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The rate of gene flow between populations depends both on the dispersal ability of the organism
and on the probability that migrants can successfully mate with residents. The degree to which this
reproductive isolation can impede genetic exchange can be assessed by studying both migration and
gene flow. We carried out such a study in Panamanian populations of Excirolana, an intertidal
isopod with no planktonic larvae that inhabits both coasts of Central and South America. In Panama
Excirolana is represented by three morphs of E. braziliensis (two closely related and found on
opposite sides of Central America, a third only in the eastern Pacific) and by E. chamensis. Because
populations of Excirolana from each beach in Panama, regardless of species or morphotype affilia-
tion, are characterized by a unique combination of alleles, this isopod provides the opportunity to
use genetic data to determine the number of immigrants that land on a given beach as well as the
number of individuals that transfer alleles between populations. We studied isozyme patterns of 10
populations of E. braziliensis and one population of E. chamensis. Rates of gene flow were
estimated both from Fg; statistics and from private alleles. In contrast to the private allele method,
F; statistics gave results that were internally consistent in that they produced lower estimates of
apparent gene flow between oceans and recognized species than they did between populations of
the same morph. Rate of gene flow between populations belonging to the two morphs of E.
braziliensis in the eastern Pacific was as low as apparent gene flow across the Central American
isthmus and no larger than the rate of genetic exchange between E. braziliensis and E. chamensis.
One locality that contained both morphs in sufficiently large numbers showed heterozygote deficits
relative to Hardy-Weinberg expectations. Reproductive isolation is, therefore, of sufficient strength
to justify the conclusion that the two Pacific morphs of E. braziliensis should be assigned to differ-
ent species. Gene flow rate between populations of the same morph was an order of magnitude
larger than rate of gene exchange between morphs but still less than one propagule per generation.
Rate of immigration into every beach, calculated from the number of homozygotes of rare alleles (in
excess of what would be expected from random matings among the residents), was surprisingly high
for an organism with apparently limited means of dispersal and with fixed genetic differences
between adjacent populations. Individuals of E. braziliensis evidently move between beaches much
more freely than alleles move between populations. Therefore, some degree of reproductive isola-
tion exists even between genotypes that belong to the same morph.
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Introduction

The rate of gene flow between populations depends
both on the dispersal ability of the organism relative to
geographic obstacles to migration and on the probabi-
lity that successful migrants can mate with residents
and leave behind viable offspring. Although in popula-

tion genetics the terms ‘migration’ and ‘gene flow’ are
often used interchangeably (thus implying that migrants
can cross at random with residents), assortative mating
or lower fitness of hybrids can result in low rates of
gene flow despite high migration (Endler, 1977). These
biological barriers to genetic exchange are collectively
referred to as reproductive isolation and have been
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studied intensively with regards to speciation. How-
ever, they can also be present in varying degrees
between populations of the same nominal species
either because such a taxonomic entity encompasses
more than one biological species, or because they may
constrict gene flow but not interrupt it completely.
Simultaneous estimates of migration and gene flow can
determine the degree of reproductive isolation between
populations thought to belong to the same species. In
doing so, they can uncover previously unsuspected
events of speciation or they can assess the degree to
which reproductive isolation impedes gene flow
between populations that still belong to the same
species.

Species in which different populations are charac-
terized by distinct genetic traits provide the oppor-
tunity to use natural markers to study rates of
migration and compare them with rates of gene flow.
Of course, such species form a preselected group
because the existence of unique traits in each popula-
tion will usually come from low levels of gene flow.
However, they permit an assessment of the degree to
which limited gene flow is the result of geographical
obstacles that prevent migration or of biological
barriers that restrict genetic exchange between
migrants and residents.

Excirolana braziliensis is a dioecious marine isopod
that lives in the high intertidal zone of sandy beaches
on both sides of tropical and subtropical America. It
possesses no larval stage. The female broods 4-17
embryos, then releases them into the parental habitat
(Dexter, 1977). Adults remain buried in the sand
during periods of low tide. At high tide individuals of
Excirolana emerge into the water column, where they
may attach to prey, such as live or dead fish, usually for
afew seconds (J. R. Weinberg, personal observation) or
minutes (Brusca, 1980). Any dispersal from beach to
beach probably takes place by rafting or by free-
swimming. There are no reliable data on the generation
time of E. braziliensis, but Brusca & Iverson (1985)
estimate the period of population turnover to be about
4 months.

Studies of the multivariate morphometrics of E.
braziliensis have revealed the existence of three
morphs, two of them closely related and found on
opposite sides of Central America, the third found pre-
dominantly in the eastern Pacific but also on the coast
of southern Brazil (Weinberg & Starczak, 1988, 1989).
Weinberg & Starczak (1989) have labelled the
Caribbean morph as ‘C’, its close counterpart in the
eastern Pacific as ‘C”, and the eastern Pacific morph as
‘P’. Collections from 43 beaches from the entire range
of E. braziliensis demonstrated that with only two
exceptions each beach contains an overwhelming

majority of one morph at any given time. Although the
reasons for this pattern of exclusive occupation of each
beach by a single morph are unclear, intensive samp-
ling of three beaches (Weinberg & Starczak, 1988)
revealed that it is not a sampling artefact. Weinberg &
Starczak (1988, 1989) attributed the presence of a few
morphological outliers in some localities to limited
immigration from other beaches. Although they rarely
co-occur on the same beach, on a broader geographic
scale the P and C' morphs are sympatric in the sense
that their ranges coincide in a broad mosaic of no dis-
cernible geographical pattern. Bott (1954) and
Schuster (1954) have each described a new species of
Excirolana from the eastern Pacific, but Glynn ez al.
(1975) and Brusca & Iverson (1985) concluded that
these were simple morphological variants and that
populations throughout the extended ranges in both
oceans belong to E. braziliensis. More recently, Brusca
& Weinberg (1987) described a new species,
Excirolana chamensis, from the Pacific coast of
Panama.

A study of multivariate morphology and isozymes of
10 Panamanian populations of Excirolana braziliensis
and one population of E. chamensis (Lessios & Wein-
berg, in press) has found that morphological and genetic
divergence between populations are highly correlated,
that the P morph is as divergent from the other
morphotypes of E. braziliensis as E. braziliensis is from
E. chamensis and that every population, regardless of
morphology, can be differentiated from every other on
the basis of loci that differ diagnostically. Because of
the magnitude of divergence and the probable phylo-
genetic relations between morphs, Lessios & Weinberg
(in press) concluded that the P and C' morphs probably
constitute different species.

A four-year study of morphological and genetic
stability of Excirolana braziliensis and E. chamensis
(Lessios ez al., in press) revealed that populations in
nine localities remained unchanged, whereas both iso-
zymes and morphology in a tenth locality changed so
drastically within 2 years that replacement of one pop-
ulation by another was the most likely explanation.
Such extinction and recolonization events constitute a
form of gene flow when they are frequent and when the
colonists are derived from several populations
(Maruyama & Kimura, 1980; Slatkin, 1985a; Ewens ef
al., 1987, Barton, 1988); however, when these events
occur infrequently, and when the propagules are drawn
from a single population, they can exert a strong differ-
entiating effect due to genetic drift (Wright, 1940;
Selander, 1975; Slatkin, 1977, Wade & McCauley,
1988; Whitlock & McCauley, 1990; McCauley, 1991).
As Excirolana braziliensis appeared to meet all the
criteria of a species in which local populations could
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diverge due to extinction and recolonization, Lessios et
al. (in press) and Lessios & Weinberg (in press) con-
cluded that these processes could account for the high
degree of local differentiation between its populations.
The genetic data used by Lessios & Weinberg (in press)
to assess divergence in E. braziliensis and E. chamensis
are used here to estimate gene flow. The finding of
Lessios and Weinberg that there is at least one locus
that diagnostically distinguishes between any two of the
11 studied populations provides the basis of estimating
rates of migration to be contrasted with rates of gene
flow. The two analyses are combined to address the
following questions. (1) How much gene flow is there
between populations that belong to the same morph
and populations that belong to separate morphs? (2)
How reliable are estimates of gene flow and how do
they compare with estimates of migration? (3) Are con-
strictions of gene flow between morphs and between
populations that belong to the same morph due to low
dispersal or do they come from reproductive isolation?

The analysis of patterns of gene flow is greatly aided
by the sampling of localities in two oceans. Atlantic and
Pacific populations were separated 3 to 3.5 million
years ago by the rise of the isthmus of Panama (Saito,
1976; Keigwin, 1978, 1982; Coates et al., 1992). They
provide a fixed historical point at which gene flow was
severed, information that can put in perspective the
calculated estimates of gene flow rates between
populations in the same ocean.

Materials and methods

Excirolana was sampled at 11 localities on the two
coasts of Panama (Fig. 1). Three localities on the

Atlantic coast contained the C morph of Excirolana
braziliensis. With the exception of one individual in
each of two beaches, four localities on the Pacific side
were inhabited exclusively by the P morph and two
exclusively by the C' morph of this species; Santelmo
contained a mixture of P and C'. The sample from
Punta Chame consisted of E. chamensis. With the
exception of two beaches (Perico and Santelmo),
duplicate samples were obtained, one between 4 and
26 February 1986 and one between 17 September and
31 October, 1988. Methods of electrophoresis are
described in Lessios & Weinberg (in press). Briefly, 17
loci, coding for 14 enzymes were scored. These were:
alkaline phosphatase (Alkph-1 and Alkph-2), esterases
(Est-1 and Est-2), N-acetyl-B-glucosaminidase (8Ga),
fructokinase (Fk), fumarate dehydrogenase (Fum),
glutamate-oxaloacetate transaminase (Got), glutamic
dehydrogenase (Glutdh), a-glycerophosphate dehydro-
genase (o Glyphdh), mannose-6-phosphate isomerase
(Mo6pi), NAD"™ dependent malate dehydrogenase
(Mdh-1 and Mdh-2), 1-leucyl-L-tyrosine peptidase
(Peplt), phosphoglucose isomerase (Pgi), phosphoglu-
comutase ( Pgm) and triosephosphate isomerase ( 7pi).
Technical problems prevented the collection of data
for some loci from one of the samples of some popula-
tions; the statistics reported in this paper were calcu-
lated on the basis of the loci that were sampled in all
populations during a particular time period, ie. 12
loci in 1986 and 16 loci in 1988 (Appendix). Null
alleles had to be postulated in Alkph-2 at Isla Adentro,
Isla Culebra and Punta Chame and in FEst-I at
Shimmey Beach and Isla Porcada. The majority of
individuals from these populations showed no activity

N

Fig. 1 Locations at which isopods
were sampled. Morphotype of Exciro-
lana braziliensis at each beach is given
in parentheses. (1) Bocas del Toro (C).
(2) Shimmey Beach (C). (3) Maria
Chiquita (C). (4) Isla Porcada (P). (5)
Isla Adentro (C'). (6) Causeway Beach
(P).(7) Lab Beach (P). (8) Perico (P). (9)
Isla Culebra (C'). (10) Punta Chame (F.
chamensis). (11) Santelmo (C' and P). | |
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in the region of the respective locus (as determined
from results from other populations) even though they
possessed high activity in Alkph-1 or Est-2. Because
heterozygotes of null alleles cannot be recognized,
Est-1 and Alkph-2 were ignored in comparisons of
genotype frequencies to those expected from
Hardy-Weinberg equilibrium. An additional technical
difficulty was that the small size of the animals resulted
in limited sample volume that prevented the deter-
mination of composite genotypes across all loci for
each individual and thus an examination of possible
linkage between loci. The small volume of sample also
prevented the reassaying of individuals with suspected
different genotypes side-by-side. Because of this
limitation, the approach taken in scoring was the most
conservative one possible, i.e. every doubtful case was
scored so as to decrease apparent variability.

We used two methods of estimating the gene flow
parameter, Nm, i.e. the product of effective population
size times the gene flow rate. One estimate comes from
Fyr statistics (Wright, 1965), the other from ‘private
alleles’, i.e. alleles that are found in only one population
(Slatkin, 1985b). The estimate from F ;. was calculated
as:

F¢r values were calculated using the BIOsYs computer
package (Swofford & Selander, 1989) and averaged
over all polymorphic loci to produce Fg; (Baker &
Moeed, 1987; Baker et al., 1990). The estimate from
private alleles was calculated as:

—{In[3(1)]+ 2.44}
0.505

where p(1) is the average frequency of all private
alleles and N is the average number of individuals
sampled per locus per population (Slatkin, 1985b). Fgr
statistics and the private allele method do not always
produce congruent estimates (e.g. Larson et al., 1984;
Caccone & Sbordoni, 1987; Waples, 1987; Johnson et
al., 1988; Crouau-Roy, 1989).

Because each population was characterized by at
least one locus that differed diagnostically from all
other populations, our genetic data could also provide
an estimate of the rate of migration. We reasoned that
homozygotes of rare alleles at a diagnostic locus were

likely to be recent arrivals from another, genetically
distinct, population. We, therefore, used their propor-
tion in each sample as an indication of how much
immigration the population had received from others
during the existing generation. This proportion, how-
ever, needed to be adjusted for the number of homo-
zygotes that might exist in the population as a result of
random mating of the residents. We approximated the
proportion of recent immigrants, m,, by assuming that
gene frequencies remained constant over time, so that
we could estimate the expected number of homo-
zygotes from the Hardy—Weinberg rule:

where N, is the number of observed homozygotes
of rare alleles (all alleles except most common one) in
each diagnostic locus j (every locus sampled except Fk,
Fum, Mdh-2 and Peplt), N, is the number of
expected homozygotes (rounded to the nearest integer)
assuming Hardy-Weinberg equilibrium and using
Levene’s (1949) correction for small sample size, N,
is the number of individuals sampled for the locus and
L is the number of diagnostic loci.

Because different populations were distinct in differ-
ent loci and because each individual was sampled for
only a few loci, we could identify no individuals in our
sample that were homozygous for rare alleles in more
than one locus. This prevented linkage disequilibrium
analysis (which would have been very useful in identi-
fying the source population of possible migrants) but
had the virtue of allowing the loci to be treated in an
additive fashion in calculating rates of immigration
without undue inflation of the estimate. Because we
needed a measure of overall immigration in a group of
populations to compare with estimates of gene flow
derived from Fg; and private allele analysis, we
averaged m;,,, over all populations of each group.

Our analysis of migration is dependent on the
assumption that the arrival of individuals with geno-
types different than those of the resident population
causes homozygote excesses relative to what would be
expected from Hardy-Weinberg equilibrium. We tested
conformity to Hardy-Weinberg expectations with
goodness of fit chi-squared tests. Because the prepon-
derance of one allele in each locus in every population
resulted in small expected genotype frequencies for the
rare alleles, significance of the departures was assessed
in tests for overall heterozygosity, with homozygotes
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pooled in one class and heterozygotes pooled in
another (Pamilo & Varvio-Aho, 1984; Lessios, 1992)
employing a correction for continuity of 0.25 (Emigh,
1980). Significance values were adjusted with the
sequential Bonferroni procedure (Rice, 1989) to take
into consideration that 74 tests were performed.

Results

Table 1 presents estimates of the gene flow rate Nm
calculated from Fgy statistics and private alleles. To
have a standard of comparison, suggesting what Nm
values to expect when gene flow is absent, we have
followed Caccone (1985) in including estimates of gene
flow between populations known or suspected not to
be exchanging genes, such as Excirolana braziliensis
populations from different oceans and populations of
both recognized species of Excirolana. We have also
calculated Nm for both morphs of E. braziliensis
inhabiting the Pacific together (i.e. the P and the C’'
morph) and for each morph separately. Even though
Santelmo contains a substantial number of individuals
that belong to the P morph, in this analysis we have
treated it as if it belonged entirely to the C' morph
because this population morphologically and geneti-
cally clusters much closer to the C' than to the P morph
(Lessios & Weinberg, in press).

How reliable are the two estimates of gene flow?
Indirect estimates of gene flow are based on the
assumption that populations are at genetic equilibrium
(Slatkin, 1985a) or at least quasi-equilibrium (Barton &

Slatkin, 1986). This assumption seems reasonable for
all populations of Excirolana, except for those occupy-
ing Isla Porcada, because gene frequencies did
not change significantly between 1986 and 1988
(Lessios et al, in press). Thus, one indication
of the reliability of gene flow estimates is their apparent
constancy through time. F, statistics yielded similar
Nm values in the two sampling years for all morphs
except C' (Table 1). The absence in the 1986 data of a
sample from Santelmo and of Est-/, in which the two
C' populations turned out to be fixed for alternate
alleles in 1988 (Appendix), were responsible for the
low F¢; value and high estimated gene flow within the
C' morph in 1986 relative to those in 1988. The
inadequacy of the 1986 data was also responsible for
the sharp disagreement between the estimates obtained
from Fg; and from private alleles from this year. 8 Ga,
Est-1, Est-2, and Tpi are loci that in 1988 contained
private alleles in high frequencies (Appendix); these
loci were not sampled in 1986. The number of private
alleles in the 1986 data (Table 1) was too low to pro-
duce reliable estimates of gene flow (Waples, 1987).
Thus, there is reason to be suspicious of the gene flow
estimates obtained from 1986 data from either method
but particularly of those obtained from private alleles.
However, the Fg and private allele methods produced
estimates by and large congruent with each other when
applied to the 1988 data. The only cases in which the
two methods of estimation yielded values that differed
by an order of magnitude are the ones pertaining to
within-morph rates of gene flow. Because of the small

Table 1 Fg; values and gene flow and immigration parameters calculated as explained in the text

1986 1988
For Nm,, —~n Nm* W, Fer Nm, —~n Nm* T,
Both oceans
All populations 0.851 0.044 6 1.641 0.030  0.866 0.039 8 0.078  0.008
E. braziliensis only 0.838 0.048 7 1931 0.034  0.867 0.038 10 0.044  0.008
Within oceans
Caribbean E. braziliensis 0.237 0.805 8 3.605 0.013 0.501 0.249 6 0.156 0.000
Pacific E. braziliensis + E. chamensis  0.863  0.040 4 1.053 0.010 0.844 0.046 11 0.061 0.011
Pacific E. braziliensis 0.852 0.043 4 0739 0012 0.843 0.047 13 0.035 0.011
Within morphs of E. braziliensis
C morph 0.237 0.805 8§ 3.605 0013 0501 0.249 6 0.156  0.000
C’ morph 0.042 5702 5 1040 0.012 0.559 0.197 10 0.076  0.025
P morph 0.731 0092 8 0.090 0.011 0.709  0.103 16 0.032 0.007

Nm . gene flow expressed as number of gene-transferring migrants per generation estimated from F; statistics. n: number of
private alleles. Nm*: gene flow expressed as number of gene-transferring migrants per generation estimated from private alleles.
iy, average immigration rate expressed as the proportion of individuals that are immigrants and calculated from homozygotes
of rare alleles present in populations in excess of what is expected from Hardy~Weinberg equilibrium, Parameters were
estimated from loci sampled in all populations during each of the two sampling years (12 loci in 1986, 16 loci in 1988). The
Santelmo population is included with the C' morph in 1988; it was not sampled in 1986.
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number of populations involved when gene flow calcul-
ations are limited to only one morph, both Fy; and
private allele estimates are probably biased (Nei ez al.,
1977; Slatkin, 1985b), but in 1988 they agree in
estimating Nm values less than unity.

An additional means of evaluating the two methods
of estimation of Nm comes from the inclusion of
populations from two oceans and two known species.
As one goes from estimates of apparent gene flow
between oceans or between different species to popu-
lations of a single morph in one ocean, Nm should
remain constant or increase. Such an increase was seen
in values obtained from F; statistics in both years but
not from private alleles, even in 1988 (Table 1). If the
rates of gene flow calculated from the private allele
method were taken literally, we would have had to con-
clude that populations in the same ocean that belong to
the same morph exchange fewer alleles than popula-
tions separated by the central American isthmus.
Slatkin & Barton (1989) have pointed out that the priv-
ate allele method may fail in electrophoretic studies
owing to the practical difficulty in distinguishing rare
alleles unique to a population. This problem may apply
to our study because of our conservative method of
scoring differences between populations, but there is no
reason to suppose that we have been more conserva-
tive in scoring gels with individuals from different
oceans than in scoring gels with individuals from the
same morph. Another problem of this method when
applied to our data is that the relationship between the
logarithm of the rate of gene flow and the logarithm of
the average frequency of private alleles is not linear
when Nm is less than 0.1 (Slatkin, 1985b). However,
the chief limitation of the private allele technique when
used to calculate gene flow rates in more than one
morph of Excirolana came from a peculiar property of
its population genetics: alleles that were private to one
population when a morph was considered separately,
appeared in a different morph in a different ocean, and
were thus no longer private in a larger scale. Thus, the
number of private alleles in 1988 when all populations
were considered together was lower than the number
of private alleles in two out of the three morphs when
they were considered separately (Table 1). We believe
that this pattern of variation was not entirely the result
of conservative scoring but came from the mode of
evolution of this isopod (Lessios & Weinberg, in press).

For the reasons outlined above, we believe that the
most reliable estimates of gene flow rates come from
Fgr statistics applied to the 1988 data, whereas esti-
mates from the private allele method and from the
1986 data are only correct to the extent that they
corroborate the former. The 1988 Fy estimates
indicate that gene flow rates between these isopod

populations were very low. Every Nm_ from the 1988
data was less than unity and this was also true for the
1986 data, except for the C morph. Thus, even local
populations belonging to the same morph exchange, on
the average, less than one propagule per generation.

Although all F¢; values were large, they did differ
from each other depending on the populations that
were included in their calculations. As expected, the
lowest apparent levels of gene flow were obtained
when both Atlantic and Pacific populations were
included. When populations from the two oceans were
considered separately, F¢p values decreased in the
Caribbean where only one morph is present but not in
the eastern Pacific where the C' and the P morphs
coexist. Only when the two Pacific morphs were con-
sidered separately did Nm values increase by an order
of magnitude to become similar to those obtained from
the C morph. What is more, F¢; values in the eastern
Pacific were very similar whether or not E. chamensis
was included in the calculations. Thus, gene flow
between the P and the C' morphs was as low as gene
flow between E. braziliensis and E. chamensis and
between populations separated by the isthmus of
Panama.

Average rates of immigration estimated from rare
homozygotes, in excess of what might be expected
from random mating between the residents, are also
presented in Table 1. These values must be considered
as rough estimates of overall immigration, because they
are based on a few individuals, but their general con-
sistency between populations and between years is
encouraging. Despite the limitations of the 1986 data,
they provided estimates of immigration that were com-
patible with estimates from the 1988 data. Qur method
of calculating immigration indicates that 0-2.5 per cent
of the individuals composing these populations may
have been recent arrivals. This proportion may seem
small until one considers that at an average density of
295 individuals per m? (average of densities in 20
beaches studied by Dexter (1974, 1977, 1979) and
Jaramillo (1978)), a beach no wider than 100 m could
contain in a 5 metre zone of the upper intertidal up to
3600 individuals that might have arrived within the last
generation from another locality. This is a surprisingly
large number of migrants for an organism with no
planktonic larvae and, if true, it indicates that rafting or
swimming by adults between beaches may not be an
unusual phenomenon.

Does the presence of different genotypes at each
beach result in genotype distributions different from
those expected from the Hardy-Weinberg rule? Table
2 presents deviations of observed from expected
heterozygosities and their significance, after correction
for multiple testing. As can be seen, the generally low
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statistical power of testing for deviations from
Hardy-Weinberg equilibrium (Lessios, 1992) resulted
in non-significant deviations in every case except for
two loci in Santelmo where the coexistence of two
morphological populations is responsible for large
numbers of homozygotes of more than one allele.
However, although the frequencies of heterozygote
excesses and deficiencies were approximately equal
(35 vs. 39), the magnitudes of excesses were always
slight (median Dy;=0.025) whereas those of deficien-
cies were large (median Dy = —0.717), a difference
that was highly significant (Mann-Whitney U-test on
absolute values of Dy, P=0.0000). An asymmetry in
absolute magnitude of positive and negative deviations
is expected when gene frequencies are different from
0.5, even if the populations are panmictic (Majumder
& Chakraborty, 1981). However, the differences we
observed are so extreme that they suggest that excesses
may be caused by sampling error, whereas deficiencies
may be the result of true rarity of heterozygotes. Note
that of the 39 cases of heterozygote deficiency, 19 were
due to a complete absence of observed heterozygotes
from the sample. Although larger sample sizes are
obviously needed, we can tentatively conclude that
testing for Hardy-Weinberg equilibrium also provided
circumstantial evidence that different genotypes in
each beach produce fewer hybrids than might have
been expected from random mating. Whatever the case

might be at other beaches, this analysis confirins the
existence of assortative mating (or lower hybrid survi-
vorship) between the two morphotypes that coexist at
Santelmo. All polymorphic loci at this locality showed
a heterozygote deficit, which in two cases was signitfi-
cant.

Discussion

The theory behind the indirect assessment of gene flow
from static gene frequencies is still being developed
and relies on a number of assumptions that may not be
met by natural populations (Boileau er al, 1992).
Given the limitations of the theory and our data, we
need to consider the degree to which our gene flow
estimates are consistent with the assessed genetic
divergence between populations of Excirolana brazi-
liensis (Lessios & Weinberg, in press). An exchange of
one propagule per generation is considered sufficient
to nullify the differentiating effects of genetic drift
(Kimura & Maruyama, 1971; Chakraborty & Nei,
1974; Spieth, 1974; Slatkin & Maruyama, 1975). Gene
flow will also homogenize populations in the presence
of diversitying selection, unless the selection coefficient
is larger than the gene flow rate (Haldane, 1930; Li,
1976). Therefore, the fact that even populations
belonging to the same morphotype of Excirolana brazi-
liensis and separated by less than 1 km of coast line are

Table 2 Departures from heterozygosity Dy, expected from Hardy-Weinberg equilibrium, calculated as D,; = (observed heterozygote
frequency — expected heterozygote frequency)/expected heterozygote frequency, in all polymorphic loci with codominant alleles

Atlantic
Bocas del Toro Maria Chiquita Shimmey Beach
Locus 1986 1988 1986 1988 1986 1988
a Glyphdh M — —0.595 n.s. — —0.639 n.s. —
Alkph-1 M M =1.000 ns. M M M
BGa — M M M — M
Est-2 — M — M — M
Fk M M M M —1.000 ns. M
Fum M M 0.013 ns. M —1.000 n.s. M
Glutdh — M M M — M
Got M M M M M M
Mopi M M M M M 0.012 ns.
Mdh-1 M M M M 0.025 n.s. M
Mdh-2 M M 0.020 n.s. M 0.025n.s M
Peplt —0.453 ns. M 0.235 ns. —0.364 n.s. 0.081 ns. -0.019 n.s.
Pgi 0.058 n.s. M 0.016 n.s. M 0.037 n.s. M
Pgm M 0.020 n.s —0.649 n.s. M M M
Tpi — M M M — 0.010 n.s.

Significance of the departures is based on goodness of fit x? tests for overall heterozygosity (with homozygotes pooled in one class and
heterozygotes pooled in another), employing a correction for continuity of 0.25 (Lessios, 1992). Significance values were adjusted with the
sequential Bonferroni procedure (Rice, 1989) to take into consideration that 74 tests were performed.

ns.: P>0.05;%:0.005> P> 0.001.
M: monomorphic locus; —: no data.
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fixed (or nearly fixed) for alternate alleles in at least one
locus (Lessios & Weinberg, in press) must mean that
rates of gene flow between these populations is very
low. Thus, the high Nm* values calculated by the
private allele method from the 1986 data overestimate
true gene flow, not only because they disagree with
Nmg_ values from both years but also because they
cannot be reconciled with the sharp genetic disconti-
nuities obvious in our complete datum set. Gene flow
estimates derived from Fg; statistics based on the
1988 data appear more reliable, judged by the criterion
of observed genetic divergence between local popula-
tions; they indicate that less than one individual per
generation transfers alleles between these populations.
To what extent is this the result of low dispersal and to
what extent does it come from reproductive isolation?
Comparisons of Nm ., values that include or exclude
certain populations provide strong indications of
reproductive isolation between the P and the C'
morphs in the eastern Pacific. Judged by the criterion
of apparent gene flow across the central American
isthmus, genetic exchange between the two eastern
Pacific morphs must be almost non-existent. Popula-
tions of the same morph, on the other hand, are
estimated to exchange genes at a rate which, although
still small, is higher by one order of magnitude. The
constriction of gene flow between morphs in the same
ocean could have still been due to limited dispersal if
populations belonging to the P and C' morphs were
segregated in different parts of the E. braziliensis range.
However, the two morphs are geographically inter-
spersed (Fig. 1) and even coexist on a single beach.
Therefore, the restriction to gene flow between morphs
relative to gene flow within morphs must resulted from
mating choices of the animals themselves or from lower
chances of hybrid survival. The existence of reproduc-
tive isolation between the two Pacific morphs is also
indicated by significant heterozygote deficiencies at
Santelmo. That apparent levels of gene flow in the east-
ern Pacific do not increase when both morphs are
included but E. chamensis is excluded from the calcu-
lations suggests that the P and the C' morphs are
genetically as isolated from each other as they are from
a recognized different species. Thus, consideration of
patterns of gene flow confirm the conclusions of
Lessios & Weinberg (in press) based on genetic and
morphological divergence and on phylogenetic rela-
tionships within Excirolana: the P and C' morphs are
reproductively isolated and belong to different species.
If the P and C' morphs have speciated and if they are
both barred by the isthmus from exchanging genes with
the C morph, then the only comparisons that can pro-
vide an indication of current patterns of gene flow in
Excirolana are the ones between populations that

0.016 n.s.
0.035n.s
—1.000 n.s.
0.012 n.s.

M

—1.000 n.s.
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0.021ns. M
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belong to the same morph. Nm, values calculated for
each of the three morphs separately may be larger than
the ones that include all morphs, but they are still
smaller than unity. They are also much lower than
those determined by Waples (1987) for populations of
ten species of eastern Pacific fish, including one of a
viviparous species with sedentary adults. Fyp values in
Excirolana are larger than those of populations of the
land snail Triodopsis albolabris that have been isolated
for a minimum of 100 years (McCracken & Brussard,
1980). Among six species of troglobitic arthropods for
which Caccone (1985) estimated rates of gene flow by
the private allele method, only two show lower values
of Nm than populations of the same morph of Exciro-
lana. In fact, Fg; values and gene flow rate estimates
between populations of the same morph of Excirolana
fall close to the middle of the range of similar estimates
for populations of plenthodontid salamanders
separated by much larger geographical distances
(Larson er al., 1984). These salamanders exemplify a
group of organisms in which gene flow rates are very
low (Slatkin, 1981, 1985b). Given the lack of a plank-
tonic larva and the difficulties adults probably face in
moving from beach to beach, it would be easy to con-
clude that low gene flow in E. braziliensis is entirely the
result of low dispersal; however, our estimates of immi-
gration suggest that individuals may move between
populations more freely than alleles.

The method we have used for estimating immigra-
tion on the basis of rare homozygotes calculates the
proportion of individuals at a beach that are possible
migrants from elsewhere (m,,) whereas methods of
gene flow estimation produce approximations of the
number of propagules per generation that transfer
genes between the sampled populations (Nm ). For this
reason, it is not possible to compare migration and
gene flow directly. However if, as we estimate, there
can be thousands of immigrants between beaches in
every generation, indiscriminate mating with residents
should have resulted in adjacent populations that are
genetically similar. That we have found fixed differ-
ences between populations of the same morph inhabi-
ting neighbouring coves could be explained by one of
two postulates: either our calculations of migration are
wrong or immigrants fail to leave behind as many
offspring as would have been expected from random
mating,.

Our method of calculating migration can be criti-
cized on various counts. On theoretical grounds, our
use of gene frequencies from the same generation to
calculate both number of rare homozygotes expected
from random mating within a population and immigra-
tion rates from other populations assumes that the
number of propagules from each source stays constant

through time, an assumption that remains to be tested:
On practical grounds, two snapshots in time of a
stochastic event of low probability are not adequate for
the determination of its rate. An additional difficulty
for the Pacific samples is that we did not measure the
isopods we used for electrophoresis, so we do not
know whether suspected migrants into a given beach
are of the same morphotype as the residents. Finally,
we have to examine the possibility that our basic
assumption is wrong and that the excess homozygotes
of rare alleles, which we have considered to be
migrants, are in fact representative of a small self-
sustaining population that has been present on that
beach for long periods of time. How would each of
these difficulties undermine the conclusion that immi-
grants do not cross at random with residents?

Our subtracting numbers of homozygotes expected
from Hardy-Weinberg equilibrium from the number of
potential migrants only serves to decrease apparent
immigration rates. That we have estimates of immigra-
tion from only two generations undoubtedly decreases
their validity; however, our two samples of each locality
in different years suggest that, at least in the Pacific, the
presence of homozygotes of rare alleles is not the result
of an unusual dispersal event but a constant feature
that can be observed multiple times. That we do not
know the morphotype to which Pacific rare genotypes
belong is a serious shortcoming, However, although
our morphological analysis (Lessios ef al., in press) of
populations at the same 11 beaches involved sample
sizes only slightly smaller than the electrophoretic
survey, it discovered only two morphological outliers:
one individual of the P morph in Isla Culebra and one
individual of the C' morph in Perico. This is a much
smaller proportion of migrants than is indicated by the
genetic analysis and signifies that many of the individ-
uals with distinct genotypes probably had the same
morphotype as the residents. What is more, Table 1
indicates apparent migrants in the 1986 samples of the
Caribbean localities where only one morph is known to
exist. It is, therefore, difficult to conclude that repro-
ductive isolation between the two Pacific morphs can
be solely responsible for migration that does not result
in gene flow. Finally, if a secondary, low-level genetic
population is always present at each beach, its lack of
assimilation by the predominant population indicates
even more strongly that different genotypes have a
lower probability of leaving behind viable hybrid
offspring.

If our estimates of migration between beaches are
roughly correct, why do populations remain genetically
distinct? One possibility is that migrants do mate at
random with the residents but strong selection quickly
eliminates the ‘wrong’ alleles at each beach. Although



570 H. A.LESSIOS & J. R. WEINBERG

this explanation is consistent with the low degree of
genetic and morphological within-population poly-
morphism, it otherwise seems unlikely. It is hard to
imagine selective pressures that differ so much between
beaches 1 km apart that they lead to near-fixation of an
allele in one population and almost complete elimina-
tion in another. What is more, if selection were respon-
sible for determining the genotype that survives at each
beach, then its pressures would also change direction
over short periods of time because in Isla Porcada
we have documented the replacement of one geno-
type by another over a 2-year period (Lessios et
al., in press). There is also no reason to suppose
that all migrants are post-reproductive individuals that
have already left their offspring in the locality from
which they came or that all reproduction in this clearly
dioecious species with a well-defined copulatory
system (Klapow, 1970; Dexter, 1977) is asexual. A
more credible possibility is that even genotypes of the
same morph (whether arriving at each generation or
existing for a long time at each beach) do not exchange
genes at random. Our data on apparent gene flow
within morphs suggest that the degree of this reproduc-
tive isolation is not as strong as that existing between
morphs. It would, therefore, be wrong to conclude that
there are as many species of Excirolana as there are
beaches inhabited by different genotypes. However, it
seems probable that low gene flow in Excirolana is not
only due to low patterns of present-day dispersal but
also to difficulties faced by the migrants in injecting
their genes into resident populations. This reproduc-
tive isolation must have evolved because of past restric-
tions to migration, more severe than we see today, or
because of rapid divergence between populations. It
could reasonably be considered the result of infrequent
local extinctions and recolonizations of beaches by a
few individuals from a single source and rapid diver-
gence from the parental population due to founder
effects (Lessios et al., in press; Lessios & Weinberg, in
press).
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GENE FLOW AND REPRODUCTIVE ISOLATION IN EXCIROLANA
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