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Coming out of the starting blocks: extended
lag time rearranges genetic diversity in

introduced marine fishes of Hawai‘i

Michelle R. Gaither*, Robert J. Toonen and Brian W. Bowen

Hawai‘t Institute of Marine Biology, University of Hawai i at Manoa, PO Box 1346, Kane ‘ohe,
HI 96744, USA

Biological invasions with known histories are rare, especially in the sea, and empirical studies of the gen-
etic consequences are even rarer. Fifty-five years ago, the state of Hawai‘i began a remarkable, if
unintentional, ‘experiment’ with the introduction of three reef fishes, Lutjanus fulvus, Cephalopholis
argus and Lutjanus kasmira. All have since expanded from the initial introduction of 2204 to 3163 indi-
viduals; however, historical records show that initially L. fulvus remained scarce, C. argus had modest
population expansion and L. kasmira experienced rapid population growth. The consequences of differ-
ential population growth rates are apparent in F-statistics: Hawaiian L. fulvus demonstrate strong
and significant haplotype frequency shifts from the founder location (Fst = 0.449), C. argus shows low
but significant differentiation (Fst = 0.066) and L. kasmira is nearly identical to the founder location
(Fst = 0.008). All three species had higher mtDNA diversity in the introduced range, which can be
explained by multiple sources for L. fulvus and L. kasmira, but not for C. argus. We conclude that lag
time before population expansion, in conjunction with genetic drift, has defined the genetic architecture
of these three species in the introduced range.
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1. INTRODUCTION

The dramatic decrease in effective population size (N.)
that accompanies founder events is expected to lead to
decreased genetic diversity [1,2], and perhaps inbreeding
depression and reduced evolutionary potential [3]. Gen-
etic drift, which purges genetic diversity, exerts its
greatest effects on founder populations during the early
stages when population sizes are small [4]. Temporal
and spatial delays in proliferation following a founder
event, known as lag periods [5], can have substantial
effects on genetic architecture [6] and have been attribu-
ted to: (i) Allee effects where low population densities
result in decreased reproductive success [7—10], (ii)
evolutionary factors, such as the time required for
recombination and adaptation to novel environments
[11,12], and (iii) ecological limitations such as the
absence of facilitative mutualists [13].

Loss of genetic diversity following an introduction is not
an inevitable outcome ([14—17], reviewed in [2]). High
genetic diversity in the introduced range can be maintained
if propagule pressure (density at the introduction site) is
high or multiple introduction events take place [18,19].
In some cases, the introduction of individuals from geneti-
cally divergent populations can lead to higher genetic
diversity in the introduced range compared with any
single natural population [20-22]. Rapid population
expansion early in an introduction decreases the likelihood
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of reduced diversity by genetic drift [2]. However, rarely
are the details of introduction events known, so while
there is a theoretical understanding of the impacts of
propagule pressure, rate of population expansion and
genetic drift on the genetic diversity of introduced
populations, empirical data are scarce. Consequently,
intentional and well-documented introductions are
invaluable case studies for evaluating the effects of founder
population size and the impact of lag periods and
stochastic lineage sorting on patterns of genetic diversity.
Half a century ago, the Hawai‘i Division of Fish and
Game (HDFG, now Hawaii Division of Aquatic
Resources (DAR); http:/hawaii.gov/dInr/dar/index.html)
undertook an ambitious fishery-enhancement programme
by introducing 12 species of snappers and groupers to
the Hawaiian Islands [23-25]. Three became established:
the blacktail snapper, Lugjanus fulvus, the peacock hind,
Cephalopholis argus, and the bluestriped snapper, Lutjanus
kasmira. The introductions occurred in several events
between 1955 and 1961 (see the electronic supplementary
material, table S1, HDFG records: DAR, Honolulu, HI,
USA). Within 15 years, all three species had been recorded
throughout the main Hawaiian Islands (MHI, figure 1):
successes that may have been fostered by ecological release
from competitors and parasites [26—28] in the depauperate
Hawaiian reef ecosystems. However, HDFG records indi-
cate that population densities of L. fulous remained low
following introduction, C. argus was more common, while
L. kasmira proliferated rapidly, reaching Midway Atoll in
the far northwest of the archipelago (greater than
2100 km from the introduction point) by 1992 [23]. Com-
bining genetic analyses with HDFG records shows that the
rapid colonization of the archipelago by L. kasmira was

This journal is © 2012 The Royal Society
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Figure 1. Map of the Hawaiian archipelago showing sample locations and the introduced range of L. fulvus (blue bar), C. argus
(green bar) and L. kasmira (black bar). Black stars indicate sites of introduction (see electronic supplementary material, table

S1 for details). Photo credit: Keoki and Yuko Stender.

accompanied by maintenance of high levels of genetic
diversity, indicating large numbers of colonists at every
island along the way [29]. In contrast to the highly success-
ful L. kasmira, C. argus has spread only halfway up the
archipelago to French Frigate Shoals (FFS), with a total
range of approximately 1200 km, while L. fulous has
remained restricted to the MHI, with a total range of
approximately 600 km (figure 1) [24,30]. While the intro-
ductions were well intentioned, these species have not
become popular food fishes in Hawai‘l and are now largely
viewed as a threat to native Hawaiian fauna.

The well-documented introduction of L. fulvus,
C. argus and L. kasmira to the Hawaiian Islands in
roughly equal numbers (see the electronic supplementary
material, table S1) provides a rare opportunity to directly
evaluate the impact of lag period on genetic diversity and
invader success. Here we combine historical records with
mitochondrial cytochrome b (cyt b) sequence data from
L. fulvus, C. argus and L. kasmira to investigate their
introduction to the Hawaiian Islands and to ask the
following questions: (i) Is there evidence of a loss of gen-
etic diversity at the introduction site or at more distant
Hawaiian islands, as expected under a stepping-stone
series of colonizations? (ii) Did the differing rates of
population growth impact genetic diversity? (iii) Can the
differential spread of these three species in Hawai‘i be
explained by differences in patterns of genetic diversity;
or (iv) Are other proximate causes responsible for the
differential success of these three species? Here we capita-
lize on these well-documented introductions to Hawai‘i to
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examine the impact of lag period on genetic architecture in
a comparative framework.

2. MATERIAL AND METHODS

(a) Historical records

In 1955, the Territory of Hawai‘i instigated Project no. F-5-R
“The introduction of marine game fishes from areas in the
Pacific’ to introduce desirable shallow-water game and food
fishes from the tropical and subtropical Pacific. Progress
reports were filed and included surveys of native habitats
for suitable species, details of the introductions, underwater
observations of introduced species by Fish and Game officers
and sightings reported by local fishermen. While quantitative
fish counts are not included in these reports, fish sightings
and in most cases the numbers of fishes were recorded. Suc-
cessive sightings on a new island was considered a range
expansion. While colonization of new islands is not necess-
arily coupled with population growth, it is evidence of
reproduction (dispersal in these fishes occurs largely during
the larval phase and movement of adults across open
channels has not been documented).

(b) Study species and collections

The blacktail snapper, L. fulvus (Schneider 1801), the pea-
cock hind, C. argus (Bloch and Schneider 1801) and the
bluestriped snapper, L. kasmira (Forsskal 1775), occupy
nearly the same geographical range, from the Marquesas
Islands in the central Pacific to the east coast of Africa. Pre-
viously, genetic diversity was characterized across the natural
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range of all three species [31,32]. A total of 157 new speci-
mens of L. fulvus were collected from four locations, and
236 specimens of C. argus from seven locations across the
Hawaiian archipelago by scuba divers using polespears
(table 1 and figure 1). A subset of the L. kasmira specimens
from Gaither er al. [29] (O‘ahu = 44; Hawai‘i Island = 49)
were used in this study (table 1). Specimens from the unin-
habited northwestern Hawaiian Islands were obtained
during research expeditions on the NOAA R/V Hi‘ialakai,
as part of an initiative to aid the Papahanaumokuakea
Marine National Monument (http:/hawaiireef.noaa.gov/) in
efforts to monitor and characterize this vast protected area.
Tissue samples (fin clips or gill filaments) were preserved
in either 95 per cent ethanol (EtOH) or saturated NaCl
solution [33,34], and stored at room temperature.

(c) DNA extraction, PCR amplifications and
sequencing

Mitochondrial cyt b sequences were obtained using protocols
(DNA extraction, PCR cycling and sequencing) identical to
those described by Gaither er al [31] for L. fulous and
L. kasmira and Gaither ez al. [32] for C. argus. Cyt b sequences
were obtained from all source populations (L. fulvus: Marque-
sas, Society and Phoenix Islands; C. argus: Society; L. kasmira:
Marquesas and Society; N = 44-50, table 1). Sequences for
each species were aligned and edited using GENEIOUS PRrO v.
5.0 (Biomatters Ltd., Auckland, New Zealand). In all cases,
alignment was unambiguous with no indels or frameshift
mutations. Haplotypes used in this study were labelled
(see the electronic supplementary material, table S2) and
deposited in GenBank (accession numbers: L. fulvus:
JX316840-JX316858; C. argus: JX316859-]JX316869;
L. kasmira: JX316870-]JX316910).

(d) Data analysis

Summary statistics, including haplotype diversity (%) and
nucleotide diversity (), were estimated with algorithms
from Nei [35] as implemented in ARLEQUIN v. 3.5 [36]. Phy-
logenetic median-joining networks were constructed using
NETWORK v. 4.5 with default settings [37]. Analyses of mol-
ecular variance (AMOVAs) were performed in ARLEQUIN
using 20 000 permutations. Wright’s Fst was calculated to
detect significant haplotype frequency shifts and was not
used to measure conventional population structure or to
make estimates of migration.

To compare genetic diversity in the introduced and source
populations, we estimated haplotype frequencies in a founder
population by weighting the relative contribution of each
source population, based on contemporary cyt b diversity.
To control for unequal sample sizes [38], we estimated hap-
lotype richness wusing rarefaction analysis (ANALYTIC
RAREFacTATION Vv. 1.4; UGA Stratigraphy Lab website;
http:/www.uga.edu/~strata/software/). Owing to the lower
sensitivity of heterozygosity to losses of genetic diversity
[1], we examined changes in haplotype richness to estimate
the impact of the founding event on genetic diversity. We
used a y?-test (GRAPHPAD Software, http:/www.graphpad.
com/welcome.htm) to determine whether the number
of unique haplotypes (found only in either the native or
introduced range) differed significantly from the null expec-
tation that unique haplotypes were evenly distributed
among regions.
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3. RESULTS
For each species, sample size (IN), number of haplotypes
(Ny), h and 7 per location are listed in table 1.

(a) Lutjanus fulvus

We resolved a 480 bp segment of cyt b in 157 Hawaiian
individuals and analysed these with 142 sequences from
source populations [31]. We detected 19 haplotypes: 17
in the source populations and eight in Hawai‘i (table 1
and figure 2a). Among the source populations, 7=
0.001-0.005, while the corresponding haplotype diversity
indices were 2= 0.12-0.72 (table 1). Hawaiian samples
demonstrated significantly higher values of = (0.007,
Welch one-tailed z-test, t = 8.66, d.f. =2, p=0.001) and
consistently (although not statistically significant) higher
values of % (range = 0.73-0.77, Welch one-tailed ztest,
t=1.28, df. =2, p=0.164) compared with the source
populations. There was a highly significant shift in haplo-
type frequencies between the founder population and the
introduced population in Hawai‘i (figure 3a; Fst=
0.449, p < 0.001; Fisher’s exact test, p < 0.001).

Lutjanus fulvus haplotypes are closely related, differing
by only 1-6 bp (figure 2a). Two of the most common
haplotypes in the native range were detected at each
sample location in Hawai‘i (see the electronic supplemen-
tary material, table S2). Putative private haplotypes were
found in each source population (see the electronic sup-
plementary material, table S2; Marquesas = Lful2-
Lful6; Society = Lful7, Lful9; Phoenix = Lful, Lfu4,
Lfu6-Lfu9). One private haplotype from the Marquesas
(Lful6) and one from the Society population (Lful7)
were detected in the introduced range. None of the six
private haplotypes in the Phoenix population were
detected in Hawai‘i. Two of the eight haplotypes in
Hawai‘i went undetected in the native range; one of
which accounts for nearly 20 per cent of the individuals
in the introduced range (see the electronic supplementary
material, table S2; Lfull).

The presence of the putative Marquesan haplotype
Lful6 at all MHI locations (see the electronic supplemen-
tary material, table S2) indicates that despite the low
number of individuals introduced from this location
(N = 35), the descendants of these individuals spread
throughout the introduced range. As expected for intro-
ductions from multiple sources, the Hawaiian samples
had a greater number of haplotypes (NN}, = 8) and higher
diversity indices (2= 0.73-0.77) than the Society
Islands’ population, which accounted for 92 per cent of
the founders (table 1).

When the dataset was grouped by native versus intro-
duced ranges, we found significant overall structure in
the native range (Marquesas, Society and Phoenix
Islands) for L. fulvus (Fst = 0.705, p < 0.001) with par-
ticular distinction of the Marquesas population [31].
We found no significant haplotype frequency shifts
among the introduced locations (Fst= —0.021, p=
0.992). The Marquesas and Society (source) populations
were significantly different from each of the four
Hawaiian samples with highest levels of structure between
the Marquesas and introduced populations (Fst=
0.523-0.549) and lower but significant values between
Society and Hawaiian populations (Fst= 0.280—
0.291). The Phoenix population was not significantly
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Figure 2. Median-joining networks for cytochrome &
sequences from (a) L. fulvus, (b) C. argus, and (c¢) L. kasmira
constructed using default settings in the program NETWORK
v. 4.5 [37]. Lutjanus kasmira cyt b sequences generated
from a subset (N = 189 of 484) of the samples from Gaither
et al. [29]. Each circle represents one mitochondrial haplo-
type with the area of each circle proportional to the
number of that particular haplotype in the dataset; yellow cir-
cles represent missing haplotypes; colours represent sampling
location (see key). FFS = French Frigate Shoals. Source
locations = Nuku Hiva, Marquesas Islands; Moorea, Society
Islands; Kanton, Phoenix Islands.

(b)

different from any of the introduced populations (see the
electronic supplementary material, table S3).

(b) Cephalopholis argus
We resolved a 615 bp segment of cyt b in 236 individuals
from Hawai‘i and analysed these with 44 sequences from
the source population at the Society Islands [32]. We
detected 11 haplotypes: six in the source population and
10 in the introduced range (table 1 and figure 25). Nucleo-
tide diversity was low and did not vary among samples
(7m=0.001). Haplotype diversity was low in the source
population (2 = 0.39) and, contrary to expectation, signifi-
cantly higher in all Hawaiian samples (range = 0.50—-0.61;
one sample rtest, r=11.60, d.f.=6, p<0.001).
Cephalopholis argus demonstrated two dominant haplotypes
both of which were detected in the native and introduced
ranges (see the electronic supplementary material, table S2
and figure 2b). Similar to L. fulvus, there is a significant,
although less dramatic, shift in allele frequencies between
the source population and Hawai‘i (figure 3b; Fst=
0.066, p < 0.001; Fisher’s exact test, p < 0.001). The shift
in haplotype frequencies, together with the detection of
five putative private haplotypes in Hawai‘i, accounts for
the higher genetic diversity in the introduced range (table 1).
When the dataset is grouped by native versus intro-
duced ranges, we found that three of the seven samples
in Hawai‘i (Maui, O‘ahu and FFS) differed significantly

Proc. R. Soc. B (2012)

founder

Hawaii  Population
(@ population AT differentiation
Lutjanus fulvus
Fyr=0.449
P<0.001
(b)
Cephalopholis argus
Fyr=0.066
- P<0.001
()
Lutjanus kasmira \
F:=0.008
e ™ P=0.035

Figure 3. Haplotype frequencies for (a) L. fulvus, (b)
C. argus, and (¢) L. kasmira. We estimated cyt b haplotype
distributions in founder populations as the product of con-
temporary haplotype frequencies in the source populations
and the number of individuals introduced from each of
those sources (see the electronic supplementary material,
tables S1 and S2). Differences in haplotype frequencies
between the founder and introduced populations were
detected using AMOVA and an exact test of population
differentiation as implemented in ARLEQUIN v. 3.5 [36].
The resulting F-statistic and the associated p-value from
the AMOVAs are shown. All comparisons were significant
using the exact test (p < 0.001; data not shown). Photo
credit: Keoki and Yuko Stender.

from the source population (Fst = 0.070-0.309, elec-
tronic supplementary material, table S4) with no
significant haplotype frequency shifts among the samples
in the introduced range (see the electronic supplementary
material, table S4).

(¢) Lutjanus kasmira

We resolved a 447 bp segment of cyt b in a subset of the
L. kasmira specimens (O‘ahu = 44; Hawai‘i Island = 49;
table 1) from Gaither et al. [29] and combined these
with 96 cyt b sequences from the source populations
[31]. We detected 41 haplotypes: 28 in the source popu-
lations and 27 in the introduced range. As expected from
a population of mixed lineages, Hawaiian samples
demonstrated consistently (although not statistically sig-
nificant) higher values of 2 and 7 compared with the
source populations. When we reconstructed the genetic
composition of the founder population, there was not a
considerable haplotype frequency shift following the
introduction of L. kasmira to Hawai‘i (figure 3¢; Fsgt =
0.008, p=0.035; Fisher’s exact test, p < 0.001), as
observed in L. fulvus and, to a lesser extent, in C. argus.

(d) Genetic diversity

We observed 17 cyt b haplotypes in L. fulvus in the native
range (N = 142) (table 1), but only eight haplotypes in
the slightly larger sample from Hawai‘i (N = 157). Of
the 17 haplotypes recorded in the native population, 11
were putative private haplotypes compared with only
two in Hawai‘i. After correcting for sample size, the
difference in the number of private haplotypes observed
in the native and introduced populations was significant
(X2 =17.181, d.f.=1, p=0.007); however, no such
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Figure 4. Rarefaction curves plotting the number of individuals sampled against the expected number of mitochondrial hap-
lotypes were calculated using the ANALYTIC RAREFACTATION v. 1.4 software available at the UGA Stratigraphy Lab website
(http:/www.uga.edu/~strata/software/) for (a) L. fulvus, (b) C. argus, and (c) L. kasmira. Grey lines represent data from the
source populations and black lines represent data from the introduced range. Also, 95% confidence limits are shown

(number of species +1.96 *sqrt (var)).

difference was detected in either C. argus (x*>= 0.002,
d.f. =1, p=10.965) or L. kasmira (x* =0.008, d.f. =1,
»=0.929).

Owing to the large confidence intervals (95%) of the
rarefaction curves, there was no significant difference
between the expected number of mtDNA haplotypes in
the native and introduced ranges at low sample sizes
(figure 4). However, as sample size increased (XN > 50),
the curves for L. fulvus no longer overlap (figure 4a)
and a loss of mtDNA haplotypes in the introduced
range became evident in this species. No loss of haplo-
types was detected in either C. argus or L. kasmira using
rarefaction (figure 4b,c).

4. DISCUSSION

Our surveys of introduced fishes in Hawai‘i provide a rare
opportunity to examine the empirical relationship
between lag period and patterns of genetic diversity
after founder events. We found maintenance of high
levels of diversity and little to no change in haplotype
frequencies (Fst = 0.008) in the rapidly expanding
L. kasmira, high diversity and a small (but significant)
shift in haplotype frequencies (Fst = 0.066) in the mod-
erately expanding C. argus and a contrasting loss of
diversity and drastic shift in haplotype frequencies in the
slowly expanding L. fulvus (Fst = 0.449; figure 3).
In the introduced range, we detected only eight haplo-
types in L. fulvus compared with 17 in the source
populations. In contrast, only one haplotype detected in
the native range of C. argus went undetected in Hawai‘i,
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an introduced population that harboured five haplotypes
not detected in the native range. These findings indicate
that the observed genetic architectures were defined by
the pace of population expansion in the introduced
range, and presumed population growth.

Prior to dissecting these results, we discuss one pri-
mary caveat: the analyses presented here assume that
haplotype frequencies in the contemporary source
locations are a suitable surrogate for the haplotype com-
position of the original source populations (55 years ago).

(1) Did we sample the same source populations? We sampled
populations at the island from which the original foun-
ders were derived. The larval duration of these species
are estimated at between 30 and 50 days, making fine-
scale genetic structure among sites at a single island
unlikely. Further, range-wide genetic surveys for these
species [31,32] indicate genetic connectivity on the
scale of ocean basins (tens of thousands of kilometres)
for L. kasmira and C. argus, and over thousands of
kilometres for L. fulvus.

Could haplotype frequencies have changed in the source
populations over the last 55 years? Assuming neutrality,
changes in allele frequencies are determined by gen-
etic drift and mutation. The average mutation rate
for cyt b is estimated at roughly 1 per cent per million
years [39—-41], indicating that mutations in this gene
fragment over the past 55 years should be negligible.
The impact of drift accumulates over generations,
and is proportional to effective population size.
Using a generation time of 5 years for these species

(i)
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Figure 5. Data from State of Hawai‘i Division of Fish and Game (HDFG) records for 12 years following the introductions.
(a) The number of sightings and (b) the total number of fishes caught by local fishers or seen by HDFG employees during surveys

are recorded for L. fulvus (dashed black line), C. argus (grey line) and L. kasmira (solid black line). Dotted lines represent the point
at which records were no longer kept and/or reports by local fishers decreased owing to commonality of sightings.

[31,32], we estimate that at most 12 generations have large schools (more than 50 individuals). In 1970, com-
passed since the introductions took place: a short mercial fishermen reported landing 0.5 metric tonne of
time for genetic drift to act, especially if the popu- L. kasmira. By 1981, this number had grown to 37
lation sizes are large. However, if population sizes in metric tonnes; a level of exploitation far exceeding the
the native range were very small, then genetic drift other two species [43].

could have a significant influence in only a few gener- The cause of the inferred differential rates of popu-
ations. This is not the case for the primary source lation growth in these species is unknown. Lag periods,
locations (French Polynesian), with first-order esti- such as those demonstrated by L. fulvus in Hawai‘i,
mates of contemporary female effective population occur when there are relatively slow rates of population
size (N.r based on mtDNA) of 100 000 for C. argus growth or range expansion following introduction and
and an order of magnitude higher for each of the are often attributed to a variety of factors, including low
snappers [31,32]. Because population sizes of these population densities (Allee effect) or environmental and
three species are large, and time since introduction ecological impediments to expansion (reviewed in [5]).
is short, we regard the recent samples from source Considered in isolation, the slower growth of L. fulvus
locations as a reasonable proxy for the original may not have been interpreted as a lag time, but in this
source populations. comparative framework, population density of this species
remained low for an extended period relative to the other
two species. This pattern could simply reflect differences
in intrinsic growth rates among the three species;
however, there are insufficient data to test this hypothesis.

(a) Establishment and spread in Hawai ¢
The introduction of L. fulvus, C. argus and L. kasmira to
Hawai‘i occurred in several events between 1955 and
1961 (see the electronic supplementary material, table
S1, HDFG records). Within 15 years, all three species (b) Genetic effects of the founder events
had been recorded throughout the MHI (figure 1). The lack of genetic structure across the introduced range of
While quantitative surveys were not conducted following these fishes, coupled with the maintenance of genetic diver-
the introductions, catch reports by fishermen and obser- sity, contradicts a stepping-stone model of colonization
vations by HDFG officers reveal compelling patterns. (reviewed in [44]). Genetic surveys across 27 taxa, includ-
HDFG records indicate that population densities of ing invertebrates, fish and mammals, in Hawai‘i identify
L. fulvus remained low following introduction, with a gra- barriers to dispersal at Kaua‘i and Hawai‘i Island in more
dual increase in sightings that peak in 1965 at 22 events than half the species surveyed [45]. We did not find evi-
recording 51 fish (figure 5). Cephalopholis argus followed dence for barriers to dispersal within the MHI in these
a similar pattern of establishment but a faster rate of fishes. Our data, in conjunction with HDFG records, indi-
spread than L. fulvus, with HDFG records indicating cate that these species colonized each island in sufficient
that population sizes grew steadily after the introduction numbers to capture most of the standing genetic diversity,
(figure 5). In comparison, L. kasmira was a rapid and pro- or that subsequent gene flow was sufficient to homogenize
lific invader that quickly spread through the archipelago the geographical distribution of the genetic diversity,
at a rate of about 60 km per year [24,30]. In 1992, just or both.
34 years after the initial introduction, L. kasmira was Following the introduction of L. fulvus, there was a
recorded at the far reaches of the archipelago at Midway highly significant shift in haplotype frequencies. The
Atoll [42] over 2100 km from the release site. HDFG majority of L. fulvus released in Hawai‘i (92%) were
catch records indicate that population densities remained derived from the Society Islands (see the electronic sup-
high after the introduction. Lugjanus kasmira was first plementary material, table S1). This population is
recorded in Hawaiian waters in 1958 when 22 sightings nearly homogenous for haplotype Lfu2 (see the electronic
reported a total of 88 fish (figure 5). After that year, supplementary material, table S2), yet this haplotype con-
records were discontinued owing to the commonality of

stitutes just 41 per cent of the genetic diversity in the
Proc. R. Soc. B (2012)
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introduced range. Only eight haplotypes were detected in
Hawai‘i compared with 15 in the native range. The missing
haplotypes were rare in the native range and their loss in
Hawai‘i is evident from the rarefaction analysis (figure 4).
One haplotype in Hawai‘i (Lfull) was not detected in
the source populations, yet represents nearly 20 per cent
of individuals sampled in the introduced range. Together,
these findings point to stochastic lineage sorting during
the early stages of the introduction when population den-
sities of L. fulvus were low, and variability in reproductive
success was probably high.

Contrary to expectations, we found higher haplotype
diversity in the Hawaiian populations of C. argus than in
the source population. The Society Islands population of
C. argus, similar to L. fulvus, is dominated by a single haplo-
type (Carl at 77%, electronic supplementary material, table
S2). However, this haplotype constitutes just 57 per cent of
the individuals in Hawai‘i while other haplotypes are found
in greater frequency compared with the source population
(Car2: 33% versus 14%; Car3 6% versus 2%, respectively).
Five putative private haplotypes in Hawai‘i contribute to
higher genetic diversity. While high diversity in introduced
L. kasmira can be explained by multiple source populations,
the higher diversity in C. argus is probably due to lower
sampling effort at the source population (relative to the
introduced population) in conjunction with stochastic
shifts in haplotype frequencies following introduction
(table 1 and electronic supplementary material, table S2b).

(¢) The failed introductions

Nine other species of snappers and groupers were intro-
duced during the same time period but failed to
establish (see the electronic supplementary material,
table S1). No phylogeographic data have been published
for these species and few specific life-history data are
available, leaving little information upon which to base
hypotheses concerning their extirpation in Hawai‘i. Four
species were introduced in low numbers (less than 200
individuals). One of these, L. gibbus, was spotted for sev-
eral years following the introduction and thought to be
the fourth successful introduction; however, no sightings
have been recorded since the 1970s. Four other species
were introduced in numbers greater than 900 individuals
(see the electronic supplementary material, table S1).
For instance, over 3400 L. gurtarus were introduced to
Hawai‘i from Mexico (the only species introduced from
outside French Polynesia). There is no evidence that
this species reproduced in Hawai‘i and catch records
indicate a steady decline in numbers following the intro-
duction. It is likely that this Eastern Pacific species,
which primarily inhabits continental shelves, was mala-
dapted to an oceanic island environment, but in none of
these cases can stochasticity be ruled out.

5. CONCLUSIONS

Empirical studies that document the genetic conse-
quences of marine invasions with known histories are
essentially unknown. Here, we substantiate the impor-
tance of stochastic lineage sorting in shaping genetic
architecture during the invasion process. Further, we
show that the genetic architecture of founder populations
can be significantly altered following introduction,
making identification of source populations in

Proc. R. Soc. B (2012)

undocumented invasions complicated. Lutjanus kasmira,
which maintained high population densities and spread
quickly, was able to retain much of the genetic diversity
inherent in the native populations. In contrast, L. fulvus,
which was slower ‘coming out of the starting blocks’,
had substantial changes in genetic architecture, including
significant loss of genetic diversity. Whether these losses
influence the ultimate success of the species in Hawai‘i
is unknown, but the loss of genotypes implies a loss of
evolutionary potential. The finding of an intermediate
shift in haplotype frequencies in C. argus, which main-
tained moderate population densities during the early
stages of the introduction, implies that the changes we
recorded are not due to directional selection in the new
environment. The nature of this case study precludes
replication, and therefore, we cannot conclusively rule
out chance as driving the observed patterns. However,
the available evidence supports our conclusion that the
genetic architecture in the introduced range has been
shaped primarily by lag time and corresponding genetic
drift. Our data highlight that patterns of genetic diversity
are influenced not simply by propagule pressure and the
genetic diversity in source populations but perhaps of
equal importance are the population growth trajectories
and stochastic processes when population sizes are in flux.
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