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ABSTRACT.—Working in the Galdpagos Islands and
surrounding areas, we examined the relationship between
population structure, a precursor to allopatric speciation, in
species of reef fishes that exhibit different life history traits
and three types of distributions in a nested setting: endemic
(restricted to the Galdpagos Islands), insular (Galdpagos
and neighboring islands), and Panamic (tropical eastern
Pacific). We used a combination of population structure
and coalescent approaches to assess the degree of genetic
population structure in the three groups of fish species.
In addition, we evaluated the level of inter-island genetic
diversity in endemic species to determine if Galapagos
fishes, like their terrestrial counterparts, could be used as
a system to study allopatric speciation in the sea. We found
that in general, there was no correlation between distribution
ranges, life history traits, and population structure, except
for Dialommus fuscus Gilbert, 1891, a Galdpagos endemic
that lives in the uppermost intertidal area, and as predicted,
shows very strong population structure. We found the highest
number of statistically significant population pairwise F,
comparisons in endemic species. In addition, three out of
four endemic species showed significant population pairwise
F,, [D. fuscus, Lepidonectes corallicola (Kendall and Radcliffe,
1912), and Lythrypnus gilbert (Heller and Snodgrass, 1903)].
These results suggest that endemic Galdpagos Islands
reef fishes may be a promising group of species to study
phylogeographic patterns of speciation.

“The (Galdpagos) archipelago does not appear to offer a good laboratory for researching the
impact of isolation, because the barren islands do not harbor many isolated fish pools.”

David Starr Jordan (in a letter to Robert Evans Snodgrass, 1898)
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Island populations have played a pivotal role in the elucidation of allopatric specia-
tion, with the much-heralded Darwin finches as the most notable example (Darwin
1845, 1859, Lack 1947, Grant 2000). Islands, and island-like situations, such as volca-
nic freshwater lakes and mountain-tops, still play an essential role in helping develop
our understanding of speciation processes and mechanisms (Duda and Roldn 2005,
Thorpe 2005, Barluenga et al. 2006, Savolainen et al. 2006, Kahindo et al. 2007).
The study of the origin of species is currently experiencing renewed interest with
theoretical and empirical advances (Coyne and Orr 2004, Gravilets 2004, Barluenga
et al. 2006, Savolainen et al. 2006, Price 2007, Crow et al. 2010), yet while much at-
tention has been devoted to terrestrial and freshwater systems, comparatively little
is known about speciation in marine environments (Palumbi 1994, Rocha and Bowen
2008, Miglietta et al. 2011, Bernardi 2013). This is particularly true for the potentially
important island systems (Muss et al. 2001, Planes and Fauvelot 2002, Priest et al.
2012, van der Meer et al. 2012), likely due to the particulars of dispersal in marine
organisms. Indeed, most marine species have a dispersive phase as gametes, eggs,
or larvae, which lasts days to months in the pelagic environment (Leis 1991). There,
oceanic currents transport propagules, sometimes over very long distances, that
eventually recruit to their adult habitat where they may live a relatively sedentary
life (Selkoe et al. 2010, Selkoe and Toonen 2011). Islands, which offer unique oppor-
tunities in terrestrial and freshwater systems (Baldwin and Sanderson 1998, Herder
et al. 2006, Roderick et al. 2012), have traditionally not been seen as an interesting
system for marine organisms due to their likely genetic connections to the mainland
and to other islands via dispersal, as presumed by David Starr Jordan in his note to
Snodgrass before the Hopkins-Stanford Galdpagos Expedition of 1898-1899 (Larson
2001). However, while large-scale dispersal and its associated gene flow have been the
general assumption in marine systems, a recent paradigm shift has occurred, with
evidence of shorter dispersal and genetic structure resulting from unexpected high-
levels of self-recruitment and local larval retention (Jones et al. 1999, 2005, Swearer
et al. 1999, Berumen et al. 2012). In light of the potential for restricted dispersal in
marine organisms, the role of islands may regain a place of importance in the study
of marine population structure and speciation.

One powerful approach to assess the combined role of biotic and abiotic factors on
population structure has been to use multiple species in a phylogeographic frame-
work (Avise 1992, 2000). For fishes, the use of species with different life history traits,
such as differences in pelagic larval duration and spawning modes, has shed light on
the relationships between dispersal potential, population structure, and ultimate-
ly speciation (Waples 1987, Doherty et al. 1995, Shulman and Bermingham 1995,
Riginos and Victor 2001, Klanten et al. 2004, Winters et al. 2010).

In the present study, we worked in the Galdpagos Islands and surrounding areas,
where we examined the relationship between population structure, a potential pre-
cursor to allopatric speciation, in species of reef fishes that exhibit different distri-
butions and different life history strategies. Geographic ranges encompassed three
distributions: endemic, for species found only in the Galdpagos Islands; insular, for
species found in the Galdpagos Islands and adjacent islands such as Cocos Island;
and Panamic, which is a biogeographic region that extends from 25°N (south-
ern Baja California, Mexico) to 6°N (northern Peru) (Briggs and Bowen 2012). The
Galapagos are oceanic islands that lie within the Panamic biogeographic province,
and are located approximately 1000 km west of the coast of Ecuador (Jackson 1985,
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Figure 1. Partial map of the tropical eastern Pacific with an emphasis with the sampling sites of
this study. The region of the Galapagos Islands was enlarged for better representation.

Larson 2001) (Fig. 1). The archipelago supports a diverse marine fish fauna primar-
ily of Panamic affinity (Grove and Lavenberg 1997, McCosker and Rosenblatt 2010),
with approximately 75 species being endemic (McCosker and Rosenblatt 1984, 2010,
Allen and Robertson 1994, Grove and Lavenberg 1997, Humann and DeLoach 2003).
In addition, 20 species are semiendemic or “insular,” with distributions mainly cen-
tered on the Galdpagos Islands, but with adjacent populations found on the islands of
Cocos (Costa Rica), and Malpelo (Colombia) (McCosker and Rosenblatt 1975, 1984,
2010, Garrison 2005) (Fig. 1). Species also differed in life history traits. We tried to
limit the variability of traits by selecting species that were mainly substrate spawners
and with pelagic larval duration with a relatively narrow range, between a few days
to a few weeks (Table 1). Finally, for intertidal species, we selected species that were
found in the low, middle, and high intertidal areas.

Based on these characteristics, we used a nested sampling design with species dis-
tributions that ranged from endemic, to insular, to Panamic, and with different life
history trait characteristics (Table 1). We selected two species that are widespread in
the Panamic region, the king angelfish, Holacanthus passer Valenciennes, 1846, and
the Panamic sergeant major, Abudefduf troschelii (Gill, 1862); two species with insu-
lar distributions, the Galdpagos ringtail damselfish, Stegastes beebei (Nichols, 1924),
and the yellowtail damselfish, Stegastes arcifrons (Heller and Snodgrass, 1903); and
finally four reef fish species that are Galdpagos endemics, two intertidal species, the
Galapagos foureye blenny, Dialommus fuscus Gilbert, 1891, which lives in the higher
intertidal (Nieder 2001), and the spotbelly blenny, Malacoctenus zonogaster Heller
and Snodgrass, 1903, which lives in the lower intertidal, and two subtidal species,
the Galdpagos bluebanded goby, Lythrypnus gilberti (Heller and Snodgrass, 1903),
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Table 1. Life history traits of species in the present study. Egg type is either benthic for substrate
spawners or pelagic for broadcast spawners. Pelagic larval duration (PLD) is given in days with
its associated reference. Asterisk indicates that pelagic larval duration is unknown for Dialommus
Sfuscus and Holacanthus passer. Values given are for Malacoctenus and Pygoplites, which are the
closest genera to Dialommus and Holacanthus, respectively (Stepien et al. 1993, Alva-Campbell
et al. 2010).

Species Egg type PLD Reference
Endemic
Dialommus fuscus benthic 24.0-25.0% Riginos and Victor 2001
Lepidonectes corallicola benthic 30.0 Present study
Lythrypnus gilberti benthic 50.0 Present study
Malacoctenus zonogaster benthic 25.0 Present study
Insular
Stegastes arcifrons benthic 253 Wellington and Victor 1989
Stegastes beebei benthic 31.2 Wellington and Victor 1989
Panamic
Abudefduf troschelii benthic 18.1 Wellington and Victor 1989
Holacanthus passer pelagic 23.0-26.0* Thresher and Brothers 1985

and the Galdpagos triplefin blenny, Lepidonectes corallicola (Kendall and Radcliffe,
1912). All species are substrate spawners except for H. passer, which broadcasts its
eggs. Pelagic larval duration varied between an average of 18.1 (A. troschelii) to 50
(L. gilberti) d, with all other species being comprised between 23 and 32 d (Table 1).

We gathered samples from locales that covered the geographic distribution of
the species. For widespread species, we obtained samples from Mexico, Costa Rica,
Panama, and the Galdpagos, for insular species, we obtained samples from Cocos
Island and the Galdpagos, and finally for endemic Galdpagos species, we obtained
samples from several islands within the archipelago (Table 2).

One goal of our study was to determine if insularity is related to population struc-
ture and, since we used a comparative approach, alternative hypotheses could be
tested. In general, endemic species of marine organisms are believed to be poor
dispersers, very rarely being able to reach oceanic islands, later diversifying locally
without further contact with the mainland, potentially resulting in characteristic
genetic signatures. Namely, we postulated that endemic species were likely to exhibit
small population sizes and very limited dispersal (preventing connectivity with the
mainland), while widespread species would have the largest populations and disper-
sal potential. Thus, at the genetic level, we predicted that genetic diversity would be
low in endemic species, intermediate in insular species, and high in Panamic species.
Gene flow levels would also be different. Overall, gene flow between populations is
predicted to be low, medium, and high in endemic, insular, and Panamic species,
respectively. In addition, egg type was predicted to play a role, with species with ben-
thic eggs exhibiting less gene flow than species with pelagic eggs, as shown in previ-
ous studies (Riginos et al. 2011). Similarly, species with long pelagic larval durations
are presumed to exhibit higher gene flow levels than species with shorter pelagic lar-
val durations (Treml et al. 2012). Finally, intertidal species that live in the high inter-
tidal are likely to exhibit lower levels of gene flow than species that live in the lower
intertidal. Indeed, species restricted to the high shore may show greater levels of
population structuring, as the potential for dispersal may be more limited compared
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Table 2. Sampling locations and numbers of eight species of marine fishes: Dialommus fuscus,
DFU; Lepidonectes corallicola, LCO; Lythrypnus gilberti, LGl; Malacoctenus zonogaster, MZO;
Stegastes arcifrons, SAR; Stegastes beebei, SBE; Abudefduf troschelii, ATR; Holacanthus passer,
HPA.

Endemic Insular Panamic
Location DFU LCO LGI MZO SAR SBE ATR HPA
Mexico
Los Frailes 15 15
Zihuatanejo 8 7
Costa Rica
Manuel Antonio 15 3
Cocos Island 2 1
Panama
Isla Contadora (Pearl Islands) 15 12
Galapagos Islands
Wolf
Marchena
Santa Cruz 17 7 9 10 7 1
Isabela 1 11 4 8 6 14
Fernandina
Espafiola 2 9 4 6 6
Floreana 15 4 13 10
San Cristobal 13 9 6 10 9
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to organisms that inhabit the mid to low shore (all other things being equal). This is
a function of time spent submerged during tidal cycles, and thus time available for
movement, spawning, and the subsequent broadcasting of propagules, as was shown
empirically in several studies on marine organisms (Huang and Bernardi 2001, Kelly
and Palumbi 2010, von der Heyden et al. 2013).

To test these hypotheses, we used DNA sequences of the hypervariable 5" end
of the mitochondrial control region. Using a combination of population structure,
coalescent approaches, and a new metric to compare haplotype networks (called
Haplotype Network diversity, HNd), we assessed the degree of genetic diversity,
complexity, and population structure in the three groups of fish species. In addition,
we evaluated the level of inter-island genetic diversity in endemic species to deter-
mine if Galdpagos fishes, like their terrestrial counterparts, could be used as a model
for allopatric speciation.

MATERIALS AND METHODS

SELECTION OF SPECIES AND SAMPLING

As mentioned above, we have selected species that display three types of distribu-
tions, endemic to the Galdpagos Islands, insular, and Panamic. Two of those species,
D. fuscus and S. beebei, warrant further discussion regarding our choice of distri-
bution patterns. Dialommus is a blennioid genus of the family Labrisomidae that
includes two species, D. macrocephalus and D. fuscus (McCosker et al. 2003). While
D. macrocephalus (formerly described as Mnierpes macrocephalus) is distributed
along the mainland from Mexico to Colombia (Allen and Robertson 1994), D. fuscus
is known from the Galdpagos Islands and is said to also be from Cocos Island and
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Costa Rica (Grove and Lavenberg 1997). Although it is a common intertidal species,
none have been collected or verified by observation at Cocos Island (G Garrison,
USGS, Florida, in litt.). The Costa Rican record mentioned by Grove and Lavenberg
(1997) citing earlier work (Herald and Herald 1973) is in fact an observation from
a 1932 expedition (Clark 1936), and is certainly a misidentification for Dialommus
macrocephalus (Gunther, 1861) (Bussing and Lopez 2005). So here we consider a
most likely scenario where D. fuscus is a Galdpagos endemic. Stegastes beebei (known
from the Pearl Islands, Panama, and Malpelo, Cocos, and the Galdpagos islands) is
considered by some (Allen and Woods 1980, Allen 1991, Allen and Robertson 1994)
to be a subspecies of S. leucorus, which is known from the lower Gulf of California,
the Revillagigedo, and Guadalupe islands. We consider them to be separate species.
We did, however, include samples of S. leucorus from Guadalupe Island, Mexico, to
substantiate our choice.

Intertidal species D. fuscus and M. zonogaster were collected with hand nets in
tidepools. The remaining subtidal species were collected with hand nets and spear
while free or scuba diving. Sampling locations and numbers are described in Table 2.

ESTIMATES OF PELAGIC LARVAL DURATION

We estimated the duration of the pelagic larval phase for three Galdpagos endem-
ics, L. corallicola, L. gilberti, and M. zonogaster counting daily rings and visualizing
settlement marks following published protocols (Wellington and Victor 1989) (Table
1). Unfortunately no appropriate sample of D. fuscus and H. passer could be obtained
for estimating the pelagic larval duration of these species. In these cases, pelagic
larval duration estimates for their closest relatives, Malacoctenus and Pygoplites, re-
spectively, were used (Stepien et al. 1993, Alva-Campbell et al. 2010).

PCR AND SEQUENCE ANALYSIS

Amplification of the highly variable 5" end of the mitochondrial control region was
accomplished with the universal CR-A (TTC CAC CTC TAA CTC CCA AAG CTA
G) and CR-E (CCT GAA GTA GGA ACC AGA TG) primers (Lee et al. 1995), except
for the two species of Stegastes, where a primer in the position of CR-E was specifi-
cally designed for these species: STDLOOP.H1 CTG GAY AGA YRG CAC GGC ATG
G. Data on size of the amplified fragment for each species and polymorphic sites are
given in Table 2. Each 13 pl PCR reaction contained 10-100 ng of DNA, 10 mM Tris
HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl2, 150 mM of each dN'TP, 2.5 units of Taq
DNA polymerase (Perkin-Elmer, Norwalk, CT), and 0.3 mM of each primer. PCR
amplification was conducted using a profile of 45 s at 94 °C for the denaturation step,
an annealing step of 45 s at temperatures ranging between 46 to 54 °C depending on
the species, and an extension step of 1 min at 72 °C, for 35 cycles. Reactions without
genomic DNA were included in every amplification series to screen for possible
foreign DNA contamination. Once purification following the manufacturer’s
protocol (Applied Biosystems, Foster City, CA), sequencing was performed using the
CR-A primer after having checked a subset of sequences obtained by sequencing in
both directions.

SEQUENCE DIVERSITY AND VARIABILITY

Sequences were trimmed and aligned using the MAFFT routine (Katoh et al.
2002) implemented in Geneious 5.0 (Biomatters). Mitochondrial DNA variability
was estimated by computing haplotype diversity, Hd, and nucleotide diversity i (Nei
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1987) using DNAsp (Librado and Rozas 2009). We used jModeltest 0.1.1 (Posada and
Crandall 1998) to determine the substitution model that best fit the data based on the
corrected Aikake Information Criterion.

HAPLOTYPE NETWORKS

Relationships between intraspecific haplotypes within each species were assessed
using a Minimum Spanning Network (MSN) or Haplotype Network (Excoffier and
Smouse 1994). Haplotype networks based on control region sequences were gener-
ated in R using HaploNet in the A PE package (Paradis et al. 2004) combined with pie
diagrams of haplotype frequencies obtained with APE and Arlequin (Excoffier and
Lischer 2010).

Haplotype Network Diversity.—To easily compare haplotype networks, we devised
a single metric that captured in a simple form the complexity of a given haplotype
network. This method combines a metric for haplotype diversity (Nei 1987) with a
metric of node diversity. This latter metric was obtained similarly to haplotype di-
versity by computing the frequency of each type of node (unique haplotype), ranked
by numbers of branches stemming from it. A terminal node being ranked 1, an in-
termediate node linking two nodes ranked 2, etc... thus each haplotype network was
characterized by:

HNd=Q1-X2fhi*) -nn-1x Q1 - X fni®) - nunu - 1

where HNd is Haplotype Network diversity and the two main terms are haplotype
diversity (Hd) multiplied by node diversity (Nd). Where fhi is the frequency of each
unique haplotype, fui is the frequency of each unique node, # is the number of hap-
lotypes, and nu is the number of nodes (unique haplotypes). This new metric var-
ies between 0 and 1 and allows for simple comparison between different haplotype
networks.

POPULATION STRUCTURE

Population structure was evaluated using an analysis of molecular variance
(AMOVA) (Excoffier et al. 1992), as well as classical fixation indexes (F,, values)
implemented in Arlequin (Excoffier and Lischer 2010) based on pairwise genetic
distances using unweighted transitions and transversions. Deviations from values
expected under the null hypothesis of genetic homogeneity were tested using a non-
parametric permutation approach using 1000 replicates (Excoffier et al. 1992).

For AMOVA analyses, we tested the genetic structure (1) within populations, (2)
between populations within a region, and (3) between regions. We defined regions as
populations belonging to a particular group of islands since different currents, salin-
ity, and temperature regimes occur in these regions. All populations with fewer than
three sampled individuals were removed from the analyses.

HisTORICAL DEMOGRAPHY

Historical demography (population fluctuations based on coalescent models) was
evaluated using the program LAMARC (Kuhner 2006). Population parameters ® =
2 Nu, where p is the mutation rate for mtDNA and g (the exponential growth param-
eter in units of y) were estimated, the parameter ® being estimated with population
growth (parameters are estimated jointly) or with growth kept constant (g = 0). Both
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estimates were obtained by running five replicates, which generated a mean value
and its associated standard deviation. Analysis of each data set was done with 10
short Monte Carlo chains of 4000 steps each and five long chains of 20,000 steps,
with a sampling increment of 20.

Coalescence times were estimated by assuming that coalescence was reached
when the population size was reduced to 1% of its present-day value (Wares and
Cunningham 2001). To estimate coalescence time, we used a mutation rate (x) as y
= substitutions per site per generation obtained for a pairs of Trans-Isthmian gemi-
nate reef fishes of the genus Chromis (Domingues et al. 2005, 2006), thus providing a
window of mutation rates (8.24 x 107 to 9.30 x 107%).

REsuLTS

SEQUENCE CHARACTERISTICS

Samples obtained for the eight species investigated here are described in Table
2, sampling locations are shown on Figure 1. All sequences and their collection
sites were deposited in GenBank with accession numbers KC797689-KC798053.
Mitochondrial control regions were obtained for a total of 358 individuals: sequence
sizes and number of polymorphic sites are given in Table 3. The number of haplo-
types per species varied between 16 and 63 and in general, haplotype diversity was
high, varying between 0.785 for L. gilberti, and 0.998 for M. zonogaster (Table 3).

HAPLOTYPE NETWORKS

Reconstructed haplotype networks are shown on Figure 2. Samples of S. leucorus
from Guadalupe Island, Mexico, grouped together and were separated from insular
samples of S. beebei by 27 unique substitutions, thus being consistent with the idea
that these entities represent two different species and that S. beebei is correctly clas-
sified here as an insular species.

For the present study, we needed to compare the complexity of haplotype networks
among different species. We established a new metric, Haplotype network diversity
(HNd) that can describe the diversity of the topology of the network with a single
number that varies between 0 and 1. The HNd metric seems to properly capture the
complexity of the networks. HNd values varied between 0.367 for S. beebei (exclud-
ing the samples collected at Guadalupe Island, which are assigned to S. leucorus as
noted above), and 0.922 for A. troschelii. Indeed these two networks appeared least
and most complex, respectively. Conversely, HNd values for M. zonogaster (0.898)
and A. troschelii (0.922) were similar, and these two networks were similarly com-
plex. On average, HNd was 0.754 for endemic species, 0.563 for insular species, and
0.843 for Panamic species.

Within the endemic species, there was no obvious trend in HNd values between
intertidal and subtidal species, the two most complex networks were found in one
subtidal and one intertidal species, L. corallicola and M. zonogaster, respectively, and
the two least complex networks were also found in one subtidal species, L. gilberti,
and interestingly in the higher intertidal species D. fuscus. For insular species, two
species in the same genus, Stegastes, displayed haplotype networks with very differ-
ent complexities (HNd 0.367 and 0.766). Finally, the widespread Panamic species
showed complex networks (HNd 0.764 and 0.922).
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Figure 2. Haplotype network for the control region for endemic, insular, and Panamic species
of fish. The size of the circles is proportional to the frequency of each haplotype. Each line rep-
resents one mutational step, unless otherwise shown. A value for Haplotype network diversity
(HNd) is shown next to each network. Each sampling site is labeled with a unique color that is
shown on the left legend for endemic and insular fishes, and within the box for Panamic species.
For the network associated with Stegastes beebei, the white circles correspond to the closely
related species Stegastes leucorus.

POPULATION STRUCTURE

An analysis of molecular variance (AMOVA) was performed on our focal species,
by attempting to group locations within the Galapagos Archipelago for the endemic
and insular species (groups included northern versus southern islands, and eastern
versus western islands) and by grouping Galapagos samples against other Panamic
locales for the Panamic species. In no cases did we find statistically significant group-
ings (F_.. values not significant, not shown).

Population structure at finer scale was evaluated using F, values and the number
of significant pairwise comparisons between populations (Table 3). We found that
F,, values varied between 0 and the highest value of 0.338 for the higher intertidal
endemic species, D. fuscus (Table 3). The number of species with significant pairwise
F,, values was high among the endemics (three out of four species). That number
was not correlated with the number of locales under consideration. Indeed, the two
species with the largest number of locales, S. beebei and H. passer (nine locales each),
both showed no significant pairwise comparisons. In contrast, D. fuscus, which was
collected at the smallest number of locales (five populations) had three pairwise
comparisons that were statistically significant (Table 3).

Lire HiSTORY TRAITS AND ECOLOGICAL CHARACTERISTICS

We did not find a noticeable difference between species with benthic vs pelagic
eggs, or with high vs low pelagic larval durations. This has been seen before in other
systems and has been assigned, among other things, to the strong influence of larval
behavior or the ecology of the adults that may override other traits such as pelagic
larval durations (Selkoe and Toonen 2011, Luiz et al. 2013). As mentioned above, we
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Table 3. Genetic characteristics of fish species investigated in this study based on mitochondrial
hypervariable region (control region). The entire data set was used to generate these data. Columns
represent sample numbers (), length of DNA sequences (Seq.), number of polymorphic sites
(pol.), number of haplotypes (nH), nucleotide diversity (), haplotype diversity (Hd), node
diversity (Nd), Haplotype Network diversity (HNd). Samples labelled Stegastes beebei do not
include samples collected at Guadalupe Island, which are here assigned to the species S. leucorus.

Species n Seq. pol. nH T Hd Nd HNd
Endemic
Dialommus fuscus 48 338 39 37 0.022 0928 0.821 0.761
Lepidonectes corallicola 40 298 57 38 0.025 0997 0.871 0.869
Lythrypnus gilberti 36 599 28 22 0.072 0.849 0.622 0.528

Malacoctenus zonogaster 44 409 70 43 0.049 0998 0.900 0.898
Insular

Stegastes arcifrons 39 388 22 27 0.008 0947 0.809 0.766

Stegastes beebei 37 376 24 16 0.023 0.831 0.442 0.367
Panamic

Abudefduf troschelii 67 539 105 63 0.032 0.997 0.925 0.922

Holacanthus passer 40 522 62 31 0.026 0977 0.782 0.764

could not find a direct relationship between habitat type (intertidal/subtidal) and
population structure. However, D. fuscus, which is found in the highest intertidal
areas, did show the highest levels of F.

INFERENCE OF POPULATION HISTORY

Relative population sizes (estimates of theta, ®) and population growth are pro-
vided in Table 4. No clear trend was observed between the three groups of fishes.
The two Stegastes species and the endemic goby, Lythrypnus showed high values of
growth (898.9, 925.2, and 2308.2, respectively), suggesting a recent population ex-
pansion. Coalescence times were used to estimate the relative age of the populations
(Crandall et al. 2012). Here again there was no clear trend that would separate the
different groups of species, yet a high value singled out the high intertidal endemic
D. fuscus (533,000 to 603,000 yrs).

DiscussioN

The impetus of this work was to test predictions of population structure in en-
demic, insular, and Panamic species of fish in the tropical eastern Pacific and the
Galédpagos Archipelago. We predicted that endemic species would exhibit low levels
of population size, genetic diversity, and dispersal, and strong population structure.
In contrast, widespread species would show high genetic diversity, large popula-
tion size and high dispersal, resulting in weak population structure. Insular spe-
cies have an intermediate type of distribution, being present both in the Galapagos
Archipelago and the adjacent islands. Thus, we predicted an intermediate genetic
pattern. We also wanted to determine if key life history traits may alter or confound
these results. Besides the case of a strong signature of population structure in D.
fuscus, which is a species that lives in the highest intertidal zone and spends a signifi-
cant amount of time out of the water, we did not find obvious relationships between
population structure and life history traits.
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Table 4. Demographic parameters of Galapagos fishes based on mtDNA control region. Number
of sampled locales (populations, 1), average @ and number of statistically significant pairwise
@, values are provided in the first three columns. Only locales with more than 3 individuals were
used. Estimates of theta (0; compound parameter representing the effective population size and
mutation rate) when growth is constant, and variable are given in the next two columns, g (growth
parameter), and coalescence time (in thousands of years) based on mitochondrial control region
data and in the last two columns. The standard deviation is presented between parentheses after
each estimator when applicable.

Average Significant Coalescence

Species n D, O, 6c (SD) 6v (SD) g (SD) time (in ky)
Endemic

Dialommus fuscus 3 0.173 3 0.079 (0.004) 0.125(0.020)  92.8(19.7) 533.6-602.2

Lepidonectes corallicola 5 0.036 4 0.245 (0.014) 6.899 (5.075) 379.2(62.0) 130.6-147.3

Lythrypnus gilberti 5 0.000 2 0.019 (0.002) 0.254 (0.096) 2,308.2 (184.1) 21.4-24.2

Malacoctenus zonogaster 5 0.000 0 0.289 (0.023) 2.289 (0.462) 255.2(45.4) 194.0-218.9
Insular

Stegastes arcifrons 5 0.011 0 0.037 (0.002) 0.346 (0.096) 898.9 (188.7) 55.1-62.2

Stegastes beebei 6 0.006 0 0.023 (0.001) 0.171(0.138) 925.2(376.9) 53.5-60.4
Panamic

Abudefduf troschelii 5 0.018 3 0.206 (0.007) 0.520 (0.063) 172.4(19.5) 287.2-324.2

Holacanthus passer 7 0.000 0 0.057 (0.002) 0.080 (0.004) 103.8(6.9) 477.0-538.4

As a word of caution, this study had a number of potential biases. There was a
taxonomic bias, because all endemic species were blennioids or gobies, which are po-
tentially more prone to population structure (Riginos and Victor 2001), as opposed
to the remaining species that were predominantly damselfishes. Another potential
bias was that our study was based on limited sample sizes and on a single molecular
marker. Due to its remoteness and protected status, the Galdpagos Archipelago is
still a place where sampling remains complicated and logistic issues prevented us
from further sampling. We hope that the results highlighted in this study will be
used as a starting point for additional investigations. The use of a single mitochon-
drial marker is often criticized (Rubinoff et al. 2006); however, recent studies have
shown that their use provide unique insights that are not always improved by the use
of multiple loci (Drew and Barber 2012, Karl et al. 2012). In particular, the mitochon-
drial control region has been shown to have mutation rates that provide resolution
across the spatial and temporal scales that are described in our study (Bernardi et al.
2003, Bernardi and Lape 2005, Drew and Barber 2012).

POPULATION STRUCTURE AT LARGE GEOGRAPHIC SCALES

Population structure was found to be weak in insular and Panamic species, indi-
cating substantial levels of connectivity between populations. A number of factors
are implicated in explaining these results, including the dispersal capability of the
target species, and the current regimes of the region. In addition, while the hetero-
geneity of shallow habitats seem propitious to physical separation, thus creating al-
lopatric populations (Hastings 2000), the recent discovery of deep reefs and their
associated kelp forests (Graham et al. 2007, Santelices 2007), may represent a more
uniform deeper habitat that allow species to migrate within the region using these
reefs as stepping stones (Poortvliet et al. 2013).
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POPULATION STRUCTURE AND ENDEMISM

The comparative method used in the present study sheds light on some specific
predictions that correlate endemism and genetic signatures. We did not find a clear
gradient of population size and population structure when using Panamic, insular,
and Galdpagos endemic reef fish species, however, some important patterns emerged
from our study. The highest number of statistically significant population pairwise
F,, comparisons was found in endemic species. In addition, coalescent approaches
show that the demographic history is complex and displays high variability among
different species. These results are the likely consequences of the high variability
of the marine environment of the Galdpagos Archipelago. In the Galdpagos, major
oceanographic zones have been identified, dividing the Archipelago into 5 ecological
zones, with tropical regions in the north, and areas subjected to seasonal upwell-
ings in the west (Glynn and Wellington 1983). Yet, significant temperature changes
within these zones do occur both seasonally (summer and winter seasons) and at
larger scales (EI Nino—La Nina Southern Oscillatory events, ENSOs), influencing the
local distribution of fishes (Grove 1984, McCosker 1987). These changes, in turn, are
a likely source of vast contractions and expansions of fish populations, as exemplified
in an extreme example by the extinction of the endemic Galapagos damsel, Azurina
eupalama Heller and Snodgrass 1903, which apparently disappeared after the 1982—
1983 ENSO event (Grove and Lavenberg 1997, McCosker and Rosenblatt 2010).

POPULATION STRUCTURE WITHIN THE GALAPAGOS ARCHIPELAGO

Endemic species have traditionally been seen as poor dispersers, being “stuck” on
oceanic islands after a rare chance event that allowed them to colonize such dis-
tant islands (Eble et al. 2009). The poor dispersal ability is predicted to also result
in low levels of population structure, and this is indeed what we observe with our
data. Three out of four endemic species show significant population pairwise F,
and the Galapagos four-eyed blenny, D. fuscus, which lives in the uppermost inter-
tidal areas, shows the highest values of F . The Galdpagos Islands are famous for
harboring distinct populations of giant tortoises, mockingbirds, finches, and land
and marine iguanas on different islands. While the results presented here do not yet
show such striking patterns, the southern islands of Espanola and Floreana and the
remaining islands showed evidence of population structure in three endemic spe-
cies. Additional samples and molecular markers will be needed to determine if this
pattern holds.
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