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EcoHealth Alliance

Mammal-centric spillover risk 
modeling: species meaning and 

ecological context are key



Taxonomic and ecological 

data curation are the keys 

to accurate risk modeling



Pathogen 

spillover 


to humans
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spillback



What processes generated this 
diversity of species & ecologies?
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~6,500 species27 orders MAMMALIA

Upham et al. (2019, PLOS Biology)

Burgin, Colella, Kahn, and Upham (2018, J Mamm)



~6,500 speciesMAMMALIA

Upham et al. (2019, PLOS Biology)

Burgin, Colella, Kahn, and Upham (2018, J Mamm)

VIRUSES

10,000–40,000 

species in mammals

(~1,000 described)

Carlson et al. (2019, Nat E&E)



W h a t  i s  t h e  d i s t r i b u t i o n  o f  s p i l l o v e r  r i s k ?

Per species — Per region

Upham et al. (2021, Lancet Planetary Health)



Ecology of host species has been neglected

W h a t  i s  t h e  d i s t r i b u t i o n  o f  s p i l l o v e r  r i s k ?

Per species — Per region

Upham et al. (2021, Lancet Planetary Health)



EcologyPhylogeny

Taxonomy

Knowing which species are present is the first step to 
knowing many other things…



Time

Reconstructed

Phylogeny: common ancestry

evolutionary past ecological present

Species



evolutionary past ecological present
Ecology: species interactionsPhylogeny: common ancestry



speciation & extinction ecological present
Ecology: species interactionsFuture shape of the phylogeny

?



3. Ecology2. Phylogeny

1. Taxonomy



3. Ecology2. Phylogeny

1. Taxonomy



TODAY


I. Host-virus ‘dark data’

- Main approach to 

improving risk models
Speciation rates



TODAY


I. Host-virus ‘dark data’


II. Data liberation & 
collection


- Progress so far

- Initial risk models

Speciation rates



April 2020…
- Novel coronavirus: SARS-CoV-2

- Likely host reservoirs: mammals ➤ bats ➤ horseshoe bats (Rhinolophus sp.)


Major questions

- How did viral spillover to humans occur?


- What was the exact host species (& host immunity)?


- What is the risk of future spillover events?



- Novel coronavirus: SARS-CoV-2

- Likely host reservoirs: mammals ➤ bats ➤ horseshoe bats (Rhinolophus sp.)


April 2020… Goal: liberate host-virus data
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In a perfect world, biocollections data and 

written knowledge would already be 

digitized, extracted, and freely available 


for anyone to analyze…



Observations 

of organisms

Biocollections



Observations 

of organisms

Biocollections



Upham et al. (2021) The Lancet Planetary Health 
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Confidence (or uncertainty) in the 
evidence of host reservoir status



Understanding taxon-specific spillover risk



I. Host-virus ‘dark data’


II. Data liberation & 
collection


- Progress so far

- Initial risk models Speciation rates
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1. What are the 
mammal species?

MSW = Mammal Species of the World 

IUCN = Int’l Union of Cons. Nature



Burgin, Colella, Kahn, & Upham (2018) J Mammal

1

How many species of mammals are there?
CONNOR J. BURGIN,1 JOCELYN P. COLELLA,1 PHILIP L. KAHN, AND NATHAN S. UPHAM* 
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Accurate taxonomy is central to the study of biological diversity, as it provides the needed evolutionary framework 
for taxon sampling and interpreting results. While the number of recognized species in the class Mammalia has 
increased through time, tabulation of those increases has relied on the sporadic release of revisionary compendia 
like the Mammal Species of the World (MSW) series. Here, we present the Mammal Diversity Database 
(MDD), a digital, publically accessible, and updateable list of all mammalian species, now available online: 
https://mammaldiversity.org. The MDD will continue to be updated as manuscripts describing new species and 
higher taxonomic changes are released. Starting from the baseline of the 3rd edition of MSW (MSW3), we 
performed a review of taxonomic changes published since 2004 and digitally linked species names to their 
original descriptions and subsequent revisionary articles in an interactive, hierarchical database. We found 6,495 
species of currently recognized mammals (96 recently extinct, 6,399 extant), compared to 5,416 in MSW3 (75 
extinct, 5,341 extant)—an increase of 1,079 species in about 13 years, including 11 species newly described 
as having gone extinct in the last 500 years. We tabulate 1,251 new species recognitions, at least 172 unions, 
and multiple major, higher-level changes, including an additional 88 genera (1,314 now, compared to 1,226 in 
MSW3) and 14 newly recognized families (167 compared to 153). Analyses of the description of new species 
through time and across biogeographic regions show a long-term global rate of ~25 species recognized per year, 
with the Neotropics as the overall most species-dense biogeographic region for mammals, followed closely by the 
Afrotropics. The MDD provides the mammalogical community with an updateable online database of taxonomic 
changes, joining digital efforts already established for amphibians (AmphibiaWeb, AMNH’s Amphibian Species 
of the World), birds (e.g., Avibase, IOC World Bird List, HBW Alive), non-avian reptiles (The Reptile Database), 
and fish (e.g., FishBase, Catalog of Fishes).

Una taxonomía que precisamente refleje la realidad biológica es fundamental para el estudio de la diversidad 
de la vida, ya que proporciona el armazón evolutivo necesario para el muestreo de taxones e interpretación 
de resultados del mismo. Si bien el número de especies reconocidas en la clase Mammalia ha aumentado con 
el tiempo, la tabulación de esos aumentos se ha basado en las esporádicas publicaciones de compendios de 
revisiones taxonómicas, tales como la serie Especies de mamíferos del mundo (MSW por sus siglas en inglés). 
En este trabajo presentamos la Base de Datos de Diversidad de Mamíferos (MDD por sus siglas en inglés): 
una lista digital de todas las especies de mamíferos, actualizable y accesible públicamente, disponible en la 
dirección URL https://mammaldiversity.org/. El MDD se actualizará con regularidad a medida que se publiquen 
artículos que describan nuevas especies o que introduzcan cambios de diferentes categorías taxonómicas. Con la 
tercera edición de MSW (MSW3) como punto de partida, realizamos una revisión en profundidad de los cambios 
taxonómicos publicados a partir del 2004. Los nombres de las especies nuevamente descriptas (o ascendidas 
a partir de subespecies) fueron conectadas digitalmente en una base de datos interactiva y jerárquica con sus 

Journal of Mammalogy, 99(1):1–14, 2018
DOI:10.1093/jmammal/gyx147
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© 2018 American Society of Mammalogists, www.mammalogy.org
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Since 2004


- 1,251 new species recognitions

- At least 172 unions

- 88 genera and 14 families newly recognized



6,495 species of 
recognized living 
mammals, and 
counting… (v1.9)

   https://mammaldiversity.org American Society 
of Mammalogists

https://mammaldiversity.org


   https://mammaldiversity.org American Society 
of Mammalogists

6,495 species of 
recognized living 
mammals, and 
counting… (v1.9)
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mammal species?

MSW = Mammal Species of the World 

MDD = Mammal Diversity Database



Upham et al. (2019)

PLOS Biology

Tree of life for all 
living mammals

Consensus tree 
of 10,000



Upham et al. (2019)

PLOS Biology

- 30% of species have 
no DNA sequenced


- Taxonomy continues 
to change rapidly


- Ecological data is 
unlinked to changing 
taxonomy

Much remains 
unknown.




Mammal Diversity Database

Mammal Species of the World

Bats of the World

Mammal Species 
of the World Next 
(MSWx)



Peromyscus

(North America)

  2 species in 1993

25 species in 2021

52 species in 1993

77 species in 2021

Taxonomic intelligence

Keeping track of the meaning of 
taxonomic names through time

Species Meaning Artifacts 
(SMArts)



e.g., range maps 

as SMArts



e.g., range maps 

as SMArts



Species meanings 


(name usages) change 

according to (“sec.”) different 

versions of the IUCN Red List

Upham et al. (in prep)











Currently, these updates only 
happen manually and 

irregularly, if ever



Curating

SMArt data 


for species names

Extended 
taxonomic 
curation

We need to be

 *curating* all of this!



Pilot work in 
global Mammalia

Extended 
taxonomic 
curation

Mammal Species 
of the World Next 

(MSWx)
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Taxonomic name usages

Plazi and GloBI

- Digitized and 
extracted all 
taxonomic 
treatments in 
volumes 1-9 of the 
Handbook of the 
Mammals of the 
World series 
(HBW; 2009-2019).


- Ongoing QC
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Taxonomic name usages
https://synospecies.plazi.org


https://synospecies.plazi.org
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Community curation of taxonomic meaning
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Community curation of taxonomic meaning



Marsh et al. Upham, Jetz

(2022) J Biogeography

Community 
curation of 

range maps



P. maniculatus 


Disambiguating the 
taxonomy of


242,663 records for 
Peromyscus maniculatus

Deer mice: most common mammal in North America Geospatial 
disambiguation



P. maniculatus (sensu stricto)

P. gambelii

P. labecula

P. sonoriensis

P. arcticus

P. maniculatus 

(sensu lato)

Bradley et al. 2019 

Greenbaum et al. 2019

Deer mice: most common mammal in North America



Upham et al. (in prep)

Mammal Species 
of the World Next 

(MSWx) Arctos Collections 
Management Software

Geospatial 
disambiguation


 
99% re-labeled to 

updated taxonomy using

range maps 


+ 

machine learning (ML)





Literature Abstract Classification System (LACS)



Literature Abstract Classification System (LACS)



Literature Abstract Classification System (LACS)















Ángel Robles

ASU PhD student

https://alroble8.shinyapps.io/mammals_virus_text_class/ 

https://alroble8.shinyapps.io/mammals_virus_text_class/


GBIF Ebbe Nielsen, 2nd place

Ángel Robles

ASU PhD student

https://gbif.lacs.info/ 

https://gbif.lacs.info/


Host-virus Data Extraction and Linking

1. Summary tables per paper

- North American rodent to virus 

interactions & methods of 
detection


- ASU undergraduates — 
creating a ‘CURE’ for Fall 2023

- So far mostly manual work

2. Bat co-roosting interactions

- Aja Sherman and Cullen 

Geiselman



As of April 2022

- >11,500 interaction 

records involving >360 
bat species from >137 
countries


- extracted from >175 
publications spanning 
from 1860-2020

https://zenodo.org/record/6959687#.Y3Zh4ILMJjp  

https://zenodo.org/record/6959687#.Y3Zh4ILMJjp


Host-virus Data Extraction and Linking

Collaborations to 
automate 

- SIBiLS group 

(Swiss Institute of 
Bioinformatics 
Literature Services), 
Patrick Ruch


- BICIKL project 
(Biodiversity 
Community 
Integrated 
Knowledge Library), 
Donat Agosti



Spillover Risk Modeling


Examples:

-from Ángel’s MS thesis in PNAS


-recent work at ASU on 
Rodentia-Hantavirus



Spillover Risk Modeling

Ángel Robles

ASU PhD student



Spillover Risk Modeling



Spillover Risk Modeling



Spillover Risk Modeling





Rodentia-Hantavirus work



env_distance_x_geo_distance_x_phy_distance

env_distance_x_phy_distance
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Rodentia-Hantavirus work



Rodentia-Hantavirus work
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EcologyPhylogeny

Taxonomy

1. Knowing which species are present is the first step to 
knowing many other things…

CONCLUSIONS



EcologyPhylogeny

Taxonomy

CONCLUSIONS

Biodiversity observations



EcologyPhylogeny

Taxonomy 1

CONCLUSIONS

Biodiversity observations

Taxonomy 2

2. The real goal is 
to treat taxonomy 

as a variable, 

test its impact on 

results and 

policy decisions



Summary



1. What are the 
mammal species?

Summary



1. What are the 
mammal species?

Summary

2. Which interactions?
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