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INTRODUCTION

Knowledge of population structure in marine systems
is fundamental to effective management, conservation
and understanding of ecological systems. Patterns of
connectivity, or the exchange of individuals among
sub-populations of a species, are an important consid-
eration in biological oceanography, yet remain a mys-

tery for many marine species. Until recently, the notion
of large-scale marine dispersal leading to largely open,
or highly connected, populations was widely accepted
for most marine fish species (Swearer et al. 2002). There
is a growing body of evidence that suggests these as-
sumptions may not hold true for many marine popula-
tions. Studies reporting evidence of natal homing
(Thorrold et al. 2001) and self-recruitment in coral reef
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fishes (Jones et al. 1999, Swearer et al. 1999, Cowen et
al. 2006) suggest low connectivity. These findings cast
doubt on our understanding of connectivity in marine
populations and highlight the need for more research to
facilitate further understanding of population structure.

Determining population connectivity in marine
fishes can be difficult using conventional tagging
methods due to the small size of juveniles, high mortal-
ity rates, and low tag returns (Gillanders 2002a). More
recently, the elemental and stable isotope composition
of otoliths has provided a promising method for quan-
tifying rates of exchange. Otoliths are useful natural
tags largely due to the manner in which they are
formed. Calcium carbonate is laid down in sequential
layers that are not subject to resorption, and otolith
growth continues throughout the life of the fish
(Thresher 1999). As the otolith forms, trace elements
are incorporated into its calcium carbonate structure
creating a chemical signature. In many cases, different
natal habitats create distinctive otolith signatures, thus
enabling researchers to determine natal origins of
adult fish (Gillanders & Kingsford 1996, Thorrold et al.
2001, Gillanders 2002a).

Differences in elemental signatures have been iden-
tified in fish from different estuaries (Thorrold et al.
1998b, Gillanders 2002b), rivers (Walther et al. 2008),
reef habitats (Patterson et al. 2004), seagrass beds
(Dorval et al. 2005), coastal areas (Campana et al.
1999, Warner et al. 2005), and oceanic regions (Ash-
ford et al. 2005), thus supporting the idea that otoliths
can be used as natural tags. The spatial scales at which
habitats can be discriminated, however, is still being
investigated and will likely differ among systems (see
review Gillanders 2002b). While most work examining
the usefulness of otolith geochemistry as a natural tag
has focused on isolated habitats, such as rivers or estu-
aries, and large spatial scales, recent studies have
been conducted that show promise at smaller spatial
scales. Among estuaries, it is possible to discriminate
habitats at spatial scales on the order of 100s of kilome-
ters apart (Thorrold et al. 1998b, Gillanders 2002b, Pat-
terson et al. 2004), and, more recently, on very fine
spatial scales of approximately 15 km within estuaries
(Dorval et al. 2005). Evidence of such discriminatory
power in coastal or marine environments of fish not
dependent on estuaries is still sparse. Warner et al.
(2005) reported significant between-site discrimination
of natal signatures in the otoliths of the kelp rockfish
Sebastes atrovirens at spatial scales of 10s of kilome-
ters apart. Previous studies in coastal or open ocean
systems have been limited to much larger spatial
scales (Rooker et al. 2001, FitzGerald et al. 2004, Ash-
ford et al. 2005, Humphreys et al. 2005).

While the population structure of many reef, estuar-
ine, and anadromous fish species is gaining increased

scrutiny, the usefulness of otoliths to detect population
structure in marine species inhabiting more coastal
and open ocean environments that lack clear geo-
graphic barriers is still not clear. Some fish species are
continuously distributed and lack life stages that occur
in isolated habitats. The Atlantic silverside Menidia
menidia is a continuously and ubiquitously distributed
coastal species found along the east coast of the United
States. M. menidia exhibits nondispersive egg and lar-
val stages found in nearshore habitats, but has a winter
migratory phase that has the potential to lead to wide
dispersal. Does enough chemical heterogeneity exist
in the coastal marine environment to allow otolith geo-
chemistry to be a useful natural tag in species with
such life histories? Natal signatures must be distinctive
if otolith geochemistry is to be successfully used to
determine population structure. The purpose of the
present study is to investigate the ability of otoliths to
act as natural tags in a continuously distributed coastal
fish species. Before questions concerning connectivity
in this species, and others with similar life histories,
can be addressed, the usefulness of geochemical sig-
natures in the otoliths of juvenile M. menidia must first
be determined.

MATERIALS AND METHODS

Study species. The Atlantic silverside Menidia meni-
dia is one of the most abundant fish species in coastal
and estuarine waters from Florida to Nova Scotia
(Conover & Ross 1982). Spawning occurs in the inter-
tidal zone from mid-March through June in the mid-
Atlantic region (Hillebrand 1928) and slightly later in
northern populations (Conover & Present 1990). Eggs
are demersal and are attached to submerged vegeta-
tion (Middaugh 1981, Middaugh et al. 1981). Evidence
from δ15N in the tissue of M. menidia collected from
Waquoit Bay, Massachusetts, demonstrated juveniles
remain in their natal estuaries during their first grow-
ing season, thereby supporting the idea of low disper-
sal (Griffin & Valiela 2001). Juveniles grow rapidly
through the summer and nearly reach full size by fall.
In the fall, northern populations of M. menidia migrate
offshore and over-winter on the continental shelf
(Conover & Murawski 1982). Due to high winter mor-
tality, a low percentage returns the following spring to
spawn. M. menidia is essentially an annual species,
with most individuals maturing at 1 yr of age. Only a
very small percentage (<1%) survive to 2 yr of age
(Conover & Ross 1982).

Sample collection. Juvenile Menidia menidia were
collected with a 10 or 30 m beach seine from 3 sites
within each of 16 different locations spanning 630 km
from New Jersey to Maine in August/September 2003
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and from 9 of the same locations spanning approxi-
mately 350 km from New York to Massachusetts in
August/September 2004 (Fig. 1, Table 1). The elimina-
tion of locations during the second field season was
due to time and cost constraints. Locations consisted
primarily of coastal embayments and estuaries along
the coast. Sites within locations were separated by 5 to
10 km to ensure that the maximum range of environ-

mental exposures experienced by an
individual fish within the location was
sampled. Annually, 10 juveniles were
collected from each of the 3 sites
within the location for a total of 30 fish
location–1. After collection, fish were
kept on ice in the field and frozen
upon return to the laboratory.

Otolith preparation. Sagittal oto-
liths were removed, cleaned of adher-
ing tissue with Milli-Q ultrapure
water, and air-dried. One randomly
selected otolith from each fish was
then prepared for trace element ana-
lysis. This otolith was mounted on a
microscope slide and ground to the
core using fine-grain lapping paper.
Final preparation stages were con-
ducted on a Class 100 clean bench
under a laminar flow hood. Otoliths
were triple rinsed with Milli-Q water,
gently scrubbed with a nylon brush,
triple rinsed with Milli-Q again, and
then sonicated for 2 min. After sonica-
tion, otoliths were rinsed with Milli-Q
and allowed to dry for 24 h under the
laminar flow hood. Otoliths were then
mounted to clean petrographic slides
using double-sided tape, sealed in
plastic Petri dishes, and transported to
the inductively coupled plasma–mass
spectrometer (ICP-MS) laboratory at
the Woods Hole Oceanographic Insti-
tution (WHOI), Massachusetts, USA.
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Fig. 1. Map of Menidia menidia sampling locations along the northeastern coast
of the United States. LE: Great Bay/Little Egg Harbor, NJ; HR: Hudson River,
NY; JB: Jamaica Bay, NY; GB: Great South Bay, NY; PB: Peconic Bay, NY; NS:
the North Shore of Long Island, NY; NH: New Haven (Flax Pond, Setauket Har-
bor, and Mt. Sinai Harbor), CT; CR: Connecticut River, CT; NR: Narragansett
Bay, RI; NB: New Bedford, MA; WA: Waquoit, MA; WL: Wellfleet, MA; PI: Plum
Island, MA; BO: Boston Harbor, MA; KI: Kittery, ME; MB: Muscongus Bay, ME

2003 2004

Muscongus Bay, ME Waquoit, MA
Kittery, ME Narragansett, RI
Plum Island, MA Connecticut River, CT
Boston, MA New Haven, CT
Wellfleet, MA Hudson River, NY
Waquoit, MA Long Island, NY 
New Bedford, MA (North Shore)
Narragansett Bay, RI Peconic Bay, NY
Connecticut River, CT Great South Bay, NY
New Haven, CT Jamaica Bay, NY
Hudson River, NY Little Egg Harbor, NJ
Long Island, NY 
(North Shore)

Peconic Bay, NY
Great South Bay, NY
Jamaica Bay, NY
Little Egg Harbor, NJ

Table 1. Sampling locations along the northeastern coast of 
the United States in 2003 and 2004
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The matching otolith from each pair was prepared
for whole otolith stable isotope analysis. Otoliths were
triple rinsed with Milli-Q water, sonicated for 2 min,
rinsed with Milli-Q again, and allowed to dry under
the laminar flow hood for 24 h. Otoliths were then
stored in dry plastic vials.

Otolith analysis. We analyzed Mg/Ca, Mn/Ca, Cu/
Ca, Sr/Ca, Ba/Ca, and Pb/Ca from 1 randomly selected
otolith per fish using a 213 nm New Wave laser ablation
system coupled to a Thermo Finnigan Element 2 ICP-
MS. These elements have been shown to vary among
sites and have previously been used as stock delin-
eators (Thorrold et al. 1998b, Forrester & Swearer 2002,
Swearer et al. 2003); preliminary analysis showed that
these elements were consistently found at levels above
detection limits in the Menidia menidia otoliths. The
laser traced out a 250 μm × 250 μm raster with 50 μm
spacing centered on the otolith core. This area covered
most of the juvenile otolith surface, but the laser was
used, rather than a whole otolith approach for this
analysis, to ensure consistency in techniques during
later studies involving adult M. menidia. Laser spot size
was 55 μm, scan speed was set at 10 μm s–1, and repeti-
tion rate was 10 Hz. We quantified 25Mg, 43Ca, 55Mn,
63Cu, 86Sr, 138Ba, and 208Pb during each sample run. In-
strument blanks of 2% HNO3 were run at the begin-
ning, middle, and end of a block of 10 otoliths, and were
linearly interpolated. Dissolved otolith certified refer-
ence material (CRM) (Yoshinaga et al. 2000) was used
to correct for instrument mass bias (Rosenthal et al.
1999), and instrument precision was assessed using a
second type of otolith CRM (Sturgeon et al. 2005). De-
tection limits were calculated as 3 standard deviations
of the blanks that were run throughout the analyses
(n = 219). These limits were 4.01% of the average inten-
sity for Mg, 0.57% for Ca, 6.71% for Mn, 15.91% for
Cu, 0.19% for Sr, 0.81% for Ba, and 16.46% for Pb. Ex-
ternal precision values (relative standard deviations)
for the second CRM (n = 146) were 7.13% for Mg/Ca,
12.52% for Mn/Ca, 7.81% for Cu/Ca, 2.10% for Sr/Ca,
2.80% for Ba/Ca, and 8.86% for Pb/Ca.

The remaining whole otolith was used to determine
δ13C and δ18O signatures. Whole otoliths could be used
in this situation because we were interested in the ‘ju-
venile’ signature and not only the core. Stable isotopes
were measured using a Finnigan MAT253 stable iso-
tope ratio mass spectrometer located in the micropale-
ontology laboratory at WHOI. Otoliths were crushed
with a mortar and pestle, and approximately 50 to 75 μg
of the otolith material was weighed and analyzed. Ana-
lytical methods followed those outlined by Ostermann
& Curry (2000). Isotopic values were reported relative
to Vienna Pee Dee belemnite (VPDB) and expressed in
standard δ notation. The long-term precision estimate
of the mass spectrometer based on analyses of National

Bureau of Standards (NBS19) is ±0.07 for δ18O and
±0.03 for δ13C (Ostermann & Curry 2000).

Statistical analysis. Elemental signatures were ex-
pressed as ratios to Ca, to account for fluctuations in the
amount of material ablated (Sinclair et al. 1998).
All data were transformed using Box-Cox transforma-
tions in Minitab to improve normality. Minitab uses a
Fibonacci search to find the smallest standard deviation
and thus the best transformation. Lambda values
for Box-Cox transformations were: –0.034 (Mg/Ca),
–0.113 (Mn/Ca), 0.000 (Cu/Ca), 1.572 (Sr/Ca), 0.057
(Ba/Ca), –0.112(Pb/Ca), 0.449 (δ13C), and –0.056 (δ18O).

Elemental differences among sites within a location
were tested for using a multi-variance analysis of vari-
ance (MANOVA) with site nested within location.
Then, to address whether geochemical signatures var-
ied geographically among sites and temporally among
years, we used a 2-way MANOVA with site and year as
factors. This also allowed us to test for an interaction be-
tween the 2 factors. Because the primary question was
whether geochemical signatures differed by location
and time, we pooled sites within locations. Further-
more, only sites that were sampled in both years were
included in this analysis. For MANOVA tests, Pillai’s
trace was used as the test statistic, because it is more ro-
bust for both smaller and unequal sample sizes, as well
as unequal covariance matrices (Scheiner 2001).

We tested the ability of geochemical signatures in
otoliths to classify juvenile fish to their natal location
using quadratic discriminant function analysis (QDFA)
with leave-one-out cross validation. QDFA does not
assume homogeneity of the covariance matrices and,
therefore, was the chosen classification method
(Krzanowski 1988).

RESULTS

Values for each element were within the range of
those reported in other studies (Fig. 2). For 4 ICP-MS
runs on the 2003 otoliths (n = 40 otoliths), Pb/Ca values
were negative after the blank run values were sub-
tracted and final Pb/Ca ratios were calculated. The Pb
content of the blank samples was nearly twice as high
as the sample values. We had to eliminate these sam-
ples completely from the data analysis due to possible
contamination.

Spatial differences in otolith signatures

Juvenile Menidia menidia otoliths showed significant
geographic differences in chemistry along the north-
east coast of the United States. MANOVA showed mul-
tivariate chemical otolith signatures were significantly
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different among locations (Table 2). Furthermore, the
univariate output of the MANOVA provided by Statis-
tica showed that significant among-location differences
existed for all 8 variables analyzed (Table 3). Addition-
ally, juvenile M. menidia otoliths showed significant
differences in chemistry for sites nested within loca-
tions (Table 4). These differences existed for all vari-
ables, except Cu/Ca and Sr/Ca (the latter is just barely
non-significant with a p-value of 0.053; Table 5).

Some further general overall patterns were observed
within the data (Fig. 2). For example, Mg/Ca ratios
tended to be highest in the locations around Long
Island, New York; Cu/Ca ratios were highest in the 3
riverine locations (Hudson River, Connecticut River,
and Muscongus Bay, fed by the Medomak River); and
Mn/Ca ratios were lowest north of Cape Cod. Oxygen
isotope values were lowest in fish from the sites with
the lowest salinities, the Hudson and Connecticut
Rivers, for both years. Carbon isotope values were also
lowest in the Hudson River, for both years.

Temporal differences in otolith signatures

Multivariate otolith geochemical signatures showed
significant temporal differences between 2003 and
2004 and significant location × year interactions were
detected (Table 2). Furthermore, the univariate output
of the MANOVA run in Statistica showed significant
year effects were present for each of the 8 variables
examined, and location × year interactions were signif-
icant for 6 of the 8 variables (Table 3). While Cu/Ca
and Mn/Ca ratios showed significant differences
among location and years, location × year interactions
were not significant (although the p-value for Mn/Ca
was just barely non-significant at p = 0.063; Table 3).

Mn/Ca and Cu/Ca values were higher in 2004 than in
2003, for all locations. δ18O values were generally higher
in 2004 than in 2003, but values recorded in fish from the
Connecticut and Hudson Rivers remained similar be-
tween years. Pb/Ca values increased in 2004 in most lo-
cations, but were lower in Narragansett and roughly
equivalent in the Connecticut River. Mg/Ca, Sr/Ca,
Ba/Ca, and δ13C values increased at some sites and de-
creased at others, displaying no overall patterns (Fig. 2).
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Test F df p

Location Pillai’s 22.7 56 0.000
Year Pillai’s 195 7 0.000
Location × Year Pillai’s 10.9 168 0.000

Table 2. Menidia menidia. Results of MANOVA examining
spatial and temporal differences in the otolith chemistry of 

juveniles using pooled locations

df MS F p

Mg/Ca
Location 8 389.88 30.17 0.000
Year 1 1988.56 153.90 0.000
Location × Year 8 766.73 59.34 0.000
Error 476 12.92

Mn/Ca
Location 8 0.53 5.7 0.000
Year 1 71.40 772.2 0.000
Location × Year 8 0.17 1.9 0.063
Error 476 0.09

Cu/Ca
Location 8 1.45 2.4 0.016
Year 1 56.76 92.8 0.000
Location × Year 8 0.91 1.5 0.161
Error 476 0.61

Sr/Ca
Location 8 0.00 13.81 0.000
Year 1 0.00 6.21 0.013
Location × Year 8 0.00 2.78 0.005
Error 476 0.00

Ba/Ca
Location 8 0.00 17.0 0.000
Year 1 0.01 23.7 0.000
Location × Year 8 0.00 7.1 0.000
Error 476 0.00

Pb/Ca
Location 8 27.52 17.27 0.000
Year 1 378.66 237.69 0.000
Location × Year 8 26.56 16.67 0.000
Error 476 1.59

δδ13C
Location 8 2.43 65.09 0.000
Year 1 2.07 55.33 0.000
Location × Year 8 0.35 9.41 0.000
Error 476 0.04

δδ18O
Location 8 0.20 185.29 0.000
Year 1 0.14 136.63 0.000
Location × Year 8 0.01 12.16 0.000
Error 476 0.00

Table 3. Menidia menidia. Univariate results of MANOVA
using pooled locations examining spatial and temporal 

diffe-rences in otolith chemistry of juveniles

Test F df p

Location Pillai’s 20.0 56 0.000
Site (Location) Pillai’s 4.54 168 0.000

Table 4. Menidia menidia. Results of MANOVA examining
differences in otolith chemistry of juveniles collected at sites 

nested with locations
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Classification of juvenile fish to natal habitat

Results of the QDFA with leave-one-out cross valida-
tion showed that the original spatial scale of our study
(approximately 50 km between sites) was too small to
allow for accurate classification of juvenile fish back to
their site of origin, with overall error rates of 42% in
2003 and 38% in 2004. We therefore pooled locations
according to geographic region; this allowed locations

to be discriminated at spatial distances of 50 to 125 km
apart. Locations were grouped based on their proxim-
ity to one another and assumed natural geographic
breaks. For example, sites within Long Island Sound
were pooled together, and those on the south shore of
Long Island were pooled. It is possible that such pool-
ing may artificially inflate classification accuracy, so
we have chosen to report both the pooled and
unpooled results.

After pooling, the original 16 locations of 2003 were
merged into 9 locations, which could be classified with
70% overall accuracy (Table 6). In 2004, with fewer
sites, classification accuracy of the pooled sites
increased to 77% (Table 6). Moreover, restriction of
the discriminant function to include only those 2003
sites that were also sampled in 2004 showed classifica-
tion accuracy increased to 84%. Addition of the stable
isotopes to the discriminant function greatly increased
classification accuracies. Without the carbon and oxy-
gen isotope data the cross-validated accuracies for the
original locations were 44% (2003) and 36% (2004).
Classification accuracies without the isotope values for
the pooled locations were 47% (2003) and 40% (2004).

Classification schemes derived from the discrimi-
nant functions also differed between years. When the
2004 fish were classified back to original locations
using the 2003 discriminant function, error rates were
40.7% using original locations and 28% using pooled
locations. When 2003 fish were classified back to orig-
inal locations using the 2004 discriminant functions,
error rates were 71% using original locations and
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df MS F p

Mg/Ca
Location 8 322.000 16.071 0.000
Year 1 167.200 8.344 0.004
Site(Location) 24 127.800 6.380 0.000
Error 460 20.000

Mn/Ca
Location 8 0.463 5.070 0.000
Year 1 52.736 577.720 0.000
Site(Location) 24 0.142 1.550 0.047
Error 460 0.091

Cu/Ca
Location 8 1.300 2.100 0.037
Year 1 39.100 63.500 0.000
Site(Location) 24 0.600 1.000 0.418
Error 460 0.600

Sr/Ca
Location 8 0.000 12.990 0.000
Year 1 0.000 11.290 0.001
Site(Location) 24 0.000 1.530 0.053
Error 460 0.000

Ba/Ca
Location 8 0.004 16.000 0.000
Year 1 0.008 36.300 0.000
Site(Location) 24 0.001 3.200 0.000
Error 460 0.000

Pb/Ca
Location 8 23.550 13.390 0.000
Year 1 457.500 260.080 0.000
Site(Location) 24 6.730 3.830 0.000
Error 460 1.760

δδ13C
Location 8 2.463 72.500 0.000
Year 1 0.931 27.410 0.000
Site(Location) 24 0.206 6.070 0.000
Error 460 0.034

δδ18O
Location 8 0.184 206.310 0.000
Year 1 0.158 176.370 0.000
Site(Location) 24 0.008 9.080 0.000
Error 460 0.001

Table 5. Menidia menidia. Univariate results of MANOVA ex-
amining differences in otolith chemistry of juveniles collected 

from sites nested within locations

Location % correct

2003
Muscongus 78.3
Kittery, Plum Island, Boston 66.7
Wellfleet 56.0
Waquoit Bay, New Bedford, Narragansett 60.9
Connecticut River 80.0
New Haven, North Shore 64.0
Jamaica Bay, Great South Bay, Peconic Bay 74.7
Hudson River 89.3
Little Egg Harbor 60.7
Mean 70.1

2004
Waquoit Bay, Narragansett 83.3
Connecticut River 86.7
New Haven, North Shore 71.7
Jamaica Bay, Great South Bay, Peconic Bay 71.1
Hudson River 86.7
Mean 77.4

Table 6. Menidia menidia. Percentage of juveniles correctly
classified to their juvenile location after pooling using qua-
dratic discriminant function analyses with leave-one-out cross
validation performed separately for 2003 and 2004 samples
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56% using pooled locations. Only geochemical signa-
tures from Hudson River fish remained sufficiently
stable throughout the 2 yr period to allow for the 2004
fish to be classified using the 2003 discriminant func-
tion. Accuracy was 76.7% using both the original and
pooled locations for the 2004 Hudson River fish using
the 2003 discriminant function.

DISCUSSION

Spatial differences

Geochemical signatures of juvenile Menidia menidia
otoliths collected from locations along the northeastern
coast of the United States showed significant differ-
ences among geographically separated locations.
Using these signatures, juvenile fish could be classified
back to their site of origin with 70% (2003) and 77%
(2004) average cross-validated accuracy after pooling
some of the original locations. Our results suggest
there is sufficient chemical heterogeneity at relatively
small spatial scales (50 to 125 km) in the marine coastal
environment for otoliths to be useful tools for investi-
gating population structure in coastal systems.

The classification accuracies achieved in this study
are similar to other studies that have examined fish col-
lected in estuarine and riverine systems. For example,
Gillanders & Kingsford (2000) reported 75% accuracy
examining the estuarine nursery habitats of juvenile
trumpeter Pelates sexineatus, and Patterson et al.
(2004) achieved 81% overall cross-validated classifica-
tion accuracy while examining the juvenile signatures
of red drum Sciaenops ocellatus collected from estuar-
ies in the southeastern United States. Other researchers
have reported even greater success. For example,
Thorrold et al. (1998b) achieved nearly 90% classifica-
tion accuracy when investigating juvenile signatures of
estuarine-dependent weakfish, and Walther et al.
(2008) reported classification accuracies of 91% in ana-
dromous American shad Alosa sapidissima. The species
investigated in the current study, M. menidia, differs
from that in most other studies in that it is continuously
distributed and does not have the clearly defined geo-
graphic borders for various life-history stages, such as
spawning, that exist in other species.

Few studies have examined the usefulness of otoliths
in coastal environments, and the success levels of these
studies have varied. Warner et al. (2005) reported
overall classification accuracies of 82.9 and 70.1%
during a 2 yr study examining the otolith signatures of
larval rockfish Sebastes atrovirens taken from near-
term females off the coast of California. Other studies
examining differences in coastal or open-ocean envi-
ronments have largely been confined to larger spatial

scales (Rooker et al. 2001, FitzGerald et al. 2004,
Humphreys et al. 2005).

Sample locations in the present study represented a
range of habitats with differing environmental charac-
teristics. In general, the northeast coast of the United
States is a highly populated, industrial area, with
numerous anthropogenic and natural activities influ-
encing coastal waters (Buck et al. 2005). Locations
sampled in our study ranged from areas bordering
large metropolitan areas, such as the Hudson River,
NY; Jamaica Bay, NY; and Boston, MA, to relatively
pristine areas, at least by comparison, such as Great
Bay/Little Egg Harbor, NJ, and Muscongus Bay, ME.
Such differences may have accounted for the spatial
scale at which chemical differences were able to be
detected.

Our results show that Mg/Ca, Mn/Ca, Sr/Ca, Ba/Ca,
δ18O, and δ13C showed significant differences among
locations in both years of the study. Two other ele-
ments measured, Cu/Ca and Pb/Ca, showed signifi-
cant differences in 2003, but not in 2004. Differences in
geochemical signatures of juvenile otoliths were also
found among sites within locations, demonstrating dif-
ferences exist on very small spatial scales. Sites within
locations were located within approximately 5 to 10 km
of each other. Such small-scale differences have also
been identified in other studies (Thorrold et al.
1998a,b, Hamer et al. 2003, Dorval et al. 2005). It is
possible that these small-scale differences observed in
Menidia menidia otoliths reflect small-scale differ-
ences in water chemistry among sites. Regardless of
the underlying reason for such differences, fish were
able to be classified by location of origin, suggesting
that among-location differences were more important
than within-location effects.

Use of carbon and oxygen stable isotopes greatly
increased the classification accuracy of the quadratic
discriminant function analysis. Oxygen isotopes are
generally considered to be deposited in isotopic equi-
librium with the ambient water and, therefore, to
accurately reflect values in the environment in which
the fish resided during deposition of the analyzed
material (Kalish 1991a, Thorrold et al. 1997). Fraction-
ation of carbon isotopes, however, appears to be more
complicated. Otoliths typically incorporate carbon pri-
marily from dissolved inorganic carbon, with a smaller
contribution from metabolic sources (Thorrold et al.
1997). Physiological effects, including growth rate and
maturation state, may influence the relative contribu-
tion of these 2 sources, and this will, in turn, generate
differences in δ13C values (e.g. Schwarcz et al. 1998).
Menidia menidia exhibits latitudinal differences in
growth rate, such that fish from northern latitudes
grow faster than those from southern latitudes (Con-
over & Present 1990). Furthermore, growth efficiency
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(Present & Conover 1992) and energy allocation (Bill-
erbeck et al. 2000) have been shown to covary with
growth along this latitudinal gradient. Although no
clear latitudinal trend was evident in the data, such
metabolic differences may influence δ13C values in M.
menidia and contribute to the observed spatial dif-
ferences. It is also possible that observed differences
are a result of age and habitat use differences among
locations. All juvenile fish were young-of-the-year,
but latitudinal differences in spawning period (Con-
over & Present 1990) can create age differences,
which potentially contribute to differences in otolith
chemistry.

Physiological differences

Elemental signatures of various fish species have
also been shown to be correlated with physiological
factors. For example, strontium incorporation has been
suggested to be influenced by growth (Sadovy & Sev-
erin 1992, 1994) and maturation (Kalish 1989, 1991b,
Friedland et al. 1998). It is important to note that these
relationships are not clear, and Sr/Ca has also been
frequently shown to be influenced by a variety of fac-
tors, including chemistry (Bath et al. 2000), diet (Ken-
nedy et al. 2000, Buckel et al. 2004), and temperature
(Martin et al. 2004). Although not as frequently studied
as strontium, magnesium and manganese have also
been reported to be influenced by otolith accretion
rates and fish metabolism (Hamer & Jenkins 2007).
Furthermore, although there is little evidence to date
on the influence of physiological effects on copper
deposition, the bulk of copper measured in otoliths is
associated with the protein matrix, suggesting that
physiological influences are likely (Miller et al. 2006).

While there is much ambiguity concerning factors
influencing otolith chemistry in the literature, the pres-
ence of well-documented physiological differences,
such as growth rate (Conover & Present 1990), growth
efficiency (Present & Conover 1992), and energy allo-
cation (Billerbeck et al. 2000) among Menidia menidia
populations likely contributes to observed spatial dif-
ferences. Original sampling of these traits was con-
ducted at intervals of 300 to 400 km, but recent work
shows that differences in growth rate differ at scales of
approximately 50 km (minimum distance examined)
along the east coast of the United States (D. Conover
unpubl. data). Many of the sites used in our otolith
study were also used in that study. Furthermore, the
number of studies reporting evidence of local adapta-
tion in marine fish species is rapidly increasing
(Conover et al. 2006), and its influence on otolith signa-
tures and its implications for studies examining stock
structure may need to be considered.

Temporal differences

Temporal differences in otolith signatures of adja-
cent year classes indicate that the natural tags are
year-class specific. Therefore, these juvenile tags can
only be used as baseline data when addressing ques-
tions involving the population structure of the adults
from the same year class. Classification accuracies of
fish using signatures from alternate years for the base-
line data were low and inconsistent. Furthermore, dif-
ferences observed in the 2003 and 2004 year classes
showed that all 8 variables significantly fluctuated
annually. Other studies investigating temporal trends
in otolith signatures have reported similar temporal
differences (Gillanders 2002b). Warner et al. (2005)
reported interannual differences in Mg, Sr, and Pb, but
not in Mn and Ba. They also reported higher classifica-
tion accuracies in the second field season, suggesting
that some years produce stronger spatial differences in
signatures than others. Gillanders & Kingsford (2000)
also reported interannual differences in Sr, Mn, and
Ba in estuaries in Australia. While the exact cause of
these differences cannot be fully understood without a
more thorough understanding of the factors influenc-
ing the chemical composition of otoliths, it is likely that
these differences are largely due to interannual envi-
ronmental differences. The mean summer water tem-
peratures recorded on a NOAA buoy located off Mon-
tauk, NY (40° 15’ 1’’ N, 73° 9’ 59’’ W) were warmer in
2004 (22.7°C) than in 2003 (21.0°C). Additionally, the
NOAA’s National Climatic Data Service annual precip-
itation report states that the northeast of the United
States received more rain in the summer of 2004 than
in 2003. Regardless of the underlying causes of such
temporal differences, our results suggest that in most
marine situations otolith studies need to be carried out
on an annual basis and studies need to consider tem-
poral effects.

Implications

Understanding population connectivity and struc-
ture of marine fishes is important for effective eco-
system-based management and ecological under-
standing. Many fish species are managed as single
populations over large spatial areas, but recent studies
identified significant genetic differences within sub-
populations at smaller scales than traditional manage-
ment units. For example, Newfoundland cod are man-
aged as having a broad stock structure, contradictory
to the evidence of the smaller stock structure shown in
adult migration studies (Robichaud & Rose 2001). Evi-
dence of sub-populations and connectivity rates are
important when considering such things as the re-
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silience of a population to fishing pressure and when
designing marine protected areas. The amount of
exchange between sub-populations can also affect col-
onization rates for new habitats. Thus, knowledge of
population structure is essential when developing spa-
tially explicit management plans. Additionally, popula-
tion structure is important in evolutionary ecology
studies examining local adaptation and the strength of
natural selection. Since the potential for local adapta-
tion can be diminished by high degrees of mixing,
assuming high gene flow, otolith chemistry can be use-
ful in examining connectivity. Before patterns of con-
nectivity and population structure can be investigated,
an appropriate tag must be developed. Here we
demonstrated that the chemical signatures of juvenile
Menidia menidia otoliths show significant spatial dif-
ferences in coastal environments, thus allowing them
to be useful as natural tags. These data provide the
necessary information to allow the natal origins of
adult M. menidia in the northeastern United States to
be determined and potentially to reconstruct patterns
of adult dispersal.
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