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Table 1. Sample locations, their physical characteristics, and estimates of genetic diversity in populations of Mastigias medusae

Habitat type Shortest Nucleotide
Physical Coral in Area, distance Sample No. of Haplotype diversity,

Site* structure lake? Depth, m m2-103 overland, m*  size, n haplotypes diversity, h 710 3
Lake

NLK Meromictic N 38 43 210 14 3 0.47 0.14 1.03 1.04

GLK Meromictic N 15 21 110 15 1 0.00 0.00 0.00 0.00

oLo Holomictic N 4 9 150 15 1 0.00 0.00 0.00 0.00

CLM Meromictic N 30 39 260 12 2 0.53 0.08 1.08 1.08

OT™M Meromictic N 30 50 150 14 1 0.00 0.00 0.00 0.00

TLM* Stratified Y 60 470 75 8 2 0.57 0.10 1.16  1.19
Coves and lagoon

NCK Holomictic Y 9 1 0 12 4 0.71 0.1 227 1.79

RCA Holomictic Y 20 2 0 14 5 0.70 0.10 3.55 247

Lagoon$ Holomictic Y 4to 60 103 0 18 4 0.60 0.11 2.19 1.69

*The island or region of Palau in which each site lies is given in parentheses: NLK (Uet era Ngermeuangel or *’Big Jellyfish Lake’ Koror), GLK (Goby Lake, Koror),
OLO (Uet era Ongael, Ongael), CLM (Clearwater Lake, Mecherchar), OTM (Ongeim’l Tketau, Mecherchar), TLM (Tketau Lake, Mecherchar), NCK (Ngermeuangel
or “Big Jellyfish"" Cove, Koror), RCA (Risong Cove, Auluptagel).

TPresent-day distance from ““mainland’ lagoon to “island”’ marine lake. Present-day distance is correlated (Pearson’sr  0.91, P 0.032) with shortest distance
from the center of each lake basin to the edge of the nearest reef face, which approximates the shortest overland distance 10,000 years ago when sea level was

25to 30m (n 5, excluding OLO, which is only 4 m deep).

*TLM’s physical structure is intermediate between “holomictic’” and “meromictic”’; vertical stratification varies in strength, resulting in the formation of highly

turbid, presumably dysoxic, waters as shallow as 30 m (unpublished data) or limited mixing and oxygenation to 50 m (20).

SMalakal (n  7), Ngerchaol Cove (n  4), Tab Kukau Cove (n

gating densely in the east during late afternoon. In Uet era
Ngermeuangel (NLK), one of the oldest lakes, Mastigiasmigrate
weakly both eastward and westward during both morning and
afternoon and, comparatively, are quite evenly distributed. In
contrast, in Ongeim’l Tketau (OTM), which is of intermediate
age, up to 24 million medusae migrate 0.5 km eastward each
morning, accumulating at the east end of the lake around noon
at average densities of 600 m 2 before they turn to migrate
westward in the afternoon (21-22). The distinct behaviors and
morphologies of lake medusae indicate isolation, in situ evolu-
tion, and local adaptation during the Holocene. Here, we use
molecular analyses to assess population structure and to provide
a framework for interpreting evolutionary history in Mastigiasin
Palau.

Materials and Methods

Molecular Analyses. A total of 122 medusae were collected from
12 locations (Table 1), each location being sampled usually on
two occasions between 1996 and 2001. Cytochrome c oxidase
subunit I (COI) was amplified with primers LCOjf (5 -
ggtcaacaaatcataaagatattggaac) and MpHCO (5 -caaaatagatgct-
gatacaaaatagg) and sequenced at the University of New South
Wales’ Ramaciotti Centre. All electropherograms and sequences
were checked and aligned by eye, ambiguous positions removed
(leaving 500 nucleotides per sequence), then analyzed by using
unweighted maximum parsimony in PAUP*4.0B10 (24) and pair-
wise sequence difference in ARLEQUIN 2.0 (25). The proportion
of unique haplotypes (number of unique haplotypes/sample
size) was chosen as the measure of diversity because it best
represents the number of successful colonizations and makes
some accommodation for small variations in sample sizes among
sites. The proportion of unique haplotypes was correlated with
haplotype diversity and nucleotide diversity (Pearson’sr  0.877
to 0.939, P = 0.002, uncorrected for three tests), so this choice
did not influence the overall interpretation.

To provide some theoretical context for our study, we com-
pare patterns of genetic diversity in Mastigiaswith the predicted
genetic consequences of evolution on islands (26). Although
heterodox, the comparison is valuable because the physical and
biological setting of marine lakes (20, 27) fits the conceptual
model of terrestrial islands (26) in four key respects. Dispersal
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4), and Mecherchar (n  3).

occurs from the ocean (mainland) to the lakes (islands). Dis-
persal rate is approximately constant over time, being a function
of sea level rise from 12,000-5,000 years ago and tidal ex-
change. Mutation rate is constant, in this case zero, over the
period considered. The molecular marker COIl is neutral or
nearly neutral, as indicated by 10 of 13 parsimony informative
positions being third position synonymous changes. Finally,
there is no evidence that marine lakes deviate from other
assumptions of terrestrial island theory, for example, that ex-
tinction rate is constant through time (26), except where noted
in Results and Discussio®mall deviations from the assumptions
are inconsequential (26).

Morphological Analyses. Forty morphological features were mea-
sured on 64 medusae 100 mm in bell diameter: 10 per lake [except
Tketau Lake (TLM)] and 14 from several lagoon locations (see ref.
23 for detailed methods). Features were normalized on a 01 scale
and downweighted if correlated during multidimensional scaling
and plotting in two dimensions (x and y) by spss 10 for Mac (23).
Morphological distance (d) between a pair of medusae was calcu-
lated as d (. %> 1 y2]»). Morphological disparity was
calculated for each lake (and lagoon) medusa as the mean of all of
its pairwise morphological distances from every (other) lagoon
medusa.

Results and Discussion

Geographic variation in COI shows greater diversity in lagoon
populations than lake populations, consistent with an ancestral
lagoonal range of Mastigiasand founder effects at, or bottlenecks
after, colonization of marine lake habitats (Fig. 1A and Table 1).
Lagoon populations are genetically more similar to each other
than are either (i) lagoon and lake populations excepting TLM
or (ii) lake populations to each other (Fig. 1B and Table 2), a
pattern that is consistent with independent colonization of each
marine lake from the ancestral lagoonal population. Population
differentiation between the lagoon populations and TLM (st

0.2320, SD 0.1243, range 0.0981-0.3436) was comparable with
differentiation among lagoon populations (mean ¢st 0.2962, SD
0.1319, range 0.1761-0.4374), mirroring their similar morphol-
ogies (23) and consistent with shared ecosystem characteristics
(Table 1). Thus, TLM is apparently well connected with the
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Fig. 1. The geography of Palau and genetic diversity in Mastigias . (A Upper Left Inset ) Palau lies between 6°53 N 134°08 E and 8° 12 N 134°44 Ein the
western equatorial North Pacific. (Center) Karst islands with high relief (black) surrounded by the lagoon and harboring semienclosed coves and land-locked
marine lakes (boxes). Modern barrier and fringing reefs and the large igneous island in the northeast are shown in gray. Mastigias COI haplotype networks are
shown for six cove or lagoon sites (center) and six marine lake populations (Left Lower, Right Upper , and Right Lower ); the area of each circle is proportional
to haplotype frequency; small crossbars show haplotypes that were not sampled in Malakal or Risong Cove (RCA) but were present in other populations in Palau
(B). Table 1 describes each location and sample sizes. (B) COIl haplotype network for 122 Mastigias medusae. Each circle represents a distinct haplotype; small
empty squares are unsampled inferred haplotypes. Haplotypes are color coded as in A. In addition, marine lake haplotypes are labeled, whereas cove or lagoon
haplotypes are unlabeled. In both A and B, each branch indicates one nucleotide difference, each haplotype is identified by a number, and the colors of circles
and segments indicate the geographic origins of haplotypes. The area of each circle, or portion thereof, is proportional to the frequency of the haplotype (largest
to smallest: 23, 21, 16, 15, 10, 8, 7, 6, 5, 3, and 1).

lagoon (or only very recently disconnected) in contrast to all  during the Holocene (Fig. 1B), there isan 1-in-13 chance two

other lake populations, which are isolated from TLM (mean ¢st
0.8762, SD 0.0458, range 0.8097-0.9214), from the lagoon (mean
¢st 0.7439, SD 0.1279, range 0.3577-0.8693), and from each
other (mean ¢st 0.9610, SD 0.0287, range 0.9247-1.000; Table
2). No marine lake shares a single COI haplotype with any other
lake, consistent with independent, chance colonization of lakes
by haplotypes from the lagoon. As a rule of thumb, if 14
haplotypes occurred with a similar frequency in the Palau lagoon

lakes would contain the same haplotype; the probability that
common haplotypes (e.g., those sampled by OTM and TLM) are
shared is higher, but this effect is offset by the fact that haplotype
compliments and frequencies have changed with time. Conse-
quently, genetic dissimilarity was not significantly related to the
three metrics used to distinguish habitat type: circumscription by
land (i.e., the definition of a lake), physical structure of the water
column, or the presence vs. absence of a coral reef community

Table 2. Estimates of population isolation (¢st) in Palau Mastigias

Lagoon and cove populations Lake populations

Body of water type Site Lagoon NCK RCA TLM oLO GLK OT™M CLM
Lagoon and coves NCK 0.176

RCA 0.275 0.437
Lakes TLM 0.098ns 0.344 0.255

oLO 0.822 0.869 0.735 0.921

GLK 0.746 0.822 0.620 0.866 1.000

OoT™M 0.789 0.865 0.358 0.918 1.000 1.000

CLM 0.816 0.846 0.692 0.866 0.958 0.948 0.930

NLK 0.717 0.746 0.717 0.810 0.954 0.943 0.952 0.925

All values except one (ns) were statistically different from zero [based on 5,040 permutations in ArLEQUIN 2.0 (25)] after Bonferroni
adjustment for 36 tests. NCK, Ngermeuangel Cove; RCA, Risong Cove; TLM, Tketau Lake; OLO, Uet era Ongael; GLK, Goby Lake; OTM,
Ongeim’l Tketau; CLM, Clearwater Lake; NLK, Uet era Ngermeuangel.
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Table 3. Mitochondrial genetic variation (COI) in Mastigias is not
related to habitat type or geographic proximity of populations

% variation

Populations Individuals
within within

AMOVA "group’ model* Groups’ groups populations
Lake vs. lagoon 3.61% 84.065 19.558
Meromictic vs. stratified 16.291 95.915 20.385

vs. holomictic

Coral vs. no coral 1.34l 79.565 19.118
By island of occurrence 7.58" 73.39% 19.028

*Populations were grouped according to habitat type or geographic location
(Table 1) to test four alternative hypotheses concerning the geographic
distribution of genetic variation by using Analysis of Molecular Variance
(AMOVA) in ARLEQUIN 2.0 (25).

TNegative values indicate some medusae are genetically less similar to medu-
sae within their own group than to medusae in the other group(s).

P 0.62.

8P 0.00001; significance test based on 1,023 permutations of the datamatrix.

TP 0.38.

P 0.87.

**p - 0.31.

[analysis of molecular variance (AMOVA) P = 0.38, Table 3).
Genetic similarity was also unrelated to the geographic proxim-
ity of populations to each other (Mantel’sr  0.061, P 0.283;
AMOVA P 0.31, Table 3), refuting a hypothesis of isolation
by distance. However, genetic distance of marine lake popula-
tions from lagoon populations was highly correlated with the
degree of geographic isolation as measured by modern [or
estimated early Holocene (Table 1)] shortest overland distance
from lagoon to lake (R?> 0.858, F14 24.072, P 0.008; Fig.
2A), indicating that colonization routes into lakes constitute
more formidable dispersal filters than pathways between lagoon
locations and that the intensity of the filter scales with distance.
Genetic distance was not correlated with depth, i.e., time since
isolation (linear regression: F; 4  2.061, P = 0.224, including or
excluding TLM), consistent with the low (but nonzero) proba-
bility of observing a mutation in COI during the 10,000-year
time scale considered here, assuming the benchmark 1% diver-
gence per 10° years (16). Thus, the patterns of geographic
variation in COI reported here most parsimoniously result from
the random redistribution (i.e., dispersal) of genetic diversity
that existed in the lagoon during the formation of each lake. Not
all lake haplotypes were observed in the lagoon, indicating that
some are rare in the lagoon, or they are no longer in Palau,
having been advected away or extirpated. Genetic diversity was
positively correlated with habitat area (Spearman’s rank corre-
lationr 0.975, P  0.005), although neither a power-curve nor
linear relationship fitted well with the quantitative data (P =
0.094, Fig. 2B). Thus, patterns of genetic variation among these
peripatric populations of Mastigiasin Palau are generally con-
sistent with predictions for taxa evolving in isolation on periph-
eral islands (Fig. 2; ref. 26).

Morphological data allow these hypotheses to be tested from
another perspective, assuming morphology provides a proxy for
underlying nuclear genetic variation and molecular evolution
(29-30). In contrast to molecular diversity, morphological di-
versity was unrelated to habitat area (linear regression: R?
0.0454, Fy3 0.1426, P 0.731; linear regression on log-
transformed data: R? 0.118, Fi3 0.403, P 0.571) and
morphological divergence was not correlated with shortest over-
land distance from the lagoon (R?>  0.0274, F;3  0.0845, P
0.7902). Morphological divergence was influenced by time since
isolation, although an hypothesized linear relationship between
morphological divergence and lake depth, a proxy for time, was
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Fig. 2. Relationships between geographic isolation, habitat area, and ge-
netics of Mastigias populations. (A) Genetic distances between marine lake
and lagoon populations of Mastigias medusae are positively correlated with
the shortest geographic distances from the lakes to the lagoon. Regression of
mean pairwise sequence difference corrected for intrapopulation variation (y)
against logjo-transformed shortest geographic distance (x) of lake popula-
tions from the lagoon givesy  2.332log1o[x] -9.436 (SEonm  0.4752, ¢
2.380), R? 0.858, Fi4 24.072, P 0.008. Linear regression by using
untransformed geographic distances produced a weaker but still significant
fit,y 0.015x-0.177 (SEonm  0.004,c 0.642), R? 0.797,F14 15.741,
P 0.017. (B) Genetic diversity (#/n) of Mastigias populations is positively
correlated with habitat area (Spearman’s Rank correlation r  0.975, P
0.005, excluding OTM, which was decimated by the 1998 La Nifa; ref. 28).
Including OTM, r  0.812, P 0.050. Diversity in the lagoon (mean  SE, n
3) is shown for comparison but was not used to calculate correlation coeffi-
cients. Linear regression of genetic diversity on habitat area (m?) for the five
lake populations excluding OTM givesy  (2.944 10 7)x 0.119(SEonm
0.000, ¢ 0.037), R 0.482, F13 2.791, P 0.193. Linear regression of
logioldiversity] on logig[area] for the five lake populations excluding OTM
givesy 0.352x 2.513(SEonm 0.145,c 0.679),R*> 0.662,F;3 5.880,
P 0.094. (Insets) Expectations given genetic and phylogenetic consequences
of island biogeography. (B Inset) Plotted on continuous linear axes (26).

marginally nonsignificant (y 0.043x 1.119[SEonm 0.015,
¢ 0.389],R? 0.739,F;3 8.473,P 0.062), suggesting time
since isolation is not the only factor that has influenced the
degree of morphological evolution. Indeed, the evidently rapid,
obviously parallel, evolution of morphology is strong evidence of
directional selection and adaptive radiation, in this case char-
acterized by vestigialization (Fig. 3), attributable to the marine
lake environment.

Behavior also shows evolutionary radiation in response to
novel selection pressures in marine lakes. The ancestral diel
horizontal migration still evident in lagoon populations and
GLK maximizes exposure of photosymbionts to sunlight. In
contrast, the migration by medusae in OTM does not maximize
incident sunlight, but minimizes exposure to otherwise intense
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Fig. 3. Rapid parallel morphological evolution of Mastigias medusae in

marine lakes during the Holocene. (A) Typical morphologies of the ancestral
lagoonal form in Ngermeuangel Cove (NCK) (Top Left) and derived marine
lake morphotypes in Uet era Ongael (OLO) (Top Right), in Goby Lake (GLK)
(Middle Left ), Clearwater Lake (CLM) (Middle Right ), Ongeim’l Tketau (OTM)
(Bottom Left ), and Uet era Ngermeuangel (NLK) (Bottom Right ). Medusae
shown are 15cm bell diameter except NCK ( 20 cm) and OLO and NLK ( 10
cm). (B) Morphological disparity of medusae from the average lagoonal
morphotype (y  0) has changed unidirectionally, generally reflecting vesti-
gialization, in marine lake populations. Horizontal bars show mean for each
population.

predation by endemic benthic medusivorous anemones, Entac-
maea medusivora(22). The diffuse migration by Mastigiasin
NLK (22) possibly reflects reduced dependence on autotrophic
nutrition and physiological divergence of lake from lagoon
medusae (31).

These behavioral, genetic, morphologic, and physiological
changes in Mastigiasevince incipient speciation (32). Concom-
itantly, previously uncharacterized endemic species of tunicate
(Styela complexg sea cucumbers (Synaptula spiniferaand Ho-
lothuria cavang, crab (Orcovita saltatriy, and fishes (Cristatogo-
bius sp., Parioglossussp., and Antherinomorussp.) have been
found in a marine lake in Berau, Indonesia (33). Although some
may represent simply the first record of new species yet to be
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found elsewhere, Styela complexé& thought to have speciated in
situfrom the widely distributed S. canopug34). Such patterns of
endemism and evolution, at subspecies (32) and species (34)
levels, in marine lake taxa are highly reminiscent of patterns of
endemism and evolution in species isolated on terrestrial islands
and in freshwater lakes (35). The rapidity of evolution rivals that
seen in limnetic fishes such as the three-spine stickleback, whose
marine ancestors colonized freshwater lakes formed after the
last glacial maximum (36), and the east African rift lake cichlids
(ref. 37, but see ref. 38).

Thus, even though, compared with their terrestrial counter-
parts, marine species generally are relatively few (4) and wide-
spread (1, 2), small peripheral populations such as those in
marine lakes have considerable evolutionary potential. This
potential is not a unique property of marine lake populations;
conditions favorable to founder speciation are common in
marine systems (39) and archipelagic-level endemism is well
documented in fishes (40). Relatively short-term (millennial-
scale; ref. 41) geographic isolation over very short distances (23
km; ref. 42) can be an important source of marine biodiversity,
diversity that subsequently may be maintained by physical and
biological (3, 14, 43) factors inhibiting gene flow. Thus, marine
lakes may be valuable modern analogues, or natural laboratories
(27), for studying the early stages of evolution in bathymetrically
complex regions, such as the Indo-West Pacific and Caribbean
centers and sources of marine biodiversity (11, 44). Although this
analogy implies that it is the increased isolation of ocean basins
from each other, rather than their reduction in size, during low
stands that is most important, it does not mean that separation
should be equated with “dumbbell’” vicariance because shoaling
seas could conceivably divide species ranges unevenly. It also
does not mean that each ocean basin should be viewed as an
homogeneous unit, because even widespread species with high
dispersal ability may experience differential selection across
their range (45), and coastal organisms in particular inhabit only
a small and highly heterogenous fraction of any ocean basin.
Marine lake taxa may also have modern counterparts in extra-
limital populations, introduced populations, disjunct species,
species with very small ranges (e.g., island endemics, edge-effect
species), and the biotas of inland seas.

Geographic isolation, however, may result in a wide range of
rates of evolution and speciation (46). The phenotypic diver-
gence of Mastigiassubspecies in marine lakes during the Holo-
cene contrasts starkly with the relative morphological conser-
vatism of allopatric subspecies of Catostylus mosaicushabiting
coastal estuaries and bays north or west of Cape Howe, Australia,
despite genetic divergence 1.4 million years ago (16). Of 15
morphological features measured in both species, eight differed
significantly between subspecies of Mastigiaglagoon (n 14) cf.
NLK (n  10), t test P = 0.014; ref. 23], but only four differed
significantly between subspecies of C. mosaicus(P = 0.01, 5 =
ny = 7, 13 = n, = 16; ref. 47) despite a 100-fold difference in
divergence times. In this context, the creeping pace of morpho-
logical evolution in Catostylussubspecies in similar coastal
habitats, and the predominant homoplasious pattern of parallel
morphological evolution in Mastigiassubspecies that indepen-
dently invaded novel marine lakes, provide two different exam-
ples of why traditional morphological approaches have often
failed to distinguish marine taxa and why molecular genetic
analyses of marine invertebrates, including gelatinous zooplank-
ton, are now increasingly revealing very large numbers of cryptic
species (48-50) and even cryptic higher taxa (51). Evolution in
the seas is clearly complex, but selection for particular pheno-
types may be very strong; “rampant homoplasy” (52) suggests
there may be relatively few successful solutions to life in an
environment as simple and transparent as the sea (53).

PNAS | June 28,2005 | vol.102 | no.26 | 9239

EVOLUTION



Lo L

P

2N

Summary of Major Conclusions

Marine populations are, relative to terrestrial and freshwater
populations, typically well connected (1, 2), but cases of low
connectivity are not uncommon (13, 14, 39, 42). Occasional
distant dispersal, for example, provides opportunities for diver-
gence in peripheral marine environments (39, 54-56). Glacially
lowered sea levels predominated throughout the Pleistocene
with multiple episodes 100 m below present that greatly
increased geographic isolation of marine taxa for 10,000—
15,000 years (18, 57), the time scale of evolution in Mastigias
reported here, contributing to pulses of intraspecific differenti-
ation (12-14, 16) and speciation (15, 17). However, isolating
mechanisms and the early stages of speciation in marine taxa
remain generally unclear, so well documented examples of any
mode of evolution are valuable. Populations isolated in marine
lakes provide an extraordinary opportunity to study peripatric
evolution in marine taxa, including soft-bodied organisms (e.g.,
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