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Figure 4 Production of twinned saccharin crystals. a, A comparison of the frequency of
twinning in pure and doped solutions for crystals grown at 25 °C and a supersaturation of
0.4 in unstirred vessels. b, Micrograph of a twinned saccharin crystal grown from an
indigo-doped saccharin solution, showing blue colouration at the interface.

After crystallization, crystals were removed and the percentage of
twinned crystals determined by manual counting. The number of
crystals counted varied between experiments, but was always
between 100 and 200. The histogram in Fig. 4a summarizes these
results: in pure solutions, 10% of crystals grow as twins; in the
presence of ethylene glycol, 40% grow as twins; while in solutions
containing indigo, almost 70% of the crystals are twinned. These
data are in line with our expectations. In addition, we show in Fig. 4b
an optical micrograph of a detail of the twin interface for a crystal
grown in the presence of indigo. The blue colouration verifies that
this molecule is indeed concentrated at the interface. In complete
contrast, the addition of hydroquinone was found to yield no twins
at all, again confirming our expectations.

The success of this study shows that our understanding of
intermolecular interactions and interfacial processes can be applied
successfully to the solid—solid interface. It suggests a general strategy
for designing adhesive molecules to span and stabilize such inter-
faces, utilizing a combination of molecular dimensions and specific
intermolecular interactions. We note that we were only able to
demonstrate this success because we had previously developed a
molecular model of the interfacial region—without this, such
engineering would be relegated to randomized trials and serendi-
pitous successes. Fortunately, such information is rapidly becoming
routinely available, not only through the increased power and
sophistication of molecular modelling, but also using state-of-
the-art structural techniques such as scanning probe microscopy,
microscopic spectroscopy and glancing-angle X-ray diffraction'?. [
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For close to a century, recruitment of larvae to a local population
has been widely accepted as a primary determinant of marine
population dynamics™>. However, progress in elucidating the
causes of recruitment variability has been greatly impeded by
our ignorance of the sources of recruits. Although it is often
assumed that recruitment is independent of local reproduction®™,
there is increasing circumstantial evidence that physical”® and
behavioural®® mechanisms could facilitate larval retention near
source populations. To develop a direct method for reconstructing
the dispersal history of recruiting larvae, we put forward the
hypothesis that differences in nutrient and trace-element concen-
trations between coastal and open oceans could result in quantifi-
able differences in growth rate and elemental composition
between larvae developing in coastal waters (locally retained)
and larvae developing in open ocean waters (produced in distant
locations). Using this method, we show that recruitment to an
island population of a widely distributed coral-reef fish may often
result from local retention on leeward reefs. This result has
implications for fisheries management and marine reserve
design, because rates of dispersal between marine popula-
tions—and thus recruitment to exploited populations—could
be much lower than currently assumed.

Our approach is based on the following two predictions. (1)
Coastal environments are the most productive regions of the world’s
oceans'’, where local nutrient inputs can enhance food resources for
developing fish larvae'"”. Thus, larvae retained in coastal water
masses should grow faster, and settle at larger sizes, than larvae
dispersing through nutrient-depleted oceanic waters. (2) Along
coastal margins, concentrations of many particle-reactive trace
elements are significantly higher than in the open ocean'. Thus,
larvae developing in coastal environments should have elevated
trace-element concentrations in their tissues compared with
oceanic larvae if these elements are absorbed from sea water and
permanently incorporated into the larvae. We used otoliths—
crystalline structures in the inner ear of teleost fishes—as recorders
of growth history and trace-element environmental signatures
because they are formed at birth, new layers of calcium carbonate
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are deposited daily as discernible growth bands'®, and elements from
the surrounding sea water can substitute for calcium and become
permanently incorporated into the otolith'®". In addition, otolith
trace-element signatures have recently been used to identify stocks'’
and nursery habitats'>" for several temperate fishes.

The focal species for this study was the bluehead wrasse,
Thalassoma bifasciatum, an abundant Caribbean coral-reef fish
with a long planktonic larval duration (~45 days). Past research
on St Croix, US Virgin Islands (northeastern Caribbean Sea,
17°45’ N, 64° 35’ W) has detected consistent recruitment patterns®.
On the windward shore of St Croix, recruitment was highest on the
eastern (up-current) end and decreased towards the western end of
the island. Along the leeward shore, recruitment was lowest at the
eastern end and increased to highest recruit densities at the west-
ward (down-current) end of the island. We put forward the
hypothesis that physical oceanographic processes were responsible
for the patterns of recruitment along the two shores. Windward
reefs may receive recruits primarily from larvae dispersing from
nearby up-current source populations (possibly Saba, St Martin, or
other islands of the lesser Antilles, from where passively drifting
larvae could reach St Croix in as little as 7—14 days; ref. 21) whereas
leeward reefs may receive recruits retained within coastal waters in
the lee of the island. Regions of weak converging currents as well as
wake eddies have been detected along the leeward coast of St Croix*,
and may also facilitate larval retention near other islands**". Thus
the importance of larval dispersal versus local retention to patterns
of recruitment may vary across windward and leeward reefs.

In order to determine the sources of recruits to St Croix, we
compared larval growth histories and otolith trace-element com-
position (see Methods) of newly settled individuals among three
locations: an up-current site on the windward shore (Jack’s Bay)
and two down-current sites on the leeward shore (Northstar and
Butler Bay) during the summer and autumn of 1992. For this
analysis, we selected individuals that recruited during five periods:
three summer periods (June—August) when average recruitment
was more than five times greater at the leeward sites relative to the
windward site, and two autumn periods (September and October)
when average recruitment levels were lower and similar among
the leeward and windward shores (1.1 and 0.9 fish per m?,
respectively)”. We found significant differences in both growth
history and otolith trace-element signatures among larval popula-
tions of bluehead wrasse recruiting to each site as well as among
recruitment periods (Table 1), indicating that recruiting larvae
experienced different environmental histories both within recruit-
ment periods as well as among recruitment periods.

Differences among recruitment periods resulted from the cluster-
ing of both larval growth history and otolith trace-element signa-
tures along a retention—dispersal gradient as indicated by canonical
discriminant analysis (Fig. 1; see Methods). In support of our

Table 1 Comparisons of larval source population signatures among sites
and among monthly recruitment events

MANOVA Dependent variables (ANOVAs)
Effect Pillai trace Mn Cu Zn Ba Pb GR SL
Site 4.77% 3.02*  3.73 0.36  8.46t 1.65 2.38 3.88"
Month 6.22% 3.18* 3.78t 2.04 845t 326 1876t 20.73t

Symbols used: Mn, manganese; Cu, copper; Zn, zinc; Ba, barium; Pb, lead; GR, somatic growth
rate; SL, adjusted standard length. Trace-element concentrations were log transformed to conform
to assumptions of the statistical tests. The MANOVA results indicate that significant overall
differences existed among sites (first row) and months (second row). Significant ANOVA tests
identify the important variables in the MANOVA models. Shown are F-ratios for tests based on
differences in larval growth histories and otolith elemental composition among sites and months.
Not shown are the pairwise multivariate comparisons (Hotelling’s 7%) among sites and months; all
were significant at the appropriate Bonferonni adjusted significance level except for the July versus
August comparison. Hoteling’s 7° comparisons among sites within season (summer versus
autumn) indicated that significant differences occurred among sites in summer (June and July)
but not in autumn (September and October). The untransformed means (ranges) for elements (in
wmol mol™' Ca) were: Mn, 3.83 (1.19-29.38); Cu, 15.74 (4.11-59.98); Zn, 32.81 (4.46-126.77);
Ba, 3.70 (2.05-8.22); Pb, 1.95 (1.06-6.95), and for growth histories: GR, 0.23 (0.18-0.28) mmd™';
SL, 12.05 (9.95-13.9)mm.

*p =< 0.05, Tp < 0.007 (Bonferonni adjusted o = 0.05/7), £ p < 0.001.
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Figure 1 Results of the canonical discriminant analysis of larval source population
signatures. Along the canonical factor 1 axis, predominantly elevated growth rates, larval
size, and trace-element concentrations (retention signature) occur in larvae recruiting in
summer relative to larvae recruiting in autumn. a, Vector plot depicting the strength and
direction of the correlations between the dependent variables and the first two canonical
factors®. Vectors with arrows indicate endpoints beyond the scale of the figure (values in
parentheses). b, Centroids (means) for each recruitment period. Bars = =+ 1s.e. See
Table 1 legend for key to chemical symbols, and growth-rate and fish-size abbreviations.
Filled circles, June; filled squares, July; filled triangles, August; open circles, September;
open squares, October.

hypotheses, larvae with positive canonical factor 1 (CF1) scores
were large, fast-growing individuals with otoliths enriched in trace
elements (that is, retention characteristics) whereas larvae with
negative CF1 scores were small, slow-growing individuals whose
otoliths had low trace-element concentrations (that is, dispersal
characteristics).

High proportions of larvae settling during the summer months
were characterized by retention signatures (positive CF1 scores) in
contrast to larvae settling in the autumn, which were characterized
by dispersal signatures (negative CF1 scores). During the summer
recruitment periods, there were strong differences among sites in
the CF1 scores (Table 1), with 89% of the leeward-shore recruits
with retention signatures compared to only 32% of the windward-
shore recruits with such signatures. The variation in the prevalence
of larvae with retention signatures had important repercussions for
the intensity of recruitment to St Croix (Fig. 2a—c). Using the CF1
score (from Fig. 1) as an index of the intensity of local retention
(positive values represent high retention and negative values repre-
sent low retention/high dispersal), we discovered pronounced
differences between the leeward sites and the windward site in the
relative importance of local retention of larvae to recruitment. At
both leeward reefs (Butler Bay and Northstar, Fig. 2a, b), recruit-
ment levels were positively correlated with CF1, indicating that the
heavy summer recruitment events followed periods when large
numbers of larvae tended to be locally retained (larvae had both
high growth rates and high otolith trace-element concentrations).
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Figure 2 Relationship between larval retention and the intensity of recruitment. These
data are evidence for high recruitment levels of bluehead wrasse, Thalassoma
bifasciatum, coinciding with periods of greater larval retention (positive CF1 score) at
leeward sites (a, b) in contrast to a windward site (€) when high recruitment levels
occurred during periods dominated by dispersing larvae (negative CF1 score). Shown are
the mean monthly CF1 scores and relative recruitment intensity for each site (bars show
+ 1s.e., see Fig. 1 for monthly symbol definitions). Relative recruitment is defined as
[site average monthly recruit density (no. of fish per m?)]/island average monthly recruit
density (no. of fish per m?)]. Values adjacent to symbols are sample sizes (note: no data
were available for the August Northstar recruit collection due to poor sample preserva-

In contrast, recruitment levels at Jack’s Bay (Fig. 2¢) were inversely
correlated with CF1, indicating that the elevated windward recruit-
ment events in the autumn were related to larval transport through
offshore water (larvae had both low larval growth rates and low
otolith trace-element concentrations). In addition, the presence of
positive CF1 scores during low summer recruitment events at Jack’s
Bay indicates that a small proportion of retention-signature larvae
can settle to windward reefs.

Our findings suggest that recruitment to island populations, in
particular to leeward reefs, may often result from the retention of
locally spawned larvae. Local retention, compared with dispersal
through oceanic waters, may be the more pervasive and adaptive
larval dispersal strategy for many coastal marine organisms with
planktonic larvae, given the more favourable environmental con-
ditions for larval growth and survival and the higher probability of
encountering suitable adult habitat at the end of larval development.

For bluehead wrasse populations on St Croix, recruitment is not
simply a result of settlement from a common larval source. Instead,
larvae settling to windward and leeward reefs spent significant
amounts of time in different environments, indicating that pro-
cesses affecting larval dispersal not only operate at intermediate
spatial scales (>100 km; between-island dispersal) but also at much
smaller spatial scales (<10 km; within-island dispersal). Temporal
differences in larval growth rates and otolith trace-element signa-
tures among recruitment periods indicate that reefs probably
receive a mixture of locally retained and dispersing larvae over
time. However, variation in recruitment intensity indicates that
most of the recruits to a site may come from a primary source:
locally retained larval populations for leeward reefs, and dispersing
larval populations for windward reefs. Given the high rate of
settlement on leeward reefs (>70% of the annual recruitment to
St Croix), these findings suggest that a significant proportion of
recruitment to St Croix results from the retention of locally
produced larvae. While ‘retention signatures’ could occur in
larvae produced on other islands that disperse quickly and spend
the majority of larval development accumulating in coastal waters
before settlement, we tested for such an effect by estimating the
minimum number of days a larva would need to spend in coastal
waters to produce the high otolith trace-metal concentrations
observed in this study (see Methods: analysis of retention signa-
tures). On the basis of these conservative estimates, a minimum of
50% of the recruits with retention signatures (positive CF1 scores)
had spent their entire larval life in coastal waters.
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tion). Under the assumption that each larva is an independent recorder of environmental
conditions, the relationship between CF1 and recruitment intensity was strong and
significant at all sites (Butler Bay, r = 0.462, p < 0.001; Northstar, r = 0.546,

p < 0.001; Jack's Bay, r = —0.476, p < 0.001). A more conservative approach, using
monthly mean CF1 values for each site, yields stronger Pearson product-moment
correlation coefficients but these are not significant due to small sample size (Butler Bay,
r = 0.686, p = 0.201; Northstar, r = 0.922, p = 0.078; Jack’s Bay, r = —0.784,
p = 0.116). Mean CF1 and recruitment were significantly correlated when data from the
two leeward sites were pooled (r = 0.752, p = 0.019).

The results we report here have implications for evaluating the
efficacy of marine reserves, as reserve location may strongly deter-
mine the extent to which reserves can function to protect self-
sustaining populations or enhance fisheries by supplying recruits to
exploited populations. t

Methods

Larval growth rate and size

For all recruits (n = 232), we used standard length (SL in mm) and planktonic larval
duration determined from otolith increment counts to calculate average somatic growth
rates (mm d ™). To remove post-settlement (PS) effects on growth, SL was regressed against
PS age (number of increments after the settlement mark), and the residuals of the model
were used in subsequent analyses (mean PS age (range): 3 (0-7) days).

Otolith trace-element analyses

On the basis of previous research®?* and the coastal water chemistry of St Croix”’, we chose
the following elements for otolith analyses: manganese, copper, zinc, barium and lead.
Both sagittal otoliths from each recruit were: (1) crushed and immersed for 72 h in a 5%
NaOCl solution to remove organic contaminants, (2) rinsed three times at 80 °C in 18 MQ
water to remove residual NaOCl, (3) transferred to acid-leached vials and (4) dissolved to
~1mM Ca to reduce matrix suppression effects. We measured element concentrations on
a VG Plasma Quad 2+ Inductively-coupled plasma mass spectrometer using a combina-
tion of internal standardization and external calibration techniques. Measurement error
was <5% relative standard deviation for all elements. We standardized concentrations to
molar calcium concentration to remove the effects of variable sample loss during sample
cleaning. Since differences in otolith elemental signatures between larvae developing in
water masses with different trace-element concentrations could be confounded by somatic
growth rate (or temperature)®, otolith precipitation rate”, or post-settlement otolith
growth, we tested for such effects on otolith elemental composition of bluehead wrasse
recruits. Results of multiple analysis of covariance (MANCOVA) and subsequent uni-
variate analysis of covariance (ANCOVA) tests for the five trace elements analysed
produced nonsignificant effects (p > 0.05) for all three covariates.

Canonical discriminant analysis

We used canonical discriminant analysis (CDA) to determine which dependent variables
in the multiple analysis of variance (MANOVA) model were most important for
separating groups. For our model, months were maximally separated by weighting more
heavily the otolith concentrations of barium, manganese, copper and lead, and both
growth rate and standard length of each larva in the calculation of the canonical factors. In
addition, these variables (Ba, Mn, Cu, Pb, GR and SL) were all positively correlated with
canonical factor 1 (which explained 53% of the between-group variance), indicating that
differences between months were consistent for all variables. That is, larvae with elevated
otolith trace-element concentrations were also larger and grew faster. Additional com-
plexity in the differences among recruitment periods was revealed by CF2 (which
explained an additional 31% of the between-group variance). Along this axis, recruits
showed strong differences in barium concentrations among months. This probably
reflects the temporal cycling of barium which has a nutrient-type distribution'.
Measurements of the monthly average barium concentration in sea water around St Croix
in 1997 (S.E.S., unpublished data) show a strong correlation with CF2 (r = 0.974),
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suggesting that the additional complexity in the data captured in CF2 reflects this
temporal variability in barium.

Analysis of retention signatures

We estimated the minimum number of days a larva must spend in coastal waters in order
to recruit with a retention signature. This calculation was based on the following: (1) A
maximum 3-fold difference in seawater lead concentration between St Croix coastal and
oceanic waters measured in 1997 and a Pb/Ca = 0.8 wmol mol "' concentration ratio in
otoliths of reef fish larvae collected from oceanic waters in 1997 (S.E.S., unpublished data)
as well as in otoliths from bluehead wrasse recruits with dispersal signatures collected in
1992, and (2) the assumption that trace elements are incorporated into otoliths in
proportion to seawater concentrations. First, we calculated the percentage of the total
otolith mass contained within each day of growth for a larva that spent 45 days in the
plankton (average age at settlement for a bluehead wrasse larva). For each day spent in
oceanic waters, the fraction of the otolith that grew incorporated 0.8 pumol Pb per mol Ca.
For each day spent in coastal water, the fraction of the otolith that grew incorporated
2.4 pmol Pb per mol Ca. Assuming that days spent in oceanic waters occur before
movement into coastal waters, we then calculated lead concentrations for larvae which
spent zero days up to 45 days in coastal waters (the whole larval life). Finally, we compared
the distribution of predicted lead concentrations to the distribution of observed lead
concentrations. On the basis of this comparison, during the high summer recruitment
pulses to leeward reefs, more than 50% of the larvae with retention signatures spent their
entire larval duration in coastal waters.
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The question of how far the larvae of marine organisms disperse
is fundamental to an understanding of their population
dynamics'>, the management of exploited species* and the
conservation of marine biodiversity®’. It is generally assumed
that larvae disperse away from their natal population so that local
populations operate as ‘open’ systems, driven by recruitment of
larvae from other sub-populations®. However, this assumption has
never been critically tested. Here we show for the first time that
juveniles from a coral reef fish population can return to their natal
reef. We marked otoliths (ear bones) of over 10 million developing
embryos of the damselfish, Pomacentrus amboinensis, at Lizard
Island (Great Barrier Reef). Subsequently, from an examination of
5,000 juveniles settling at the same location, we found 15 marked
individuals. On the basis of an estimate of the proportion of
embryos marked (0.5-2%), as many as 15-60% of juveniles may
be returning to their natal population (self-recruitment). We
challenge the assumption that long-distance dispersal is the
norm for reef fish populations.

The majority of marine organisms (~70%) have a so-called
‘dispersive’ planktonic larval stage in their early life history before
recruiting into adult habitat’. However, just how far these juveniles
normally travel from their natal area is an unanswered question in
marine biology'®"". The potential for dispersal by ocean currents is
so great that self-recruitment within local populations has been
considered extremely unlikely. However, over the last few years
information has been accumulating that suggests a degree of self-
recruitment. This includes the unexpected genetic subdivision of
some marine populations'>, the persistence of endemic species
with pelagic larvae on small isolated islands', the persistence of new
populations established from marine introductions®, the persis-
tence of populations with no upcurrent source'® and new informa-
tion on the behaviour of larvae in the vicinity of reefs'’~". However,
none of this information can provide direct and irrefutable evidence
for the existence and importance of self-recruitment as a mechan-
ism for population maintenance. Here we test for the first time
whether any juveniles of a marine fish species return to their parent
population, if they do, we assess the proportion of the population
that is self-recruiting.

The only way to unequivocally answer these questions is to mark
larvae so that they can be traced from their origin to their ultimate
destination. Mark/recapture techniques to assess larval dispersal
have not been attempted in the marine environment. We developed
a technique of marking the otoliths of developing embryos of the
small coral reef damselfish, Pommacentrus amboinensis, a common
species on the northern Great Barrier Reef. It allows them to be
marked en masse in their natural habitat, and to hatch and disperse
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