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ABSTRACT
Quantifying larval retention and connectivity remains a major hurdle in the develop-

ment of realistic spatially-explicit population models in marine systems. This lack of

knowledge is primarily due to the difficulty of conducting mark-recapture studies in spe-

cies that are characterized by the production of large numbers of small pelagic offspring

that suffer high initial mortality rates. Advances in artificial and natural tagging method-

ologies have, however, significantly increased the ability of marine ecologists to track

larvae throughout the pelagic larval phase and subsequent recruitment into benthic popu-

lations. Many of these empirical approaches are now possible with the development of

DNA sequencing and mass spectrometric instrumentation in the last decade. The pres-

ence of artificial tags in recaptured individuals remains the only unequivocal method for

marking marine larvae. However, the difficulties of tagging sufficient numbers of larvae,

with negligible handling effects, are formidable. Natural tags, including genetic markers

and geochemical signatures in calcified tissues, are rarely unique indicators of source

location, but have a significant advantage because all larvae released from an area are

indelibly tagged. Given the strengths and limitations of the techniques, an approach that

combines two or more techniques will likely be necessary to quantify larval retention and

connectivity over appropriate spatio-temporal scales. Where possible, such a multi-tech-

nique strategy should include both artificial and natural tags.

Many populations of marine organisms are considered to be demographically open

whereby recruits to local populations are sourced from a regional pool of reproductive

propagules (Roughgarden et al., 1988; Caley et al., 1996). However, there is little direct

evidence for high levels of connectivity among marine populations over ecologically-

relevant time scales. Exchange of individuals among sub-populations of terrestrial organ-

isms has typically been quantified using mark-recapture approaches (Seber, 1982). Mark-

recapture studies are, however, much more daunting in the marine environment. Many

marine organisms are highly fecund, often spawning millions of small propagules in a

single spawning episode. Tagging these eggs or larvae without introducing significant

handling effects is a challenging endeavor. Moreover, extremely high mortality rates of

early life history stages mean that the probability of recovering a tagged individual is

extremely small. These impediments are directly responsible for the lack of empirical

data on larval retention and connectivity in marine populations.

Despite the inherent difficulty of mark-recapture studies in marine populations, con-

siderable efforts have recently been devoted to the development of new tagging strategies

for use in aquatic systems (Levin et al., 1993; Jones et al., 1999; Swearer et al., 1999).

These efforts are necessary if spatially-explicit models are to provide useful facsimiles of

the population dynamics of marine organisms. Here, we critique the empirical approaches

available for quantifying connectivity in marine populations. The concepts behind many
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of the approaches are not particularly novel, but the information available from these

methods has rapidly increased with the development and subsequent refinement of mo-

lecular genetic techniques and mass spectrometric instrumentation in the last decade. We

conclude by highlighting the significant advantages gained by the use of multiple tagging

approaches in marine environments.

GENERAL PROPERTIES OF POPULATION MARKERS

The design of an effective study for quantifying connectivity in marine populations is

obviously contingent upon the availability of appropriate marking technology. To be suc-

cessful in the marine environment, a tagging method must have several characteristics;

some of these are common to all mark-recapture studies, while others are particularly

pertinent in marine systems.

1. Marked individuals must be able to be unambiguously identified some time after

application of the tag. This assumption requires tag retention for an appropriate

length of time, and that all marked individuals are recognized and recorded.

2. Mortality rates and behavior of tagged organisms must be indistinguishable from

those of the larger untagged population. Tags must therefore be invisible to preda-

tors, non-toxic and have no other potential effects on subsequent growth and sur-

vival of marked individuals.

3. Tagging approaches must be able to mark large numbers of individuals, preferably

in a cost-effective manner. Extremely high mortality rates during pelagic larval life

means that few tagged larvae will eventually survive to recruit back into adult

populations.

4. Finally, because tagged individuals will generally make up a very small proportion

of the total number of individuals collected, the mark must be relatively quick and

inexpensive to detect.

These requirements have led to the development of several different approaches to

mark-recapture studies in marine systems that are appropriate for quantifying connectiv-

ity. The simplest and least ambiguous method relies upon artificial tagging of organisms

by the researcher. Genetic markers take advantage of natural variation in gene frequen-

cies among source populations, or may be based on genetic tags generated by artificial

breeding. Finally, environmental tags rely upon natural variation in the physico-chemical

conditions experienced by individuals from different locations to leave an indelible mark

of water mass residency. We outline each of the approaches below, with examples drawn

from the literature where available.

ARTIFICIAL TAGS

Direct visual observation has been used successfully to track dispersal of a few inver-

tebrates with extremely large larvae (e.g., Olson and McPherson, 1987), but has limited

applicability to most marine species. Miniaturized physical tags can be applied to post-

settlement juveniles in many marine taxa (e.g., Buckley et al., 1994). However, these tags

are not small enough to be applied to early larval stages that typically hatch at sizes less

than 5 mm. Two categories of artificial marks can potentially meet the criteria for routine

use in larval mark-recapture studies in marine systems. The first involves the immersion

of embryos or larvae in marker chemicals that are incorporated into body tissues. Chemi-
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cal marks used for this purpose include fluorescent compounds, elemental tags, and ra-

dioactive isotopes. The second approach is based on physical marks in structures that are

formed by environmental perturbations, such as thermal signals.

FLUORESCENT COMPOUNDS

Fluorescent compounds are readily incorporated into calcified tissues of larvae such as

bone or shell. They have been successfully used to mark larvae of a number of fish spe-

cies, particularly anadromous species or those confined to enclosed estuaries (Table 1).

Fluorescent labels are easy to apply to large numbers of larvae by immersion and have

been successfully employed to mass mark batches of fish larvae in the field (Jones et al.,

1999). They have also been successfully applied to invertebrate taxa with calcified struc-

tures, including articulate brachiopods, molluscs, echinoderms, bryozoans, polycheates

and crustaceans (Loosanoff and Davis, 1947; Rowley and Mackinnon, 1995; Moran, 2000).

The most widely tested compounds include alizarin complexone, alizarin red S, tetracy-

cline and its derivatives, and calcein. Calcein appears to be particularly suitable for inver-

tebrates (Rowley and Mackinnon, 1995; Moran, 2000). Each compound produces fluo-

rescence of a different color under light of a specific wavelength (Fig. 1). Combinations

may be achieved by multiple marking with several compounds (Tsukamoto, 1988), or

with the same compound when repeat marking is spaced by several days (Dabrowski and

Tsukamoto, 1986).

Tagging using fluorescent compounds offers a number of advantages over other meth-

ods. Larvae can be marked at the egg or embryo stage, prior to any skeletal development

(e.g., Jones et al., 1999). The technique is robust, with a number of studies achieving

almost 100% marking efficiency over a wide range of chemical concentrations, immer-

sion times and development stages (Table 1). Studies have shown that marks last well

beyond metamorphosis (often 100s of days), making them potentially useful for tracking

the larvae of marine organisms with long pelagic larval durations (Table 1). Importantly,

the growth and mortality of marked larvae appear to be similar to unmarked larvae (Secor

et al., 1995; Jones et al., 1999; Moran, 2000; but see Brooks et al., 1994; Mohler, 1997).

The main disadvantage of fluorescence marking, at least in fish, is that the tag cannot be

detected externally. Large numbers of juveniles must be sacrificed and bony structures

removed and examined in order to detect marks. Detection of fluorescent labels in larval

shells of gastropods is, however, possible under a dissecting microscope without any

sample preparation (Moran, 2000).

ELEMENTAL TAGS

Recent efforts have focussed on elemental tags for larval invertebrates and fishes. The

rationale is that such elements occur at low levels in natural environments, so any larvae

with these signatures will be of known origin. As with fluorescent chemicals, elemental

tags are easily applied to large batches of larvae. Marked juveniles can be readily de-

tected using standard spectrometric instruments that target the core of the calcified struc-

ture where marks are located. However, the costs associated with preparation and analy-

sis are often high relative to fluorescent marking techniques.

Strontium has been the most widely used element for marking larval and juvenile fishes.

Immersion in strontium chloride is known to produce detectable and long-lasting signa-

tures in scales, otoliths, vertebrae, opercula and dorsal spines in juveniles of a variety of

fishes (Table 1). The main problem with strontium is that it is found naturally in fishes,
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with tissue concentrations varying in different environments as a function of water chem-

istry, temperature, and diet (reviewed by Campana, 1999).  Hence, to validate the use of

strontium as a tag, it is necessary to show that all marked larvae retain a significantly

higher proportion of the element than unmarked fish (Pollard et al., 1999).

Elemental tagging using rare earth elements (REEs) has also been tested on juvenile

salmonids. REEs occur naturally in the bones of many fishes at extremely low concentra-

tions (low ng g–1, S. R. Thorrold, pers. observ.), which makes them less ambiguous mark-

ers than strontium. Most are non-radioactive, easy to handle and have long residence

times in bony tissues. For example, Ennevor and Beames (1993) found that lanthanum

and cerium tags in juvenile salmon last at least 10 mo. Similarly, detectable levels of

dysprosium, europium and samarium lasted at least 2 yrs in rainbow trout, with levels of

samarium remaining unchanged over this period (Giles and Attas, 1993). Comparisons of

treated and untreated juveniles have not detected any deleterious effects on growth, sur-

vival or reproductive development (Giles and Attas, 1993; Ennevor, 1993).

Several studies have attempted to mark invertebrate larvae using trace elements and

REEs (Levin, 1990). Most of the elements tested in laboratory studies were either not

absorbed, or were not retained for a sufficient length of time to serve as a tag, even in

larvae that deposited calcified shell material (Levin et al., 1993). A recent laboratory

study found selenium to be a suitable marker for larval invertebrates (Anastasia et al.,

1998). Mass-marking in the field may be possible if elements are passed from reproduc-

tive females to larvae. Millions of offspring could then be marked by dusting a prescribed

area with the element, as has been achieved with insects (Hayes, 1991).

RADIOACTIVE ISOTOPES

Radioactive isotopes offer another promising method of marking the larval stages of

marine organisms. However, due to significant safety issues, only a few radionuclides are

potentially useful for marking embryos or yolk-sac larvae. Beta-emitters (e.g., 45Ca, 89Sr)

are not feasible, as detection requires extensive laboratory preparation (Lehtonen et al.,

1992). It is environmentally unacceptable to use radionuclides with long half-lives (e.g.,
90Sr), even though they would be excellent markers. Most fish studies have used 85Sr, a

gamma-emitter which can easily be detected with minimal sample preparation (Table 1).

The half life of 85Sr (65 d) is appropriate for examining larval dispersal in most marine

species, without generating any long-term environmental problems. Studies on pike (Esox

lucius) indicate that 85Sr marked larvae can be distinguished from unmarked juveniles

after 4–6 wks, without any deleterious affects on growth or survival (Vuorinen et al.,

1998). Another gamma-emitting radioisotope (65Zn) was recently used to confirm hom-

ing of adult mysids (Mysidium gracile) to swarm sites after nocturnal dispersal into the

water column in Discovery Bay, Jamaica (Twining et al., 2000). Although the half life of
65Zn is also appropriate for examining larval dispersal (244 d), it is not known if Zn

turnover rates are slow enough to allow for recovery of the radioisotope over a period of

weeks to months.

THERMAL MARKS

Thermal marking of otoliths is commonly used for examining the fate of hatchery-pro-

duced salmonids (Fig. 1), and may have wider applications to marine organisms. The

procedure involves exposing incubating larvae to short-term temperature fluctuations

that result in distinctive structural banding on the otoliths (Volk et al., 1999). Periodic
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exposure of embryos to chilled water (4oC) produces a much greater contrast between

light and dark zones in daily otolith increments (Volk et al., 1990). Changes in the periods

of exposure to different water temperatures alter the widths of increments. Therefore,

unique codes can be established by manipulating the frequency and duration of periods of

immersion in chilled water. This gives thermal marking considerable flexibility in pro-

ducing different batch marks. Thermal mark recovery is achieved by visual examination

of otoliths, which is costly in terms of labor.

Figure 1. Upper panels: Photomicrographs of an otolith from the embryo of a coral reef fish,
Pomacentrus amboinensis, marked with oxytetracycline viewed under transmitted standard light
(A) and UV light (B). Lower panel (C): Photomicrograph of thermally-induced marks in the sagittal
otolith of a juvenile coho salmon (Oncorhynchus kitusch). A total of 16 exposures were applied to
the juvenile coho (yellow arrows mark first and last exposure), each of two days at ambient
temperatures (dark zones in otoliths) or at temperatures elevated 2.5∞C above ambient (light zones
in otolith). Photograph courtesy of Dr. E. Volk.
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In summary, chemical and thermal marking provide several possible options for mark-

ing the embryos of marine organisms to examine larval dispersal. All are promising, but

require further development and testing on fully marine species, and in physically ener-

getic environments. Each of the techniques is relatively easy to apply and has the poten-

tial to be applied en masse, but field trials are likely to be time-consuming and expensive.

As with any mark-recapture approach, each of the marking procedures requires the re-

capture and detection of a sufficient number of tagged individuals from which to draw

valid conclusions (Seber, 1982). In the one successful field trial to date, approximately

1% of the population was marked and only 15 marked individuals were retrieved (Jones

et al., 1999). Clearly, to get reliable estimates of self-recruitment, a significant proportion

of the larval production must be tagged and a large proportion of subsequent recruitment

to a population must be collected. The prospects of quantifying connectivity in marine

environments using these methods seem rather remote until methods are developed to

target marked juveniles specifically.

NATURAL TAGS

The difficulties associated with traditional mark-recapture studies have led to consid-

erable interest in the application of natural tags in marine systems. Naturally-occurring

markers are of particular interest to marine ecologists because they eliminate the need for

the researcher to tag an individual physically. Rather, they rely upon genetic heterogene-

ity or differences in environmental conditions to generate population-specific markers.

The interpretation of data from natural tags is almost invariably more equivocal than that

of mark-recapture studies using the physical tags described in the preceding section.

However, since every individual from a population is marked, natural tags are particu-

larly useful when significant larval dispersal and high mortality reduce the likelihood of

recovering physical tags.

GENETIC MARKERS

The extent of genetic differentiation among marine populations is often extremely small

(Hellberg et al., this issue). Several tagging approaches based on genetic markers are

available that do not require significant differentiation at the population level, but rather

rely upon natural variation in spawning success, or laboratory propagation of rare natural

or transgenic markers.

Natural Cohorts.—Genetic insights into present-day population connectivity are most

readily accomplished with sampling programs that include new recruits. A number of

studies have demonstrated that natural cohorts of marine organisms are sometimes ge-

netically distinct form either subsequent cohorts, or from the adult population into which

they have recruited (e.g., Koehn et al., 1980; Kordos and Burton, 1993; Edmands et al.,

1996; Moberg and Burton, 2000). Several processes might contribute to such recruit di-

versity: (1) recruits may be derived from different source populations, (2) natural selec-

tion occurring before the cohort is sampled may favor different genotypes in space and

time, and (3) recruits may be derived from limited subsets of parents.

Regardless of how cohorts of recruits become genetically distinct, can we take advan-

tage of such natural genetic variation to make inferences about patterns of larval retention

and population connectivity? The answer is a qualified ‘yes’. If the observed genetic

variation is generated by pre-settlement natural selection, then the result is a function of
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differential mortality rather than reproductive isolation. Although it is difficult to distin-

guish between natural selection and reproductive isolation scenarios, analysis of multiple

genetic markers will often permit strong inference regarding the likelihood of the selec-

tion scenario. For example, Kordos and Burton (1993) found that three markers showed

similar patterns of temporal change; it is unlikely that selection would act similarly on

three unlinked genetic loci.

Given the different mechanisms by which genetic variation in recruits can be gener-

ated, what are the prospects for research programs employing such an unpredictable tool?

Certainly if the sampled cohorts are genetically homogeneous in space and time (like

adults), little information is gained from recruit analysis. However, genetic sampling of

recruits from several highly dispersive invertebrate systems has provided more insight

into population connectivity than could be gleaned from studies of adults alone (Koehn et

al., 1980; Kordos and Burton, 1993; Edmands et al., 1996; Moberg and Burton, 2000).

Even though such studies will rarely be able to determine larval sources, they may pro-

vide useful information linking spatio-temporal patterns of recruitment and population

connectivity.

Artificial Breeding.—Artificial breeding can be used to increase the frequency or ho-

mozygosity of genetic variants to levels sufficiently different from natural frequencies

for individuals receiving these genetic tags to be recognized upon recapture. This can be

done either by creating individuals that are homozygous for rare alleles, or by crossing

individuals that carry multiple rare alleles at hypervariable loci to create discernable multi-

locus genotypes. Artificial genetic markers are assumed to be selectively neutral, as with

any tag. However, close inbreeding may be required to create homozygous nuclear mark-

ers. Inbreeding generally has strong, negative fitness consequences in normally outbreeding

organisms, including marine species with pelagic larvae (C. Langdon and D. Hedgecock,

pers. observ.). The interpretation of recovered individuals with genotypes identical to the

artificial genetic tag during the recapture process also requires caution. A false positive

recovery may be obtained from a pseudotagged individual created by natural interbreed-

ing between wild parents that share the rare marker allele or alleles. Predicting the fre-

quency at which such pseudotagged individuals will occur requires assumptions about

mate choice, effective population size, and the degree of population connection, which

are exactly the parameters that one might hope to estimate from a tagging study. More-

over, while multiple hypervariable loci can assign individuals to particular populations of

origin with quite high (90–95%) probability (Bernatchez and Duchesne, 2000), this level

of accuracy may still be insufficient to resolve questions of connectivity where only low

to modest levels of migrations are expected.

The overall effort required to tag individuals by artificial breeding is considerable.

Maternally inherited mtDNA offers a large practical advantage in this regard because all

offspring of a mother with a rare mitochondrial haplotype will share that marker without

being subjected to reduced heterozygosity at nuclear loci (Wilson et al., 1997). Many

marine species are not amenable to artificial breeding, and rearing is often hardest for

those species with extended pelagic development stages where dispersal may be particu-

larly important. On the other hand, captive populations that have been artificially bred for

aquaculture may become incidentally tagged in the process (e.g., Perez-Enrique and

Tanigushi, 1999). Ascertaining the genotype of recaptured individuals can also be both

expensive and time consuming. Such sampling is generally destructive for most small

species. Pilot studies have, however, demonstrated that minimally invasive techniques
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can be used to survey hundreds of artificially tagged individuals (Wilson and Donaldson,

1998).

To date, artificial breeding for genetic tagging has been assessed primarily as a means

of evaluating stock enhancement programs (Kristiansen et al., 1997; Wilson and Donaldson,

1998; Perez-Enrique and Tanigushi, 1999). An inbred genetic tag has, however, been

used to trace dispersal of larvae and sperm in a colonial tunicate (Grosberg, 1991), al-

though this proved fruitful only over small spatial scales (<1 m).

Transgenic Individuals.—In theory, novel DNA sequences can be inserted into animals

using transgenic technology, thereby producing a genetic marker that will not only last

for the lifetime of the genetically modified organism, but should be passed to future

generations as well. Transgenic markers can be completely unlike anything found in na-

ture, thereby eliminating the possibility of recovering pseudotagged individuals. Further-

more, transgenic tagging holds the possibility of virtually eliminating timely and costly

genetic analysis during the recapture phase of study by introducing reporter genes that

produce clear visual tags such as green fluorescent protein (Gibbs and Schmale, 2000).

The development of transgenic animals remains, however, both technically challenging

and expensive (Levy et al., 2000).

The biggest assumption when using transgenic individuals for quantifying connectiv-

ity is that the mortality and dispersal capabilities of marked larvae are similar to those of

unmodified individuals. In laboratory experiments, Abrahams and Sutterlin (1999) found

that transgenic Atlantic salmon (Salmo salar) that had received a growth hormone were

characterized by far higher growth rates and average swimming speeds than control groups.

Even a transgene whose product is selectively neutral may alter survival of individuals by

disrupting the genome where it is inserted.

Given the total research effort that has been invested, the introduction of transgenic

material into genomes of aquatic organisms has been reasonably successful. For example,

a transgenic goldfish was among the first successful gene transfers in animals (Zhu et al.,

1985). The external fertilization and high fecundity shared by many aquatic animals may

facilitate gene-introduction approaches unavailable in internally fertilized animals.

Retroviral vectors with broad host ranges offer the promise of gene insertion in a wide

variety of marine organisms, even those with limited research histories (Lu et al., 1996).

Thus, the prospect of practical tagging with transgenes remains real, but the environmen-

tal consequences of such an approach warrant close attention (Zilinskas and Balint, 1998;

Muir and Howard, 1999; Hedrick, 2001).

ENVIRONMENTAL MARKERS

Another natural tag relies upon larvae experiencing variations in the physical and chemi-

cal environments that generate phenotypic variations in larval form or growth rate. Alter-

natively, variability in environmental exposure may be recorded in the trace element or

isotope chemistry of skeletal or other hard material. Trace elements in coastal waters vary

due to natural and anthropogenic causes, and this variation may in turn impart distinct

elemental signatures to larvae that develop within different locations. Environmental

markers are generally much less sensitive to migration than standard population genetic

approaches, as environmental conditions experienced by larvae are not generally passed

on to subsequent generations. However, this lack of temporal stability implies that ground-

truthing of environmental tags will generally need to be conducted on every cohort of

interest.
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Developmental Markers.—Larvae recruiting to local marine populations can often ex-

hibit strong intraspecific variation in size and condition. Such variation can result from

differences in maternal provisioning, larval food availability or water temperature. In

some circumstances, these effects on larval size and condition may vary predictably among

local populations, providing a developmental tag of larval origin. For instance, Gaines

and Bertness (1992) found large differences in size of competent larvae of the barnacle

Semibalanus balanoides between bay and open ocean populations. Berghahn and Karakiri

(1990) were able to induce marks in otoliths of plaice (Pleuronectes platessa) by altering

water temperature, levels of UV-B radiation, and feeding regimes. Similar marks were

found in otoliths of plaice and flounder from natural populations in the North Sea

(Berghahn, 2000), suggesting that geographic variability in exposure to environmental

stresses may generate location-specific natural tags in otoliths of some North Sea flatfish.

Swearer et al. (1999) used a combination of larval growth rates and trace element signa-

tures in otoliths to quantify local retention of larvae of the bluehead wrasse (Thalassoma

bifasciatum) in the vicinity of St. Croix, US Virgin Islands.

In addition to variation in larval size, differences in larval growth history can also

result in either meristic or morphological variation. For example, fish larvae often show

temperature-dependent effects on the development of meristic characters such as the num-

ber of vertebrae and fin rays and spines (Fowler, 1970; Murray and Beacham, 1988).

Even differences in temperature history between spawning females can cause meristic

differences in their progeny (e.g., Swain and Lindsey, 1985). Such effects at the local

population scale could therefore provide an environmental tag associated with tempera-

ture differences or habitat associations among source populations (Swain and Frank, 2000).

Developmental tags may have limited application because they rely upon a priori knowl-

edge of spatial variation in the biological (e.g., food resources) and physical (e.g., tem-

perature) factors that result in differences in larval morphology among source popula-

tions. In addition, these factors often exhibit great spatial and temporal variability (Denman

and Powell, 1984) and therefore may not result in consistent ‘marking’ of larvae spawned

from the same population. Finally, these types of markers are likely to be relatively short-

lived as variation in developmental traits can disappear rapidly after settlement (e.g., loss

of larval morphologies, rapid and highly variable post-settlement growth).

GEOCHEMICAL SIGNATURES IN CALCIFIED STRUCTURES.—Natural tags of population origin

may reside in the trace element and isotope chemistry of calcified structures in both in-

vertebrate and fish larvae. Much of the initial work in the field has been conducted on fish

otoliths, which are in many ways particularly well suited for this application. The use of

geochemical signatures in otoliths as a natural tag requires that there be sufficient spatial

differences in the water chemistry to generate unambiguous signatures of water mass

residency. It is perhaps not surprising, therefore, that initial work has focused on estua-

rine and coastal systems, which are characterized by more spatial variation in water chem-

istry than typically found in open ocean environments (Gillanders and Kingsford, 1996;

Thorrold et al., 1998).

In more ambitious applications, two recent studies have examined the feasibility of

using otolith geochemical signatures as natural tags in coral reef fishes. Dufour et al.

(1998) found that stable carbon and oxygen isotopes in the otoliths of Chaetodon ulientensis

and Acanthurus triostegus collected in the enclosed lagoon of Taiaro Atoll, French

Polynesia, were significantly different from individuals collected on the outer reef slope.

It would, therefore, be relatively easy to determine if recently-settled juveniles spent their
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entire life within the lagoon based on these isotopic signatures. Swearer et al. (1999)

found that near-coastal waters in the vicinity of the island of St. Croix were characterized

by higher dissolved concentrations of Mn, Ba and Pb than oceanic waters in the same

region, and suggested that these differences were accurately recorded in the otolith chem-

istry of newly recruited Thalassoma bifasciatum. These data indicated that trace element

signatures in otoliths were sensitive to relatively subtle differences in water chemistry,

suggesting that the technique may be widely applicable in marine systems.

Natural tags based on geochemical signatures in calcified structures also show consid-

erable promise for tracking invertebrate larvae. In the first application of its kind, DiBacco

and co-workers (DiBacco and Levin, 2000; DiBacco and Chadwick, 2001) traced the

origins of stage I larvae of the striped shore crab, Pachygrapsus crassipes, over a single

spring tidal cycle in San Diego Bay, California. Larvae spawned inside the bay were

distinguished from those spawned on the open coast by determining trace element signa-

tures (Ca, Mn, Zn, Cu and Sr) in the zoeal skeletons. This technique also holds consider-

able promise for gastropod and bivalve larvae that maintain calcified structures through-

out the planktonic period.

Geochemical signatures have several disadvantages compared to conventional tagging

studies. Natural tags are rarely unequivocal, and often require sophisticated multivariate

algorithms for source assignments (e.g., Thorrold et al., 1998). Some of this ambiguity

may be avoided in the future with the development of more robust signatures. For in-

stance, stable isotopes of several elements (e.g., Sr) in otoliths show considerably lower

levels of among-fish variation, and higher correlation with values in the ambient environ-

ment, than corresponding element/Ca ratios (Kennedy et al., 1997; Kennedy et al., 2000).

Another limitation of the technique is that ground-truthed signatures must be available

from all potential, or at least likely, source locations. Finally, instrumentation for quanti-

fying geochemical signatures, such as ICP-MS, is expensive and requires considerable

analytical expertise to produce accurate data.

SYNTHESIS

Estimating larval retention and connectivity in marine systems is undoubtedly a diffi-

cult proposition. Probabilistic modeling approaches based on physical oceanographic

observations have yet to provide satisfying answers. We know enough about larval be-

havior to reject assumptions of larvae as passive particles, but have insufficient informa-

tion to characterize either larval behavior or fine-scale hydrographic phenomena with the

precision necessary to parameterize such models. Methods that take advantage of inher-

ent genetic variation at the population level can make a powerful case for a high degree of

isolation (Hellberg et al., this issue). Put another way, these techniques determine the

spatial scale at which populations are closed over evolutionary time scales. However,

they are less useful in determining connectivity among populations when there is some

level of exchange over ecological time. Accurate and robust estimates of larval retention

and connectivity will require a direct approach based on mark-recapture techniques. What,

then, might be the best protocol to follow? Certainly the optimum approach will neces-

sarily depend on the species of interest and the environment in which the organism lives.

Nonetheless, some useful generalizations are possible.

We believe that too little attention has been paid to the potential benefits of multi-

technique approaches to the problem of estimating larval retention and population con-
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nectivity. Perhaps the easiest multi-technique approach to implement would include two

natural markers. For instance, it may be possible to quantify location-specific, but ephem-

eral, genetic differences among eggs or early-stage larvae produced by sweepstake ef-

fects during spawning events (e.g., Li and Hedgecock, 1998). Ground-truthed geochemi-

cal signatures in calcified structures could presumably be obtained from the same bio-

logical samples. Providing significant differences among locations where present in the

both ground-truthed data sets, genetic and geochemical analyses of recent recruits from

the same locations may allow independent estimates of connectivity.

There is, of course, no guarantee that different tagging approaches will generate con-

cordant results. Thorrold et al. (2001) used geochemical signatures in otoliths to examine

population connectivity through homing to natal estuaries of weakfish (Cynoscion regalis).

They found natal homing rates as high as 80%, even though population genetic analyses

of the same fish using microsatellite and intron loci detected no significant geographic

structure (Cordes, 2000). These results are not in conflict, as there was sufficient straying

of spawning weakfish to prevent genetic differentiation among estuaries. The study did,

however, serve to highlight the power of a natural geochemical tag to provide estimates

of connectivity in the absence of detectable genetic heterogeneity.

A more useful multi-technique study might combine both artificial and natural tags.

Data from the artificial tags can then be used to validate estimates from the natural tags.

In this way a subset of individuals from a single source location, tagged with a fluores-

cent or elemental marker, could be used to determine the accuracy of a natural marker

applied over larger spatial or longer temporal scales. For instance, stock associations

obtained independently from coded wire tags have been used to determine the accuracy

of mixed stock analysis (MSA) using allozymes in chinook salmon (Onchorynchus

tshawytscha). Stock proportions based on the genetics data had absolute errors of less

than 3% (Brodziak et al., 1992), suggesting that the MSA approach was sufficiently accu-

rate for routine determinations of stock associations in the commercial fishery. More

recently, Kennedy et al. (2000) released genetically-marked Atlantic salmon (S. salar)

fry in a small stream to determine intra-population variability of Sr isotope signatures in

vertebrae. Although neither study specifically addresses questions of population connec-

tivity, researchers using natural tags to address these issues would clearly benefit from

similar validation studies.

In conclusion, mark-recapture studies of early-stage marine fish and invertebrates present

formidable challenges. The difficulties of marking sufficient numbers of larvae may be

alleviated by the development of a tag that could be transferred from the female to devel-

oping eggs or embryos. Alternatively, new genetic tagging approaches may be needed

that retain the advantages of transgenic markers without the environmental risks. In ei-

ther case, low recovery rates will likely mean that the approach will not work if dispersal

distances are large or connectivity among numerous source locations is high. Tags such

as genetic analyses of natural cohorts or geochemical signatures in calcified structures

appear to be the only realistic alternatives. Ultimately, rates of larval retention and con-

nectivity in marine populations will determine patterns of colonization, the resiliency of

species to human exploitation, and the design of marine protected areas. Given this im-

portance, we urge that every effort be taken to obtain independent corroboration of con-

nectivity estimates from such studies.
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