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Ahout me -

Bachelor in Biological Sciences, and
Licensed Natural Sciences Teacher, both at
the Federal University of Espirito Santo,
Brazil (UFES)

e PhD candidate class of 2026 - Rutgers,
and associate at the American Museum of
Natural History (AMNH])

e (BatNet Student representative

e Working with Bats for 10 years! (and
counting)

e (bhsessed for Island biogeography




Meeting agenda
“What is biogeography?” And “exploring world biogeographic areas”
e Key factors shaping biodiversity we see today
e Historical and contemporary biogeography
o Bats as study models
e Island as study models
e Study case: evolution and biogeography of a widely-distributed bat in a Tropical Island

system



Lowest Highest
vertebrate vertebrate
diversity diversity

https://www.researchgate.net/figure/The-tropics-have-higher-levels-of-biological-diversity-This-map-shows-levels-of _fig2_ 273320508
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BIRDS X MAMMALS X AMPHIBIANS




BIOGEOGRAPHY

The study of the distribution of species and
ecosystems in space and through time

Why certain species live
only in particular regions?

How did the species get \
there?

What mechanisms created
such distribution patterns?




BROADER

Important disclaimer

Evolution mechanisms work over different
temporal and spatial scales;

Sometimes we must narrow our
perspectives to explore the details, but
sometimes we need to search for broader
patterns and major rules;

SPECIFIC



The world have 8 terrestrial realms...
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... a few more biomes...

ice sheet and polar desert

tundra
I taiga

temperate broadleaf forest

temperate steppe and savanna

subtropical evergreen forest

Mediterranean vegetation

monsoon forests and mosaic

arid desert

xeric shrubland

dry steppe and thom forest

semiarid desert

grass savanna

tree savanna
dry forest and woodland savanna
tropical rainforest

| alpine tundra
I montane forests and grasslands

https://upload.wikimedia.org/wikipedia/commons/e/e4/Vegetation.png
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e  Smaller, often tied to specific
ecosystems or more localized
regions.

Relms

e  Based on large-scale
evolutionary patterns and

K historical biogeography /
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https://www.researchgate.net/figure/The-biogeographic-realms-as-numbered-1-30-in-Fig1-a-Shows-realms-denoted-by-solid_fig3 320532847



biogeographic framework for coastal and inshore areas

Temperate
Northern Pacifi

™

tern
ific

Temperate
thern Pacific

Eastern Rag \ .
[estern iilo-Paci \ ‘
/I
0 /

O @ @ emperate ,«/

Q Southern Ocean
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What produced the contemporary biodiversity patterns

@




What produced the contemporary biodiversity patterns

Contemporary patterns of distributions
(temperature ~ precipitation)



Contemporary patterns of distributions
(temperature ~ precipitation)

Historical events that shaped the
current patterns;
Evolutionary mechanisms;
Species natural histories;
Interactions with extinct species;
Sea level fluctuations;
Random mass extinctions;




Tectonic plates and continental drift

The movement Of Earth'S Fossil evidence

. - oftheTrIgssIc ¥ la
tectonic plates over millions of gt
years has dramatically

influenced the distribution of
species

Fossils used as evidence!

Fossil remains of M Fossil of the Fern

AL\ Cynognathus, a Triassic Glossopteris found
- ¥ land reptile approximatel
3 3 met e?s I ongpp 7 Fossil remains of the Icr;zltli:;lt\:ss::;lhem
" h freshwater reptile ik
Mo that they were once
o joined
Sz X
175 mya i

Enduring Resources for Earth Science Education — http://earthref.org/ERESE
http://earthref.org/cgi-bin/erda.cgi?n=358




Marsupials (Metatheria) example

designed by @creazilla




Marsupials (Metatheria) example

Distribution of marsupials
around the world

Il Native
Introduced

designed by @creazilla




Marsupials (Metatheria) example

Distribution of marsupials
around the world

Il Native
[ Introduced

Created wi

designed by @creazilla




Another example
of large-scale
interchange of
Biodiversity

THE GREAT
AMERICAN BIOTIC
INTERCHANGE (GABI)



https://www.eurekalert.org/multimedia/pub/89812.php?from=293350

Another example A —

(Lagomorphidae) Kangaroo rats
(Sciuridae, Geomyidae,
[\ g Heteromyidae)
- ~ \ Shrews

Biodiversity o

Tapirs
(Tapiridae)

Horse Farily

Camels (Camelidae)
Deer

Dogs
7 (Canidae)
(Cervidae)

Horses
(Equidae)

Peccaries G )

p / / Bears . /

> cats /" (Ursidae) ” Sfaytssulcaey (,.

4 ; (Felidae) } >

Other ground sloths e Cat Farily

Porcupines (Mylodonlifae,

(Erethizontidae) Nothrotheriidae) a Raccoons
(Procyonidae)

Skunks, weasels

. Mice
Extinct © id
y \ > mammals
Ground sloths /, s
(Megatheriidae) ' Armadillos (Glyptodontidae,
y ‘. (Dasypodidae) Pachyarmatheriidae,

Porct(/lne Fazm/y

Pampatheriidae) V) ntedder Farily

Opossums
Notoungulates K% | e (Didelphidae)
(Toxodontidae) s

Other Rodents
(Caviidae, Cuniculidae,
Echimyidae, Dasyproctidae)

Tree sloths
(Bradypodidae,
Megalonychidae)

Smithsonian Tropical Research Institute Sleth S amily

Anteaters
(Cyclopedidae,
Myrmecophagidae)

Spider Monkeys

(Atelidae) Squirrel Monkeys

(Cebidae)



https://www.eurekalert.org/multimedia/pub/89812.php?from=293350

- | When land masses collide (Indian
I subcontinent example)
N (7
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38 million

EURASIAN PLATE {

INDIAN

55million___—
years ago

OCEAN &

When land masses collide (Indian

=

barriers to species movement

subcontinent example)

Influencing the environmental conditions and
hiological interactions:

Climatic shifts
Barrier to Gene Flow

Promotes Altitude-Driven Evolution



Drivers of biodiversity in a even broader scale
Milankovitch Cycles

To Polaris
(North Star) To Vega

24.5°
22:5°

Eccentricity Obliquity (Tilt) prggt:::on
changes in changesin  wobble of Earth's
the shape of the tilt of axis

S il Earth's orbit Earth's axis



Drivers of biodiversity in a even broader scale N \'
Milankovitch Cycles

Eccentricity

changes in
the shape of
Earth's orbit

24.5°
22:5°

Obliquity (Tilt)

changes in
the tilt of
Earth's axis

To Polaris
(North Star) To Vega

{7 S >7‘

Orbital
Precession

wobble of Earth's
axis

Change on the
amount of solar
radiation




Decrease or increase
of the ice-sheets

Change on the
amount of solar
radiation




Decrease or increase
of the ice-sheets

Fluctuation of sea levels
(increase or decrease)




Note: Current internationalfbo
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Adaptive radiation



Anthropogenic action also shaped
current diversity
Humans and extinctions walk together




Anthropogenic action also shaped
current dieity




S0 when did we start studying Biogeography?




Biogeography: quick history overview

Aristotle early
observations

) \

s
\
!,; N

>’
s

D)
)

Comte de Buffon,
and the first
scientific thoughts

Darwin, Wallace, and the Rise of MacArthur & Wilson, and the
Evolutionary Thought island biogeography theory

18th century 19th century 20th century




Contemporary Biogeography (21th century)

?



Contemporary Biogeography (21th century)

“ I “ e a a ases 1,511,997,377 GEOREFERENCED RECORDS
. Ll ..0. - ..'o ol8

< GBIF

Global Biodiversity
Information Facility

et —— Cllgta

etc s
etc

- Generated 2 days ago © OpenStr contri utors, € enMapTiles, GBIF. ®
- tC Example EOD eBird Observation Dataset




Museum collections and other
online repositories

FLORIDA

: : MUSEUM OF
&) Smithsonian iad UL O ’I;‘oyal Ontarlo
useum

AMERICAN @ﬁ. [< ! '
MUSEUM & @
NATURAL USEO @ THE UNIVERSITY OF

HISTORY T, TEXASTECH  KANSAS
NATURAL

Prof. Eugenio de Jes UNIVERSITY.




Contemporary Biogeography (21th century)

Land Cover
Structures

Boundaries

Cr G I S = i
\ D
X

Hydrography

Geographic Names

Transportation

ArcGIS

Geographic Information Systems (GIS)
& Spatial analyses

Elevation

Orthoimagery




Contemporary Biogeography (21th century)

& \WorldClim

1747

Historic and present
environmental and
climatic data

Satellite information

Artificial Intelligence



Okay, but what
ahout the hats?! /™

Bats are great objects of study for biogeographical questions!




Bats are great objects of study of biogeographical questions!
1 - Rich evolutionary history and many adaptive radiations



Bats are great objects of study of biogeographical questions!
1 - Rich evolutionary history and many adaptive radiations

Distribution of Extant and Recently Extinct Mammal Species across

® 1 487 bat S p e c i e S ( a n d (based on Wilson and Reeder, 2005: 5,416 spp. total)

counting)
Bats of the World (Mar 4 2025)

A Taxonomic and Geographic Database

o ~ 20% of all mammal
species

o Every 5 mammals
species, 1is a bat!

Artiodactyla

M Diprotodontia
Lagomorpha

W Didelphimorphia
Cetacea

Afrosoricida
Erinaceomorph
Cingulata
Parame lemorphia
Scandentia
M Perissodactyla
W Macrosce lidea
¥ Pilosa
Pholidot:
¥ Paucitub lat
M Monotremat
M Sirenia
W Hyracoi dea
M Prob d

M Dermoptera

M Notoryctemorphia
M Microbiotheria

M Tubulidentata



Bats are great objects of study of biogeographical questions!

Macrotinae

Mormoopidae

2 S
&

5 10 15 20 25 30 35 40 45

* Ma

https://www.researchgate.net/figure/Summary-phylogeny-of-150-species-of-phyllosto
mid-bats-illustrating-diversity-in-lineages_fig2_51824867

Phyllostomid bats undergo an early burst
diversification in molar adaptations

Constrained
—O =

Diet specific radiations

Broad

Broad

Early
burst:

only seen when
diet-related

molar traits are
considered zones are defined by diet

Specific molar adaptive

https://doi.org/10.1016/j.cub.2024.02.027


https://doi.org/10.1016/j.cub.2024.02.027

Bats are great objects of study of biogeographical questions!

2 - Wide Geographic Distribution due true flight: bats are (almost) everywhere!



Bats are great objects of study of biogeographical questions!

2 - Wide Geographic Distribution due true fllght bats are (almost) everywhere!




happened once or twice?

16 inches wingspan
(40 centimeters)
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Bats are great objects of study of biogeographical questions!

2 - Wide Geographic Distribution due true fllght bats are (almost) everywhere!




Bats are great objects of study of biogeographical questions!

2 - Wide Geographic Distribution due true fllght bats are (almost) everywhere!

o




Islands are a valuable sites for studying hiogeography

Wallace in the pacific islands

Darwin in Galapagos



The processes of speciation, extinction, dispersal, and evolution
can be observed in a more controlled and isolated context

- |Isolation and well defined boundaries
- Controlled Conditions

- Simplified Ecosystems

- High rates of Endemism

- Historical collections

‘ «‘ ' ‘ 1
- He. “Island are natural laboratories”
David Attenborough



Clear relationship ‘
between area, O -@ ®
distance from

mainland and species |. OIS, T
composition

Dictate by the levels of
Immigration and
extinction events

Rate

However, Evolution and
Environmental Dynamics also
contribute for diversity

Number of species present

Current Biology



Prisoner dilemma and island syndromes

In islands, populations can often be in a sink position
due to the limited space and resources available.
However, over time, these populations might evelve and
become specialized for island life

Mystacina tuberculata, a New Zealand

o flightlessness and loss of dispersal powers, bat with broader omnivorous diet and
naiveté toward predators, and body size changes, semi-terrestrial locomotion

etc



Okay, so think about an island!






/the term “insular” typicallyx

refers to ecosystems,
environments that are
isolated or separated from
other regions by barriers
such as oceans, mountains, or
deserts, which restrict

w(w gene flow /




Mountain ranges and
highlands as islands

- French alpes

https://www.google.com/url ps%3A%2F %2Fwww.behance.net%2F gallery%2F71745667%2F French-Alps-above-the-clouds%2Fmodules %2F 418062035 &psig=AOvVaw1yLjDcD_rISKCy8XQl 1741183170525000 pi= 4498ved=0CBEQJRxqFWoTCJD09_bKBISDFQAAAAAJAAAAABAJ




Mountain ranges and
highlands as islands

SKY ISLAND |
PLANTBIOMES . ikt

gl

https://skyislandalliance.org/our-region/the-sky-islands/



Some caves are also insular systems




The World's Longest Caves

The cave systems with the longest expansions worldwide (in miles)

Some caves are also insular systems

Mammoth Cave

Brownsville, Kentucky ==
Sistema Sac Actun/Sistema Dos Ojos
Tulum, Quintana Roo

Jewel Cave
Custer, South Dakota =

”[II

405

216

180

Sistema Ox Bel Ha
Tulum, Quintana Roo n 160
Optymistychna Cave 147

Korolivka ™=

EXTERNAL
DETRITUS —__



Forest fragmentation patches as islands

https://ecimages.gsfc.nasa.gov/images/imagerecords/145000/1458
88/br163defores_tmo_amo_2019.gif



Forest fragmentation patches as
islands




Changes on landscape in eighteen years

AU

g

hitps://allthatsinteresting.com/wordpress/wp-content/uploads/2019/04/tress-planted-in-brazil-before-and-after-featured.jpg

hitps://www.intelligentliving.cowp-content/uploads/2019/05/sebastiao-salgado-reforestation.jpg




Our species is changing the environment faster than ever bqfore

ANTHROPOGENIC ACTION AFFECT SPECIES BIOGEQOGRAPHY



Biodiversity Hotspots and Conservation urges

2
©2014 Conservation-inte dation

" biodiversity hotspot




study case: evolution and
hiogeography of a widely-distributed
bat in a Tropical Island system

Material from Pedro lvo Monico dissertation

N\ &
-




2021

Which bat species can help us to hetter
understand the drivers of speciation?



2021

Which bat species can help us to hetter
understand the drivers of speciation?

Species that occupy broad geographic ranges across fragmented landscapes




Eptesicus fuscus as a model for speciation studies

Donna Naughton, 2012. The Natural History of Canadian Mammals




Eptesicus fuscus as a model for speciation studies

Donna Naughton, 2012. The Natural History of Canadian Mammals
S XK N Ecoregions
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Eptesicus fuscus as a model for speciation studies

Donna Naughton, 2012. The Natural History of Canadian Mammals

Ecoregions

July 25, 2022 1:9,244 649
140 280 mi




The taxonomic state of Eptesicus fuscus

13 recognized subspecies, with six occurring across mainland and seven throughout the Caribbean

/ The Caribbean e Mesoamerica \

E. f. dutertreus (Cuba) Gervais, 1837 - E f miradorensis Allen, 1866
E. . bahamensis (the Bahamas) Miller, 1897

£ £ wetmorei (Puerto Rico lacksan 1916 southeastern North America
. . wetmorei (Puerto Rico) Jackson, £ f osceola Rhoads, 1902

- E £ hispaniolae (Hispaniola) Miller, 1918
\ E. f. lynni (Jamaica) Shamel, 1945 /




The taxonomic state of Eptesicus fuscus

13 recognized subspecies, with six occurring across mainland and seven throughout the Caribbean

e Mesoamerica \

E. f miradorensis Allen, 1866

e southeastern North America
E. f osceola Rhoads, 1902

Z )




Phylogenetics +



Caribbean E. fuscus supported as
unique compared to the mainland

Although mitochondrial data resulted in
different topology (A), Nuclear tree provided
high support for monophyly (B)

Caribbean group structured and with no °
admixture with other partitions (C) R

aaaaaaaaaaaaaaaaaaaaaaa

lesoa
75
[o] [l
ari
N. furinalis

ldd|

Species delimitation analysis supported the
Caribbean L. fuscus as a species (D)

Posterior Membership Probability




Morphology __



Phenotypic species delimitation from morphological data
We tested the hypothesis of morphological species disparities among biological partitions 43

82 specimens, being:
- 92 from the Caribbean
- 24 from the Mesoamerica
- 6 from the Florida peninsula

Measurements from

16 craniodental
characters

Freeman, 1981. Mammalogy Papers: University of Nebraska State Museum.
&
Jacobs, 1996. Functional Ecology




The Caribbean Eptesicus fuscus have distinctive craniofacial relationships

Linear discriminant analysis (LDA) Principal component analysis (PCA)
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N Habitat
suitability &
Niches



< GBIF

Global Biodiversity
Information Facility R

ppppppppp

[“ Eptesicus fuscus”, filtered by |003"ty]

Silva-Taboada, 1979 (Cuba)

Genoways et al., 2005 (Jamaica)
Speer et al., 2015 (the Bahamas)
Niiiez-Novas et al., 2019 (Hispaniola) |

+ + + +



Ecological niche models (ENMs) final dataset
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Models show regional speciation signals

We tested the hypothesis of species-like differences among suitable habitats J&g
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Niche overlap, niche equivalency, and background similarity
Collecting background points to quantify the differences & performing pairwise comparisons
D

L+




Conclusions and considerations about Caribbean big brown bats

We uncovered signals of divergence supporting the Caribbean clade of
Eptesicus fuscus as unique through an integrative framework

Genomic data indicated group highly structured, without
admixture with continental lineages

Morphological data showed high phenotypic disparity

Ecological Niche Models revealed differences in habitat
suitability

We endorse re-evaluating the taxonomic status of
Caribbean big brown bats as EptBSiUUS dutertreus
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updates

Cite this article: Monico PI, Soto-Centeno JA.
2024 Phylogenetic, morphological and niche
differentiation unveil new species limits for the big
brown bat (Eptesicus fuscus). R. Soc. Open Sd. 11:
231384,

Phylogenetic, morphological
and niche differentiation unveil
new species limits for the big
brown bat (Eptesicus fuscus)

Pedro Ivo Monico' and J. Angel Soto-Centeno™

lDepartment of Earth and Environmental Sciences, Rutgers University, Newark, NJ 07102,
USA
2Department of Mammalogy, American Museum of Natural History, New York, NY 10024,
USA




Okay, island hats are different from the
mainland hats...
But what is the next step?




Re-evaluation of the taxonomic status of Caribbean Eptesicus

We merged the six recognized subspecies throughout

the Caribbean into EﬂtESiﬂllS dutertreus

'~ E £ dutertreus (Cuba) Gervais, 1837 |

|
- E f bahamensis (the Bahamas) Miller, 1897 :
- E f. wetmorei (Puerto Rico) Jackson, 1916 :
- E. £ hispaniolae (Hispaniola) Miller, 1918 :
E. f. lynni (Jamaica) Shamel, 1945 i
I

E. f. petersoni (Isla de la Juventud) Silva-Taboada, 1974

Recent discussions: Yi & Latch (2022a); Yi & Latch (2022b); Ramirez-Chaves et al. 2023; Claudio et al. 2023;
Monico & Soto-Centeno 2024; Yi et al. 2024



The Caribbean Islands
are composed by 20
Ecoregions

https://www.oneearth.org/bioregions/caribbean-islands-nt26/




How the intraspecific phenotypic variation is structured
across Eptesicus dutertreus range?

Considering the Garibbean islands heterogeneity, and that there is many examples
of wide range speciation in the region

) . N @ Are the results from\
| | . Supervisioned &
In which traits the Does the morphological Ulzlsupervised
variation is more variation fits into the Machine learning
evident? phylogenetic data? 9
9 y 2% concordant’ )
4 O How many ist,
groups exist,
Are the Holotypes under the morphological Is there sexual
good lineages perspective? dimorphism?
representatives?
AN /




Analyzing the bhiggest dataset for Eptesicus dutertreus
morphological data ever done .....corr A 52

The Bahamas = 120 ‘%

Cuba + Isla de la Juventud = 46

Jamaica = 29 s
-Ilspanlola = 26 Museum collectionsFLMNH:35
Puerto Rico = 69 Linear measurements from 16 craniodental characters

Total = 286 specimens (including ALL holotypes) 2N\ J?
1 98% of the available material in the United States !

et
Caliper or physical skulls For CT-SCAN data For Plctures
3D Slicer Image)



Combining methods to reduce hias

[ Unsupervised machine Iearning} [Supervised machine learning & Hypotheses testing}

- o0 ~~ 000 oeoe0e 009 1%,
® o 000 oeeeee® 9000, ~"
ool 000 eoeeee® % )
o0 Q00 XY /

l.‘.
oXoX X ) 000..‘ \ o

~ =

Clustering with unlabelled data Classiﬁcati&on based in labelled data

More analyses



Sex analyses on Eptesicus dutertreus showed no significant sexual dimorphism

/[ Is there sexual

dimorphism?
&3 2 Females are slightly
-, bigger than males
§ - 5 -

; NN (this pattern was already
i €ed 0o, 30 9°% observed for other
e | T8 Vet Vespertilionidae species)

i i & ;
" . e
4 ST G 0 &5 -

s ac

o

PC1 (74.52%)

2 female &% male



Island lineages have different craniofacial relationships

aAre the results from Supervisioned & Unsupervise} s
Machine learning concordant?

Principal Component Analysis (PCA)

Cluster without labels/IDs to maximize variance

PC2 (05.84%)

. -
<
01 T

S = S O 0 TR T O T T AT T
A ’ PC1 (72.21%) ' )



Island lineages have different craniofacial relationships

@Are the results from Supervisioned & Unsupervise}
Machine learning concordant?

Linear Discriminant Analysis (LDA)

Considers labels/IDs to maximize group differences

LD2 (11.02%)
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Phenotypes density plots suggest cryptic morphological diversity
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AAAAAAAAAAAAAAAAAAAA [How many groups exist, under the morphological perspective?'ﬂ»}
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L Normal Mixed Models / Gaussian Mixture Models
o Ak ek kA ik - Machine learning approach that does not consider labels or IDs

AAAAAAAAAAAAAAAAAAA

- Uses all 16 characters, not only 3 or 4 most responsive
-------------------------- - Determine many normal distributions exist within the samples
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Cadena et al. 2018



Non-labeled Normal Mixture Models analysis suggests 3 morphological groups
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Summary statistics from the 16 craniodental characters spotlight a
morphological gradient across geographic distribution

Breadth at Mastoids

| |
T8 (The Bahamas + Cuba + Jamaica) “Hispaniolan” “Puerto-Rican”

“Near-mainland”




New discoveries discord with original morpho-hased taxonomy

Historic taxonomy
Ao e was based on island
&, limits (6 groups)

—
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ID tests on Holotypes showed low representativity for most groups

¥

LD2 (11.02%)
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Taxonomy of the
groups was
historically built on
morphological traits,

but 5 out of 6 holotypes
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Signals of speciation are more evident in isolated lineages

We used the continuous characters together with the nuclear data to model the morphological gradient
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This research generated new evidence of morphological speciation across
the Eptesicus dutertreus lineages.

1) We uncovered and described the morphological gradient across Eptesicus dutertreus range

2) We found statistical support for at least 3 distinct morpho-groups.
3) The morphological gradient seems related to the geographical isolation of lineages

4) Most of holotypes are overestimating or underestimating lineages diversity

Our results suggest that the current Diversity & Taxonomy of Eptesicus dutertreus is
underestimated.
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Research

and niche differentiation unveil
new species limits for the big
e brown bat (Eptesicus fuscus)
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