
 

 
 

 

 
 

 
 
Master of Public Health 

 
                         Master de Santé Publique 

 
 
 
 
 

 
Deforestation and its association with the outbreak of 
the Zoonotic Mpox virus in the Central African 
Republic (CAR)  

 
 
 
 

 
 

                                                                              HEIN MINN TUN  
 
                                                                              MASTER OF PULIC HEALTH  
                                                                              2022-2023 

                                                                                     UMR SESSTIM, Aix-Marseille Univ, 

                                                                                     IRD, INSERM 

                                                                                     Professional advisor: 

                                                                                     JORDI LANDIER 

                                                                                     UMR SESSTIM, Aix-Marseille Univ, 

                                                                                     IRD, INSERM 

                                                                                     Academic advisor:  

                                                                                     DR TARIK BENMARNIA, 

                                                                                     UCSD, EHESP 
   

 
                                                                                                 

 
 

 



 
2 

Table of Contents 
Acknowledgements ................................................................................................................. 4 
Glossary of acronyms .............................................................................................................. 5 
List of Figures .......................................................................................................................... 6 
List of Tables ............................................................................................................................ 6 
Abstract ................................................................................................................................... 7 
Résumé ................................................................................................................................... 8 
1.INTRODUCTION .................................................................................................................. 9 

1.1. Background and Context .............................................................................................. 9 
1.1.1.  The virus ............................................................................................................... 9 
1.1.2.  Clinical presentation, diagnosis and surveillance ................................................. 9 
1.1.3.  Spread of Mpox .................................................................................................... 9 
1.1.4.  Transmission ...................................................................................................... 10 
1.1.5    Ecology of Mpox ................................................................................................ 11 

1.2  Mpox virus of Central African Republic ...................................................................... 12 
1.3  Climate, Terrain and land description of Central African Republic ............................. 12 
1.4  Forest and Deforestation in Central African Republic ................................................ 12 
1.5  Aim of the study .......................................................................................................... 14 

2.OBJECTIVES ..................................................................................................................... 14 
2.1. General Objectives ..................................................................................................... 14 
2.2. Specific Objectives ..................................................................................................... 14 

3.METHODS .......................................................................................................................... 15 
3.1. Study design ............................................................................................................... 15 
3.2  Data used for the study .............................................................................................. 15 

3.2.1. Mpox Outbreak Data ........................................................................................... 15 
3.2.2. Settlement Data and Road network data of CAR ................................................ 16 
3.2.3. Population Data ................................................................................................... 16 

3.3. Environmental Data .................................................................................................... 16 
3.3.1 Forest loss data .................................................................................................... 16 
3.3.2 Meteorological, Terrain and Landscape data ....................................................... 17 

3.4 Merging Mpox outbreak event information on settlement area ................................... 18 
3.5 Defining the population for each settlement ................................................................ 18 

3.5.1. Distance calculation between points for buffer radii to extract population ........... 18 
3.5.2. Selection of population data with appropriate buffer radii .................................... 19 

3.6 Defining the distance for environment characterization in buffers around settlements 19 
3.7 Summarizing environmental characteristics of CAR settlements ................................ 19 

3.7.1. Climate description .............................................................................................. 19 
3.7.2. Landscape ........................................................................................................... 20 
3.7.3. Defining population and road variables ............................................................... 20 

3.8   Defining Forest cover and Deforestation in the study ................................................ 20 



 
3 

3.9   Defining  Case and Control for the study ................................................................... 21 
3.10 Statistical Analysis ..................................................................................................... 22 

4.RESULTS ........................................................................................................................... 24 
4.1.  Mpox outbreak Event in Central African Republic ..................................................... 24 
4.2.  Defining population for each settlement and defining distance for environmental 
characterization in buffers around settlements .................................................................. 25 
4.3.  Clustering of climate and landscape with PCA and HCPC ........................................ 25 

4.3.1.Climate .............................................................................................................. 25 
4.3.2.Landscape ........................................................................................................ 25 

4.4   Descriptive analysis ................................................................................................... 26 
4.4.1.Climate .............................................................................................................. 26 
4.4.2.Landscape ........................................................................................................ 28 
4.4.3.Population and road distribution ....................................................................... 28 
4.4.4.Forest cover ...................................................................................................... 29 
4.4.5.Forest loss ........................................................................................................ 29 

4.5.  Analyzing the association between forest loss and Mpox event occurrence ............. 31 
 4.5.1 Exploring the relationship between variables using CIT .................................. 31 
 4.5.2 Quantifying the association using logistic Regression model by Generalized 
Additive Modeling (GAM) ........................................................................................... 32 

4.6.  Matching analysis ...................................................................................................... 32 
4.6.1. Matched time series of Mpox outbreak case (self-control) .............................. 32 
4.6.2. Matched by population by year ........................................................................ 33 

5.DISCUSSION ..................................................................................................................... 34 
5.1 Deforestation and zoonotic Mpox outbreak event ............................................... 34 
5.2 Population and zoonotic Mpox outbreak event .................................................... 35 
5.3 Landscape, climate and zoonotic Mpox outbreak event……………..………….   36 
5.4 Strengths of the study .......................................................................................... 36 
5.5 Limitation of the study .......................................................................................... 36 
5.6 Perspective .......................................................................................................... 37 

6. CONCLUSION ................................................................................................................... 37 
7.Supplementary Materials .................................................................................................... 38 

7.1 List of Supplementary Tables ...................................................................................... 38 
7.2 List of Supplementary Figures ..................................................................................... 39 

8.References: ........................................................................................................................ 53 
 
 

 

 

 

 



 
4 

Acknowledgements 

First, I would like to thank Jordi Landier, for giving me this opportunity to work at GeoEpi group 

in SESSTIM research unit, for giving his extensive expertise on the subject and for his kindness 

and support. 

I am also thankful to all the members of the GeoEpi group at UMR SESSTIM who have 

patiently assisted me, taught me, and provided valuable guidance. Their contributions have 

greatly enriched my work.  

I would like to express my sincere gratitude to the institution where I had the privilege to work. 

It provided me with a supportive and welcoming environment that felt like home. I am 

especially grateful for the opportunity to collaborate with esteemed colleagues and professors 

who have significantly contributed to both my professional development and personal growth 

I am grateful to the Ecole des hautes études en santé publique (EHESP) for providing me with 

the opportunity to learn from inspiring professors. It was a great help for me to transition from 

class to work with the guidance of their teaching. I extend my thanks to my academic 

supervisor, Professor Tarik Benmarhnia, for his continuous support and guidance in 

addressing my numerous questions. 

I would also like to offer special thanks to my family and friend for their exceptional effort in 

providing support under challenging circumstances. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
5 

Glossary of acronyms 
 AIC Akaike Information Criterion 
 CAR Central African Republic 
 CEM Coarsened Exact Matching 
 CHIRPS The Climate Hazards Group InfraRed Precipitation with Station data 
 CI Confidence Interval 
 CO₂ Carbon dioxide 
 COVID-19 Coronavirus infection 
 DRC Democratic Republic of Congo 
 DNA Deoxyribonucleic acid 
 ENM Ecological Niche Modeling 
 EU European Union 
 FIRMS The Fire Information for Resource Management System 
 GAMs Generalized Additive Models  
 GSDI-T Global Spatial Data Infrastructure for Transportation 
 Geotiff Geographic Tagged Image File Format 
 GPS Global Positioning System 
 GFC Global Forest Watch 
 IQR Interquartile Range 
 HDx Human Data Exchange 
 HCPC Hierarchical Clustering on Principal Components 
 ICASEES Institut Centrafricain des Statistiques et des Etudes Economiques et Sociales 
 LST Land Surface Temperature 
 LULC Land Use land Cover 
 MODIS  Moderate Resolution Imaging Spectroradiometer  
 Moran I Moran Index 
 MPXV Mpox  
 NASA National Aeronautics and Space Administration 
 OCHA Office for the Coordination of Humanitarian Affairs 
 OR Odd ratios 
 PCA Principle Component Analysis 
 PCR Polymerase Chain Reaction 
 PC(Pcode) Place Code 
 SRTM The NASA Shuttle Radar Topographic Mission 
 UN United Nations 
 UNPD United Nations Development Programme 
 UTM/34N Universal Transverse Mercator coordinate system with Zone 34 North 
 WHO World Health Organization 
 WGS84 World Geodetic System 1984 



 
6 

List of Figures 

Figure 1:  Net Forest Loss in Central African Republic from 2001 to 2020 from Global Forest 

Watch (A) Map (B) Bar plot with highest forest loss region……………………….……………13. 

Figure 2: Analysis flowchart for the study………………………………………..…….………..16. 
Figure 3: Case and control selection of Mpox outbreaks event and settlement with 3.5km 

radius buffers from Jan 2013 to Jan 2023 in in Central African Republic…….……...……..…21. 

Figure 4: (A) Distribution of zoonotic Mpox outbreaks event cases from Jan 2015 to Jan 2023 

in Central African Republic (B) Number of Mpox outbreak event in each year from Jan 2015 

to Jan 2023 in Central African Republic ………………..……………………………….……….23.                           
Figure 5.: Location level variables distribution of 3.5km radius buffer area for both Mpox 

Outbreak event cases and controls from Jan 2015 to Jan 2023 in Central African Republic 

(A1) Map of climate description (A2) stack boxplot for climate description 

(B1) Map of landscape description (B2) stack boxplot for landscape   

(C1) Map of population distribution (C2) Density plot for log population ………..……....27. 

Figure 6:  Forest cover (tree canopy more than 70%) distribution of 3.5km radius buffer area 

for both Mpox Outbreak event cases and controls from Jan 2015 to Jan 2023 in Central African 

Republic (A) Map of Forest cover (B) Density plot ……………………………………………...29. 

Figure 7: Forest loss at same year distribution of 3.5km radius buffer area for both Mpox 

Outbreak event cases and controls from Jan 2015 to Jan 2023 in Central African Republic 

(A1) Map of forest loss (A2) Density plot for forest loss variables…………………………..30. 

Figure 8:  Analysis of Mpox outbreak event cases and control with 3.5km radius buffer area 

using Conditional Inference Tree ………………………………………………………...............31. 

Figure 9: Forest loss same year, one year lag and two-year lag spline output from GAM on 

Mpox outbreak event cases and control 3.5km radius buffer area with unmatched and different 

matched data set from Jan 2015 to Jan 2023 in Central African Republic ……………….…...33. 

 

List of Tables 
Table 1: Descriptive statistic of Landscape, Climate, Population, Road Infrastructure of Mpox 

outbreak event location case and control with a radius of 3.5km buffer area for the study from 

Jan 2015 to Jan 2023 in Central African Republic..……….……………….. ………………….…... .26. 

Table 2: Descriptive statistic of Forest cover and Forest loss variables in yearly data set for 

Mpox outbreak event case and control in yearly data set for a radius of 3.5km buffer area for 

the study from Jan 2015 to Jan 2023 in Central African Republic.…………… ………………. .28. 

  



 
7 

Abstract  
Background and objective: The Central African Republic (CAR) experienced a significant 

rise in annual confirmed Mpox outbreak events, particularly in forested regions bordering the 

Democratic Republic of the Congo. Additionally, CAR witnessed substantial forest loss 

between 2010 and 2021. This study aims to investigate the association between deforestation 

and zoonotic Mpox outbreaks in CAR from January 2015 to January 2023, while identifying 

relevant ecological factors. 

Methods:  This retrospective ecological case-control study utilized zoonotic Mpox event data 

from CAR's national surveillance system, with randomly selected control from unaffected 

Mpox settlements. The at-risk environment was defined using the maximum autocorrelation 

distance between settlements, and environmental data were extracted within this radius. 

Clustering analysis was used to group settlements based on similar climate and landscape 

profiles, regardless of outbreak events. Deforestation was quantified as the percentage of 

forest loss at different time lags, and association with outbreaks was assessed using a 

generalized additive multilevel logistic regression model. Matching by the same outbreak 

location and population by year was conducted to enhance robustness. 

Results: 50 zoonotic Mpox outbreaks event as cases were more commonly observed in 

densely populated areas (median: 5,120, IQR: 993, 9,984) with landscapes dominated by 

agriculture (35%), and dense evergreen closed forests (42%). Comparison with the control 

group of 10,615 using the generalized additive model revealed positive association between 

increase forest loss in the same year or one year prior and the occurrence of Mpox outbreaks 

(OR:1.53, 95% CI: 1.003, 2.36 with linearity assumption) which remained consistent even after 

adjusting for or matching with population, and landscape. 

Conclusion: This study suggested the link between increased forest loss and zoonotic Mpox 

outbreak events in CAR. Urbanization and agricultural expansion increase forest loss, 

intensifying wildlife-human interaction. Preventing forest loss is vital for reducing future 

outbreaks.  

Keywords: Forest loss, Mpox, Zoonotic disease, Deforestation 
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Résumé 
Contexte et objectif: La République centrafricaine (RCA) a connu une augmentation 

significative des épidémies annuelles confirmées de Mpox, en particulier dans les régions 

forestières limitrophes de la République démocratique du Congo. De plus, la RCA a connu 

une importante perte de forêt entre 2010 et 2021. Cette étude vise à étudier l'association entre 

la déforestation et les épidémies zoonotiques de Mpox en RCA de janvier 2015 à janvier 2023, 

tout en identifiant les facteurs écologiques pertinents. 

Méthodes: Cette étude écologique cas-témoin rétrospective a utilisé des données sur les 

événements zoonotiques de Mpox du système national de surveillance de la RCA, avec un 

contrôle sélectionné au hasard dans des établissements de Mpox non affectés. 

L'environnement à risque a été défini à l'aide de la distance d'autocorrélation maximale entre 

les établissements, et les données environnementales ont été extraites dans ce rayon. Une 

analyse de classification non-supervisée a été utilisée pour regrouper les établissements en 

fonction de profils climatiques et paysagers similaires, quels que soient les événements 

épidémiques. La déforestation a été quantifiée en tant que pourcentage de perte de forêt à 

différents délais.L'association avec les épidémies a été évaluée à l'aide d'un modèle de 

régression logistique multiniveau additif généralisé. L'appariement par la même localisation 

des foyers et la même population par année a été effectué pour améliorer la robustesse. 

Résultats : 50 éclosions zoonotiques de Mpox, les cas étant plus fréquemment observés 

dans les zones densément peuplées (médiane : 5 120, Ecart interquartile : 993, 9 984) avec 

des paysages dominés par l'agriculture (35 %) et les forêts denses denses sempervirentes 

(42 %). La comparaison avec le groupe témoin de 10 615 personnes utilisant le modèle additif 

généralisé a révélé une association positive entre l'augmentation de la perte de forêt au cours 

de la même année ou de l'année précédente et la survenue d'épidémies de Mpox (OR : 1,53, 

intervalle de confiance à 95 % : 1,003, 2,36 avec hypothèse de linéarité ) qui est resté 

cohérent même après ajustement ou correspondance avec la population et le paysage. 

Conclusion: Cette étude a suggéré le lien entre l'augmentation de la perte de forêt et les 

événements zoonotiques de Mpox en RCA. L'urbanisation et l'expansion agricole augmentent 

la perte de forêts, intensifiant l'interaction entre la faune et l'homme. La prévention de la perte 

de forêts est vitale pour réduire les futures épidémies. 

Mots-clés : Perte de forêt, Mpox, Maladie zoonotique, Déforestation 
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1.INTRODUCTION  
1.1. Background and Context  
1.1.1 The virus 
Mpox (previously known as Monkeypox virus) is a viral disease that can be transmitted from 

animals to humans. It is caused by the Mpox virus, a double-stranded DNA virus that belongs 

to the Poxviridae family, Chordopoxivrinae subfamily, a member of the Orthopoxvirus genus, 

which includes other viruses pathogenic to humans (e.g., variola virus, vaccinia virus, and 

cowpox virus) (3,8,9). The virus produces a rash illness in infected individuals that ranges 

from mild to severe. Mpox is closely related to the smallpox virus and smallpox vaccination 

was found to be protective against Mpox (8,9). The virus has two distinct clades, the Western 

African(clade2) and Congo Basin clades(clade1), which have defined epidemiological and 

clinical differences (2,10). The Congo Basin clade is associated with more severe diseases 

and is thought to be more transmissible. With the eradication of smallpox, Mpox has emerged 

as the most important orthopoxviruses, for public health. 

1.1.2 Clinical presentation, diagnosis and surveillance  
Mpox infection has two period with symptoms like fever, headache, lymphadenopathy, muscle 

aches, and fatigue in the invasion period (lasting 0-5days), followed skin eruption period with 

rash that can evolve from macules to crusts. Complications such as secondary infections, 

pneumonia, sepsis, encephalitis, and corneal infection can arise (8,9,14,42,43,48). Antigen 

and antibody detection methods are not recommended due to cross-reactivity with other 

orthopoxviruses and potential false positives (8,9) Furthermore, simultaneous outbreaks of 

chickenpox and monkeypox have been reported in villages in DRC. The true co-circulation of 

the two viruses or false-positive results remain unclear and co-infection immunodeficiency 

patients and with malaria has also been reported in DRC but further studies are needed. 

(1,24,41). Mpox surveillance in Africa was first established in the mid-1980s, but the exact 

date of its establishment is not known. Due to the recent global outbreak, the WHO is 

investigating possible animal exposures and using wastewater surveillance to detect Mpox 

transmission in communities. (49) 

1.1.3 Spread of Mpox  
Mpox was first described in Asian macaques used for polio vaccine production at research 

center at Statens Serum Insititut in Copenhagen, Denmark in 1958. (18) The first human case 

was found in a 9-month-old baby in Zaire (now the Democratic Republic of the Congo, DRC) 

in 1970(3,8,9). Mpox outbreak can infect various animal species including non-human 

primates and has been reported in 11 African countries: the Central African Republic, Benin, 

Cameroon,the Democratic Republic of the Congo, Gabon, Cote d’Ivoire, Liberia, Nigeria, the 
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Republic of the Congo, Sierra Leone and South Sudan (9). The previous study suggest case 

fatality ratio of Mpox in CAR is 7.5% in confirm cases and 9.6% in suspected case before 

2022. (1) The true burden of the disease is not known. Nigeria has experienced a large 

outbreak since 2017 with the case fatality ratio of approximately 3%, with cases still being 

reported.  

Between 1970 and 1986, there were over 400 cases of Mpox reported in Central Africa due 

to active surveillance (1,9). Similarly, areas of sporadic endemicity in West Africa and the 

Congo Basin region have experienced recent outbreaks after many years of absence, likely 

due to improved surveillance and increased viral circulation in regions with major ecologic 

disturbances. The disturbances, such as deforestation and land-use changes in tropical 

rainforests, have caused habitat loss for wildlife and increased interactions between humans 

and animals, leading to the emergence of zoonotic diseases. (23). In 2003, an outbreak in the 

United States of America (US) was linked to infected pet prairie dogs which is the first outbreak 

case outside Africa (9). Cases have been reported in several non-endemic countries, including 

the United States (US), the United Kingdom (UK), Israel, and Singapore from 2018 to 2021. 

In May 2022, more cases of non-endemic disease have been reported. Mpox is similar to 

smallpox but clinically less severe.  An outbreak of the Mpox virus following the patterns of a 

sexually transmitted infection made headlines in April 2022. (9) The strain was closely related 

to the one circulating in Nigeria since 2017. 

1.1.4 Transmission  
Mpox virus causes small outbreaks in Western and Central Africa which generally linked to 

zoonotic (animal-to-human) transmission by following limited human-human transmission. 

Zoonotic transmission of Mpox is thought to occur through direct contact with bodily fluids or 

lesions of infected animals. Rodents like forest squirrels and rats are suspected to be the 

natural reservoir for the virus, but the exact species is unknown (8,9). A number of at-risk 

exposures have been identified by epidemiological studies, including forestry activities, wildlife 

contact, bushmeat trade, and bushmeat preparation (7,9). A study conducted recently has 

indicated that the Mpox epidemic may be seasonal in different region, with outbreaks occurring 

during certain times of the year (39).  

Human-to-human transmission of the virus is possible through close contact with the 

respiratory secretions or skin lesions of an infected person, or through contact with 

contaminated objects. Transmission via droplet respiratory particles usually requires 

prolonged face-to-face contact, which puts health workers, household members, and other 

close contacts of active cases at greater risk. Although close physical contact is known to be 

a risk factor for transmission, it is unclear whether Mpox can be transmitted specifically through 
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sexual contact. The incubation period of Mpox is usually from 6 to 13 days but can range from 

5 to 21 days (8,9).  

1.1.5 Ecology of Mpox 
The occurrence of Mpox is not consistent across different regions and time periods, and the 

reasons for the higher incidence in Central Africa are not well understood. While more 

information is available about the occurrence of Mpox in humans, less is known about 

infections in non-human animal hosts (10,17). Phylogenetic analysis indicates that monkeypox 

virus strains in West and Central Africa form distinct clades with variant subtypes, each with 

different biological features (16). However, it is unclear whether these differences reflect 

significant biological divergence that may result in different ecological conditions, such as 

deforestation (16).  

Since 2001, the majority of Mpox outbreaks in CAR have occurred in Lobaye and Mbomou 

prefectures, which are forested regions located at the edge of the Congo Basin Forest due to 

a favorable ecosystem for the suspected animal hosts. These regions are adjacent to DRC 

and Congo, and several commercial and social exchanges occur between these countries, 

which may facilitate viral circulation, as demonstrated in previous phylogenetic studies. The 

occurrence of Mpox mostly in forested areas is typical of Central African outbreaks, unlike the 

distribution observed in Nigeria, where outbreaks have shifted to savanna and urban areas. 

This shift in Nigeria shows a change in the disease's epidemiological features and an increase 

in the potential for international spread. In CAR, the prevalence of monkeypox outbreaks in 

September, at the end of the rainy season, may reflect the movement of local populations into 

forested areas for caterpillar picking. During this time of year, entire families, including children 

on their school holidays, participate in these activities, which bring them into closer contact 

with wildlife and the deep forest environment, increasing the risks for zoonotic and interhuman 

transmission. (23)  

The recurrence of Mpox outbreaks at the same location can have multiple mechanisms, 

including the resumption of interhuman transmission and potential virologic or clinical 

relapses. The recent increase in Mpox virus circulation in CAR is concerning due to decreasing 

cross-protective immunity from smallpox vaccination after 1980, deforestation, and the high 

lethality of clade I. Investigating zoonotic sources of infection and environmental changes is 

crucial to develop effective preventive measures. (23) A direct investigation into the 

relationship between deforestation and Mpox virus transmission in the Central African 

Republic has not been conducted. 

 



 
12 

1.2 Mpox virus of Central African Republic  

Mpox disease surveillance in the Central African Republic began in 2001, but it initially focused 

on other eruptive fevers like measles and rubella. Since 2010, Mpox surveillance has been 

more systematic, with some interruptions due to civil unrest. The number of confirmed Mpox 

outbreaks has increased since 2018, except for a temporary decline in 2020 due to COVID-

19 pandemic disruptions and civil unrest during the CAR presidential elections in December 

2020. Prior to 2018, there were no outbreaks reported between 1983-1984 and 2001. To 

improve understanding of the virus, the Institut Pasteur of Bangui has developed a surveillance 

system, and the Afripox project is investigating outbreaks, improving diagnostic tools, and 

studying the relationship between affected communities and wildlife (1). 

1.3 Climate, Terrain and land description of Central African Republic  

CAR's diverse terrain consists of a peneplain and two mountain ranges that divide the country 

into the Chari-Longue Basin and the Congo Basin. The climate is primarily tropical, with 

equatorial humidity in the south and Sahelo-Sudanian conditions in the north. Winters are hot 

and dry, while summers are mild to hot and wet, with the north experiencing a hot semi-arid 

climate. CAR's regions exhibit different climate characteristics, including forests, semi-humid 

areas, savannas, and Sahelian zones. Climate variability and long-term changes pose 

challenges to CAR, impacting vulnerabilities such as poverty, food insecurity, and political 

instability. Deforestation and urban development further contribute to these challenges and 

the risk of zoonotic epidemics. (40) 

1.4   Forest and Deforestation in Central African Republic  
The Central African Republic (CAR) is characterized by diverse forest types, including tropical 

rainforests, moist forests, dry forests, and savannas. The Congo Basin Forest in CAR's 

southern and southeastern regions is the world's second-largest tropical rainforest, housing a 

variety of tree species and endangered endemic animal species. In the northern and central 

regions, savannas and dry forests dominate, while the east features a mix of moist forests and 

savannas surrounding the Kotto River. These forests play a crucial role in CAR's economy by 

providing timber, non-timber forest products, supporting ecotourism, and sustaining local 

livelihoods. (25,26) It is important to consider the different forest types Tropical rainforest, dry 

forest and savanans in CAR when analyzing deforestation in this study. (27) 

Deforestation is a complex process involving the deliberate regression of forested areas due 

to human activities or natural factors. It occurs when forests are intentionally cleared for 

purposes such as agriculture expansion, mineral extraction, infrastructure development, 

urbanization, or unsustainable exploitation of forest resources. However, it's important to note 

that the regrowth of forests after clear-cutting, insect attacks is not considered deforestation. 
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Deforestation is often associated with the degradation of forest ecosystems, whether in terms 

of their functionality or biological diversity. In contrast, forest cover loss refers to the overall 

decrease in the extent of forested areas and is commonly assessed using satellite imagery. It 

includes both the direct consequences of deforestation activities and natural processes that 

result in forest clearing. Forest loss can be caused by various human activities, including 

deforestation, land clearing, agricultural expansion, mining, construction of infrastructure like 

dams and roads, urban development, and unsustainable exploitation of specific tree species. 

It's worth noting that legal logging companies are not typically the primary drivers of 

deforestation. When evaluating forest loss, it's crucial to consider the net change in forest 

cover. This involves not only accounting for forest loss due to deforestation but also 

considering any gains from afforestation, which involves planting new forests in previously 

non-forested areas. (53,54)  

(A)                                                                               (B)  

Figure 1:  Net Forest Loss in Central African Republic from 2001 to 2020 from Global Forest 

Watch (A) Map (B) Bar plot with highest forest loss region  

In 2010, the Central African Republic had tree cover spanning 47.2 million hectares and 76% 

of its land area. However, by 2021, it had lost 67.2 thousand hectares of tree cover, releasing 

35.7 million metric tons of CO₂ emissions. The top 5 regions (Haute-Kotto, Mbomou, Haut-

Mbomou, Ouaka, Ouham) in the country were responsible for more than half of all tree cover 

loss between 2001 and 2021. Ouham experienced the most tree cover loss with 105 thousand 

hectares, surpassing the average of 53.5 thousand hectares. From 2001 to 2021, the country 

lost 26.8 thousand hectares of tree cover due to fires and 884 thousand hectares from other 

drivers of loss such as agricultural expansion, mineral extraction, infrastructure development, 

commercial logging as well as charcoal and biofuel production. In 2016, 10.6 thousand 

hectares of tree cover were lost due to fires, which accounted for 21% of all tree cover loss 

that year. (5,13) 
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1.5 Aim of the study 
This study aims to investigate the potential link between forest loss and zoonotic events of the 

Mpox virus in the Central African Republic (CAR) from January 2015 to January 2023. Since 

zoonotic Mpox outbreak event is a rare disease and the forest loss is a common exposure, we 

aim to use observational retrospective case control study method in this study. The following 

approach was previously used for establishing the link between Ebola outbreak event and 

deforestation in the central African region. (11) By examining environments that are favorable 

to zoonotic Mpox outbreak locally, it fills a research gap left by previous studies that primarily 

examined Mpox suspect cases at the health area/district level in the Democratic Republic of 

Congo (DRC) or zoonotic Mpox outbreak at the continental level. At the country level, no 

previous study has explored the connection between forest loss and zoonotic Mpox outbreak. 

The results of this study could have significant implications for developing effective measures 

to prevent and control the spread of Mpox in the Central Africa Republic. 

2.OBJECTIVES 
2.1. General Objectives 
To investigate the potential link between deforestation and the occurrence of zoonotic Mpox 

outbreak events in the Central African Republic between 2015 to 2023, and to identify the 

additional ecological factors that contribute to the occurrence of zoonotic Mpox outbreak 

events. 

2.2. Specific Objectives 

1. To analyze the zoonotic Mpox outbreak event from national surveillance data with any 

significant changes or trends over time across different geographic locations within CAR. 

2. To merge national surveillance data on Mpox outbreaks with administrative settlement 

locations in CAR. 

3. To identify and select appropriate data sources for the study. 

4. To define a buffer area that allows for the extraction of population and potential covariate 

factors such as meteorological conditions, geographical landscapes, and topography. 

Additionally, to cluster similar climate and landscape information using Principal 

Component Analysis (PCA) and hierarchical clustering methods. 

5. To define zoonotic Mpox outbreak event cases and non-outbreak controls within the 

assigned buffer area. To avoid selection bias, we will establish selection criteria. 

6. To explore descriptive statistics related to forest loss and all covariates, comparing 

differences between zoonotic Mpox outbreak event cases and non-outbreak controls by 

location and yearly data set. 

7. To statistically analyze the association between forest loss and Mpox virus zoonotic 

events, employing regression analysis techniques such as conditional inference tree 
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models and generalized additive multilevel logistic regression models.  

8. To improve the robustness of the study output, apply matching data set. 

9. To compare the findings of this study with previous research conducted in this field, 

aiming to identify consistencies or discrepancies in the results. 

3.METHODS 
3.1. Study design  
This study is an observational, retrospective ecological case-control study, that utilized 

zoonotic Mpox event data from CAR national surveillance, including year and location (name 

and GPS coordinate). Controls were randomly selected from Mpox-unaffected CAR 

settlements.  In order to define the environment at risk, we investigated the distance leading 

to the maximum autocorrelation in Mpox incidence. We used this radius to extract 

environmental data from multiple remote-sensing sources. Principal Component Analysis 

(PCA) and Hierarchical Clustering on Principal Components (HCPC) was used to cluster 

settlements according to similar climate profile (from meteorological data) and similar 

landscape (from Landuse-Landcover Copernicus data).Forest cover and deforestation is 

defined which were measured as the percentage of forest loss at different time lags.  

Descriptive analysis will be performed to examine the distribution of forest loss and other 

covariates. The association with zoonotic Mpox outbreak event occurrence was investigated 

using a conditional inference tree and generalized additive multilevel logistic regression model. 

Multiple sets of four controls were compared with non-overlapping buffers:(1) unmatched 

settlements, (2) comparing years with and without Mpox outbreak among Mpox outbreak 

locations, (3) matched by population and year of Mpox occurrence. 

3.2 Data used for the study 
3.2.1. Mpox outbreak Data  
Zoonotic Mpox outbreak dataset includes 64 recorded events in Central African Republic 

(CAR) from 1980 to Jan 2023. including location and month-year of the index case. The data 

set was provided by CAR national Mpox surveillance system which was established in 2010 

by the Institut Pasteur of Bangui (IPB), the CAR Ministry of Public Health and Population, and 

the World Health Organization (WHO). A total of 64 Mpox outbreak events reported between 

1980 and January 2023 were considered for data selection. In order to ensure consistent 

surveillance level and limit the influence of decreasing coverage with smallpox vaccination 

providing cross-reactive immunity, we focused on the most recent period from January 2015 

to January 2023.This resulted in 55 outbreak events. This provides more accurate association 

for analysis, the study only used robust confirm cases which resulted in 52 events. All Mpox 

cases noticed in outbreak events in the study are diagnosed as Congo Basin (Clade1) strain. 
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3.2.2. Settlement Data and Road network data of CAR  
The settlement dataset comprising 7,427 observations from the administrative region of the 

Central African Republic (CAR) was obtained from OCHA Central African Republic through 

the Humanitarian Data Exchange (HDX v1.68.1 PY3) website. The dataset included such as 

longitude and latitude coordinates, district names, identification codes, and village names. The 

references period for this data is from 2014 to 2023. In addition, the road network data set is 

collected from the same source which has last updated on 15th August 2018. In This dataset 

contains existing road networks with road names that comply with the Global Spatial Data 

Infrastructure for Transportation (GSDI-T). 

3.2.3. Population Data  
The lack of recent census from CAR, especially at settlement level, led us to use WorldPop 

raster dataset as a source for population information. In this study. It provides yearly updated 

country-level population counts from 2000 to 2020, with a spatial resolution of 100 meters. 

The country totals were adjusted to match official United Nations estimates. The dataset 

utilizes a multi-temporal approach, estimating population counts for each year using a Random 

Forest-based method that incorporates satellite imagery and geospatial data which provide 

with constrained and unconstrained population raster. Out of two raster’s, the constrained 

raster layer was selected for this study to prioritize the accurate identification of rural 

populations and uninhabited areas. However, it may have limitations in areas where 

settlements and buildings are not well-mapped, which can lead to the under-allocation of the 

population to neighboring settlements. (19,20,51). In addition, regional-level census data from 

the 2021 ICASESS census was also utilized to validate the population count in the raster. (59) 

3.3. Environmental Data 
3.3.1 Forest loss data  
The Hansen Global Forest Change v1.9 (2000-2021) dataset provides information about 

annual forest extent, loss, and gain from 2001 to 2021. The data has a spatial resolution of 

approximately 30.92 meters per pixel at the equator and is updated annually, with only loss 

year and last being updated. Forest loss variable is updated annually. Forest extent represents 

the total area covered by forests, loss indicates the amount of forest area that was lost or 

removed, and gain represents the area where new forest cover has been established. (31) 
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3.3.2 Meteorological, Terrain and Landscape data  
To gather the necessary environmental data for our study, we utilized various datasets that 

provided information on temperature, rainfall, fire index, landscape, and topography. The 

MOD11A2 V6.1 dataset (30) was used to obtain land surface temperature (LST) globally, with 

a resolution of 1km. This data allowed us to examine weekly day and night temperature 

changes with or without cloudy information. The CHIRPS dataset (33) provided rainfall 

information over a 30-year period on a global scale, with a resolution of 5566 meters. The data 

set provides weekly rainfall information. For monitoring deforestation rates and temperature 

changes, we relied on FIRM's dataset (32), which offered near real-time information on active 

fires and burned areas worldwide. This dataset had a resolution of 1000m.The Land use - 

landcover data was extracted from the Copernicus CGLS-LC100 dataset (55, 56) was utilized 

to collect landscape data. This dataset offered a global land cover map with a resolution of 

100m, with different color bands describing different landscapes. Lastly, the SRTM dataset 

(28, 29) provided topography data with a resolution of 30m. The data set provides the elevation 

and slope of different regions' information. For further details, please refer to Table S1. 

 

Figure 1: Analysis flowchart for the study  
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3.4 Merging Mpox outbreak event information on settlement area  
In order to merge the Mpox outbreak event GPS coordinates from the surveillance database 

with the we identify which Mpox outbreak coordinate which has same coordinate with CAR 

settlement. The Mpox data contained 52 outbreak observations over 40 GPS coordinates in 

CAR from January 2015 to January 2023, with latitude, longitude, case count, year of 

outbreak, and outbreak event location name noted from GPS coordinates in the field. The 

Mpox outbreak coordinates overlap with the 90% of the settlement location at exact location 

or within 1km radius. After checking with geolocation, 36 villages that overlap with the 

settlement were assigned the same place code. While four villages with no overlapping 

settlement were given numerical codes and identified as new settlement location. 

In settlement data set, only the eight regions of settlement that have Mpox outbreaks were 

selected, namely Lobaye, Ouaka, Basse-Kotto, Mbomou, Mambere-Kadei, Sangha-Mbaere, 

Ombella M’Poko, and Haute-Kotto, leaving 3,978 settlements. The region of Haute-Kotto was 

further subdivided based on the distribution of the settlement and demographic at the latitude 

of 7.7 as a cutoff to avoid misleading information about the settlement since no Mpox outbreak 

event was noted beyond this coordinate, leaving 3,955 observations.  

3.5 Defining the population for each settlement 
Because of the lack of settlement-level census data, we needed a method to assign a 

population size to a given settlement, using circular buffers around each location to extract 

corresponding World Pop raster data. In order to define the buffer radius, a two-step process 

was followed. Firstly, the distance between each settlement and its nearest neighbor was 

calculated to establish a maximum radius. Secondly, we extracted World Pop raster data over 

increasingly large radii (from 400m to 1500m) for each settlement and then compared the sum 

across administrative units to census data which is available at this higher scale. The radius 

that provided a population estimate closest to the census figure was selected to define the 

buffer radius for each settlement. 

3.5.1 Distance calculation between points for buffer radii to extract population 
This study involved calculating the distance between the two nearest geolocations in the 

dataset with and without Mpox outbreak event location to determine the smallest possible 

distance for collecting data from population. A distance variable was then calculated based 

on nearest neighbor’s distance between two points. The distribution of distance was plotted 

in the histogram and select the minimal distance between each Mpox outbreak event location 

and settlement location. These distances are used to extract the population. Further analyses 

were conducted to validate this distance. This include calculating the distance from one 

settlement to the nearest one, the distance from one Mpox outbreak location to the nearest 
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location without Mpox outbreak, and the distance from one Mpox outbreak location to the 

nearest location with Mpox outbreak.  

3.5.2. Selection of population data with appropriate buffer radii 
To get population data, the study further compares the population result from the 

unconstrained and constrained UN-adjusted 2020 World Pop raster by calculating the buffer 

of the population from 400, 500, 700, 1000, and 1500-meter buffer radii respectively. The 

distribution of the two methods showed different values. The buffer radii of both data sets 

were compared to the census data which present in district at aggregate population level. 

The population values were more compatible with the constrained data set in most region 

and nearly similar distribution in Lobaye districts. Further analysis was done on the 

constrained raster population by calculating the buffer at 500, 700, 750, 1000, and 1500 

meters to identify the most appropriate buffer representing the population closer to the 

census. Based on the graphical representation and the statistical test, the 1000m buffer 

radius for the constrained data set appeared to be the most appropriate for further analysis. 

(Figure S1) 

3.6 Defining the distance for environment characterization in buffers around 
settlements 
To determine the most suitable buffer radius for analyzing the exposure of deforestation, the 

Mpox event incidence was calculated based on zoonotic transmission events that occurred 

from Jan 2015 to Jan 2023, divided by the world pop-constrained UN-adjusted population at 

a 1000m (1km) buffer. The spatial autocorrelation method, involving Moran's I test and 

Empirical Bayes index at increasing buffer sizes ranging from 1km to 12km, was used to 

identify the radius that maximizes the spatial autocorrelation across villages for Mpox. Based 

on the analysis report, a radius of 3.5km was selected for further investigation. Although 

further buffer with empirical approach can be applied as per previous study, we aim to select 

the following buffer due to minimal distance between Mpox outbreak location and non Mpox 

outbreak location. 

3.7 Summarizing environmental characteristics of CAR settlements 
3.7.1. Climate description 
With the aim of identifying similarities in the climate pattern of a 3.5km radius buffer area for 

all observations, the study aggregated weekly meteorological data from January 2013 to 

January 2023 into monthly data (mean day temperature, mean night temperature, sum of 

rainfall, sum of fire index values). Observations with more than 50% cloudy pixels were treated 

as missing values. Monthly averages over the period were then obtained. We used Principal 

component analysis (PCA) to identify the number of dimensions needed for the analysis. We 
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used hierarchical clustering on principal components to cluster CAR settlements into groups 

of similar climates. From PCA, the first two principal components of climate cluster explained 

46% of the variance, and dimension 37 was selected for hierarchical clustering as it reached 

a cumulative variance of 99%.(Figure S4) 

3.7.2. Landscape 
With the aim of identifying similarities in the landscape pattern of a 3.5km radius buffer area 

for all observations, the year of 2015 from the Copernicus discrete classification land dataset 

with elevation and slope data from SRTM was used. To facilitate analysis, the Copernicus 

discreate classification data was transformed into percentages by dividing it with a 3.5km 

radius buffer area. To ensure meaningful classification, two landscape, namely bare and 

herbaceous vegetation with close to zero percent coverage, were excluded from the analysis. 

PCA was employed to determine the optimal number of dimensions required for the analysis. 

Hierarchical clustering on principal components was then applied to cluster CAR settlements 

into groups of similar landscape. From PCA ,the first two principal components of landscape 

description explained 45% of the variance, and the cumulative variance reached 99% at 

dimension 17, which was chosen for hierarchical clustering.(Figure S5) 

3.7.3. Defining population and road variables 
To identified population within the radius of 3.5km buffer area, constrained UN-adjusted 2020 

World Pop raster was extracted. In addition, road infrastructure information was extracted 

from road network raster with the radius of 3.5km buffer area. The quantitative road value 

was transformed into a binary variable, where a value of 0 indicates the absence of roads 

and any value greater than 0 indicates the presence of roads.  

3.8 Defining Forest cover and Deforestation in the study 
In this study, forest cover was defined from the 2015 from the Copernicus discrete 

classification land dataset with three classes that classified tree canopy coverage of over 

70%. The following include calculating forest cover by adding the land represented by three 

specific classes: closed evergreen forests with almost all broadleaf trees remaining green 

year-round with tree canopy more than 70% (bands 112), closed deciduous forests 

consisting of seasonal broadleaf tree communities with annual leaf-on and leaf-off periods 

with tree canopy more than 70% (bands 114), and closed forests without any specific 

category with tree canopy more than 70% (bands 116). To facilitate analysis, forest cover 

was transformed into percentages by dividing it with a radius of 3.5km buffer area. To obtain 

the yearly forest cover information, the baseline forest cover was calculated by dividing forest 

loss from previous year providing forest cover for the same year in yearly data set.  

In this study, deforestation was defined as yearly forest loss resulting from the removal or 



 
21 

mortality of tree cover based on data from Hansen et al.'s Global Forest Change. Due to the 

lack of afforestation efforts in the CAR we denoted forest loss and deforestation 

interchangeable in our study. (27) As a result, the definition of deforestation used in this 

study, it does not distinguish between the direct human causes of deforestation, such as 

urbanization and mechanical clearing, and indirect causes such as extreme weather events 

resulting from climate change. In addition, forest loss data from Hansen et al covering 

January 2013 to December 2021 were used to create five variables related to forest loss: 

forest loss in the same year, forest loss with a one-year time lag, forest loss with a two-year 

time lag, the sum of forest loss over three years, and the maximum forest loss from 3 year. 

To facilitate analysis, all forest loss variables were transformed into percentages by dividing 

them with radius of 3.5km buffer area. 

3.9 Defining Case and Control for the study 
In the study, the selection of cases and controls for the zoonotic Mpox outbreak analysis 

involved several steps. Settlements with zoonotic Mpox outbreak events with a radius of 3.5km 

buffer area was considered case for this study. For control points, administrative settlement 

from the 8 regions of the Central African Republic were utilized. The control is defined as 

settlement without Mpox outbreak in location data set and the control including Mpox outbreak 

settlement with no outbreak event year will be consider as control in the study. 

To ensure the selection of unbiased control points at a location level, certain criteria was set. 

The cases’ location has no overlap with control and each control area has not less than 50% 

overlap to each other. To ensure these criteria following steps were performed. 

1) The settlement without Mpox outbreak event with radius of 3.5km buffer area that 

overlapped with the Mpox outbreak event with radius of 3.5km buffer area were eliminated, 

resulting in 3722 remaining settlements without Mpox outbreak location.  

2) To avoid overlap of less than 50% in the settlements without Mpox outbreak location, the 

nearest neighbor distance between centroids of radius of 3.5km buffer area was 

calculated. Using the circular segment formula, a distance of 4180m was determined as 

the threshold to avoid buffer overlap less than 50%. (34) One settlement was randomly 

selected and remove surrounding settlements with distance less than 4180m.Then the 

similar process was done with all settlement result in final settlement control with no less 

than 50% overlap to each other. 

Finally, based on these selection criteria, 40 Mpox outbreak event locations and 1145 control 

locations with radius of 3.5km buffer area were selected. Each location dataset was expanded 

to an annual dataset covering the years January 2015 to January 2023 for each location. The 

settlement with Mpox outbreak event with year that did not have Mpox outbreak will be 

considered as control. Final main data set for analysis of forest loss include 50 Mpox outbreak 
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events with 10,615 non Mpox outbreak events. These selected cases and controls will be used 

to examine the possible link between forest loss and the occurrence of zoonotic Mpox 

outbreak events in the CAR. (Figure 3) 

Figure 3: Case and control selection of Mpox outbreaks event and settlement with 3.5km 

buffers from Jan 2013 to Jan 2023 in in Central African Republic 

 
3.10 Statistical Analysis 
The statistical analysis for the study was performed using R software version 4.3.0. Several 

packages were utilized for data analysis, including {spatialreg, jtools, mice, mapsf, ape  mgcv, 

factorminer, and party}. Furthermore, maps were generated using QGIS 3.30.2 software, 

providing a visual representation of the study's geographic information. The statistical analysis 

for the study involved several steps. Firstly, the cofounding factor was identified with DAG 

(direct acrylic graph) using the daggity website to identify the covariates, exposure, and 

outcome variables. (Figure S7).  
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The first step involved conducting descriptive statistics of climate, landscape, population, and 

road infrastructure variables at the location level for both the Mpox outbreak event case and 

control with a radius of 3.5km buffers. This analysis included 40 case locations and 1,185 

control locations. Next, the annual dataset covering the years 2015 to January 2023 for each 

location, including 50 Mpox outbreak event cases and 10,615 controls. This expanded dataset 

was used for descriptive analysis of the annual forest cover and annual five forest loss 

variables. Furthermore, univariate analyses were performed to examine the relations between 

all variables with the Mpox outbreak event case and control buffers, as well as the associations 

between all variables themselves. 

In order to analyze the relationship between yearly forest loss and the occurrence of Mpox 

outbreak events, we conducted Tree-based models, such as conditional inference tree (CIT) 

to analyze the relationship between the Mpox outbreak event and all variables in the study 

with yearly data set. The CIT model has the ability to handle challenges often encountered in 

regression analysis, such as limited sample sizes, unknown distribution assumptions, and 

potential correlations or interactions among variables. CIT, similar to classification and 

regression trees (CART), addresses biases in variable selection. In our CIT analysis, we 

conducted quad tests and estimated distributions using Monte Carlo simulations with 100,000 

replications. We set a significance level (α) of 0.05 and did not impose a minimum node sample 

size requirement. This allowed us to obtain an interpretable tree that showcases the effects 

and interactions of the variables. (36,37)  

With the result of insignificant spatial autocorrelation with Moran I test from location level data 

set for case and control buffer in the data set, and considering the need for a flexible modeling 

approach, we employed Generalized Additive Model (GAM) statistics to further analyze the 

data. Initially, we conducted univariate GAM models with each variable individually then 

proceed to multivariable regression analysis. Subsequently, to prevent model complexity due 

to the number of observations, and multicollinearity separate GAM models were applied for 

each forest loss variable. Since forest cover data was derived from landscape information, the 

GAM model only incorporated landscape variables. Furthermore, landscape and climate 

clusters are highly correlated in order to avoid overfitting, only landscape was used in 

modeling. The generalized additive multilevel logistic regression modell with following below 

formula was conducted for different forest loss variables to avoid loss of observation in the 

analysis. 

𝒍𝒐𝒈𝒊𝒕[𝑴𝒑𝒐𝒙(𝟎, 𝟏)] = 	𝜷𝟎 + 	𝒇𝒔(𝒇𝒐𝒓𝒆𝒔𝒕𝒍𝒐𝒔𝒔) + 	𝜷𝟏(𝑳𝒂𝒏𝒅𝒄𝒍𝒖𝒔𝒕𝒆𝒓) + 𝒇𝒔(𝑷𝒐𝒑𝒖𝒍𝒂𝒕𝒊𝒐𝒏	𝒄𝒐𝒖𝒏𝒕) +

𝒇𝒔(𝟏|𝒗𝒊𝒍𝒍𝒂𝒈𝒆) + 𝒇𝒔(𝟏|𝒚𝒆𝒂𝒓) + 𝜺  
To account for the influence of the population, we implemented matching analyses using two 

different methods. Firstly, we conducted matching based on the time series of Mpox outbreak 

locations, where years with Mpox outbreaks were considered as cases and years without 
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Mpox outbreaks as controls which result in only selecting 50 case and 310 controls in matched 

dataset. Secondly, we performed matching based on population corresponding to the same 

year as the Mpox outbreak event. The matching was done by creating centile population 

groups and then matched year with population that has same population as Mpox outbreak. 

Depending on the matched control available in each group more than one case is matched to 

control. The matching result in 50 case and 90 controls. These analytical steps provided a 

framework for our statistical analysis, allowing us to examine the link between the covariates 

(climate, land, population, road), exposure variables (forest loss), and the outcome variable 

(Mpox outbreak event) in our study. 

4.RESULTS 

4.1 Mpox outbreak Event in Central African Republic  
A total of 52 zoonotic Mpox outbreak events occurred across 40 different locations between 

January 2015 and January 2023 in CAR. Several localities experienced multiple outbreaks 

over year and in the case of Mbaiki and Ngotto settlements, multiple outbreaks were recorded 

within the same year, resulting in a total of 50 outbreaks in the yearly dataset. (Figure 2) 

Notably, the year 2022 had the highest number of outbreak events with 10 occurrences, 

followed by 9 events in 2021 and 8 events in 2018 as shown in Figure 4. The majority of 

outbreak cases were concentrated in the southern part of CAR, which is geographically close 

to the Democratic Republic of Congo (DRC) and its Congo Basin Forest. These outbreaks 

were clustered in eight prefectures, including Haute Kotto, Mbomou, Lobaye, Ouaka, Ombella 

M'poko, Sangha Mbaéré, and Mambéré kadéi.. 

  (A)                                                                                        (B) 

 
Figure 4: (A) Distribution of Mpox outbreaks event cases between Jan 2015 to Jan 2023 in 

Central African Republic (B) Number of Mpox outbreak event in each year from Jan 2015 to 

Jan 2023 in Central African Republic 
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4.2 Defining population for each settlement and defining distance for environmental 
characterization in buffers around settlements 

The analysis of the nearest neighbor distances between the settlements including Mpox 

outbreak events revealed that the majority of distances in the dataset ranged from 400m to 

1500m, with median of 1793m, (IQR:662:2045) which represent most settlements are close 

to each other (Figure S1). This distance ranging from 400m to 1500m was used as the buffer 

radii for extracting population values from the World pop constrained population raster. 400m 

ensured almost no overlap between settlement buffers, but might have led to 

underestimating population size. On the other hand, 1500m-radius buffers led to overlap with 

nearest neighbor of cases, and could overestimate population. After comparison between 

regional-level census data and the sum of settlement-level population extracted for the 

different buffer radii, we selected a 1000m-radius buffer which minimized the difference 

between total settlement level population and aggregated census data across all regions 

(Figure S2),  

In order to calculate spatial autocorrelation test, Mpox incidence rate was calculated with 

Mpox outbreak event divided by population extracted from World pop raster over a 1000m 

radius around each settlement. At increasing radii of buffer, the Empirical Bayes Index and 

Moran's I test showed significant p-values at 0.03 and 0.015. Both tests indicated a maximum 

autocorrelation at the radius of 3.5km buffer area for Mpox outbreak events, suggesting that 

this buffer size is the most appropriate for our case and control study. (Figure S3).  

4.3 Clustering of climate and landscape with PCA and HCPC 
4.3.1 Climate   
We conducted PCA and HCPC on monthly average values of day temperature, night 

temperature, total rainfall, and sum of fire index values in order to cluster CAR settlements 

into groups sharing similar climates. This analysis resulted in two clusters corresponding to 

two climatic zones, sharing characteristics of a tropical climate, but differentiated into a hotter 

and a wetter climate. The hot climate experienced high temperatures, with an average of 

34°C in February as well as having a diurnal temperature divergence temperature pattern 

and overall rainfall of 1000 mm per year. In contrast, the wet climate has stable rainfall of 

1210 mm per year, with an average daytime temperature of around 30°C and a similar 

nighttime temperature pattern during the dry season. (Figure S4) 

4.3.2 Landscape 
In order to group land with similar characteristics, we performed PCA and HCPC on 2015 

Copernicus GLC (land use land cover) and topography information. First, we transform for the 

value of pixel value from the data set to percentage of radius of 3.5km buffer area for clear 

interpretation. Then we conducted PCA and HCPC on the percentage of each class, 

topography value on each buffer (mean, median, minimum, maximum, standard deviation of 



 
26 

altitude and slope). HCPC identified three clusters corresponding to three landscapes, 

characterized by distinct vegetation patterns: 1) Evergreen dominant closed forest landscape 

which describe region with an elevation of 700m and a slope of 20 degrees. The land is 

covered by evergreen forests, accounting for 80% of the total land cover. 2). Agricultural 

dominant landscape which describes the region with an elevation of 500m and a slope of 25 

degrees. This land cover includes 15% cropland, 5% urban area, 40% mixed forest with open 

forest, and 20% water bodies. 3) Deciduous dominant open forest landscape which describe 

region an elevation of 500m and a slope of 30 degrees. The land cover includes 5% cropland 

and 50% deciduous closed forest cover. (Figure S5) 

4.4 Descriptive analysis  
We analyzed the information for climate description, land type, population and road 

infrastructure in a location data  with 40 case location and 1145 control, while for forest cover 

and all forest loss variables were analyzed it in annual data set 50 case and 10,615 controls. 

4.4.1 Climate   
The majority of Mpox outbreak cases occurred in wet climates (72%) compared to the hot 

climate (28%), While controls location was more equally distributed (47% vs 53%) as illustrate 

in Figure 5. The Chi-square test demonstrated a significant association between climate type 

and outbreak cases (χ2=9.018, p=0.0026). (Table 1)  

Table 1: Descriptive statistic of Landscape, Climate, Population, Road Infrastructure of Mpox 

outbreak event location case and control with a radius of 3.5km buffer area for the study from 

Jan 2015 to Jan 2023 in Central African Republic. 

Characteristic 
Cases Controls Statistical Test  

N = 401 N =11451  Test  P value 

Population count 5,120 (993, 9,984) 826 (319, 1,792)   34216** 
         

<0.000* 
Climate     
   Hot Climate 11 (28%) 606 (53%) X2=9.018 0.0026* 
   Wet Climate 29 (72%) 539 (47%)   
Landscape     
Agricultural land 14 (35%)  326 (28%) X2=8.543 0.013* 
Evergreen closed forest  17 (42%) 305 (27%)   
Deciduous closed forest    9 (22%) 514 (45%)   
Road     
    Present 35 (88%)  204 (82%) X2=0.430   0.511 
    Absent   5 (12%)   941 (25%)   
1 Median (IQR); n (% in the column)      
*Statistically Siginificant  ** Wilcox test   
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Figure 5: Location level variables distribution of radius of 3.5km buffer area for both Mpox 

Outbreak event cases and controls from Jan 2015 to Jan 2023 in Central African Republic  

(A1) Map of climate description (A2) stack boxplot for climate description 

(B1) Map of landscape description (B2) stack boxplot for landscape  

(C1) Map of population distribution (C2) Density plot for log population  

  *For clear presentation purpose population variables are transform to log  
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4.4.2 Landscape 
The analysis of land types showed that regions with agriculture dominant land had a higher 

percentage of Mpox outbreak cases (35%) compared to controls (28%). Additionally, land 

dominant with evergreen closed forests exhibited a higher percentage of cases (42%) 

compared to controls (27%) (Table 1). The Chi-square test indicated a significant association 

between land type and outbreak cases (χ2=8.543, p<0.511). Moreover, the wet climate is 

observed more in landscapes dominated by agriculture (45%) and evergreen closet forests 

(49%) compare to deciduous closed forests (6.2%) dominant landscape. While in the hot 

climate, the deciduous closed forest landscape (79%) is dominant. The chi-square test shows 

a statistically significant value for climate and landscape association (X2 =648.41, p-value - 

<0.00). (Table S2) 

4.4.3 Population and road distribution 
Most settlements in our study present in the less than 5000 population count and the maximum 

population observed is 66,460. The median population size was 5,120 (IQR: 993 to 9,984) for 

cases and 826 (IQR: 319 to 1,792) for controls. (Table 1). In addition, the density plot of log 

population shows that Mpox outbreak event are noted in densely population compare to the 

control. (Figure 5C2) The population size within the study area. show a significant association 

with Mpox outbreak event cases (Wilcox rank sum test = 34216, p=<0.000). Furthermore, no 

significant association was found between the presence or absence of roads and the 

occurrence of Mpox outbreaks (χ2=0.430, p=0.511). (Table 1) 

 
Table 2: Descriptive statistic of Forest cover and Forest loss variables in yearly data set for 
Mpox outbreak event case and control in yearly data set for a radius of 3.5km buffer area for 
the study from Jan 2015 to Jan 2023 in Central African Republic 

Characteristic  Cases*** Controls*** Statistical test  
N = 501 N = 10,6151            Test   P value 

Forest_loss_same_yr 0.69 (0.09, 1.67) 0.11 (0.02, 0.37) 219344** < 0.000* 
NA count** 13 2357   
Forest_loss_lag_1yr 0.73 (0.19, 1.55) 0.11 (0.03, 0.37) 333247** < 0.000* 
NA count** 3 1182   
Forest_loss_lag_2yr 0.52 (0.18, 0.95) 0.11 (0.03, 0.37) 383502** < 0.000* 

Forest loss sum over 3yr 1.95(0.46,3.55) 0.35(0.11,1.03) 383120** < 0.000* 
Forest loss maximum  0.83(0.27,1.83) 0.21(0.07,0.60) 388426** < 0.000* 
Forest cover  74(49,86) 71(48,88) 254104** 0.603 
1 Median percentage of total buffer area (IQR), % of 3.5km buffer** Wilcox test 
* Statistically significant ** Hansen et al, forest loss data avaliable from Jan 2013 and Dec 
2021 *** The study data of 1185 observation per location is expand into yearly 
observation from 2015 to 2023  
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4.4.4 Forest cover 
The analysis of forest cover (tree canopy more than 70%) in both the Mpox outbreak event 

case(median forest cover of 74% the buffer (IQR: 49% to 86%),  and control 3.5km buffer 

(median forest cover of 71% the buffer (IQR: 48% to 88%) revealed similar distribution with 

mean around 70% of the buffer area. (Figure 6B). Higher percentage of forest cover (tree 

canopy more than 70%) buffer are noted in the southern part compare to the northern part. 

(Figure 8A).The no statistical significant shows in univariate analysis the two groups in terms 

of forest cover. (Table 2) 

 
Figure 6: Forest cover (tree canopy more than 70%) distribution of 3.5km buffer area for 

both Mpox outbreak event cases and controls from Jan 2015 to Jan 2023 in Central African 

Republic (A1) Map of forest cover (A2) Density plot for forest cover       

 

4.4.5 Forest loss  
The forest loss variables measures were evaluated in the same year, with a one-year time lag, 

a two-year time lag, sum over the three years, and a maximum of three years which analysis 

as a percentage of radius of 3.5km buffer area. Since Hansen et al data set for forest loss is 

only available from year 2013 to 2021,13 forest loss information in the same year and 3 forest 

loss information for one year time lag were missing for Mpox outbreak event case. In term of 

forest liss in the same year, the median percentage in the Mpox outbreak buffer area was 

0.69% of the buffer area (IQR: 0.09% to 1.67%), compared to the control buffer areas 

experienced a lower median forest loss percentage of 0.11% of the buffer area (IQR: 0.02% 

to 0.36%). A single outlier forest loss was observed at the Gbombolo control buffer in 2016, 

with 18% forest loss noted in radius of 3.5km buffer area. Further analysis with forest loss with 

a one-year (median: 0.73%, IQR: 0.19%, 1.55%), two-year time lag (median: 0.52%, IQR: 

0.18%, 0.95%), the sum of three year (median: 1.95%, IQR:0.46%,3.55%) and maximum 

forest loss (median: 0.83%, IQR: 0.27%,1.83%) show higher forest loss in Mpox outbreak 
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event. The density plot shows that higher distribution of forest loss in Mpox outbreak events 

compare to the control. (Figure 7) The univariate analysis demonstrated statistically significant 

(p value <0.000) differences between the two groups for all forest loss variables. (Table 2). 

 
*For clear presentation purpose the forest loss variables are transform to log 
 
Figure 7: Forest loss at same year distribution of 3.5km buffer area for both Mpox Outbreak 

event cases and controls from Jan 2015 to Jan 2023 in Central African Republic (A1) Map of 

forest loss (A2) Density plot for forest loss variables 
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4.5 Analyzing the association between forest loss and Mpox event occurrence 
In order to analyze the relationship between yearly forest loss and the occurrence of Mpox 

outbreak events, we first used a conditional inference tree to try to classify observations into 

groups as homogenous as possible regarding Mpox event occurrence using CIT. Then we 

conducted a regression analysis. First, we considered the 9-year time series for 40 locations 

with the Mpox outbreak event case and 1145 locations without (1185 observations in total). 

Then, in the regression framework, we proceeded to match "case observations" (years with 

events in locations with Mpox) to different sets of "control observations" (years without events 

in locations with Mpox outbreak events or years in locations without Mpox). 

4.5.1 Exploring the relationship between variables using CIT  
The conditional Inference Tree first identified population size as a discriminant parameter for 

pox occurrence. In locations with a population of fewer than 5300 inhabitants, all Mpox 

outbreaks occurred in years with more than 2.367% forest loss. On the other hand, in locations 

with more than 5300 inhabitants, Mpox outbreaks occurred more frequently in years when 

forest loss had been larger than 1.21% the year before. (Figure 11) 

 

Figure 8: Analysis of Mpox outbreak event cases and control with 3.5km buffer area using 

Conditional Inference Tree 

 
*Blue area present control (without Mpox Location) and red area present case (with Mpox 
Location). **The conditional Inference Tree model Monte Carlo method with following variable, 
year, Mpox binary variable, climate description, land description, road infrastructure, forest 
cover and all forest loss variables, population at 3.5km buffer 
 



 
32 

4.5.2 Quantifying the association using logistic Regression model by 
Generalized Additive Modeling (GAM) 
Firstly, unadjusted GAM performed with each forest loss variable from annual data set. All 

forest loss variable shows statistically significant with (p<0.000), with the GAM model output 

spline indicating increasing forest loss led to increase Mpox outbreak event. (Figure S7) All 

model for forest loss explained around 7% deviance explained with case and control 

observation ranging from 8295 to 10665. (Table S3) 

The multivariable regression with GAM for each forest loss variable was done separately while 

adjusting for covariates such as landscape, population, and random effects of village PC and 

year. The results revealed statistically significant splines effect on all forest loss 

variables.(Table S4) The spline effect of forest loss at same year and one year time lag 

variable’s shows that with the increasing forest loss led to an increase in Mpox outbreak events 

until reaching a peak at around 4% of the total buffer area. (Figure S8). If we assume the forest 

loss has linear association with Mpox outbreak event, for 1% increase in forest loss in a radius 

of 3.5km buffer area, the odds of experiencing zoonotic Mpox outbreak event increase by 

approximately 1.5 times (OR:1.53,95% CI: 1.003, 2.36).In the adjusted model the effect of 

population is statistically significant as well as the random effects which accounted for other 

unmeasured confounding factors.(Figure S8). 

 

4.6 Matching analysis  
4.6.1 Matched time series of Mpox outbreak case (self-control) 
In the analysis of the time series matching, 50 cases, and 310 control observations from same 

location were included. The models are adjusted for land description, and random effects of 

village and year. The GAM models with forest loss at the same year variable show significant 

spline with linearly show indicating higher forest loss led to higher Mpox outbreak event which 

accompanied by a wider standard deviation. (Figure.10). If we assume the forest loss has 

linear association with Mpox outbreak event, for 1% increase in forest loss in a radius of 3.5km 

buffer area, the odds of experiencing zoonotic Mpox outbreak event increase by approximately 

1.14 times (OR:1.14, 95% CI: 1.002, 2.17). These models explained approximately 1% of the 

deviance and encompassed with case and control observations ranging from 280 to 360. 

(Table S6)  
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Figure 9: Forest loss same year, one year lag and two-year lag spline output from GAM on 

Mpox outbreak event cases and control 3.5km buffer with unmatched and different matched 

data from Jan 2015 to Jan 2023 in Central African Republic  

*Unmatched adjusted controls (case n=50, control=10,615) 

   
*Matched time series of Mpox outbreak case (self-control) (case yr n = 50, control yr = 
310) 

   
**Matched by population and year (case = 50, control = 90) 
 

   
* Models adjusted for landscape, population, random effect of vllg_pc and year. ** Models 
adjusted for landscape, random effect of subclass  
 
4.6.2 Matched by population by year  
Regarding the matching with a population in the same year result in 50 Mpox outbreak events 

as cases with control 90. The models are adjusted for land description, and random effects of 

matching groups. Although there was no statistically significant, the spline effect of forest loss 

shows with increase forest loss lead increased risk of Mpox outbreak event. If we assume the 

forest loss has linear association with Mpox outbreak event, for 1% increase in forest loss in 

a radius of 3.5km buffer area, the odds of experiencing zoonotic Mpox outbreak event increase 

by approximately 1.6 times (OR:1.63 ,95% CI: 1.003, 2.68). Since the lower bound is above 

p-value,0.00013 p-value,1.94e-05 p-value,0.0152 

p-value,0.0471 p-value,0.213 p-value,0.615 

p-value,0.124 p-value,0.113 p-value,0.285 
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one forest loss is a risk factor for Mpox outbreak event.  These models explained around 30% 

of the deviance, with case and control observations ranging from 103 to 140. (Table S6) 

5.DISCUSSION  
This study provides valuable insights into the relationship between zoonotic Mpox outbreak 

events and environmental factors in the Central African Republic (CAR) which has not explore 

before. Our first finding suggested positive association between increased forest loss in same 

year as well as one year prior, and the occurrence of zoonotic Mpox outbreak events. This 

association remained consistent even after adjusting for or matching population size and 

landscape. Second finding suggest that Mpox outbreak event are observed in densely 

populated area (median:5,120, IQR:993, 9,984). Our third finding indicates a higher 

occurrence of zoonotic Mpox outbreak events observed in regions characterized by 

landscapes dominated by human activity agricultural activities (35%) and dense evergreen 

closed forests (42%). 

5.1 Deforestation and zoonotic Mpox outbreak event 
One of the study findings indicates that the zoonotic Mpox outbreak event location has high 

forest coverage (median 74%, IQR 49%-86%) when accounting for more than 70% of the tree 

canopy. Notably, the Mpox outbreak locations were frequently found in proximity to the border 

with the Democratic Republic of Congo (DRC), corroborating the findings of previous studies 

(23, 24). In our investigation of the impact of deforestation, we observed a consistent pattern 

linking forest loss at same year as well as one-year prior increased Mpox outbreak 

occurrences. Both descriptive analysis and a multivariable model indicated a positive 

association, whereby higher levels of forest loss within a one-year time frame were associated 

with a higher likelihood of Mpox outbreaks event. This suggests that deforestation may create 

conditions conducive to the transmission and proliferation of the Mpox virus.  However, the 

statistical significance of these findings varied depending on the control populations used in 

the analysis.  

When comparing our study results to a larger control sample of 10,615, with simple adjustment 

on population, we observed a positive association between higher forest loss in same year as 

well as one year prior and a higher occurrence of Mpox outbreaks. The inclusion of a larger 

control sample allowed for a more precise estimation of the true effect of forest loss. However, 

failing to account for these population differences could result in an overestimation or 

underestimation of the true association between forest loss and zoonotic Mpox outbreaks 

event. To mitigate this, when implemented population matching by selecting 360 controls from 

the same locations as the Mpox outbreak cases, matching them based on the year and without 

any Mpox cases. This matching approach enabled us to account for temporal changes in the 
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effect of forest loss at the same location. We noted a positive association between forest loss 

and zoonotic Mpox outbreak events, validating the association in the unmatched population. 

However, it is important to note that selecting controls from the same location limits our ability 

to generalize the study findings to other locations, as the effects may vary across different 

regions. Further matching with a population in the corresponding to the same year as Mpox 

outbreak event with 90 controls showed a similar pattern of association with variability in the 

statistical significance. 

Despite the variability in statistical significance with different control data set, our study 

consistently showed a positive association between forest loss and Mpox outbreak events. 

These results align with previous research on Ebola outbreaks, which emphasized the role of 

deforestation in increasing the risk of epidemics. (11) Furthermore, the Congo Basin Forest in 

the DRC, which has also been deforested to a significant extent (13), can contribute to 

outbreaks of zoonotic diseases in Central Africa. The following point suggested that disrupting 

natural ecosystems through deforestation can disrupt the delicate balance between wildlife 

reservoir hosts and humans, creating an environment conducive to the transmission and 

amplification of zoonotic diseases like Mpox virus. It will be necessary to study the link between 

forest loss and zoonotic hosts, such as nonhuman primates and wild rodents, in order to fully 

understand forest loss during the Mpox outbreak. (8,9) 

5.2 Population and zoonotic Mpox outbreak event  
The study finding indicated a significant association between higher population densities and 

the presence of zoonotic Mpox outbreaks, suggesting that densely populated areas are more 

susceptible to the transmission and spread of the virus. This association can be attributed, in 

part, to the accessibility of testing facilities. Regions with higher population densities tend to 

have better infrastructure and healthcare systems, which include improved access to medical 

facilities and testing resources. (22,24) Consequently, which was reported by a previous study 

that surveillance and reporting systems are more effective in densely populated areas. (24) 

Furthermore, the concentration of zoonotic Mpox outbreaks in densely populated areas may 

also be influenced by factors beyond testing accessibility. Demographic and socioeconomic 

disparities, patterns of mobility, the presence of an immunodeficiency population, and human 

interactions within these areas can contribute to the increased transmission and spread of the 

virus. (1,2,24,9). In addition, previous studies also highlighted that in Central Africa have 

indicated that Mpox infection is more common among young boys who engage in activities 

such as playing and hunting while women are more susceptible to contracting the virus 

through caregiving for the sick. These two groups have been found to be the most affected by 

the disease in the region. (23) In order to gain a deeper understanding of the relationship 

between population and zoonotic Mpox outbreak events, it is crucial to analyze the population 
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data based on different subgroups. This approach will allow us to assess the varying risks and 

vulnerabilities within different segments of the population and their relation with forest loss and 

zoonotic Mpox outbreak. 

5.3 Landscape, climate and zoonotic Mpox outbreak event 
The study findings showed that zoonotic Mpox outbreak events were more frequently 

observed in landscapes dominated by agricultural land(35%) and landscapes dominant in 

evergreen closed forests(42%) compared to landscapes dominant in deciduous landscapes. 

The agricultural dominant landscape exhibited a higher proportion of human-modified land, 

indicating significant human activities and interventions in the landscape. Agricultural 

practices, including habitat fragmentation, and increased human-wildlife interactions, create 

favorable conditions for zoonotic disease transmission. The conversion of natural habitats due 

to  for agricultural purposes disrupts ecological balances, leading to changes in the distribution 

and behavior of Mpox vectors and reservoir hosts, ultimately increasing the likelihood of Mpox 

outbreaks.Dense evergreen closed forests are often associated with higher rainfall patterns, 

as they typically occur in areas with more abundant moisture. Furthermore, it is crucial to 

recognize the association between land and climate in shaping zoonotic Mpox outbreaks. The 

presence of dense evergreen closed forests, associated with higher rainfall, is related to the 

wet climate zones identified in areas with zoonotic Mpox outbreaks.(27)  

5.4 Strengths of the study  
Firstly, the data for the systemic surveillance of Mpox has the coordinates of locations were 

closely matched to settlement points, ensuring reliable geolocation representation. This 

ensures that the data collected truly represents the geolocation under study. Secondly, the 

utilization of high-resolution land use land cover data and monthly meteorological data sets 

provided detailed information on landscape and climate variables, facilitating a thorough 

analysis of landscape, climate and zoonotic disease outbreak. Thirdly, the study focused on a 

previously unexplored area in the Central African Republic, offering novel insights into the 

specific dynamics of deforestation and disease outbreaks within the country. By filling this gap 

in the literature, the study contributes to a more comprehensive understanding of the origin of 

Mpox outbreak   

5.5 Limitation of the study  
The study had several limitations that may have affected the accuracy and generalizability of 

the results. Firstly, the selection of control locations from the settlement area may have 

introduced selection bias if the chosen locations were either very close or very far from each 

other. To address this, controls were randomly selected, and efforts were made to include a 

higher ratio of controls to cases. Secondly, the locations with Mpox outbreaks had much larger 
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population sizes compared to the majority of settlements in the Central African Republic 

(CAR). This population imbalance between cases and controls in the regression analysis could 

potentially impact the observed associations. Thirdly, the study was limited by the lack of data 

on zoonotic Mpox outbreak events and deforestation from the Democratic Republic of Congo 

(DRC), which is a significant part of the Congo Basin. This limited the comprehensive 

assessment of the region and may affect the generalizability of the findings. Additionally, the 

use of satellite-based data for assessing deforestation without on-ground validation introduces 

uncertainties. Due to limited data availability on the biodiversity of forests and the direct human 

impact on forests due to mining sites, it is difficult to identify specific sources of deforestation. 

It is crucial to acknowledge these limitations and consider them when interpreting the study 

findings. 

5.6 Perspective  
In terms of future perspectives for the study, there are several opportunities for further 

exploration and improvement. One important aspect to consider is conducting further analysis 

to examine the interaction between different population groups and their specific relationship 

with forest loss as well as with the Mpox outbreak event. Additionally, incorporating additional 

information such as the possible reservoirs of the virus can contribute to a better 

understanding of the origins of Mpox outbreaks associated with deforestation. Furthermore, 

conducting regional-level studies that include data from the Democratic Republic of Congo 

(DRC), which is a significant part of the Congo Basin, would greatly enhance the robustness 

and generalizability of the findings.  

6. CONCLUSION  
In conclusion, this study provides new valuable insights into the association between Mpox 

outbreak events and various environmental factors in the Central African Republic. Our t 

finding suggested the increase forest loss at same year as well as one year prior is link with 

increase zoonotic Mpox outbreak event. The use of different matching approaches adds 

strength to the observed link. As we noticed more Mpox outbreak event are located in the 

populated region with agricultural land, further exploring the landscape with agricultural land 

will provide a better insight into understanding of urbanization can impact zoonotic Mpox 

outbreak event. The study's strength lies in the use of national surveillance Mpox datasets and 

high-resolution data, although limitations in terms of data availability and field validation should 

be acknowledged. Moving forward, further research focusing on the potential zoonotic hosts 

of Mpox and its link with deforestation would provide a more comprehensive understanding of 

the origin of Mpox outbreaks, enabling the development of effective prevention and control 

strategies. 
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Table S1: Detail Information meteorological, Topography and landscape data set 

Dataset Name Description Resolution 

MOD11A2 V6.1 
(Moderate 

Resolution Imaging 

Spectroradiometer 

land surface 

temperature)  

Provides detailed information on land surface 

temperature (LST) globally. It includes temperature 

bands for both daytime and nighttime with cloudy and 

non-cloudy pixels, as well as quality indicator layers, 

MODIS bands 31 and 32, and eight observation layers. 

The temperature information will provide insights into 

the ecosystem and biodiversity of forests, and how 

changes in temperature due to deforestation can impact 

the spread of Mpox by affecting rodent populations.(30) 

1 km  

CHIRPS 
(The Climate 

Hazards Group 

InfraRed 

Precipitation with 

Station data for 

rainfall)  

Rainfall dataset covering over 30 years globally which is 

suitable for trend analysis and monitoring seasonal 

droughts. The gridded rainfall time series in millimeters 

per day and the precipitation data is presented in 

millimeters per day. Changes in precipitation patterns, 

including droughts or increased rainfall, can have a 

significant impact on forest health, making them more 

susceptible to deforestation. These changes may affect 

forests directly or indirectly, through factors such as 

wildfires or insect outbreaks. (33) 

5566 m 

FIRMS 
(Fire Information for 

Resource 

Management 

System for fire 

index) 

Provides near real-time information on active fires and 

burned areas worldwide which identifies active fire 

locations and provides brightness temperature 

information. The data set format in rasterized form of 

MODIS MOD14/MYD14 Fire and Thermal Anomalies. 

The presence of active fires and burned areas can 

indicate areas with higher deforestation rates and 

associated changes in the landscape with higher 

temperature changes. (32) 

1000 m 

CGLS-LC100 
(The Copernicus 

Global Land Service 

with dynamic land 

cover_100meter) 

Offers a global land cover map with a spatial resolution 

of 100 meters from the period of 2015 to 2019 

worldwide. The data set include various land cover 

classes such as closed forest, open forest, shrubs, 

herbaceous vegetation, urban/built-up areas, 

100 m 
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bare/sparse vegetation, permanent water bodies, 

herbaceous wetland, and cultivated/managed 

vegetation/agriculture which describe in different color 

code represent as bands. The data set enables forest 

monitoring, biodiversity conservation, and climate 

modeling. (55,56) 
SRTM 
(NASA Shuttle 

Radar Topographic 

Mission for elevation 

and slopes)  

Provides topography data including elevation and 

slope.Include elevation and slope information, with a 

pixel size of 30m and a range of -10m to 6500m. It helps 

identify areas vulnerable to deforestation, assess water 

resources, and monitor forest changes. (28,29) 

30 m 

 
Table S2: Univariate analysis between landscape, climate, population and forest cover, forest 

loss for buffer of 3.5km for Mpox outbreak case and controls from Jan 2015 to Jan 2023 in 

Central African Republic  

 Characteristic Statistical test   
Agriculture Evergreen_CF Deciduous_CF Test  P value 

Hot climate 87(14%) 42(6.8%) 488(79%)  648.41** < 0.00* 
Wet climate 253(45%) 280(49%) 35(6.2%) 

 Hot climate Wet climate 
 

1.571e+4 
              # < 0.00* 

Population 742(309,1526) 946(209,1603) 
 Agriculture Evergreen_CF Deciduous_CF 392.32** 0.5002 

Population 1,399(519,2541) 880(302,2022) 412(127,941)  

 Forest cover  
 

3.69e+5 
#  < 0.00* 

Population 73 (49, 90) 
 Forest loss 

 
1.88e+13 

#  < 0.00* 
Population 0.11 (0.03, 0.33) 

 Hot climate Wet climate 
 

8.55e+11 
# < 0.00* 

Forest loss  0.06 (0.02, 0.15) 0.24 (0.07, 0.54) 
 Agriculture Evergreen_CF Deciduous_CF 276.31 

** 0.3347 
Forest loss  0.15 (0.06, 0.42) 

0.29  
(0.08, 0.55) 

0.05  
(0.02, 0.14) 

 Hot climate Wet climate 
 

1.613+3 
#  

< 0.00* 
Forest cover  64 (43, 83) 82 (59, 96) 

 Agriculture Evergreen_CF Deciduous_CF 430 1.4909 
Forest cover  65 (45, 82) 90 (75, 97) 65 (43, 84) 
1 Median (IQR); n (%)*Statistically Siginificant ** Kruskal-Wallis***Wilcox test #Spearmen 
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Table S3: Generalized Additive Modeling unadjusted model for all variables with buffer of 3.5km 
for Mpox outbreak case and controls from Jan 2015 to Jan 2023 in CAR with unmatched data set 

Model Variable edf** Chi_sq p-value R2 
Dev.ex

pl# 
A*(n=8295) Forest loss at same year 2.832 42.71 <0.000 0.008 7.21% 
B*(n=9480) Forest loss_1yr time lag 2.939 55.91 <0.000 0.008 8.41% 
C*(n=10665) Forest loss_2yr time lag 2.939 55.91 <0.000 0.008 8.41% 
D*(n=10665) Forest loss_maximum  2.867 41.73 <0.000 0.005 5.81% 
E*(n=10665) Forest loss_sum over 3 years 2.791 51.72 <0.000 0.006 6.93% 
**effective degrees of freedom # Deviance explained  
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Table S4: Generalized Additive Modeling adjusted model for forest loss with buffer of 3.5km for 
Mpox outbreak case and controls from Jan 2015 to Jan 2023 in CAR with unmatched data set  

Model Variable edf** Chi_sq p-value R2 
Dev.ex
pl# 

A* Forest loss at same year 2.806 19.57 <0.000 0.0893 33.80% 
(n=8295) Population 2.771 35.4 <0.000   
 Random effect(year) 0.001 10.21 0.477   
 Random effect (Viliage_PC) 41.78 51.14 <0.000   
 Agriculture (ref Deciduous_CF)   0.163   

 Evergreen_CF (ref: Deciduous_CF)   0.485   
B* Forest loss_1yr time lag 2.637 23.41 <0.000 0.0921 33% 
(n=9480) Population 3.252 54.10 <0.000   
 Random effect(year) 0.001 3.416 0.193   
 Random effect (Viliage_PC) 37,36 44.76 0.009   
 Agriculture (ref Deciduous_CF)   0.370   

 Evergreen_CF (ref: Deciduous_CF)   0.507   
C* Forest loss_2yr time lag 2.823 4.705 0.015 0.0838 32.7% 
(n=10665) Population 3.750 74.781 <0.000   
 Random effect(year) 2.171 2.96 0.213   
 Random effect (Viliage_PC) 45.44 55.87 0.002   
 Agriculture (ref Deciduous_CF)   0.592   

 Evergreen_CF (ref: Deciduous_CF)   0.741   
D* Forest loss_maximum  2.631 11.732 0.011 0.0845 31.6% 
(n=10665) Population 3.499 60.745 <0.000   
 Random effect(year) 1.372 1.651 0.023   
 Random effect (Viliage_PC) 39.52 47.89 0.005   
 Agriculture (ref Deciduous_CF)   0.477   
 Evergreen_CF (ref: Deciduous_CF)   0.543   
E* Forest loss_sum over 3 years 1.982 17.173 0.000 0.0869 32,1% 
(n=10665) Population 3.267 60.164 <0.000   
 Random effect(year) 1.033 8.661 0.054   
 Random effect (Viliage_PC) 39,23 47.386 0.007   
 Agriculture (ref Deciduous_CF)   0.465   
 Evergreen_CF (ref: Deciduous_CF)   0.490   
* All the model area adjusted for land description, population,with random effect of year and 
village P_code **effective degrees of freedom # Deviance explained 
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Table S5: Generalized Additive Modeling adjusted model for forest loss with buffer of 3.5km for 
Mpox outbreak case and controls from Jan 2015 to Jan 2023 in CAR with Matched time series 
with Mpox outbreak event and without Mpox outbreak event  

Model Variable edf** Chi_sq p-value R2 
Dev.ex
pl# 

A* Forest loss at same year 1.000 4.28 0.047 0.0875 3.01% 
(n=280) Random effect(year) 0.464 0.503 0.386   
 Random effect (Viliage_PC) 0.000 0.000 0.998   
 Agriculture (ref Deciduous_CF)   0.085   

 Evergreen_CF (ref: Deciduous_CF)   0.200   
B* Forest loss_1yr time lag 2.637 3.210 0.213 0.009 3.13% 
(n=320) Random effect(year) 0.282 1.635 0.193   
 Random effect (Viliage_PC) 0.000 0.000 0.009   
 Agriculture (ref Deciduous_CF)   0.444   

 Evergreen_CF (ref: Deciduous_CF)   0.380   
C* Forest loss_2yr time lag 1.000 0.142 0.615 0.008 3.13% 
(n=360) Random effect(year) 3.078 4.999 0.112   
 Random effect (Viliage_PC) 0.002 0.000 1.000   
 Agriculture (ref Deciduous_CF)   0.802   

 Evergreen_CF (ref: Deciduous_CF)   0.839   
D* Forest loss_maximum  1.000 0.382 0.536 0.008 3.13% 
(n=360) Random effect(year) 2.775 4,243 0.141   
 Random effect (Viliage_PC) 0.000 0.000 0.000   
 Agriculture (ref Deciduous_CF)   0.973   
 Evergreen_CF (ref: Deciduous_CF)   0.615   
E* Forest loss_sum over 3 years 1.000 1.572 0.210 0.011 3.22% 
(n=360) Random effect(year) 2.471 3.460 0.178   
 Random effect (Viliage_PC) 0.000 0.000 1.000   
 Agriculture (ref Deciduous_CF)   0.824   
 Evergreen_CF (ref: Deciduous_CF)   0.476   
* All the model area adjusted for land description, , with random effect of year and village P_code 
**effective degrees of freedom # Deviance explained 
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Table S6: Generalized Additive Modeling adjusted model for forest loss with buffer of 3.5km for 
Mpox outbreak case and controls from Jan 2015 to Jan 2023 in CAR with Matched population 
corresponding to year  

Model Variable edf** Chi_sq p-value R2 
Dev.ex
pl# 

A* Forest loss at same year 1.702 3.746 0.124 0.085 9.09% 
(n=103) Random effect (matched group) 0.003 0.000 0.999   
 Agriculture (ref Deciduous_CF)   0.885   

 Evergreen_CF (ref: Deciduous_CF)   0.088   
B* Forest loss_1yr time lag 1.633 4.400 0.113 0.0748 7.93% 
(n=131) Random effect (matched group) 0.00 0.000 0.999   
 Agriculture (ref Deciduous_CF)   0.418   

 Evergreen_CF (ref: Deciduous_CF)   0.102   
C* Forest loss_2yr time lag 2.389 4.186 0.285 0.0686 7.84% 
(n=140) Random effect (matched group) 0.000 0.000 0.999   
 Agriculture (ref Deciduous_CF)   0.117   

 Evergreen_CF (ref: Deciduous_CF)   0.053   
D* Forest loss_maximum  1.257 0.564 0.528 0.0468 5.54% 
(n=140) Random effect (matched group) 0.000 0.000 1.000   
 Agriculture (ref Deciduous_CF)   0.120   
 Evergreen_CF (ref: Deciduous_CF)   0.055   
E* Forest loss_sum over 3 years 1.002 2.513 0.113 0.057 6.27% 
(n=140) Random effect (matched group) 0.000 0.000 1.000   
 Agriculture (ref Deciduous_CF)   0.167   
 Evergreen_CF (ref: Deciduous_CF)   0.062   
* All the model area adjusted for land description,climate description, with random effect of 
matched group**effective degrees of freedom # Deviance explained 

 
Table S7:  Matching analysis with unmatched and matching data set for GAM for forest loss with 
buffer of 3.5km for Mpox outbreak case and controls from Jan 2015 to Jan 2023 in Central African 
Republic with linear assumption of forest loss at same year and one year lag 
Variables Unmatched Population   Match using time series 

of Mpox outbreak 
locations 

Matching by population 
and year** 

< Case N=50, 
Control =10,615> 

< Case N=50, 
Control =310> 

< Case N=50, 
Control = 90> 

Odd ratio 
(95%CI) p-value 

Odd ratio 
(95%CI) p-value 

Odd ratio 
(95%CI) p-value 

Forest loss at 
same year 

1.53 
(1.003-2.36) 0.000 

1.14 
(1.002,2.17) 0.044 

1.63 
(1.003,2.68) 0.057 

Forest loss_1yr 
time lag 

            1.39 
(0.99-1.949)  1.11% 

1.35 
(0.99,1.835) 0.086 

1.56 
(1.000,2.44) 0.070 
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Figure S1: Nearest neighbour distance calculation for settlements that include Mpox outbreak 

GPS coordinates and administrative settlements coordinate form Jan 2015 to Jan 2023 in 

CAR 
 

 
 
 
Figure S2: Comparison of the population from World pop raster constrained UN adjusted at 

2020 extracted at 1000m buffer radii with regional level census population data for settlement 
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Figure S3: Spatial Autocorrelation for Mpox outbreak event with settlements with Increasing 

Neighbourhood Radius (A) EBI (B) Moran I test with increasing radii 
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Figure S4: Climate description for 3.5km buffer for both Mpox outbreak event and Settlement 

(A) PCA and HCPC factor map (B) Ombrothermic diagram (C) Map of climate description in 

CAR  
 
(A) 

 
 
 (B) 
 

 
 
 
 
 
 

Hot climate 
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(C) 

 
 

Figure S5. Landscape description at 3.5km buffer for both Mpox Outbreak event and 

Settlement points (A) PCA and HCPC factor map (B) LULC description from Copernicus 

discreate classification of landscapes and Terrain information. (C) Map of Landscape (D) bar 

plot for distribution between landscape and climate  
 
(A) 
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(B) 

 
(C)                                                                                                                  (D) 
 

 
Figure S6: Direct Acrylic Graph for the study  
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Figure S7: Analysis of forest loss variables on Mpox outbreak event cases and control 3.5km 

buffer using generalized additive model with unmatched unadjusted model 

 

Estimated smoothness of different GAM model for each forest loss variables on Mpox 

outbreak event cases, y-axis is the partial effect of forest loss variables and gray section is the 

standard-error confidence intervals **  
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Figure S8: Analysis of forest loss variables on Mpox outbreak event cases and control 
3.5km buffer using generalized additive model with unmatched adjusted model 

 
 
 
 
*Estimated smoothness of different GAM model for each forest loss variables on Mpox 
outbreak event cases, y-axis is the partial effect of forest loss variables and gray section is the 
standard-error confidence intervals ** Population curve for all forest loss variable shows similar 
output (population variable present from model with same year) 
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