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ABSTRACT OF THE DISSERTATION

Impact of life history and ecology on rate of diversification and
speciation, as exemplified by thoracotreme crabs along the
western tropical Atlantic and on both sides of the Isthmus of

Panama

by
NICOLAS THIERCELIN

Universitat Regensburg

The progressive formation of the Isthmus of Panama during the Miocene, and its final closure
during the Pliocene, was the preeminent geological event that affected the western tropical
Atlantic and eastern Pacific oceans. As consequence of this closure, marine populations were
isolated on both sides of the isthmus and initiated independent genetic divergence, affected by
different environmental conditions. So far, phylogeographic patterns of species inhabiting
western tropical Atlantic or eastern tropical Pacific oceans received only limited focus. The
species used as model in this study correspond to American representatives of thoracotreme
crabs, selected based on two major ecological characters that possibly affected their
evolutionary histories: dispersal abilities and habitat. This should allow comparing the effect
of these characters. The goals of this study are: 1) to investigate the consequences of the
closure of the Isthmus of Panama, and to determine which of the two models proposed to
explain the formation of the isthmus is better supported by the transisthmian divergence of
marine taxa; 2) to explore the phylogeographic patterns in the western tropical Atlantic,
especially the relationships between Caribbean and Brazilian marine faunas, and 3) to assess
the phylogenetic relationships of the American sesarmid genera Aratus, Armases,
Metopaulias and Sesarma. Our results support the final closure of the Isthmus of Panama to
have occurred during the Pliocene rather than during the Miocene. Mangrove sister species
present a smaller transisthmian divergence than rocky shore sister species, supporting the
assumption of mangroves as last habitat to allow genetic exchanges between Atlantic and



Pacific oceans at the final closure of the isthmus. Populations of Aratus pisonii on both sides
of the isthmus are morphologically and genetically distinct. As consequence, Aratus pacificus
n. sp., is presently described as the sister-species of Aratus pisonii. Along the western tropical
Atlantic, unexpectedly contrasting differences between related taxa inhabiting the same
biogeographic area could be found, ranging from apparent panmixis to deeply divergent
lineages. Three species exhibit clear signs of past or recent changes in their population size. It
reveals the importance of the ecological characteristics of the studied species, and their
consequences on sympatric taxa. It also highlights the importance of individual histories of
each species. Phylogenetic relationships in the American Sesarmidae reflect a rapid radiation
that started 10.5 mya, when this family established on the American continent. The genus
Aratus represents a deep branch in the genus Armases rather than its sister taxa, making
Armases paraphyletic. The exploration of genetic patterns in American thoracotreme crabs at
different levels shed light on how both environmental changes and ecological characteristics
shaped the biodiversity of this region since the Miocene.
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General introduction & Material

GENERAL INTRODUCTION & MATERIAL

In 1987, John C. Avise et al. introduced phylogeography as a new discipline. This
field of study results from the combination of biogeography (i.e. the distribution of species
and taxa on Earth and processes involved in their distribution) with the exploration of
historical intraspecific patterns at the molecular level. Such exploration became possible with
the ‘PCR revolution’ corresponding to development of new genetic tools in 1983 by Mullis,
especially the polymerase chain reaction (PCR) and universal primers that enabled the
possibility to amplify fragments from large amount of species (Avise et al. 1987, Avise 2000).
It is thus the combination of both time (mutations) and space (geography). Phylogeography
stands at the junction between microevolutionary (population) and macroevolutionary
(interspecific) processes (Fig. 1.1, Avise 2009). Such characteristics make of the
phylogeography a key discipline to determine the respective importance of dispersal and
vicariance in differentiation processes, but also to explore the biodiversity, including its
cryptic component. The phylogeography is by consequence the most accurate discipline to
explore the processes involved in the formation of the biota present along the Isthmus of

Panama and the western Tropical Atlantic.
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Figure 1.1. Phylogeography at the junction between microevolutionary and
macroevolutionary processes (based on Avise 2009, modified from Avise 2000).
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1. A changing region: the Isthmus of Panama and the western Tropical
Atlantic

The Tropical Atlantic corresponds to one of the twelve marine biogeographic realms
used to describe the biodiversity patterns of the coastal seas and continental shelves (Spalding
et al. 2007). This realm covers both sides of the Atlantic Ocean, and for its western part,
ranges from the southern Florida and Gulf of Mexico (while its northern part is temperate),
through the Caribbean and covers the South American coastline up to the Cape Frio near Rio
de Janeiro in southern Brazil, representing nearly 10 000 km between its extremities. At the
north and south of this realm, two biogeographic provinces (the Warm Temperate Northwest
Atlantic and Warm Temperate Southwestern Atlantic) represent progressive biogeographic
transitions between tropical and temperate habitats and faunas. The eastern part of the
Tropical Atlantic realm covers the African coastline from Mauritania to Angola (Fig. 1.2A).

Contrary to the Indian and Pacific oceans that are interconnected through the Coral
Triangle (or Indonesian archipelago), the Tropical Atlantic realm is isolated to the north and
south from other tropical regions by the presence of colder temperate waters (Fig. 1.2B),
preventing any recent genetic exchange with other tropical marine fauna. Nevertheless, this
physical isolation is geologically recent, and is the direct consequence of the closure of the
Central American Seaway by the rise of the Isthmus of Panama approximately 3 mya and the
establishment of the Benguela upwelling approximately 2 mya (Rocha et al. 2005).

The closure of the Isthmus of Panama is a geological event that started during Late
Cretaceous (~70 mya) to Early Tertiary (Eocene, ~50 mya). The subduction of the Farallon
Plate (whose extant relicts are the Nazca and Cocos plates) under the Caribbean Plate lead to
the formation of a submarine volcanic arc on the western side of the Caribbean Plate, at the
west of the South America (Coates et al. 2004, Iturralde-Vinent 2006). This event ended in
the formation of a land bridge between the North American continent and the South American
island-continent during the Pliocene (Coates & Obando 1996, Coates et al. 2004). At the
formation of this land bridge, the South America had been geologically isolated from other
landmasses since at least 30 million years, when the connection with Antarctica broke up,
final remnant of the fragmentation of the Gondwana supercontinent. South America had also
been completely separated from Africa since approximately 100 million years (McLoughlin
2001), and had been possibly briefly connected to North America through a shallow chain of

islands (corresponding nowadays to the Lesser Antilles VVolcanic Arc) during the Upper
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Figure 1.2. A. Marine coastal realms and their subdivisions (figure from Spalding et
al. 2007). B. Map of the sea surface temperatures. Average of 15 days of April-May
2014, based on the Moderate-resolution Imaging Spectroradiometer (MODIS) data from
the satellite Aqua with a resolution of 4km (image generated by the Colorado Center for
Astrodynamics Research Global MODIS SST Viewer). A clear correlation can be
observed between the sea surface temperatures and the distribution of biogeographic
realms.



General introduction & Material

Cretaceous, approximately 70 mya (Iturralde-Vinent 2006). As consequence, the South
American biota was composed of taxa remnants of the Gondwanan fragmentation and of taxa
arrived by oversea dispersal (De Queiroz 2005, 2014).

The westward displacement of the Caribbean Plate brought the submarine volcanic arc
to the current position of the Isthmus, in a pre-collision setting. This volcanic arc became
emergent in its northern part (corresponding to the Costa Rica) around 16 mya. At this time,
the Central American Seaway, marine connection between the Atlantic and Pacific oceans,
was a strait with abyssal waters, letting a large gap between the Central and South America
(Coates & Obando 1996, Coates et al. 2004). During the early steps of the collision of the
Caribbean Plate with the South America Plate, in the Late Miocene (around 12 mya), the
seaway shallowed to a depth of 1000m in its southern part (Atrato Basin, nowadays
Colombia, Duque-Caro 1990). During the collision process, the different basins shallowed to
of depth of less than 200m around 6 mya (Duque-Caro 1990), and the proto-Isthmus formed
an extended archipelago separated by narrow channels. These channels were filled by
sediments, thereby closing the Central American Seaway in a range from 2.8 to 3.5 mya
(Coates & Obando 1996, Coates et al. 1992, 2004, 2005).

The rise of the Isthmus of Panama and progressive closure of the Central American
Seaway represents for marine taxa the most remarkable recent vicariant event (i.e. isolation of
populations as consequence of habitat fragmentation by geological event). This vicariant
event and its impact on marine taxa have been reviewed by Lessios (2008). As subject this
doctorate project, this event sees its importance and new developments detailed in the
different chapters composing this thesis, especially in the Chapter 3. This barrier for marine
species is apparently robust but is not absolute. Indeed, recent genetic data revealed that the
isthmus has been crossed at least twice by mangrove snails, a dispersal across the barrier
possible by transport by migratory birds (Miura et al. 2012). Moreover, the robustness of this
barrier might be affected by the completion of the Panama Canal, freshwater anthropogenic
connection between the two sides of the Isthmus, built to ease sea transport between the two
coasts of the American continent (Abele & Kim 1989). On another perspective, this barrier
for marine species connected previously isolated continents and terrestrial faunas and allowed
large scale dispersal of this terrestrial fauna in a biogeographic event called the Great
American Biotic Interchange (see review of Leigh et al. 2014).

Before the completion of the isthmus, the Tropical Atlantic realm was physically
connected to the tropical Eastern Pacific realm, which ranges from Baja California to northern
Peru, over nearly 5000 km (Spalding et al. 2007), and explains the strong relationships

4



General introduction & Material

between the faunas of these two realms (Lessios 2008). The Tropical Eastern Pacific realm is
partially connected to the Eastern Indo-Pacific realm through a semi-permeable barrier, the
Easter Pacific Barrier, 5000km of abyssal waters without islands (Lessios & Robertson 2006).

The western tropical Atlantic is impacted by the presence of two of the most important
rivers in terms of freshwater discharge in the ocean on Earth, the Amazon (forming a double
estuary with the Tocantins River) and Orinoco rivers. The freshwater discharge of these two
rivers strongly decrease the salinity and increase the turbidity of the Atlantic Ocean, with their
effect traced up to the Caribbean Sea, as their waters are pushed northward by the Guiana,
North Brazil, North Equatorial and Caribbean currents (Froelich et al. 1978, Hellweger &
Gordon 2002). This decrease in salinity and increase in turbidity by the Amazon River
massively impacts the habitats and species in this area and its continental shelf, from Piaui
State (Brazil) to Trinidad. This corresponds to the North Brazil Shelf province, a region
directly impacted by the waters of the Amazon and Orinoco. This province is biologically
characterized by an absence of coral reefs. As consequence, the Amazon (and possibly the
Orinoco) acts as semi-permeable barrier for species, especially reef fishes (Rocha 2003,
Spalding et al. 2007). Another possible barrier in the western tropical Atlantic is proposed by
Briggs (1974), corresponding to the Gulf Stream, that might isolate the Florida and the
northern Gulf of Mexico from southern Caribbean populations.

In the changing region that is the Isthmus of Panama and the western Tropical
Atlantic, the long-standing debate about dispersal versus vicariance (reviewed by De Queiroz
2014) is not useful anymore to determine which was process responsible of the present
distribution of organisms, or the respective importance of both processes. Today we are more
interested how the combination of these two mechanisms gave birth to the actual biodiversity
and shaped the observed biogeographic patterns. This is especially true when considering that
vicariant events will affect the different taxa from a geographic area, and that dispersal mostly
corresponds to unique and infrequent events linked to the individual histories of the species.

2. The transisthmian vicariance and the problematic ‘species’ definition

One of the major consequences of the Isthmus closure for marine taxa was the
interruption of the gene flow between the Atlantic and Pacific oceans, and the resulting
vicariance, which led to the formation of couples of sister species on both sides of this barrier.
However, as visible in Lessios (2008) and highlighted in the Chapter 2 of this dissertation,
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several species (e.g. the shrimp Alpheus floridanus or the fish Gerres cinereus) are still
considered to have a transisthmian distribution, i.e. being recognized as the same species on
both sides of the Isthmus.

Such pattern is the direct consequence of inconsistencies between the different
definitions of the ‘species’, most used notion in biology. Despite its importance, the definition
of ‘species’ remains problematic, as scientists were looking "for a concept-definition that is
biologically relevant and meaningful, one that is easily applied, and one that encompasses
natural biodiversity” (Mayden 1997), meaning that the ideal concept should apply for
organisms as different from each other as unicellular organisms (e.g. bacteria), multicellular
animals or plants. As illustration to this problem, Mayden (1997) listed 24 definitions
previously proposed for the concept of species, and analyzed the range of application of these
definitions, to determine whether these definitions represent primary or secondary (i.e.
operational) concepts. Only the Evolutionary Species Concept (ESC), defined as "a lineage
(an ancestral-descendant sequence of populations) evolving separately from others and with
its own unitary evolutionary role and tendencies" by Simpson (1961), was considered to be a
primary concept. All the other concepts were determined to be secondary concepts, i.e.
concepts more restricted in their definition, and by consequence, not applicable to the whole
range of cases encountered in the life on Earth for the entities assumed to be species.
However, Mayden (1997) recognized that the flaw of the ESC, by being the most theoretical
concept, is the inoperability of this concept by scientists to identify species. As a result, the
secondary concepts have to be used as operational tools to explore the variance in the
diversity of living organisms and to identify units that can be considered as being species.
Within these secondary concepts, three of them appear to be historically of major importance
by their use as operational tools to identify species.

Historically, the oldest concept corresponds (or can be assimilated) to the
Morphological Species Concept (MSC), based on the use of morphological characters to
differentiate species from each other. This concept is used since Aristotle (4th century BC),
first during pre-evolutionary times, with the ‘species’ as a fixed unit. With the theory of
evolution, the “species’ was placed in a temporal frame, unit that perpetually evolves as result
of natural selection. It was only robustly defined by Regan (1926), as "a community, or a
number of related communities, whose distinctive morphological characters are, in the
opinion of a competent systematist, sufficiently definite to entitle it, or them, to a specific
name". Even if it is the easiest concept to understand, handle and the most commonly used for
to define a species, this definition suffers from the arbitrary level of morphological divergence
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needed to distinguish species (defined by the relative opinion of a competent systematist), but
also from the bias of its definition mostly based on human vision (Bickford et al. 2006), when
many species use chemical recognition to recognize conspecifics (Howard & Blomquist
2005).

Disagreeing with the importance of morphology to define a species, and based on his
experience as ornithologist, Mayr (1940, 1942) proposed the Biological Species Concept
(BSC) defined as "groups of actually or potentially interbreeding natural populations which
are reproductively isolated from other such groups"”. In this case, the species becomes an
isolated gene pool, and speciation occurs when reproductive isolation is achieved. Such
isolation can appear in a limited number of generations (Hendry et al. 2000). This definition
also implies the presence of mechanisms (or barriers) limiting or preventing intergroup and
favoring intragroup breeding. These mechanisms can be pre- or post-zygotic. Palumbi (1994)
lists mechanisms used to identify reproductive isolation in marine taxa, as mate preference,
spanning asynchrony or habitat specialization. However, as for the MSC, Mayden (1997)
detailed the flaws of the BSC, with possibly the most problematic being that such definition
excludes non-reproductive organisms, necessarily rejecting it as primary concept for the
species.

The third major species concept, the Phylogenetic Species Concept (PSC), results
from the massive increase of studies based on genetic data. This concept was defined by
Cracraft (1983) as "the smallest diagnosable cluster of individual organisms within which
there is a parental pattern of ancestry and descent”. This definition identifies the species as
the smallest diagnosable monophyletic unit, and assumes the reproductive isolation by the
accumulation of mutations between clusters. The exploration of the phylogenetic relationships
highlighted the presence of incongruence in the topologies recovered from different gene
trees, and let to consider the species tree as a pool of gene trees (Maddison 1997), but also
highlighted the frequent paraphyly and polyphyly at the species level (Funk & Omland 2003).

The rapid development of molecular tools used for phylogeographic studies
highlighted regularly incongruence between the MSC and the PSC (and at a lower level, the
BSC). In addition, the presence of several divergent genetic lineages in what was considered
to be a single species led to the concept of cryptic species, defined by Bickford et al. (2006)
as: "we consider two or more species to be “cryptic’ if they are, or have been, classified as a
single nominal species because they are at least superficially morphologically
indistinguishable”. Large cryptic diversity has been detected in marine habitats (Knowlton
1993, Knowlton 2000). More than 50% of the newly described species originated from cryptic
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species complexes and probably represent a large part of the missing biodiversity (Ceballos &
Ehrlich 2009, Scheffers et al. 2012). One of the main future challenges for both taxonomy and
biodiversity will be to find criteria (morphological or not) able to distinguish these cryptic
species to bring them out of their crypsis.

3. The biological model: the American thoracotreme crabs

1. Ecological characteristics

The species used as model in this thesis correspond to American representatives of the
subsection Thoracotremata, and formerly called ‘grapsoid crabs’, i.e. species belonging to the
superfamily Grapsoidea as defined by Ng et al. (2008). These species currently correspond to
three families, the Sesarmidae (genera Aratus, Armases, Metopaulias and Sesarma),
Grapsidae (genera Geograpsus, Goniopsis, Grapsus and Pachygrapsus) and the Varunidae
(Cyclograpsus).

These species were selected based on two major ecological characters that possibly
affected their evolutionary histories. This should allow comparing the effect of these
characters: dispersal abilities and habitat. Both American Sesarmidae and Varunidae present
relatively short larval development (from two to five larval stages, Anger 1995, Schubart &
Cuesta 1998), whereas Grapsidae have longer larval development, up to eight larval stages
(Cuesta et al. 2011), resulting in higher dispersal potential for the Grapsidae than the two
other families.

Figure 1.3 (next page). American thoracotreme crab genera and species used as models
in this dissertation. Pictures used with the courtesy of their respective authors.
Aratus pisonii (H. Milne Edwards, 1837), Florida (David Munroe, Flickr); Armases
angustum (Smith, 1870). Costa Rica (Sergio Quesada, Flickr); Cyclograpsus integer H. Milne
Edwards, 1837. Guadeloupe (Expedition KARUBENTHOS, MNHN 2012, J. Poupin, L.
Corbari); Geograpsus lividus (H. Milne Edwards, 1837). Guadeloupe (Expedition
KARUBENTHOS, MNHN 2012, J. Poupin, L. Corbari); Goniopsis cruentata (Latreille,
1803). Brazil, Bahia (Arthur Anker, Flickr); Grapsus grapsus (Linnaeus, 1758). Guadeloupe
(Expedition KARUBENTHOS, MNHN 2012, J. Poupin, L. Corbari); Metopaulias depressus
Rathbun, 1896. Jamaica (endemic species, Vogt 2013 based on Diesel & Schubart 2001);
Pachygrapsus gracilis (Saussure, 1858). Guadeloupe (Expedition KARUBENTHOS, MNHN
2012, J. Poupin, L. Corbari); Pachygrapsus transversus (Gibbes, 1850). Brazil, Sdo Paulo
State (own work); Sesarma rectum Randall, 1840. Brazil, Parana (own work).
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Figure 1.4. Examples of sampled habitats in the tropical and subtropical Atlantic,
mangroves and rocky shores. A. Frontline of the mangrove patch close to the Amazon
river (Brazil, Para, Marudd). B. Small channel in a large brackish bay (Brazil, Parana,
Baia de Guaratuba). C. Rocky plateau in front of Ilhéus (Brazil, Bahia). D. Rocky area
in Matinhos (Brazil, Parand).

On the other hand, these species or genera are representative inhabitants of two
distinct coastal habitats: mangrove (Aratus, Armases, Goniopsis, Pachygrapsus gracilis and
Sesarma, Figs. 1.3 & 1.4) and rocky shores (Cyclograpsus, Geograpsus, Grapsus and
Pachygrapsus transversus / socius, Figs. 1.3 & 1.4). Knowlton & Weigt (1998) noticed that
mangroves species of the pistol shrimp genus Alpheus exhibit lower genetic differentiation
than other species, and concluded that mangroves were probably the last habitat to allow
genetic exchanges between Atlantic and Pacific oceans populations, during the final steps of
closure of the Isthmus of Panama, around 3.1 mya.
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