). We
reprojected the layers of these variables to a Robinson projection (datum WGS 84) at a
0.5-degree resolution (pixel size of ca. 55 kmZ2). Given the correlation between most of
these variables, we reduced their multidimensionality into few axes via a principal
component analysis (PCA).

Statistical Analysis

Predicting the Environmental Suitability for Mosquito Vectors and the YF Virus We
established the relationship between the mosquitoes’ patterns of occurrence and the
environmental variables by summarizing the environmental information with a PCA, as
mentioned earlier. We then selected the PCA axes that cumulatively explained 85% of
the variation in data (ESM Table SII) and used the first four PCA axes as environmental
predictors in our modeling (ESM Fig. S1). We performed the characterization of each
species’ environment using a Poisson Point Process Model (hereafter PPM). A PPM is
a point pattern analysis that evaluates how point density (or intensity) changes as a
function of covariates according to a statistical model (Renner er al. 2015). This
approach is robust to the presence of spatial nonindependence of data while still
providing useful predictions of species’ distributions (Graham et al. 2008). Basically,
this model uses a logistic equation to predict point intensity as a log-linear function of
its predictor variables. Therefore, we assumed that the modeled point density for
vectors or for the YF virus at a given pixel represents the degree of habitat suitability
for them at that location. We modeled the point density for vectors as

log(\;)) = a + B1*PCAL; + B2*PCA2; + $3*PCA3; + 4*PCA4;

where J; is the modeled point density for each mosquito genus at pixel i, « is the point
density when all covariates are zero, and 3 are the parameters by which the point
density increases or decreases for each 1 unit of change in environmental covariates
PCA,. Poisson regression models, including PPM, are equivalent to many popular
methods of species distribution modeling such as Maxent, logistic regression, and
Poisson generalized linear model (Aarts et al. 2012; Renner and Warton 2013).
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After fitting the vector models of habitat suitability, we evaluated their accuracy in
predicting known occurrences. To do so, we used a repeated subsampling technique
that separates the dataset into “training” and “testing,” setting 75% of the data to train
the model and the remaining 25% to validate it, repeating this procedure 100 times for
each model. Training and testing should ideally use independent datasets to evaluate
the accuracy of species distribution models (Araujo ef al. 2019). However, as often is
the case of data from tropical and megadiverse regions, the paucity and inconsistency
of yellow fever records in South America prevented us from using this approach. Then,
we evaluated the model ability to discriminate presences from absences using the area
under the receiver operating characteristic curve (AUC; Fielding and Bell 1997) and the
true skills statistics (TSS; Allouche et al. 2006).

While AUC is a threshold-independent metric, TSS relies on the selection of a
threshold of occurrence probability in which the relationship between commission
(false positive) and omission (false negative) errors are minimized (Allouche et al.
2006; Fielding and Bell 1997). Both metrics provide a single value of model
accuracy. AUC ranges from 0 to 1, and TSS ranges from —1 to +1. An AUC of
0.5 and a TSS of 0 indicate that the model’s ability to discriminate presences from
absences equals a random distribution. Therefore, AUC >0.5 and TSS >0 indicate
that the model discriminates presences from absences above chance level. A value
of +1 indicates perfect discrimination for both metrics. It is usually accepted that an
AUC >0.8 and a TSS >0.5 indicate good model fit (Almeida et al. 2019b;
Cavalcante et al. 2020; Sales et al. 2020). We selected the threshold that maximizes
accuracy to convert continuous predictions of habitat suitability into binary esti-
mates of “suitable” vs. “unsuitable” cells from global raster files (Liu et al. 2005).
We therefore identified regions of the world suitable for the survival of the sylvatic
mosquitoes using these layers.

Then, assuming that the mosquito vectors are obligatory elements for the occurrence
of sylvatic YF cycles, we included their regional predicted environmental suitability as
predictor variables in the modeling of the regions suitable for the YF virus. We
transformed the predicted mosquito intensity in regions where the respective species
is currently absent into zero (i.e., Haemagogus spp. and Sabethes spp. in Africa and
Southeast Asia, and African Aedes spp. in Latin America) before including the vector
layers in the model. We performed this transformation to predict a more realistic
scenario of YF suitability. Therefore, we modeled the YF virus point density as

log(\;) = a + BI*PCA1; + B2*PCA2; + B3*PCA3; + B4*PCA4; + B5*Aedes;

+ B6*Haemagogus; + (37 *Sabethes;

where )\; is the modeled virus point density at pixel i, « is the point density when all
covariates are zero, and [ are the parameters by which the YF virus intensity increases
or decreases with each 1 unit in abiotic/biotic covariates. We performed a model
selection based on the Akaike’s (1974) information criterion (AIC) to distinguish
among models with different subsets of predictors. We compared the fit (AIC value)
of the potential distribution models of the YF virus with different combinations of
predictor variables assuming that models with AAIC <2 were similarly supported by
the data. After selecting and fitting the best model, we evaluated model accuracy using
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the TSS as described earlier. Then, we predicted the suitability for the YF virus across
the distribution of Asian primates.

Assessing the Potential Vulnerability of Primates to the Introduction of the YF Virus in
Asia We used the predicted worldwide suitability for the YF virus to assess the
potential vulnerability of 80 Asian primate species to the disease. We accomplished
this by measuring the proportion of each species’ range that overlapped regions
considered suitable for YF occurrence, should the YF virus be introduced into Asia.
However, some species in the Philippines and other small islands included pixels with
missing environmental data. Therefore, we suggest that our results should be
interpreted from a conservation biogeography perspective in which individual species
estimates should be analyzed with caution, especially those from locations with missing
information. We obtained range maps for the species from the International Union for
Conservation of Nature (IUCN) database (www.iucnredlist.org). We performed all GIS
procedures and statistical modeling in R version 3.4.4 (R Development Core Team
2018).

Ethical Note

We based this study on data from the cited literature and from online repositories
(www.gbif.org, splink.cria.org.br, www.iucnredlist.org). We did not collect field or
captive data for this study and the research adhered to all legal and institutional
requirements. The authors declare that they have no conflict of interest.

Data Availability Occurrence data sets for mosquito vectors and example codes are
available as Electronic Supplementary Material.

Results

We found that only the first two PCA axes had significant effects on the three mosquito
vector taxa (ESM Tables SI and SII). The strongest, negative effect of PCA1 on the
global mosquito distribution (ESM Tables SI and SII and Fig. S2) was associated with
higher annual mean temperature and precipitation, and higher vegetation cover (neg-
ative values) and with a wider annual temperature range and higher seasonality
(positive values; ESM Table SIII). Areas presenting these environmental conditions
are more suitable for the potential occurrence of African Aedes spp. in Latin America
and of South American Haemagogus spp. and Sabethes spp. in Africa and Southeast
Asia (Fig. 2).

We found strong accuracy in all model validation, which indicates that our
models showed robust support from the data (Table I). The best explanatory models
of the suitability for the YF virus (AAICc <2) included the four PCA axes and the
distributions of the mosquito taxa as predictors (ESM Table SIV). Therefore, the
inclusion of the distribution of the mosquito vectors improved the predictive
performance of the YF virus models. Those models correctly identified YF endemic
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Fig. 2 Predictions of habitat suitability for the YF virus at the extent of occurrence of Asian primates.
Estimates were calculated with Poisson point process models (PPMs) calibrated with environmental informa-
tion on climate and vegetation, in addition to the occurrence of the vectors of the virus (Aedes, Haemagogus,
and Sabethes mosquitoes) in Africa and the Americas. The upper map (a) shows the global distribution of
suitable environments in a continuous projection (in %), whereas the bottom map (b) shows it in the binary
projection used to estimate the risk of YF to the species.

regions in Africa and Latin America and predicted southern India and portions of
Southeast Asia (Malaysia, Singapore, Indonesia, and Brunei) as regions considered
suitable for the YF virus (Fig. 2). Similar to the mosquito models, suitability for the
YF virus was higher in regions with higher temperature, precipitation, and vegeta-
tion cover, and wider temperature variation on a global scale. According to this
model, suitability for the YF virus was higher in regions with higher suitability for
Aedes spp. and, particularly, Haemagogus spp., but lower in regions with higher
suitability for Sabethes spp. (ESM Fig. S3).

The range size of the studied Asian primates spans from 16 km? for the Critically
Endangered Nomascus hainanus to 6,661,788 km? for the Least Concern Macaca
mulatta (ESM Table SV). Forty-four Asian primates (55% of the analyzed species)
were considered exposed to the risk of YF, should the virus be introduced into the
forests of the region. From those, four species had their ranges completely overlapping
high-risk zones for the YF virus. They are the Critically Endangered Pongo
tapanuliensis, the Vulnerable Presbytis hosei, and the Data Deficient Tarsius lariang
and Tarsius pumilus. In addition, 25 species had >50% of their ranges exposed to the
risk of YF (Fig. 3a and ESM Table SV). Most Tarsiidaec and Hominidae species were
found to be at risk of exposure to the YF virus (Fig. 3b). Most primates in our sample
(68 out of 80) are threatened or Near Threatened with extinction (13 Critically
Endangered, 25 Endangered, 22 Vulnerable, 8 Near Threatened; ESM Table SV). A
greater proportion of Vulnerable (55%), Near Threatened (50%), and Data Deficient
(50%) species have at least 50% of their ranges exposed to the risk of YF compared
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Table | Evaluation and accuracy of habitat suitability models

Validation metric Recommended threshold
AUC TSS

Aedes spp. 0.79 0.57 0.04

Haemagogus spp. 0.81 0.67 0.07

Sabethes spp. 0.84 0.70 0.08

Yellow fever 0.86 0.58 0.15

Habitat suitability models of mosquito YF vectors (Aedes spp., Haemagogus spp. and Sabethes spp.) were
built from georeferenced species’ occurrences and validated using the area under the receiver operating
characteristic curve (AUC) and the true skills statistics (TSS; see the text for details). The recommended
threshold is the one that minimizes omission and commission errors.

with species in the other categories of conservation status (Endangered, 28%; Critically
Endangered, 23%; Least Concern, 12%; Fig. 3c).

Discussion

Yellow fever is an African-borne disease that has decimated native populations of
Latin-American primate species that are not adapted to the YF virus. Here we modeled
the potential global distribution of YF based on abiotic and biotic conditions suitable
for the establishment of sylvatic cycles of the disease. We found that the tropical belt,
especially warm and humid environments, is highly suitable for the occurrence of YF,
as has also been reported by other authors (e.g., Rogers et al. 2006; Shearer et al. 2018).
Southern India and Southeast Asia (Malaysia, Singapore, Indonesia, and Brunei) have
highly suitable areas for the YF virus, potentially threatening most of its primate fauna.
We also found that 55% of the Asian primates that composed our sample (n = 44),
including threatened species and species from all primate families, live in regions with
favorable conditions for the occurrence of the disease. The entire distribution of many
species is included within these high-risk zones. Across the known distributional limits
of the remaining 36 species (45% of our sample), the estimated risk of YF was
considered low (<16%). However, limitations on environmental data may have biased
risk assessments for some species, so that areas predicted as low risk of YF should not
be considered risk-free for conservation planning and preventive strategies.

Asian people and primates are naive to the YF virus. Assuming that common
exposure to dengue and other arboviruses promotes the cross-immunity, the introduc-
tion of the YF virus into the continent may result in milder consequences than those
seen in the Americas (Amaku ef al. 2011; Wolfe et al. 2001). There is also experi-
mental evidence that individuals of Macaca mulatta previously exposed to the dengue
virus showed reduced levels of viremia when challenged with the YF virus (Theiler and
Anderson 1975). In this respect, laboratory evidence of natural infection with dengue
and/or other arboviruses in wild populations of Macaca fascicularis, Macaca fuscata,
Macaca nemestrina, Macaca sinica, Presbytis melalophos, Trachypithecus cristatus,
Trachypithecus obscurus, and Pongo pygmaeus (see review by Valentine et al. 2019) is
compatible with the existence of sylvatic cycles of these diseases in Asian forests
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Fig. 3 Asian primates’ vulnerability to YF. Species vulnerability was measured as the percentage of their
ranges that is suitable for YF. (a) Ranking of the vulnerability of Asian primate species to YF. Comparison of
the risk of YF to (b) families and (c) conservation statuses (according to the IUCN Red List of Threatened
Species). The boxes represent the first and third interquartiles, the black horizontal lines within the boxes
represent the medians, the whiskers represent the 5th and 95th percentiles, and the open circles represent the

primate species.

(Wolfe et al. 2001). The existence of cross-immunity would not only lower the impact
on primate populations, but it could decrease the risk and speed of YF virus spread
(Metcalf and Lessler 2017; see also Almeida et al. 2019a). Additionally, the fact that
immunity after infection is lifelong (Rogers et al. 2006) could lower the risk of

establishing sylvatic YF cycles in dengue-endemic areas.

Assuming that Asian primates are susceptible to the YF virus, irrespective of their
immunity to dengue and other arboviruses, there is wide variation in the risk across
species. Whereas the habitats of most Critically Endangered, Endangered, and Least
Concern species do not present optimal conditions for establishment of the YF virus,
the habitats of about half of the Vulnerable, Near Threatened, and Data Deficient
species are highly suitable for the virus. At the family level, most Tarsiidae and
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Hominidae would face a high risk of susceptibility to YF upon the introduction of the
virus within their ranges. The case of Pongo tapanuliensis may be particularly critical
given that its entire small distribution is suitable for YF and that the construction and
flooding of a hydroelectric dam will further reduce its habitat by 8% (Sloan et al. 2018).
Although the entire habitat of Presbitys hosei is also suitable for YF, this taxon
occupies an area >200 times larger than that of P. fapanuliensis. The situation of the
Data Deficient Tarsius lariang and Tarsius pumilus demands particular attention as
well. Research on population size and trend across their small ranges is urgent to assess
their conservation status. Also, whereas Pongo pygmaeus and several other Asian
primates exposed to dengue and other arboviruses may benefit from some level of
cross-immunity protection against the YF virus, similar evidence of infection appears to
be missing for Tarsius spp. either because of lack of investigation or because this
lineage is more sensitive to arboviruses and infected individuals do not survive.

Prevention of sylvatic outbreaks will require the development of safe and effective
vaccines for primates. A successful test of the effectiveness of the 17DD attenuated
human YF vaccine for immunizing wild-born captive howler monkeys was recently
performed in Brazil (Fernandes et al. 2020). However, even if it is proved efficient and
safe for other primates and produced in large scale, its delivery needs to consider the
potential stress and the risks associated with darting, sedating, capturing, and handling
wild primates. Even in the event that an oral vaccine is created, the technical challenges
of habituating and baiting wild primates to ensure the ingestion of an appropriate dose
by adults, juveniles, and infants are extremely difficult (Ryan and Walsh 2011). In
addition, the feasibility of either strategy must take into account the species’ behavior;
the size of populations; the proportion of habituated individuals or groups; the distri-
bution, characteristics, and accessibility of their habitats; and the logistics, personnel,
financial investment, and time required (see Leendertz e al. 2017). Finally, it is critical
to assess the level of immunity of each target population to avoid large outbreaks. In the
case of human YF, transmission is prevented when >80% of a population is immunized
(WHO 2020b). Additionally, wherever there is a risk of reemergence, new immuniza-
tion campaigns will be necessary as susceptible individuals are born into the popula-
tion. In sum, a case-by-case cost-benefit analysis is necessary to assess whether such
intervention (Ryan and Walsh 2011) is worth pursuing.

In light of these uncertainties and risks, preventing the introduction of a species is
always the best policy (Simberloff 2013). In the case of the YF virus, the strategies
needed to avoid its arrival in Asia depend on the pathway of introduction. Immuniza-
tion of people arriving from YF-endemic countries is a critical strategy. This risk of
introduction should be minimized given International Health Regulations mandating
the presentation of a certificate of immunization upon arrival in the region (WHO
2020b). However, improper enforcement that allowed the importation of the YF virus
into China (Wang et al. 2016; Wilder-Smith and Leong 2017) and the recent with-
drawal of this requirement by the governments of Laos and Vietnam (WHO 2020a) are
particularly worrisome. The widespread presence of Aedes aegypti in Asia (Amaku
et al. 2011; Shearer et al. 2018) and the common occurrence of primates in many cities
(Bicca-Marques 2017) may facilitate the establishment of urban YF cycles in the ports
of entry before the spread of the YF virus to forested regions. This is the pattern that
happened with the introduction of YF into the Americas some 400 yr ago (Hanley ef al.
2013).
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Another potential pathway of introduction is via the trade of agribusiness and
forestry commodities (Klitting et al. 2018) accidentally carrying infected eggs, larvae,
or adult mosquito vectors (Chippaux and Chippaux 2018; Kraemer et al. 2015), like the
long-distance transport and introduction of the urban mosquitoes Aedes aegypti and
Aedes albopictus in new continents via shipping and airfreight (Tatem et al. 2006; see
also Kraemer ef al. 2015). Inspection and fumigation of the cargo before unloading is
necessary to significantly reduce the risk (Tatem ez al. 2006).

Lastly, the risk of YF virus introduction via primate trade is probably negligible.
Legal exports and illegal trafficking of primates from Africa and South America pose
low risk of carrying the YF virus as viremic individuals are infective only during a 4- to
5-day period (Woodall et al. 1968), beginning as soon as 2 days after infection (Monath
et al. 1981). The illegal trade of live primates between Asian countries (Nijman et al.
2011), however, could facilitate the spread of the disease upon the establishment of YF
sylvatic or urban cycles in the region.

Finally, irrespective of the pathway of introduction, if the YF virus is established in
Asian forests, its spread can be facilitated by increases in temperature, rainfall, and air
humidity associated with the ongoing climate change, as these climatic conditions have
been related to the survival and reproduction of mosquito vectors (Almeida et al.
2019b). Southeast Asia is likely to be particularly affected because it is predicted to
experience higher frequencies of extreme heat waves and heavy rainfall (ADB 2017).
Additionally, taxa currently not expected to face significant risks with the introduction
of the YF virus in Asia could be in danger if changes in these abiotic factors increase
YF suitability of regions currently at low risk based on our modeling.

In sum, we modeled the areas within the distribution of Asian primates with abiotic
and biotic conditions suitable for the establishment of sylvatic YF cycles and their
potential consequences for primate conservation. We also explored potential pathways
for the introduction of the YF virus in the region and addressed the required measures
to avoid this scenario. We expect that our study will be useful for scientists and
decision-makers to enforce and propose governmental policies to avoid the importa-
tion, establishment, and spread of the YF virus and other infectious organisms. We also
recommend funding scientific research examining the vulnerability of Asian primates
to the YF virus, the existence of cross-immunity with dengue, and the competence of
native Asian sylvatic mosquitoes to act as YF vectors. Finally, we advocate measures
aimed at protecting primates and humans from YF, and to model the risk of introducing
other emerging infectious diseases afflicting primates (e.g., Ebola and Kyasanur Forest
Disease) outside their current distributions.
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