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Abstract

The extent of larval retention and natal homing in demersal fish is a
topic central to the design and the efficacy of marine protected areas
(MPAs). Unfortunately, little is known about effective larval dispersal in
many marine species. The duration of the pelagic phase in many species
suggests extensive dispersal, and population genetic studies indicate
large-scale exchange of migrants, though there is also recent evidence
for surprisingly limited realized dispersal. Here, we use genetic mark-
ers (microsatellites) to identify the offspring of resident adult brown
rockfish (Sebastes auriculatus) among incoming settling juveniles on an
isolated artificial reef at Point Heyer in Puget Sound, thus directly esti-
mating rates of self-recruitment on the reef. Due to low marker variabil-
ity, unambiguous identification of these offspring from empirical data
was not possible. Nevertheless, comparison between parent-offspring
matches in observed and simulated genetic data suggested that self-
recruitment was less than 10%. One of the juveniles genetically match-
ing an adult was confirmed as its offspring by larval otolith marking,
which confirms that self-recruitment does occur. Our data suggested
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some, but limited, self-recruitment, that corresponded well to expecta-
tions at this scale from mean dispersal distances in brown rockfish.

Introduction

The extent of dispersal in marine species has attracted great interest
among ecologists, evolutionary biologists, and resource managers alike,
not only because data on dispersal and retention mechanisms provide
powerful insights into the distribution, phylogeography (Feral 2002),
and evolution of marine species (Palumbi 1996, Lessios et al. 2001),
but also because assumptions about self-recruitment of marine stocks
underlie many of the commonly used strategies in fish stock assess-
ment (Cowan and Shaw 2002) and conservation (Planes et al. 2000). With
the emphasis on marine protected areas (MPAs) as a tool for marine
conservation, the question of realized dispersal of pelagic larvae has
found renewed significance, because the function of MPAs in a regional
context depends critically on the demographic exchange between the
MPA and surrounding areas (Botsford et al. 2003, Palumbi 2003). At one
extreme, retention of all life history stages within an MPA negates any
positive effects on surrounding areas, while at the other extreme, total
export of larvae or juveniles from the MPA may limit the conservation
value of the protected area (Palumbi 2003). Some information on real-
ized dispersal from MPAs is therefore required; and, although data on
adult migration are accumulating (Pittman and McAlpine 2003), little is
known about the effect of larval dispersal, which most likely dominates
the level of demographic connectivity of protected areas with surround-
ing regions.

Unfortunately, there is little information on realized dispersal of
marine larvae, and most estimates have been derived indirectly by
inferences from current speeds, larval duration, or the genetics of
adult populations (Bohonak 1999, Palumbi 2003). Such estimates are
inherently imprecise; and, although cross-species correlations between
genetic population differentiation (estimating migratory exchange)
and larval duration could be demonstrated (e.g., Doherty et al. 1995,
Bohonak 1999), the predictive value of such indirect inferences for MPA
design remains limited. Furthermore, while some more direct evidence,
such as the occurrence of larvae of coastal species in the open ocean
(Scheltema 1986) and the rapid spread of marine invasive species with
pelagic larvae (e.g., green crab, Carcinus maenas, Geller 1994) clearly
demonstrate the occurrence of long-distance dispersal, its frequency
and thus ecological significance in the short term, especially for MPA
design, remains questionable (Palumbi 2003).

Indeed, recent evidence from larval biology suggests that long dis-
tance dispersal, although important evolutionarily (Strathmann 1978,
Duda and Palumbi 1999), may be rare (Palumbi 2001) and that at least
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some of the recruitment in demersal fish and benthic invertebrates
may stem from local sources. Oceanographic features such as currents
or eddies play an important role in dispersal and retention of pelagic
larvae and may also strongly affect larval mortality (Bailey et al. 1997,
Withler et al. 2001). Furthermore, behavioral mechanisms, such as
vertical migrations exploiting currents at different depths, can greatly
influence the direction and extent of horizontal advection (Bilton et al.
2002). Evidence for localized self-recruitment comes from unexpected
genetic subdivisions in marine species (Avise 1992, Taylor and Hellberg
2003), the persistence of demersal fish with pelagic larvae on isolated
oceanic islands (Hourigan and Reese 1987, White 1998), and information
on larval distribution (Bailey et al. 1997, Hay and McCarter 1997) and
behavior (Bilton et al. 2002). However, although such evidence suggests
predominantly localized recruitment, the quantification of larval export
vs. self-recruitment, which is so important for MPA design, remains
elusive.

Two major approaches to the estimation of larval dispersal are par-
ticular noteworthy; both have striking results, but they also have some
complications. First, chemical signatures within the otoliths, either
natural or artificial, can be used to track down the origin of juvenile fish.
For example, by marking eggs of coral reef damselfish, Pomacentrus
amboinensis, with tetracycline, a compound producing fluorescent
marks in larval otoliths, Jones et al. (1999) demonstrated that 15-60%
of larvae originated from the local adult population on Lizard Island,
Great Barrier Reef (about 20 km? area). Although that paper clearly dem-
onstrated a relatively high degree of self-recruitment, the confidence
limits of the quantitative estimate were wide, mainly due to the large
size of the adult population, which limited the proportion of marked
eggs to 0.5-2%. A similar approach that exploited natural differences in
otolith microchemistry was used to estimate self-recruiting rates of 60-
81% to natal spawning sites in weakfish (Cynoscion regalis), an estuarine
spawning fish in the eastern United States (Thorrold et al. 2001). The
estimates of self-recruitment were more precise for weakfish, though
the technique relied on differences in chemical composition of the water
in natal habitats and may have been limited to estuarine species or more
large-scale investigations.

The second main approach used for the estimation of effective
larval dispersal is based on genetic differentiation among populations.
Most genetic studies find only slight, if any, genetic differentiation
among populations of marine species, which greatly complicates the
interpretation of data in an applied context, because populations that
exchange very few migrants (<10 individuals per generation) cannot
be distinguished from a single larger randomly interbreeding popula-
tion. Under such circumstances, classical population genetic analyses
based on Wright’s F statistic are inadequate to estimate dispersal on
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ecological timeframes (Waples 1998). However, new approaches to data
analysis that used more realistic models now allow the estimation of
mean dispersal distances from low but significant genetic differen-
tiation (Palumbi 2003). Available genetic data suggest mean dispersal
distances of 25-150 km in many marine invertebrate and fish species,
an estimate that is consistent with observations from invasive spe-
cies (Shanks et al. 2003). Although this approach revolutionized our
perception of large scale or even ocean-wide random interbreeding, it
is limited to species with a detectable increase in genetic divergence
with geographic distance. In many species, sharp genetic breaks can
be detected (Avise 1992, Taylor and Hellberg 2003), but in others there
is no clear geographic pattern of genetic divergence (Hauser and Ward
1998). Furthermore, dispersal distance estimates are derived as a mean
over wide geographic areas; and, although currents can be incorporated
into the models (Palumbi 2003), the prediction of dispersal patterns at
specific MPAs is still difficult.

An alternative and potentially very powerful approach to evalu-
ate larval dispersal and retention is the use of molecular markers for
parental assignment, which allows identification of recruits originating
from local adult fish. Until recently, such parental identification was
not feasible because of low variability of markers, lethal sampling, and
time-consuming analysis of samples. However, the development of mic-
rosatellites as high-variability molecular markers now allows parental
identification in wild populations. Microsatellites consist of 1-5 base
pair (bp) repeats that form tandem arrays up to 300 bp in length and
exhibit high levels of allelic variation in repeat number. Polymorphism
exhibited by specific microsatellites is readily detected by amplifica-
tion of the microsatellite by the polymerase chain reaction (PCR) and
estimation of length variation on automated systems. Microsatellites
have recently come into widespread use in kinship analyses (reviewed
in Wilson and Ferguson 2002) because they offer three critical advan-
tages: opportunities for nonlethal sampling, rapid analysis of samples,
and high variability. The approach is currently used extensively in
salmonid populations (Bentzen et al. 2001) mainly to estimate reproduc-
tive success (Dickerson et al. 2002, Seamons et al. 2004), interactions
between wild and hatchery fish (McLean et al. 2003), and the evolution
of life history strategies (Garant et al. 2003). A similar approach is also
possible for marine fishes, provided that a large proportion of resident
adults can be sampled, which increases the chance of detecting at least
some offspring with practical sample sizes. That way, offspring could
be assigned not only to adults on a specific reef or MPA, but in contrast
to otolith tagging studies, also to individual adult fish. By selecting a
species with relatively isolated adult populations of small size, which
allows the collection of a high proportion of the breeding adults in
a specific area, more accurate estimates of self-recruitment could be
derived.
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Here, we used parental assignment of recruiting juveniles as an
alternative approach to estimating the level of self-recruitment and
larval dispersal in brown rockfish (Sebastes auriculatus). We chose
brown rockfish as a target species for several reasons: (1) adult brown
rockfish have relatively small home ranges, and rarely move farther
than 3 km (Matthews 1990, Stout et al. 2001), which minimizes influx of
new and unsampled parents; (2) relatively small and insular populations
of brown rockfish inhabit several artificial reefs in Puget Sound, which
allows the collection of a large proportion of potential parents; (3) some
of these artificial reefs have integrated and adjacent nursery habitat for
the collection of recruiting juveniles; and (4) the feasibility of inducing
trans-generational chemical marks in otoliths of larvae has been demon-
strated recently in brown rockfish (Buckley et al. 2007), which provided
an independent verification of genetic assignments.

Materials and methods

Sampling

The study site was an artificial reef at Point Heyer, on the eastern shore-
line of Vashon Island in Puget Sound (47°25.2'N, 122°25.6'W, Buckley
et al. 2007). The reef is relatively isolated from other rockfish habitat,
and the next artificial reef is more than 7 km away. Adjacent to the reef
is smaller boulder habitat suitable for juveniles and allowing the col-
lection of settling recruits. During summer 2004, a total of 137 adult
brown rockfish (>20 cm) were caught with hand nets by scuba divers,
fin clipped, and released immediately. Thirty-one females were also
injected with strontium chloride (SrCl,) solution (see Buckley et al.
2007). Between spring 2004 and spring 2005, 209 recruits (<101 mm)
were collected from the adjacent nursery habitats by divers who used
hand nets. Fin clips of adults and juveniles were stored in 95% ethanol
until analysis.

Molecular methods

DNA was extracted from each sample using DNeasy extraction Kkits
(Qiagen), following the manufacturer’s protocols. Thirty-five micro-
satellite loci from eight Sebastes species were PCR-amplified following
the original protocols for each locus, though annealing temperature
and number of cycles were adjusted as needed to optimize PCRs. Of
the 35 loci screened, 13 loci from five species were selected for further
analysis based on reliability of amplification and scoring (Table 1). All
samples were amplified at all 13 loci using forward primers labeled
with a fluorescent dye, 0.5 units Taq (GeneChoice), and reagents and
conditions detailed in Table 1. Amplified PCR products were purified
using ethanol precipitation and genotyped using a MegaBACE 1000
DNA Analysis System (Amersham Biosciences). Raw data were analyzed
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with Genetic Profiler software (Amersham Biosciences), and automated
allele assignments were manually reviewed for accuracy. DNA from 96
randomly picked samples was re-extracted and used in a blind trial to
estimate genotyping error.

Data analyses and simulations

Genotype frequencies were tested for conformance to Hardy-Weinberg
and linkage equilibrium by using the software package GENEPOP v3.4
(Raymond and Rousset 1995). Loci were also checked for evidence for
mis-scoring due to large allele dropout, stuttering, and null alleles
(Micro-Checker, van Oosterhout et al. 2004). Observed and expected
heterozygosities, inbreeding coefficient (F,) values, and allelic diversi-
ties were estimated using FSTAT (Goudet 1995).

Parentage analysis was carried out based on exclusion, as well as
by a method based on breeding likelihood (Sancristobal and Chevalet
1997). As the results of exclusion and likelihood were almost identical,
only exclusion results are presented. Parents matching at a minimum of
11 out of 12 loci were considered in the assignment. Average exclusion
probabilities (i.e., the average probability of excluding an unrelated indi-
vidual as a parent) per locus and overall loci were calculated following
the methods in Marshall et al. (1998).

To assess the power of the approach, simulations were carried out
using the PopTools Add-In for Excel (Add-In for MS Excel, Greg Wood,
CSIRO, Australia, available online at www.cse.csiro.au/poptools). First,
allele frequencies estimated from all sampled fish were used to draw 137
random adults and 100 random juveniles and to estimate the number of
matches that would be expected to occur by chance alone. This simula-
tion was repeated after including 10% offspring of sampled parents to
the sampled juveniles. Means and 95% confidence intervals were cal-
culated from 1,000 permutations. Second, 10,000 random adults were
drawn from the population, of which 137 were assumed to have been
sampled. These 10,000 parents were used to produce 100 offspring—by
chance, about 2.7% of these offspring would have at least one parent in
the sample of 137 fish. Because of the large matrices involved in these
simulations, means and 95% confidence limits of genotype matches
were estimated from only 100 permutations. These simulations were
used to estimate the distribution of the number of loci by matching
between true parent-offspring pairs and between random matches. We
also evaluated the difference in match between the most likely parent
and the second most likely parent. In order to evaluate the significance
of locus variability, we repeated the above simulations by drawing adult
genotypes from allele frequencies of the four most polymorphic loci
(Spi6, Sral6-5, Sall, Sra7-25) three times. In all simulations, genotyping
error was included by replacing a proportion of offspring alleles equal
to the empirically estimated genotyping error with an allele randomly



106 Hauser et al.—Reef-Resident Brown Rockfish

drawn from the populations. Although this type of genotyping error
may be somewhat unrealistic, distinction between different classes of
errors is difficult and currently generally not implemented (Marshall et
al. 1998, Duchesne et al. 2002). Furthermore, our mode of genotyping
error is probably the most conservative in the present context, because
replacing the true allele with a common allele is likely to increase the
proportion of false matches.

An alternative approach to parental identification is the calculation
of relatedness coefficients (Queller and Goodnight 1989). The program
Kinship (Goodnight and Queller 1999) was used to simulate expected
distributions of relatedness coefficients between unrelated individu-
als and parent offspring pairs. These distributions were compared
with observed distributions of relatedness coefficients in the real data.
Additionally, a log-likelihood test that compared the likelihood of unre-
lated vs. parent offspring relationships was carried out in Kinship—the
number of tests significant at the 0.05 level was then compared within
adults and recruits, and between these two groups.

Results
Locus variability and genotyping error

After repeating failed PCR amplifications, 99.2% of all genotypes were
successfully determined. Variability was moderate; expected hetero-
zygosity ranged between 0.6 and 0.9, and the mean allelic diversity
was 13 alleles (Table 2). At most loci, there was no evidence for devia-
tion of genotypic proportions from expected Hardy-Weinberg propor-
tions—only Sra 15-8 and Sma 10 showed a significant deficiency of
heterozygotes in both adults and recruits, and there was a significant
excess of heterozygote adults at Sme 5. Correspondingly, Micro-Checker
provided no significant evidence for mis-scoring due to stuttering or
large allele drop out at most loci, with the exception of Sma 10, where
there was significant evidence for mis-scoring due to stuttering. The
genotyping error varied widely between loci, with no detectable error
in 96 samples in seven of the thirteen loci, and an error of more than
7% at Sma 10. Because of the high genotyping error and the evidence for
scoring problems, Sma 10 was excluded from subsequent analyses.

Out of the 66 possible tests for deviations from linkage equilibrium,
eleven were significant at the 0.05 level in the adults, and five tests were
significant in the recruits. There was no correspondence in apparent
linkage between adults and recruits, except for the tests between Spi 4
and Spi 6. It is unlikely that loci other than Spi 4 and Spi 6 were indeed
physically linked in a genome, a consideration that is important for the
calculation of exclusion probabilities.

As expected from the relatively low variability estimates, exclusion
probabilities (that is, average probabilities of excluding a randomly
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Figure 1. Frequency distribution of maximum matches between recruits
and adults. The observed distribution (black) and simulated
distributions with no parent-offspring pairs (gray) and 10%
parent-offspring pairs (white) are shown. Error bars represent
95% confidence limit of 1,000 simulations. Note that the observed
frequency of 12-locus matches falls below the lower 95%
confidence limit of the 10% parent offspring simulation.

chosen individual from parentage) were also low (Table 2). Nevertheless,
over all loci the exclusion probability was 99.88%.

Parental assignment

Of the 209 offspring, 25 matched at least one parent at all 12 loci, and
99 offspring matched at least one parent at 11 loci. Therefore, allowing
for genotyping error at one locus, more than half of all offspring had at
least one potential parent in the sample, despite the high average exclu-
sion probability. Simulations showed that this distribution of matches
is very close to that expected from chance matches among random
genotypes, but that it is significantly lower than expected if 10% of
juveniles are offspring of sampled adults (Fig. 1). These results indicated
that true offspring of resident parents, if present, were relatively rare
(<10% of juveniles).

The notion of rarity of true offspring was confirmed by related-
ness indices. Both pairwise relatedness between adults and between
adults and recruits closely followed the distribution of relatedness
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Figure 2. Frequency distribution of relatedness coefficients. Observed
relatedness coefficients between adults and between adults and
recruits are shown, as well as simulated relatedness between
parent-offspring pairs and unrelated individuals. The distribution
of observed relatedness follows closely that expected from
unrelated individuals.

indices expected for unrelated fish (Fig. 2). However, there were some
indications for relatedness from the number of log-likelihood tests that
showed a significantly higher likelihood (P < 0.05) of first order relat-
edness as compared to the null hypothesis of no relatedness. Of the
pairwise tests between adults, 5.2% were significant, while 6.0% were
significant between adults and recruits. This slight excess of significant
tests above the expected 5.0% may suggest a few, but not many, related
individuals.

Simulations with 10,000 candidate parents, of which 137 parents
were known, confirmed that about 10% of juveniles without a parent
in the sample would have a random match at all 12 loci with one of
the sampled adults (Fig. 3A). Although most juveniles with a sampled
parent would also show such a match, they would not be obviously
distinguishable from random matches. Furthermore, about 10% of the
offspring with parents would match their true parent at only 11 loci
because of genotyping error. It may be that a better distinguishing fea-
ture between true and random matches is the difference in the number
of parents matching equally well. However, although the majority of
offspring with parents in the sample have only their parent matching at
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Figure 3. Results from simulations assuming a sample of 137 fish from a
population of 10,000 candidate parents. Juveniles with parents
in the sample are shown in dark gray and on the right hand scale,
whereas juveniles with unsampled parents are shown in light
gray and on the left hand scale. Error bars show confidence limits
from 100 simulations. (A) Distribution of best matches between
adults and juveniles using the original set of loci. (B) Distribution
of the number of adults matching offspring at as many loci as
the best matching candidate parent. (C) and (D): As in (A) and (B),

but using the four most polymorphic loci three times.
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all 12 loci, about 40% of random matches also have only one adult that
matches best (Fig. 3B). Having a single matching parent is therefore no
indication of a true parent-offspring relationship.

Equivalent simulations using the four most polymorphic loci taken
three times demonstrated the value of a highly polymorphic data set
for parental identification. Most offspring with no parent in the sample
match any parent by chance at only five loci, and only 0.2% match at all
12 loci (Fig. 3C). In contrast, 96% of offspring with parent in the sample
match that parent at all 12 loci—the other 4% being due to genotyping
error. Interestingly, however, the number of potential parents matching
at the same number as the maximum match was still not a good indica-
tor for true parentage, as in almost 60% of random matches there was
a single sampled parent matching best.

Discussion

The results of this study suggested that the molecular markers used
here were not sufficiently variable to provide an unambiguous identifi-
cation of offspring of resident rockfish. However, the data did indicate
very limited self-recruitment, and in conjunction with SrCl, marking, led
to the identification of a single offspring of an injected fish (Buckley et
al. 2007). Furthermore, simulations showed that a more polymorphic
marker set would have the power to identify offspring, despite the large
number of potential candidate parents and the very small proportion
of parents sampled.

Parental assignments and rates of self-recruitment

Our study identified 124 potential offspring of the rockfish sampled
(matching at 11 or 12 loci to any candidate parent). However, simula-
tions suggested that a very similar number of matching offspring would
be expected by chance alone. Simulations that included 10% “true” par-
ent offspring pairs produced significantly more matching pairs than
observed, which suggested that the true value of self-recruitment is
less than 10%. On the other hand, SrCl, marking clearly identified one
offspring of an injected female (Buckley et al. 2007). Therefore, genetic
and otolith results combined suggested that self-recruitment did occur,
but at a rate of less than 10%, though any such conclusions are very
preliminary due to the lack of accurate confidence estimates.

Low levels of self-recruitment may be expected, because of the
long larval period of brown rockfish (2-2.5 months, Love et al. 2002)
and the consequent potential of extensive larval dispersal. However,
several lines of evidence also suggest considerable potential for larval
retention and limited realized dispersal of brown rockfish. Puget Sound
is an enclosed estuary that includes several basins. The artificial reef
on Point Heyer is situated in the central basin, which is connected to
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northern Puget Sound via Admirality Inlet (maximum depth 65 m) and
to the southern basin via Tacoma Narrows (maximum depth 45 m)
(Burns 1985). General circulation patterns are primarily caused by tidal
exchange, and consist of outflow through Admiralty Inlet in the upper
layer and inflow of marine waters at depth (Stout et al. 2001). In the
southern part of the basin, currents generally flow north on the west
side of Vashon Island, and south on the east side where Point Heyer is
located (Ebbesmeyer et al. 1984). Such oceanographic patterns, bathy-
metric isolation, and tidal reversal of currents provide ample oppor-
tunity for larval retention via mechanisms such as vertical migration,
habitat selection, and hydrographic retention (Joyeux 2001, Bilton et al.
2002). Nevertheless, on a very small scale, dispersal would probably be
sufficient to explain the apparent low levels of self-recruitment on Point
Heyer. Furthermore, the level of interannual variability in circulation
patterns is currently understudied, though major circulation patterns,
especially the depth of inflowing and outflowing currents, appear to be
greatly influenced by decadal climate regimes (Ebbesmeyer et al. 1998).
Recruitment estimates from additional years are therefore needed for
more long term self-recruitment rates relevant to MPA design.

Expectations of self-recruitment also stem from indirect estimates
of dispersal distances in brown rockfish and other Sebastes species.
Isolation by distance patterns from microsatellite studies on the Pacific
east coast indicated mean dispersal distances of less than 10 km in
grass rockfish (Sebastes rastrelliger, Buonaccorsi et al. 2004), copper
rockfish (S. caurinus, Buonaccorsi et al. 2002) and brown rockfish (S.
auriculatus, Buonaccorsi et al. 2005). By assuming that the distribution
of individual dispersal distances follows an exponential distribution
(Botsford et al. 2001), about 10% of recruits would be expected to settle
within 1 km of the point of release, that is, potentially on the same reef.
These estimates correspond to our initial results, though more powerful
markers are needed to confirm this notion.

An alternative explanation for the low self-recruitment rates esti-
mated here may be a large variance in reproductive success among
adults, resulting in a very limited number of adults actually producing
recruits. Population genetic studies indicate that in many marine spe-
cies the effective genetic population size (N,) may be orders of magni-
tude smaller than the census population size (e.g., Turner et al. 2002,
Hauser et al. 2002, Hoarau et al. 2005), which suggests that only one
in several thousand fish is successful in reproducing. Maternal effects
that lead to much higher larval survival in offspring of older females,
in addition to the inherently higher fecundity of older and larger fish
(Berkeley et al. 2004), may exacerbate these effects. If such few repro-
ductively successful adults were not included in the adult sample, their
offspring might not be identified, and self-recruitment rates would be
underestimated. Indeed, most females sampled were smaller than 30
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cm and inclusion of the few larger fish on the reef may increase the
self-recruitment estimate considerably.

Variation in reproductive success may occur either among individu-
als within subpopulations (Hauser et al. 2002) or among subpopulations
(Turner et al. 2002). Indeed, variation in productivity among subpopu-
lations may decrease N, by several orders of magnitude (Turner et al.
2002). Because self-recruitment was estimated as a proportion, it does
not only depend on the productivity of the Point Heyer population, but
also other populations in the vicinity, and may have been reduced by
immigration from very productive populations. Such considerations
emphasize the importance of interannual variability in recruitment.

Methodological considerations

Parentage analysis of marine species is not a trivial undertaking.
“Biological” assumptions of common parentage methods are that the
population is fairly small, that a large proportion of candidate parents
have been sampled, that both parents are in the sample, and that the
juvenile sample contains a large proportion of offspring of known par-
ents. Violations of these assumptions result in a progressively restric-
tive range of analysis methods (Jones and Ardren 2003). The population
size of brown rockfish in Puget Sound has been estimated as 100,000
individuals (Stout et al. 2001), all of which are potential parents of juve-
niles recruiting to the Point Heyer reef. However, the adult population of
brown rockfish at Point Heyer is 200-250 fish (Buckley et al. 2007) and
so about half of the adults were included in this study (N = 137). There
is therefore a 25% chance that any true offspring of resident adults has
both parents in the sample—a probability that is lower than in most
other studies of parentage assignment (Jones and Ardren 2001). The
proportion of offspring of these adults in the recruiting juveniles is
unknown, and may range from 0% given the extensive larval period
of 2 to 2.5 months (Love 2002) to 15-60% as was reported for reef fish
(Pomacentrus amboinensis, Jones et al. 1999) on the Great Barrier reef.
All these ecological features of many marine species, such as brown
rockfish, complicate parental assignment, but certainly should not
prevent it, given the appropriate set of marker loci and some way of
verifying assignments.

There are also some assumptions regarding the markers in question.
Most importantly, markers should have high variability, and so provide
high exclusion probability for random genotypes. Our marker set was
less variable than one would like for a parentage assignment study. Two
reasons may account for this low variability: first, all loci were isolated
from other rockfish species, and it is known that microsatellites are
somewhat longer and more variable in the focal species (the species
from which it was isolated) than in related species (Neff and Gross 2001).
Second, brown rockfish in Puget Sound have lower genetic diversity
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than their conspecifics on the Oregon and California coast (Buonaccorsi
et al. 2005). The relatively low variability of microsatellites led to low
exclusion probabilities (0.2-0.7, Table 2) and further reduced the power
of parentage assignment.

Nevertheless, our simulations showed clearly that a more variable
microsatellite data set would have high power in detecting true par-
ent-offspring pairs in our samples. Using our suite of loci, about 10% of
random pairs of individuals matched at all 12 loci, whereas a more vari-
able set of microsatellites would reduce this percentage to 0.2%, while
leaving the distribution of matches between true parent-offspring pairs
unchanged. Similar increases in parentage assignment success with
increasing diversity of marker loci were observed in other simulation
studies (Bernatchez and Duchesne 2000). Interestingly, the distribution
of numbers of candidate parents matching the offspring at the same
number of loci as the maximum match found did not change noticeably
with marker variability. This number of equally well matching parents
is closely related to the concept of the difference in match between the
most likely parent and the second most likely parent, a criterion often
used in parental assignment studies (Marshall et al. 1998). These results
suggest that with a small sample from a large number of candidate par-
ents and genotyping error, such a criterion may be unsuitable.

Low genotyping error and low mutation rates are a further assump-
tion of parental assignment. Some approaches allow the consideration
of genotyping errors (e.g., Marshall et al. 1998), but in doing so reduce
the power of assignment even further. Simulations that used a maxi-
mum likelihood approach (Marshall et al. 1998) showed that low marker
variability, genotyping error, and a large proportion of unsampled
parents together reduce the power sufficiently to prevent confident
parental assignment (data not shown). In our study, the locus with
the highest genotyping error (Sma 10) was removed from the analysis,
and the remaining average genotyping error (1%) was within the aver-
age commonly observed in microsatellite studies (Hoffman and Amos
2005). Nevertheless, over the 12 loci, the genotyping error exceeded
12% per multilocus genotype, which resulted in false exclusion of par-
ent offspring pairs. Furthermore, because of the rapidly increasing
multilocus genotyping error, the addition of more loci does not always
result in higher power of parental assignment, as the limited increase
in information content with each additional locus is more than offset
by an increase in overall error rate. It would therefore be best to use a
limited number of loci with high variability and low genotyping error
for parental assignment.
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Implication for MPA design

One of the main assertions of MPAs is that protecting a spawning bio-
mass of marine fishes will enhance progeny output, and that the pat-
terns of larval dispersal from the MPAs will contribute to local and/or
regional stocks. However, the dispersal of marine fish larvae is poorly
documented and this basic assumption remains unverified. Although
clearly only a “snapshot” in time, our results suggested that, at least
on Point Heyer, recruitment of the 2004 year class occurred primar-
ily from outside the resident population. However, concluding a low
conservation priority from these data would be misleading, because
data from additional years are needed to establish long-term temporal
trends. Furthermore, the destination of Point Heyer offspring is cur-
rently unknown, and the population may be an important source of
larvae for other reefs. Point Heyer may thus be an important component
of the rockfish habitat in Puget Sound. Further surveys including other
reefs are needed, optimally using a combination of otolith marking
techniques (Buckley et al. 2007) and genetic methods. Our simulations
clearly demonstrated the feasibility of the approach of identifying off-
spring of resident adults, which may be a powerful tool for estimating
dispersal into and out of MPAs.
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