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Abstract: Disease outbreaks can severely affect populations in the wild. However, their consequences
on individual social behaviour and population demography are poorly understood. We used a multi-
site capture-recapture model to investigate the impacts of a yellow fever outbreak on the endangered
golden lion tamarin Leontopithecus rosalia, in the highly fragmented Atlantic forest, Brazil. Annual
adult survival rate severely declined in 2017-2018, coinciding with the outbreak period.
Simultaneously, dispersal patterns changed temporarily, with a reduction of settlement time for
individuals dispersing within the same forest fragments, and a significant increase of dispersal
between forest fragments, from 0.4+0.2 to 4.3+1.5%. Our results indicate a spatial rearrangement of
individuals during the outbreak potentially due to non-random mortality leading to changes in social
group structure at a local and regional scale. They advocate for a better integration of host
movements, host social behaviour and habitat connectivity when evaluating species response to
infectious diseases.

Keywords: animal movement; vector-borne disease; demography; zoonose; landscape structure;
individual behaviour; social flexibility; habitat fragmentation

Introduction

Infectious diseases have emerged at an increased rate over the last decades due to biodiversity
loss and climate change (Pfenning-Butterworth et al., 2024). They constitute a major threat to wild
animal and human populations but their impacts are hard to predict (Jones et al., 2008). One
fundamental challenge when examining the dynamics of disease outbreaks is understanding how
host movements influence the spatial spread of diseases within and among populations (Dougherty
et al., 2018), but also reversely, how diseases affect host movements, by changing the behaviour of
individuals (Romano et al., 2020; Stockmaier et al., 2021).

Host social behaviour is an important factor affecting individual infection susceptibility and
disease spread (Nunn et al., 2008; Stockmaier et al., 2021). Disease transmission rates are more likely
to increase in group-living individuals compared to solitary individuals (Caillaud et al., 2006;
Langwig et al., 2012). Within social groups, individuals with high social status (Honer et al., 2012),
good body condition (Dekelaita et al., 2023), lower parasite load (Gaitan & Millien, 2016) and more
likely to disperse (Loveridge & Macdonald, 2001) can facilitate disease spread. Yet, those individuals
are not always the ones which are more likely to die from the disease. For example, dominant female
spotted hyenas Crocuta crocuta are more likely to spread the pathogenic bacterium Streptococcus equi
ruminatorum to other individuals but they are less likely to die from the pathogen than yearlings and
adult males, which have a lower social status and lower body condition (Honer et al., 2012). Those
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individual and social differences in disease susceptibility induce non-random mortalities within
groups which have strong impacts on social group size and structure (Caillaud et al., 2006). It can
relax density-dependence mechanisms which can in turn result in major demographic changes, such
as rearrangements of dispersal flows (Genton et al., 2015; Lachish et al., 2011; Nunn et al., 2008) or an
increase of recruitment rates (Muths et al., 2011). At the same time, changes in social behaviour can
arise from an active response of individuals to disease exposure: individuals can self-isolate, avoid
contacts or exclude infectious individuals from the social groups and this can in turn affect
reproductive activities and social cohesion within groups and individual movements between groups
(Lopes et al., 2016; Stockmaier et al., 2021). For example, silverback male gorillas Gorilla gorilla gorilla
were more likely to become solitary and female gorillas tended to disperse more from breeding
groups towards non-breeding groups during an Ebola outbreak, weakening social cohesion and
altering dispersal patterns between groups (Genton et al., 2015). Landscape structure may also play
an important role on disease spread, as it directly enhances or impedes host movements within and
between habitat patches (Tracey et al., 2014; Watts et al., 2018).

Non-human primates (hereafter primates), are particularly vulnerable to infectious diseases,
because the majority of species live in social groups with high frequency of social interactions, which
facilitate pathogen transmission between individuals and groups (Bermejo et al., 2006; Berthet et al.,
2021; Bicca-Marques & de Freitas, 2010; Leendertz et al., 2004; Morrison et al., 2021; Walsh et al., 2003).
Additionally, wild primates suffer from the loss and fragmentation of primary forests, their main
habitat, and from hunting, as some of them are used as commercial bushmeat. These threats make
them highly endangered worldwide, with 75% of species having declining populations (Estrada et
al., 2017). Better understanding and predicting the role of disease on the dynamics of primate
populations in degraded and fragmented forests is therefore urgent for their conservation (Smith et
al., 2009). If the interactions between host movements and the spread of directly-transmitted
pathogens have been widely studied in primates (Bermejo et al., 2006; Caillaud et al., 2006; Genton et
al., 2015; Leendertz et al., 2004; Morrison et al., 2021; Walsh et al., 2003), the additional effects of
landscape structure on vector-borne diseases have drawn less attention.

Yellow fever is a viral vector-borne disease endemic from the tropical regions of Africa and
South America. It is transmitted to humans and primates through the bite of infected mosquitoes and
represents a major public health threat despite the availability of a safe and effective vaccine for
humans (Sacchetto et al., 2020). In South America, yellow fever is mainly restricted to a sylvatic cycle.
Arboreal mosquitoes (Haemagogus and Sabethes spp.) circulate the virus through primates which are
primary hosts and can potentially amplify outbreaks (Abreu et al., 2020; Possas et al., 2018). In this
specific cycle, humans are infected by mosquitoes when they enter the forest or live in rural areas
near forest edges but sporadic infections can still lead to broader episodic outbreaks, as the dramatic
one observed in Brazil between November 2016 and April2019 when both primates and humans were
highly impacted (Giovanetti Marta et al., 2019; Possas et al., 2018).

Golden lion tamarins Leontopithecus rosalia are small, endangered and endemic primates from
the highly fragmented lowland Atlantic Forest in the state of Rio de Janeiro, Brazil. Their population
is structured in social territorial groups generally composed of one dominant breeding couple and
their subordinate offspring up to 3 years old (Dietz et al., 1997). In the 1970s, golden lion tamarins
were on the verge of extinction with less than 400 remaining individuals in the wild. Massive
conservation actions restored the population size to more than 3700 individuals in 2014 (Ruiz-
Miranda et al., 2019). However, between 2016 and 2019, the population was hit by the worst outbreak
of sylvatic yellow fever in about a century. It reduced the population size by at least 30% (Dietz et al.,
2019). The lack of dead golden lion tamarins recovered for serological testing has made it difficult to
assess the true impact of the outbreak, but surveys of other primate species have documented similar
dramatic population reductions (Berthet et al., 2021; Possamai et al., 2022; Strier et al., 2019). A
prevalence of 15% was estimated from dead primates recovered in the Brazilian state of Espirito Santo
in early 2017 (Coelho Couto de Azevedo Fernandes et al., 2017).
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Here, we used data from the long-term monitoring survey carried out on a population of golden
lion tamarins Leontopithecus rosalia in Brazil to assess the impacts of the last yellow fever outbreak
(2016-2019) on annual survival and dispersal rates at both local and regional scales of a highly
fragmented forest. We predicted that the yellow fever outbreak induced a significant decrease in
annual adult survival rate. As a result, the local loss of individuals would relax density-dependence
and thus competition between social groups, which would lead to a decrease in dispersal rates within
forests fragments and/or a shorter period to settle in a group (Lachish et al., 2011). At the same time,
dispersal would constitute an active response of individuals to leave infected groups and avoid
further exposure so they would disperse more within and/or between forest fragments (Genton et al.,
2015; Stockmaier et al., 2021). We did not expect differences in dispersal patterns between males and
females (Moraes et al., 2018; Romano et al., 2019).
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Material and Methods
Study Area and Monitoring Survey

The study population lives in the highly fragmented lowland Atlantic Forest in the state of Rio
de Janeiro, Brazil. It has been surveyed for more than 30 years by the NGO Associagao Mico-Ledo-
Dourado (AMLD) which is responsible for the conservation program of the species (Ruiz-Miranda et
al., 2019). The area is subdivided in management units which follow contours of homogeneous forest
fragments (Figure 1) that are known to facilitate the movement of golden lion tamarins’ populations
(Moraes et al., 2018; Ruiz-Miranda et al., 2019). Forest fragments have limited connectivity and some
of them are separated by tertiary and major roads roads (Figure 1).

22.55°S

Habitats [l Forest [l Non-forest  Agriculture ~ Water Jll Urban areas

Figure 1. Study area of the golden lion tamarins Leontopithecus rosalia in the lowland Atlantic forest, Rio de
Janeiro—Brazil. The different orange areas represent the conservation units included in the analysis while grey
areas represent other conservation units not included. Orange diamonds represent the monitored groups

included in the analysis. The black lines represent major roads.

Golden lion tamarins live in social groups of 5 individuals on average (Ruiz-Miranda et al., 2019).
Females give birth to 1-2 individuals up to twice a year. After offspring reach sexual maturity (> 18
months), they either disperse outside their social group or take over a dominant breeding status when
the parents die. Both sexes disperse but males rather integrate existing social groups while females
tend to form new groups (Romano et al., 2019). Each group defends a territory (mean: 45 + 16 ha)
within which individuals usually move together (Dietz et al., 1997). This makes it easy to identify
known or new social groups in the forest fragments and count individuals. Within most of monitored
groups, one adult is equipped with a VHF transmitter to locate groups more easily in their territory.
Individuals are captured at least once a year. New individuals are tattooed and all individuals have
their hair dyed with unique patterns on the body for group and individual identification. When not
captured, individuals are identified from group location and hair dye patterns.

Data Selection

Since 1989, between 4 and 109 groups have been monitored annually . The observation effort
within and between management units and social groups has been highly variable. Observation data
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are therefore highly spatially and temporally heterogeneous (Supplemental material figure S1). To
correct for this bias, data were retained only after 2009, when monitoring effort became more regular.
Additionally, observations of social groups ranged from 1 to 7 times per year, creating a within-year
temporal heterogeneity in available data. Capture-recapture models require regular time periods
between occasions, so observations were summarized as single yearly occasions. When individuals
were observed in different groups during the same year, the group retained corresponded to the
group where they were most often seen. If they were seen the same number of times, the group of
last observation of the year was retained. Only sexually mature adults (>18 months old, Romano et
al., 2019) with verified sex were included. Observations of 42 translocated individuals were included
(see Kierulff et al., 2012 for translocation details) but the year of translocation, the name of their social
group was unchanged. The final dataset included 234 males and 172 females living in 71 distinct
social groups, representing a total of 1689 observations over 13 yearly occasions, from 2010 to 2022
(Supplemental material figure S2).

Capture-Recapture Analysis

To concurrently estimate annual survival and dispersal probabilities, we used a multi-state
capture-recapture model (Lagrange et al., 2014). Three states were defined based on the previous and
current social group and forest fragment the individuals were observed, i.e., state 1: living in focal
group, state 2: living in another group within the same forest fragment as previous year, state 3: living
in another group in a different forest fragment than previous year. Observation data were coded as
follow. All first observations of individuals were coded 1. If individuals dispersed to another group
in the same forest fragment compared to the previous occasion, it was coded 2 (local dispersal). If
they dispersed to another group in a different forest fragment, it was coded 3 (regional dispersal). If
individuals were re-observed in the same group the year following dispersal, the new group became
their focal group and their state became 1 again. If they kept changing groups for consecutive years,
they remained in state 2 (remaining in the same forest fragment) or 3 (dispersing to another forest
fragment). It should be noted that all individuals who dispersed never resettle in their initial group
or forest fragment.

Goodness-of-fit (GOF) tests for multistate models were run using U_CARE2.3.2. (Choquet,
Lebreton, et al., 2009). Three tests were run to check for transience (heterogeneity in survival rate due
to an excess of individuals captured the first time and never seen again) and one test to check trap-
dependence (heterogeneity in resighting rates due to an excess of individuals resighted more than
others). Any significant test (p<0.05) indicates a break in homogeneity assumptions in survival and
resighting probabilities and requires a more complex model structure than a time- and state-
dependent effect (Choquet, Lebreton, et al., 2009).

The software E-Surge (Choquet, Rouan, et al., 2009) was used to build and fit multi-state models
where transition probabilities between states were decomposed into three consecutive steps: survival
(s), dispersal (W) and resighting (p). Model selection was performed based on the Quasi-likelihood
Akaikes’ information criterion, corrected for small sample size and overdispersion (QAICc,
(Burnham & Anderson, 2002). The model with the lowest QAICc was considered the best model.
Model structure was defined in 3 steps by testing the effects of time, sex and their interactions for
each transition separately. Specifically, one transition was tested with different time and/or sex effects
while the two others were kept constant. The model with the lowest QAICc indicated the best
structure for the transition considered.

First results showed that sex was uninformative for all transitions, as models including this effect
had similar QAICc as the constant ones (difference < 2). Following (Arnold, 2010), sex was thus
removed from the initial model structure and GOF tests were rerun on the pooled dataset (Table 1).
Furthermore, models with fully time-dependent dispersal probabilities performed poorly due to the
low number of dispersal events in the dataset. Time effect was thus replaced by a categorial time
effect (Table 2). This effect denoted 3T considered three distinct dispersal probabilities before, during
and after the outbreak. We compared this three periods effect with a two periods effect, (before/after
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and during the outbreak (2T), and a constant time effect (1T). Finally, detection probabilities for state

1 and 2 were always equal to 1 so they were grouped together (2f) and fixed to 1 so that the model

would only estimate detection probabilities for state 3 (individuals dispersed to another forest

fragment). Overall, the best model structure included fully time-dependence for survival, a categorial

time effect for dispersal and a state effect for detection probabilities. Full final model selection as well

as the different matrices used in E-surge can be found in Appendix 1.

Table 1. Results for Goodness-of-fit tests examining heterogeneity due to transience and trap-dependence in the

final dataset where males and females are pooled. Results in bold (p-value<0.05) indicate heterogeneity due to

long term effect of age (more than one year) on survival.

Transience Trap-dependence
Test WBWA Test 3G.SR Test 3G.Sm Test M-ITEC
X2 4.53 17.17 41.56 6.01
df 9 11 21 2
p-value 0.87 0.10 0.005 0.05

Table 2. Different structures of parameters tested for survival and dispersal probabilities for final model

selection.
Number of groups Corresponding years Disease outbreak?
Survival
probabilities
t 1 cohort 2011-2022 Same annual survival for
all individuals
c2 2 cohorts 2011-2016; Second observation
2019-2022 before or after the
outbreak
2016-2017 Second observation
during the outbreak
c3 3 cohorts 2011-2015 Second observation
before the outbreak
2016-2017 Second observation
during the outbreak
2018-2022 Second observation
after the outbreak
Dispersal
probabilities
1T 1 period 2011-2022 Same dispersal rates for
the whole period
2T 2 periods 2011-2016;2019-2022 Before or the after
outbreak
2017-2018 During outbreak
3T 3 periods 2011-2016 Before outbreak
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2017-2018 During outbreak
2019-2022 After outbreak

Results

Goodness-of-fit tests run on pooled male and female data detected a significant age effect with
Test 3G.Sm (Table 1), for years 2017 and 2018. New individuals first observed in 2016 or 2017 had a
different survival in years 2017 and 2018 compared to individuals first observed before 2016 or after
2018. Test M-ITEC detected a marginal effect of trap-dependence (p=0.05). To account for these two
sources of heterogeneity, we used a cohort effect to separate individuals based on the year of their
first observation. Up to 3 cohorts (3c) were tested for survival (Table 2), depending on when
individuals were first observed (before, during or after the outbreak). Overall, the best model had
fully time-dependent survival probabilities for 2 distinct cohorts for individuals first encountered
before/after or during the outbreak (2c.t), two periods for dispersal probabilities (2T) and state-
dependent (2f) detection probabilities (Table 3).

Table 3. First 10 best selected models based on QAICc modelling survival (s), dispersal (psi) and detection
probabilities (p). Model in bold is the most parsimonious one. ¢ is fully-time dependence, c2 and 3 respectively
consider 2 and 3 cohorts on survival, 2T considers two periods 2011-2016;2019-2022 (before and after the
outbreak) and 2017-2018 (during the outbreak), 1T is only one period 2011-2022; f is state dependence, i is a

constant parameter. Time and cohorts can have an interaction (.) or additive effect (+) on survival.

‘Model  ¢ldPar Deviance  QAIC  QAICc  AAIC

s(c2.t)psi(2T)p(2f) 31 1846.381 1908.381 1909.5783 0
s(c2.t)psi(1T)p(2f) 25 1863.6626 1913.6626 1914.4443 4.9
s(c3.t)psi(2T)p(2f) 35 1845.2729 1915.2729 1916.7974 7.2
s(c2.t)psi(3T)p(2f) 37 1842.902 1916.902 1918.6052 9.0
s(t)psi(2T)p(2f) 25 1867.5549 1917.5549 1918.3366 8.8
s(c3+t)psi(2T)p(2f) 27 1864.3688 1918.3688 1919.2791 9.7
s(c3.t)psi(1T)p(2f) 29 1862.4505 1920.4505 1921.4993 11.9
s(t)psi(1T)p(2f) 19 1884.6895 1922.6895 1923.1449 13.6
s(c3+t)psi(1T)p(2f) 21 1881.5787 1923.5787 1924.133 14.6
s(c2.t)psi(2T)p() 29 1868.5175 1926.5175 1927.5663 18.0

As expected, adult annual survival rate for the first cohort was highly variable over the entire
period but drastically decreased in 2017 and 2018, matching the period of the yellow fever outbreak
(Figure 2). From 2019, which coincides with the end of the outbreak, survival bounced back to levels
higher than before the outbreak, with survival probabilities higher than 0.9. The second cohort, made
of individuals first encountered the year before the outbreak in 2016, had a lower survival rate the
first year of the outbreak in 2017 but higher ones the next 2 years (Figure 2). Following heterogeneous
peaks of survival had larger confidence intervals.
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Figure 2. Annual adult survival probabilities + SE estimated from the best multi-site model which distinguished
one cohort of individuals first encountered before the outbreak (purple solid line) and a second one first

encountered the year prior of the outbreak (yellow dashed line).

Dispersal was best modelled with 2 sets of distinct dispersal rates (2T; Table 3): one before/after
the outbreak period, in 2012-2016/2019-2022 and one during the outbreak, in 2017-2018. Before the
outbreak, dispersal rates were generally low: 3.6 + 0.6 % of individuals performed a first dispersal
event towards groups within the same forest fragment, while 0.4 + 0.2% dispersed to groups outside
their current forest fragment (Figure 3a). After first dispersal within the same forest fragment, 19.3 +
7.1 % of individuals continued dispersing to another group of the same forest fragment the following
year, while none continued to another forest fragment. For individuals reaching a new forest
fragment at first dispersal, 25.4 + 12.6 % continued dispersing to another forest fragment the following
year while 16.6 + 10.7% dispersed within the same forest fragment (Figure 3a).

Forestfragment 1 Forestfragment 2 Forestfragment 3
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Figure 3. Estimates + standard errors of transition probabilities converted in percentages between the different
states reflecting the main possible dispersal pathways between social groups within and between forest
fragments (a) outside the yellow fever outbreak (2010-2016; 2019-2022) and (b) during the outbreak (2017-2018).
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Solid lines represent first dispersal event while dashed lines represent second consecutive dispersal events. The
line width is proportional to the strength of dispersal. Asterisks* highlight significant changes during the
outbreak. State 1= living in focal group; state 2= living in another group within the same forest fragment as

previous year; state 3= living in in a different forest fragment than previous year.

During the outbreak, the total dispersal probability remained low but the spatial dispersal
patterns changed (Figure 3b). While individuals dispersing towards groups of the same forest
fragment slightly decreased to 2.8 + 1.1%, individuals dispersing to a new forest fragment increased
by 10-fold, reaching 4.3 + 1.5%. Once individuals had dispersed once, they either settled for good in
their new group or continued dispersing towards a new forest fragment only if they had already
changed forest fragment (Figure 3b). After the outbreak, dispersal rates came back to the same levels
as before, as the best selected model included only two periods, outbreak (2017-2018) and before/after
the outbreak (2011-2016/ 2019-2022; Table 3).

Resighting probabilities depended on individual state: all individuals were always resighted
when they remained faithful to their initial conservation area, regardless of local dispersal (p=1).
However, after dispersing to a new forest fragment, the resighting probability of an individual
decreased to 56.5 + 12.8%.

The number of monitored groups remained relatively stable before and during the outbreak
(Figure 4a) but the number of individuals composing groups significantly decreased during the
outbreak (Figure 4b). After the disease, the number of groups substantially increased while the mean
number of individuals in groups remained stable (Figure 4). The constant resighting of monitored
individuals remaining within the same forest fragment over years, ensures a robust estimate of the
number of monitored groups and of the number of individuals composing those groups.

a) . b) .
(2]
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» O 64
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3 301 i)
o “«— 4
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=
o+ r r r . T r 04 r . r . r r
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Year Year

Figure 4. a) Number of monitored social groups and b) mean number of individuals + standard error within

monitored social groups. The grey area represents the period of yellow fever outbreak.

Discussion

Vector-borne diseases cause major public health issues and drastically impact animal
populations. Understanding their eco-epidemiological dynamics is key in predicting their emergence
potential and their consequences on animal populations but it is hampered by the complexity of
ecological interactions between hosts and vectors, especially in fragmented landscapes (Chala &
Hamde, 2021). Here, we inferred individual host movements within and between forest fragments
from long-term capture-recapture data to examine primates” potential response to a disease outbreak
and assess their population recovery. We revealed that the adult annual survival of golden lion
tamarins was reduced by at least 14% during an important outbreak of yellow fever in 2016-2019. The
observed temporary drop in survival was concomitant with a major temporary change in the
dispersal patterns of individuals, both within and between forest fragments. Temporary alteration of
host movements during major disease outbreaks have already been demonstrated in primates and
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birds (Dekelaita et al., 2023; Duriez et al., 2023; Genton et al., 2015; Jeglinski et al., 2024; Lachish et al.,
2011) but interactions between individual social behaviour, host movements and landscape
configuration have never been explicitly and empirically addressed, especially in the case of vector-
borne diseases.

Dispersal probabilities within the same forest fragment remained relatively stable and low over
the entire study period (2.8 + 1.1% during the outbreak vs. 3.6 + 0.6 % outside outbreak), as did the
total number of groups. Contrastingly, group size significantly decreased during the outbreak. This
suggests a non-random mortality within social groups probably induced by yellow fever, which
affected group size but not density of groups in forest fragments. This non-random mortality is
supported by the extremely variable annual survival probabilities of a second cohort appearing the
first year of the outbreak (Figure 2). A lack of data on sick individuals prevents us from drawing solid
conclusions on the origin of this second cohort but higher susceptibility to yellow fever, lower social
status, lower body condition or younger age may be factors explaining the lower survival in 2017 of
individuals first observed in 2016 (Caillaud et al., 2006; Honer et al., 2012). The following year, in
2018, those surviving individuals may have developed stronger immunity or rearrangement in group
structure and size may have favoured their survival, which outperformed the one from the first
cohort (Figure 2).

Regarding dispersal, with fewer individuals composing social groups, it might have been easier
for local dispersing individuals to integrate other existing groups within the same forest fragment
because of lower competition to acquire a new breeding status (Lachish et al.,, 2011; Muths et al.,
2011). It may also have opened up new breeding opportunities for immigrants but also local
subadults (Romano et al., 2019). Given the simultaneous increase in regional dispersal rate, those
locally dispersing individuals may have had higher competitive abilities, forcing other dispersing
individuals to find groups at larger spatial scales. As a result, local highly competitive individuals
would settle more rapidly after the first dispersal, over shorter distances, leading to a temporary
disappearance of secondary local dispersal during the outbreak (Figure 3). In normal conditions,
dispersal between forest fragments was negligible but increased by 10 times to reach 4.3% during the
yellow fever outbreak. It even became more important than local dispersal. This increase might be
explained by two non-exclusive hypotheses: 1) individuals dispersing regionally may have actively
decided to escape from areas highly affected by yellow fever and settle in other potentially safer forest
fragments and 2) individuals may not have had sufficient competitive abilities to secure a new social
status in surviving local groups so they would have to seek other groups at larger distances and over
longer periods, as reflected by the high probability of dispersing again after a first dispersal.

As expected, males and females had the same dispersal probability. This aligns with previous
findings indicating that both males and females disperse (Romano et al., 2019). Nevertheless, the
general primary dispersal rates < 5% are lower compared to dispersal event counts for the same
species (Romano et al., 2019), possibly because we only examined adult dispersal with individuals
older than 18 months. By doing so, we excluded potential parallel dispersal of parents with younger
individuals but those events remain rare in golden lion tamarins (Romano et al., 2019). Individuals
may have also actively left their social group to self-isolate to avoid disease exposure and/or
transmission (Genton et al., 2015). But this is unlikely, as the golden lion tamarin is a highly social
species (Baker & Dietz, 1996). Moreover, this strategy may be inefficient in response to a vector-borne
disease transmitted by mosquitoes.

Mortality rates due to yellow fever in primates are relatively high (Possamai et al., 2022) and
infected individuals are likely to be sick, which may directly reduce their movement ability and
thereby, their dispersal ability (Binning et al., 2017; Dekelaita et al., 2023; Duriez et al., 2023; Lachish
et al., 2011). Infected golden lion tamarins are therefore unlikely to vehiculate the disease through
dispersal movements, especially between forest fragments (Possas et al., 2018). Within forest
fragments, the low dispersal probabilities suggest that the potential spread of yellow fever towards
other groups through host movements is relatively limited as well.

d0i:10.20944/preprints202403.0832.v3
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Because of the irregular monitoring effort within and between years, we had to summarise
individual observations to annual ones, missing potential short temporary exploratory movements
towards other groups (e.g., Baker & Dietz, 1996). As observed in the raw data, individuals can
perform prospecting movements, during which they temporally visit other groups than their current
one and gather information which help them make informed dispersal decisions (Ponchon, 2024).
Those movements have been identified as crucial in an eco-epidemiological context, as they enhance
connectivity between social groups and facilitate disease spread (Boulinier et al., 2016). Nevertheless,
transmission of vector-borne diseases during host transience mainly depends on the presence of
infectious vectors in the environment and the duration of exposure of hosts to vectors (Stoddard et
al., 2009). Because prospecting visits are assumed to be relatively short in primates (minutes to hours
; Teichroeb et al. 2011), it is unlikely that such movements may have accelerated the spread of a
vector-borne disease to other social groups, especially at a regional scale.

On the contrary, vector movements have been acknowledged as the principal mode of
propagation of vector-borne diseases (Sumner et al., 2017), especially in fragmented landscapes
(Ribeiro Prist et al., 2022). In the Brazilian state of Sao Paulo, one study has confirmed that yellow
fever rapid spread among primates and humans in 2016-2019 was facilitated by the dispersal of vector
mosquitoes transiting in areas with roads adjacent to forests and forest edges going along agricultural
areas (Ribeiro Prist et al., 2022). Landscape connectivity is therefore extremely important in vector-
host-pathogen interactions: whereas roads hamper primate host movements between habitat
fragments and thereby negatively affect their population dynamics (Arce-Pefia et al., 2019), landscape
degradation and fragmentation further facilitate disease spread through vector movements (Ribeiro
Prist et al., 2022). Restoring habitat connectivity is thus key not only to enhance host dispersal
between habitat fragments and thereby, favour their conservation but also limit the spread of vector-
borne diseases over large spatial scales and protect human health (McCallum & Dobson, 2002).

Even though the golden lion tamarin population was dramatically hit by yellow fever, annual
adult survival rate started increasing again one year before the reported end of the outbreak in April
2019. It reached rates > 0.9 the following years, even higher rates than the ones recorded before the
outbreak (Figure 2). Along with the strong increase in the number of monitored social groups and
low dispersal probabilities, this suggests that new individuals (either new adults born locally
during/after the outbreak or immigrants from non-monitored areas)- entered the population by
forming new groups rather than competing to integrate existing groups. This is consistent with a
recent detailed monitoring survey of the golden lion tamarin population which showed that new
forest fragments were colonized after the outbreak and that social groups in general had a lower
number of individuals (Dietz et al., 2024). Altogether, those results highlight the resilience potential
of the golden lion tamarin population after a high mortality event due to a disease outbreak, as
already reported in other primate species which recovered relatively quickly after dramatic outbreaks
of directly-transmitted pathogens (Caillaud et al., 2006; Genton et al., 2015). Social flexibility has been
highlighted as a key adaptive response to unpredictable environments (Motes-Rodrigo et al., 2025;
Schradin et al., 2019). Our study provides new evidence that behavioural changes through dispersal
decisions can also be an adaptive response of social species facing deadly infectious disease
outbreaks. Detecting those changes will be vital to prevent or respond to outbreaks which may
further spill-over to humans.
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