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ABSTRACT: We found distinct geographic differences in trace elem ent concentrations in both the 
core and early larval areas of the statoliths of paralarval m arket squid Doryteuthis (= Loligo) 
opalescens at sites throughout the Southern California Bight, USA. Laser ablation inductively cou­
pled plasm a mass spectrom etry (LA-ICPMS) of individual statoliths indicated detectable levels of 
Mg, Mn, Sr, and Ba, w ith m arginal levels of Cr and Pb. While these paralarvae showed considerable 
w ithin-sam ple differences in elem ental concentrations, there was significant betw een-site discrimi­
nation of natal (core) and early larval signatures for collection sites up to 100 km apart. In 2002 and 
2003, levels of Ba and Sr in the statolith cores w ere significantly different am ong sites, suggesting dif­
ferences in the natal environm ent or local m aternal effects. Site specific differences in elem ental sig­
natures w ere also apparent for Mg and M n in samples taken  from outside the core in the early post­
hatching period. These same portions of the statolith can be analyzed from adult squid collected on 
spaw ning grounds. We showed that concentrations of trace elem ents in the statolith cores of adults 
closely resem bled the core signatures of squid paralarvae, w hich opens the possibility of identifying 
the source populations for stocks of this commercially im portant species.
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INTRODUCTION

The California m arket squid Doryteuthis (formerly 
Loligo) opalescens (see Anderson 2000 for genus 
reclassification) has been  the largest fishery in the 
state of California in term s of volume and value for 
most of the last 15 yr (Sweetnam 2006). A purse seine 
fishery captures spaw ning adults as they aggregate to 
m ate and lay their eggs on sandy-bottoms in shelf 
w aters <100 m deep. Since the early 1980s, an increas­
ing proportion of the statew ide landings have come 
from southern California (Vojkovich 1998), mainly

around the Channel Islands and nearby subm arine 
canyons. Currently, the fishery is m anaged throughout 
the state as one hom ogenous population (CDFG 2005). 
To date, genetic studies (Reichow & Smith 2001, W. F. 
Gilly unpubl. data) have noted hom ogeneity in the 
populations from Alaska to Baja California, but this 
could be the result of a relatively low m igration rate 
betw een otherwise isolated populations. M orphom et­
ries and allozyme analyses w ere equally am biguous 
(Ally & Keck 1978, Christofferson et al. 1978, Kashi- 
w ada & Recksiek 1978). Fishery independent data sug­
gest that this squid occurs in many areas along the
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Pacific coast besides the prim ary locations targeted  by 
the fishery (Reiss et al. 2004). However, an im portant 
question remains: Do individual spaw ning squid tend 
to return  to their natal areas, or are stocks indeed well 
mixed?

This paper investigates the applicability of using 
natal trace elem ent signatures in the statoliths of m ar­
ket squid to identify the geographic location of origin. 
We did this by analyzing the cores and early larval por­
tions of statoliths of paralarvae captured in different 
areas off southern California. Statoliths are composed 
of calcium carbonate crystals (as aragonite) w ithin a 
protein matrix. Development is tem perature d ep en ­
dent and statoliths are formed 9 d post-fertilization at 
16°C (Fields 1965). After hatching, statoliths grow 
daily as new  crystal layers are deposited around the 
existing core (Lipinski 1993). Trace elem ent analysis of 
otoliths, a similar calcium carbonate structure in fish, 
has been  used for many years to dem onstrate popula­
tion structure (Cam pana 1999, C am pana & Thorrold 
2001, Thorrold et al. 2002). Recently, natal (i.e. b irth ­
place) signatures and population structure have been 
inferred from microchemical analyses of the statoliths 
and hard  parts of other mollusks (Zacherl et al. 2003b, 
Zacherl 2005, Becker et al. 2005, Doubleday et al. 
2008).

As with gastropods, there is accum ulating evidence 
suggesting that the chemical composition of squid sta­
toliths could be useful as a natural tag  of dispersal and 
movement patterns. For example, oxygen isotopes in 
squid statoliths are deposited in equilibrium with 
am bient w aters (Radtke 1983). Variation in strontium 
(Sr) concentrations w ithin statoliths track squid in 
ontogenetic migrations (Yatsu et al. 1998, Ikeda et al. 
2003, Zumholz et al. 2007), vertical diel m igrations 
(Ikeda et al. 1998, Bettencourt & G uerra 2000), and 
daily feeding activities (Ikeda et al. 2002a). Recent 
work has also indicated distinct seasonal, developm en­
tal, and spatial patterns of chemical signatures in sta­
toliths of Doryteuthis (= Loligo) gahi in the south 
Atlantic (Arkhipkin et al. 2004).

If trace elem ents from the surrounding waters substi­
tute for calcium in the matrix of the statolith, their con­
centration may reflect differences in the physical char­
acteristics and elem ental composition of the w ater 
mass in w hich they w ere formed (Zacherl et al. 2003a; 
for otoliths, see Secor et al. 1995, Bath et al. 2000, Els­
don & Gillanders 2002). Thus, statoliths formed while 
larval squid are at or near the spaw ning site potentially 
carry a natural record of the site of origin (i.e. a natal 
signature). However, the dynamics of incorporation of 
trace elem ents into the hard  parts of organism s are 
complex (Cam pana 1999, Elsdon & Gillanders 2003), 
and statolith chem istry may not necessarily be a strict 
reflection of the physical and chemical properties of

the surrounding seaw ater (see W arner et al. 2005 for 
an otolith example). It is also becom ing increasingly 
apparent that there are strong m aternal effects on e le ­
m ent incorporation into the natal portion of otoliths 
(Warner et al. 2005, Thorrold et al. 2006) and statoliths 
(Lloyd et al. 2008). In some cases, problem s in predict­
ing elem ental incorporation can be avoided by micro­
chemical evaluation of the hard  structures of young 
squid while they are still resident in source populations 
and through subsequent evaluation of the same struc­
ture in cohorts after dispersal (e.g. Thorrold et al. 
2001 ) .

M any open-coast dwelling marine animals begin 
forming their statoliths or otoliths while still in the egg, 
before they begin their pelagic phase (Hanlon et al. 
1989, Jones et al. 1999). For these organisms, the core 
of the statolith or otolith should contain a natal signa­
ture. Zacherl et al. (2003b) recently showed evidence 
for geographical variation in natal elem ental signa­
tures of statoliths of encapsulated veliger larvae from 
the open-coast mollusk Concholepas concholepas. Sig­
nificant spatial discrimination of natal chemical signa­
tures has also been reported for the gastropod Kelletia 
kelletii along the California coast (Zacherl 2005). In 
this paper, we dem onstrate that natal signatures can 
be analyzed from the statoliths of m arket squid p ara­
larvae, and w e also explore w hether paralarvae cap­
tured  at one site can be distinguished chemically from 
paralarvae captured at other sites. Finally, we dem on­
strate that the paralarval segm ent (i.e. core) of an adult 
statolith can be analyzed, and that average trace e le ­
m ent concentrations in this segm ent of the statolith are 
equivalent to that seen in paralarvae.

MATERIALS AND METHODS

Study species. M arket squid spaw n throughout the 
year along the California coast. Primary spaw ning 
events occur during the w inter in southern California 
and in the summer in M onterey Bay, which are the 2 
major target locations for the fishery. The paralarvae 
hatch from egg  cases, anchored by the m other into 
sandy habitat after about 7 w k (L. D. Zeidberg unpubl. 
data). Paralarvae may be entrained w ithin 3 km off­
shore for periods of w eeks in the convergence zones 
created  by tidal and neritic currents (Zeidberg & Ham- 
ner 2002). At 15 mm m antle length (ML), juveniles 
appear to develop the capability to swim in schools and 
against horizontal currents (Hurley 1977, Yang et al. 
1986). The 55 to 85 mm ML size cohort is absent from 
shelf w aters (Zeidberg 2004), and full-sized adults 
m igrate to the shelf to spaw n near the end of their life 
span (Macewicz et al. 2004), w hich has been  estim ated 
at betw een 4 to 9 mo (average 6  mo) using statolith



W arner e t al.: Squ id  s ta to lith  s ig n a tu res l i i

T ab le  1. D oryteu th is opalescens. S am pling  sch em e to r p a ra la rv ae . N um bers in c lu d ed  in  p a rticu la r analyses d e p e n d e d  on
sam ples w ith  d e tec tab le  levels of trace  e lem en ts

D ate Sam ple
ID

No.
processed

Tem p.
(°C)

D epth
(m)

Location C oord inates

2002
11 Feb SBI 9 13.6 25.5 East S an ta  B arbara  Island 3 3 °2 7 .6 8 1 'N , 119°0 .639 'W
12 Feb SBI-Cat 8 11.8 61.9 B etw een  S an ta  B arb ara  a n d  C a ta lin a  Island 3 3 °2 6 .1 0 7 'N , 118°41 .867 'W
12 Feb C at 12 12.4 51.0 C ata lin a  Island  H arbor 3 3 °2 5 .1 2 6 'N , 118°32 .433 'W
2003
6 Feb R ed 5 14.3 23.0 R edondo C anyon 3 3 °4 8 .9 1 4 'N , 118°25 .828 'W
4 Feb SCC-E 20 13.8a 43.0a San ta  C ruz C h an n el 3 3 °5 6 .4 6 6 'N , 119°50 .751 'W
4 Feb SC C -C 8 13.8a 43.0a San ta  C ruz C h an n el 3 3 °5 8 .5 6 0 'N , 119°54 .788 'W
4 Feb SCC-W 10 13.8a 43.0a San ta  C ruz C h an n el 3 3 °5 6 .7 4 1 'N , 119°55 .864 'W

a V alue re p re se n ts  th e  m e a n  for th e  3 SC C  stations

increm ent counts (Butler et al. 1999, 
Jackson & Domeier 2003). This less- 
than-annual lifespan raises an impor­
tant question: W hat are the origins of 
the spaw ning aggregations that are 
fished on an annual basis in northern 
and southern California?

Sampling location. Sampling was 
conducted in 2002 and 2003 in the 
Southern California Bight, 33° to 34°N, 
118° to 121° W (Table 1, Fig. 1). Par­
alarvae w ere collected with a i m  
Bongo net w ith 505 pm mesh. Differ­
ential global positioning system 
(GPS) data w ere recorded for each tow 
to m easure the distances sampled. 
Tow surveys w ere conducted in 15 
min double-oblique casts (the net d e ­
scends and returns at an angle) to 
sample the deepest dep th  possible 
w ithout touching the bottom, within 
the 25 to 130 m isobaths. Samples with 
sufficient num bers of squid paralarvae 
w ere selected for statolith analysis 
(Table 1, Fig. 1). Collection sites for 
2003 w ere sometimes grouped by re ­
gion, since 3 of the samples w ere col­
lected in the Santa Cruz Channel on 
the same day. Samples of adult squid 
w ere collected in 2 0 0 1  from com m er­
cial fisherm en by the California De­
partm ent of Fish and Game (CDFG). 
Samples w ere collected from 2 CDFG

and isolating squid paralarvae, statoliths w ere d is­
sected and stored dry. Statoliths w ere rem oved from 
adult samples and stored similarly. One statolith from 
each individual w as m ounted on an acrylic slide with

fishing record blocks, one south of 
Santa Rosa Island and one south of 
Catalina Island in the spring of 2001 (Fig. 1).

Sample preparation. Plankton samples including 
squid paralarvae w ere concentrated and frozen aboard 
the research  vessel. After thaw ing in the laboratory

California

C alifornia
C urran t

Southern California 
Countercurrent^,

Santa Rosa 
Island

Santa Cruz 
Island

Sample sites and years 
I 12001 : Fishery adults 
•  2002: SBI. SBI-Cat, Cat
A 2003: SCC-C, SCC-E, 

SCC-W, Red

34°N-

120°W 119°W

Fig. 1. D oryteu th is opalescens. M ap  d ep ic tin g  sam ple  sites of p a ra la rv a l collec­
tions in  2002 (SCC-C, SCC-E, SCC-W , Red) an d  2003 (SBI, SBI-Cat, Cat) (see 
T able  1 for details). T he boxes sou th  of S an ta  Rosa a n d  C a ta lin a  Island  in d ica te  
th e  n u m b er of adu lts cau g h t b y  fisheries in  2001. T h in  gray  lines d ep ic t th e  
200 m  isobath . S o u th ern  C alifornia w a te rs  h av e  a  com plex physical o cean o ­
g rap h y  d o m in a ted  b y  th e  eq u a to rw a rd  flow of th e  C alifo rn ia  C u rren t (CC) and  
p o lew ard  flow of th e  S o u th ern  C alifo rn ia  E ddy  (SCE) or C o u n te rcu rren t 
(dep ic ted  b y  th ick  arrow s in  m ap  inset). W aters of th e  SCE a re  w arm er, saltier, 
a n d  less p roductive . T he w e s te rn  C h an n e l Islands a re  d o m in a ted  by  th e  CC, 
w h ile  th e  SCE b a th e s  th e  e a s te rn  C h an n e l Islands. T he cen tra l C h an n e l Islands 
a re  in te rm ed ia te  w ith  tran s ien t w in d  p a tte rn s  d ic ta tin g  w h ich  of th e  m ajo r cu r­
ren ts  (CC or SCE) a re  p red o m in an t. T he b o ttom  to p o g rap h y  from  th e  a rray  of 
is lands in  th e  S o u th ern  C alifornia B ight c rea tes  com plex m esoscale  c ircula tion  
p a tte rn s , in c lu d in g  ed d ie s  a n d  fron ts th a t  le a d  to  a rea s  of re te n tio n  an d  

ad vec tion  of p lan k to n ic  o rgan ism s
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low viscosity epoxy resin (Epo-Thin, Buehler). To ex ­
pose the areas of interest, each statolith was polished 
to w ithin 1 0  to 2 0  pm of the core using a lapping wheel 
and 9 pm and 3 pm 3M® diam ond polishing film. To 
remove contam inants and minimize the organic contri­
bution prior to analysis, m ounted statoliths w ere rinsed 
in ultra pure w ater (N-pure, resistivity >18.1 Mil), 
soaked in semiconductor grade 15% H 2 0 2  buffered 
with Suprapur 0.05 N NaOH in acid-leached plastic 
trays for 1 h, rinsed again in N-pure, soaked and rinsed 
5 times in N-pure for 5 min, rinsed a final time with 
N-pure and air dried in a C lass-100 lam inar flow 
bench.

Sample elemental analysis. To determ ine w hether sta­
toliths of paralarvae bore a distinctive natal or early-lar­
val signature, we com pared elem ent(m etal)/calcium  
(Me/Ca) ratios of paralarval statoliths from different sites 
and regions. We also com pared the cores of adult squid 
statoliths with the same area of paralarval statoliths to es­
tablish that the elem ental concentrations w ere similar.

Since our collections w ere of pelagic paralarvae, 2 
regions of the statolith w ere available for analysis 
(Fig. 2). The trace elem ents in the core region w ere 
incorporated while the embryo was still in the egg cap ­
sule, representing  a natal signature (i.e. record of 
chemical signature of birthplace). Natal signatures 
may represent m aternal effects (that is, trace elem ents 
passed through the yolk), true local effects from the 
surrounding w ater that diffuses into the egg capsules 
during ontogeny, or a combination of both. The second 
pit is formed during early pelagic life and should reg is­
ter environm ental rather than m aternal effects, since 
the yolk is utilized in the first 4 to 6  d post-hatching 
(Vidal et al. 2002). Information from the 2 statolith

regions, com bined with the collection location, can 
provide information about geographical signatures 
and larval movement.

Statoliths w ere analyzed on a Finnigan MAT Ele­
m ent 2  sector field inductively coupled plasm a mass 
spectrom eter (ICPMS). The elem ent m enu included 
m agnesium  (Mg), calcium (Ca), chromium (Cr), m an­
ganese (Mn), strontium (Sr), barium  (Ba), and lead 
(Pb). Sample introduction was by laser ablation using a 
VG-UV microprobe Nd:YAG laser system, frequency- 
quadrupled  to 266 nm with a nominal beam  width of 
20 pm. Our LA-ICPMS param eters and m aterial intro­
duction m ethods follow those described for otolith e le ­
m ental analysis in R uttenberg et al. (2005) and W arner 
et al. (2005). A blated m aterial was mixed with 1% 
HNO 3 and aspirated using a low flow nebulizer (50 pi 
m k r1) to create w et plasm a conditions.

We collected sequential, discrete ablations in a verti­
cal transect through the 2  different locations (i.e. core 
and 2nd pit) on each statolith (Fig. 2). Each ablation pit 
in a vertical transect consisted of 8  laser pulses of 
0.1 mJ at 3 Hz and averaged 26 pm in diam eter and 
-10 pm in depth. For each ablation, we collected the 
isotopes 2 4 Mg, 4 8 Ca, 5 2 Cr, 5 5 Mn, 8 faSr, 8 7 Sr, 1 3 8 Ba, and 
2 0 8 Pb. We switched from collecting the isotope 86Sr to 
collecting 87Sr halfway through the study due to a sec­
ond argon gas source being contam inated with gas 
interference for 8 6 Sr. All isotopes w ere determ ined 
using m edium  resolution mode (R = 300) due to iso­
topic interferences for some analytes of interest. Molar 
M e/C a ratios w ere calculated for each ablation using 
the isotopic intensity ratios and the elem ental mass 
biases determ ined by sam pling calibration standard 
solutions before and after every 3rd statolith.

1' A * .% ■..wirtùv'*
Fig. 2. D oryteu th is opalescens. Im age  of a  p a ra la rv a l stato lith . Show n are  th e  core (nata l portion) a n d  2 n d  (early  larv a l portion) 

ab la tio n  p its  from  LA-ICPM S analyses. Daily s ta to lith  g row th  in crem en ts  a re  also v isible



W arner e t al.: Squ id  s ta to lith  s ig n a tu res 113

We estim ated the accuracy of the analytical m ethod 
throughout the study by ablating a solid glass refer­
ence m aterial from the US National Institute of S tan­
dards and Technology (NIST 612) at the beginning and 
end of each day of analysis. These precision estimates, 
described as %RSD (% relative standard  deviation), 
averaged 15.8% for M g/Ca, 12.2% for Cr/Ca, 17.3% 
for M n/Ca, 25.7% for Sr/Ca, 13.1% for Ba/Ca, and 
15.1% for Pb/Ca. Because sam pled m aterial is mixed 
with aspirated 1 % H N 0 3 in the introduction system, 
we blank-subtracted statolith intensity values with 
those of a 1 % H N 0 3 sample analyzed before each sta­
tolith. We characterized the instrum ent's limits of 
detection as 3x the SD of the blanks and calculated 
ratios to m ean Ca intensities to obtain a M e/C a detec­
tion limit of 0.045 mmol m op 1 for M g/Ca, 1.43 pmol 
m oh 1 for Cr/Ca, 1.94 pmol m oP 1 for M n/Ca, 0.19 mmol 
m op 1 for Sr/Ca, 0.61 pmol m ob 1 for Ba/Ca, and 
0.84 pmol m op 1 for Pb/Ca.

Similar to the findings of Brophy et al. (2004) and 
Ruttenberg et al. (2005) for otoliths of various fishes, 
D oryteuthis opalescens statoliths appear to have 
enriched cores relative to non-core m aterial for certain 
elem ents (Table 2). Therefore, we used elevated levels 
of M g and Mn to determ ine which ablation pit in the 
vertical transect through the core region actually sam ­
pled the true core. We ablated a second vertical tran ­
sect out from the core to sample the early larval period 
(i.e. 2nd pit). To m aintain consistency in our character­
ization of the chemical signature corresponding to the 
'early larval period' across samples, w e selected the 
ablation pit from the 2 nd vertical transect that was 
located at the same depth  as the core ablation for any 
given statolith.

Statistical analyses. Elem ental concentrations in sta­
toliths are expressed as M e/C a in mmol m op 1 or pmol 
m oh1. Any value below the detection limit that was 
zero or negative (blank subtraction procedures occa­
sionally resulted in negative intensity values w hen ion 
concentrations w ere low) was dropped from further 
analyses. Values above detection limits, or below 
detection limits but positive, w ere retained.

In order to detect regional differences in the concen­
trations of particular elem ents and m ulti-elem ent fin­
gerprints, we perform ed univariate and multivariate 
analyses of variance (ANOVA, MANOVA). Separate 
tests w ere conducted for 2002 and 2003, because suffi­
cient samples w ere not available for analysis from 
overlapping sites in both years. Prior to statistical test­
ing, residuals w ere exam ined for normality and hom o­
geneity am ong collection sites. To m eet assumptions of 
the statistical tests, all analyses w ere perform ed on 
natural log transform ed data. For paralarval statoliths, 
to test the effect of each elem ent separately, we used 
ANOVA by site. We used MANOVA models to test for 
spatial differences in m ulti-elem ent fingerprints. Col­
lection site w as used as a fixed factor in separate 
MANOVA models for each year. Pillai's Trace was cho­
sen as the test statistic because it is more robust to 
small sample sizes, unequal cell sizes and situations 
w here covariances are not hom ogeneous (Scheiner 
1993). Tukey's HSD test was used to detect post hoc 
differences among m eans (a = 0.05).

We also used discriminant function analyses (DFA) 
on paralarval data  to visualize spatial differences 
betw een collection locations for 2002 and 2003, and to 
exam ine classification success for paralarvae from dif­
ferent samples. Cross validations w ere done using 
jackknife ('leave one out') procedures in SPSS (SPSS 
Inc). Significance of the DFA was estim ated using a 
random ization procedure with 1000 runs (White & Rut­
tenberg  2007). The p-value presen ted  is for the null 
hypothesis that the observed reclassification success is 
no better than that expected by random  chance. We 
also used the 2002 and 2003 paralarval core chemistry 
data as a training dataset in a DFA to classify the adults 
from 2001. Because the adults w ere sam pled in a dif­
ferent year and at different sites than  the paralarvae, 
w e w ere primarily in terested  in ascertaining w hether 
the adults fell w ithin the same discriminant space as 
the paralarvae; we did not attem pt to assign them  back 
to any particular site of origin. Previous studies that 
have com pared the otolith chem istry of natal (i.e. pre- 
pelagic) individuals w ith the otolith cores of juveniles

T able  2. D oryteu th is opalescens. M ean  ± SE M e /C a  concen tra tions in  th e  s ta to lith  cores of ad u lt a n d  p a ra la rv a e  a n d  th e  2nd  
p it of p a ra la rv a e  from  d ifferen t sam p lin g  years. Sam ple  size re fe rs  to th e  to ta l n u m b er of sq u id  sam ples analyzed . Show n in  

p a re n th e se s  a re  th e  n u m b ers  of s ta to lith  sam ples w ith  d e tec tab le  concen tra tions of a  g iven  e lem en t

Sam ple  Sam ple M g
size (mmol m o T 1)

Cr
(pmol m o T 1)

M n 
(pm ol m o T 1)

Sr
(mmol m o T 1)

Ba
(pm ol m o T 1)

Pb
(pmol m o T 1)

2001 ad u lt core
2002 p a ra la rv a l core
2003 p a ra la rv a l core
2002 p a ra la rv a l 2 n d  pit
2003 p a ra la rv a l 2 n d  pit

11 2.4 ±0 .41  (11) 
27 1.6 ± 0.08 (27) 
42 2.2 ± 0 .1 8  (42) 
29 0.66 ± 0.07 (29) 
41 0.73 ± 0.08 (41)

1.9 ± 0 .7 5  (3) 18.6 ± 5 .8 9  (8)
1.9 ± 1.22 (11) 16.7 ± 3.73 (24)
4.2 ± 1.73 (23) 13.4 ± 2.41 (40) 
2.1 ± 0 .5 9  (11) 2.5 ± 0.56 (22)
2.3 ± 0.55 (20) 2.3 ± 0.74 (24)

10.4 ± 0.40 (11) 7.3 ± 0.54 (11)
10.4 ± 0.24 (27) 9.9 ± 0.63 (27) 
10.2 ± 0.23 (42)10.0 ± 0.71 (42) 
10.1 ± 0.37 (29) 7.3 ± 0.40 (29)

9.7 ± 0.33 (41) 6.5 ± 0.32 (41)

0.6 ± 0.18 (0) 
1.8 ± 0.53 (19) 
1.0 ± 0.14 (27) 
1.3 ± 0.38 (22) 
0.9 ± 0.19 (27)
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have found mixed results in term s of the degree of 
overlap in m ulti-elem ent chemical signatures (Warner 
et al. 2005, Ruttenberg et al. 2008). If the adult core 
chemistry resem bles that of the paralarvae, this tech­
nique may be used in future studies to assign adults 
back to source.

RESULTS 

Microchemistry of paralarval statoliths

D oryteuthis opalescens paralarvae averaged 2 to 
3 mm ML. Statoliths from these paralarvae m easured 
approxim ately 200 pm across the longest axis (Fig. 2); 
for some samples, a regular banding pattern  of daily 
increm ents was observed similar to that reported  in 
Butler et al. (1999). For paralarval statoliths from the 3 
collection locations in 2002 and the 4 collection loca­
tions in 2003, we m easured M e/C a ratios and d e te r­
m ined that 4 out of 6  elem ents had reliably detectable 
concentrations (Mg, Mn, Sr, and Ba; Table 3). Using 
these 4 elem ents, we tested w hether concentrations in 
the statolith core and 2 nd pit (early pelagic life) w ere 
different am ong collection locations (Fig. 3A shows 
cores, Fig. 3B shows 2nd pit).

For natal core signatures, several elem ents showed 
significant spatial differences in one comparison or 
another (Table 4, Fig. 3A). In 2002, although no e le ­
m ents w ere significantly different am ong locations at 
p < 0.05, both Ba and M n w ere m arginally different 
(p = 0.05 and 0.08, respectively). For Ba, the values for 
the samples from Catalina (Cat) w ere higher than 
those from the site betw een Santa Barbara Island and 
Catalina (SBI-Cat) and the Santa Barbara Island (SBI) 
site (Tukey's HSD, p < 0.05) (see Fig. 1 & Table 1 for all 
site locations). A lthough not significantly different, 
concentrations of M n in the core w ere elevated for 
samples collected at Cat and SBI-Cat. For 2003 sta­
tolith cores, there w ere significant betw een-collection 
differences in Sr and Ba ratios (Table 4, Fig. 3A). Col­

lection W from the Santa Cruz Channel (SCC-W) had 
high Sr and SCC-E and SCC-W had  high Ba, while the 
sample from Redondo Canyon (Red) had low Sr and 
low Ba (Tukey's HSD, p < 0.05).
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Fig. 3. D oryteu th is opalescens. M ean  concen tra tions of trace  
e lem en ts in  (A) core p its  a n d  (B) 2 n d  p its  of p a ra la rv a l 
sta to liths from  collections in  2002 a n d  2003. Show n are  th e  
e lem en t/ca lc iu m  (M e/C a) ra tios for M g, M n, Sr, a n d  Ba. V al­
u es  a re  m ean s + SE. Note: y-axis sca les differ. See Fig. 1 & 

T able  1 for site  deta ils

T able  3. D oryteu th is opalescens. N u m b er of sta to liths an a ly zed  from  p a ra la rv a l collections in  2002 a n d  2003, w ith  p e rce n t of sam ­
p les re co rd in g  d e tec tab le  levels of eac h  e lem en t a n d  p e rce n t of sam ples h a v in g  M e /C a  concen tra tions g re a te r  th a n  th e  lim its of 
d e tectio n  (LOD). D e tec tab le  levels w e re  th o se  in  w h ich  counts s_1 of a  p a rticu la r e lem en t w e re  positive  in  LA-ICPM S analyses. 

LOD w e re  d e te rm in e d  b y  an alyzing  b la n k  solu tions a n d  w e re  ca lcu la ted  as 3 x SD of th e  b lan k s

A bla tion  p it N u m b er of % of sam ples w ith  d e te c ta b le  leve ls % of sam ples in  w h ich  co n cen tra tio n  >LOD
stato liths M g Cr M n Sr Ba Pb M g C r M n Sr Ba Pb

2001 ad u lt core 11 100 27 73 100 100 55 100 0 64 100 100 0
2002 p a ra la rv a l core 27 100 41 89 100 100 70 100 7 85 100 96 44
2003 p a ra la rv a l core 42 100 52 95 100 100 64 100 29 90 100 100 64
2002 2 n d  pit 29 100 38 76 100 100 76 100 7 31 100 93 38
2003 2 n d  pit 42 100 45 50 100 98 64 95 10 19 100 98 31
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Using com bined information from all elem ents d e ­
tectable in statolith cores in a MANOVA, sites w ere 
m arginally non-significantly different from one 
another in 2002 (Pillai's Trace = 0.564, F S : 3 8  = 1.86, p = 
0.09). In com paring all 4 collection sites for 2003, we 
found significant differences in the chemical signa­
tures of statolith cores (Pillai's Trace = 0.65, F 1 2 i 1 0 5 = 
2.4, p < 0.008). The 3 sample sites in 2002 w ere within 
44 km of each other, while the 4 sample sites in 2003 
w ere w ithin 131 km of each other. These differences 
can be visualized using DFA (Fig. 4). The 2002 core pit 
(natal signature) samples show a pattern  of discrim ina­
tion am ong sites of origin (62.5% of cross-validated 
cases correctly classified, p = 0.005), w ith Sr and Mg 
driving Function 1 and M n and Ba affecting Function 2 
(Fig. 4A). A weaker, but statistically significant pattern  
of discrimination am ong samples occurred in 2003 
(42.5% of cross-validated cases correctly classified, p = 
0.04), driven primarily by Sr and M n in Function 1, and 
by Mg and Ba in Function 2 (Fig. 4B). However, w hen 
the 3 SCC samples w ere combined, a stronger pattern  
of discrimination em erged am ong regions of origin 
(Red versus SCC) in 2003 (80.0% of cross-validated 
[jackknifed] cases correctly classified), driven prim ar­
ily by Sr in Function 1 and by Ba in Function 2.

While elem ental concentrations in the 2nd pit 
(early pelagic life) sections of the statolith w ere g en ­
erally lower than in the natal core (Table 2), Mg and 
Mn ratios tended  to show geographical differences 
among regions (Table 4, Fig. 3B). In 2002, Mg levels 
w ere higher for SBI-Cat than those from SBI, while 
the samples from Cat w ere interm ediate (Tukey's 
HSD, p < 0.05). Although M n levels w ere marginally 
different in the core region am ong the 3 sites in
2 0 0 2 , a similar but non-significant pattern  rem ained 
for the 2nd pit, w ith lower M n concentrations at SBI 
than the other 2 sites (Tukey's HSD, p < 0.05). In
2003, samples from Red w ere significantly higher in
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Fig. 4. D oryteu th is opalescens. D iscrim inant function  analysis 
(DFA) of p a ra la rv a l cores in  (A) 2002 a n d  (B) 2003 u s in g  M g, 
M n, Sr, a n d  Ba. Jack k n ife  v a lu es w e re  62.5 % (A) a n d  42.5 % 
(B). R educing  th e  sites to 2 reg ions in  2003 in creased  th e  re c la s­
sification success to 80.0 %. See Fig. 1 & T able  1 for site details

T able  4. D oryteu th is opalescens. R egion effect by  y ear from  u n iv aria te  ANOVAs co m paring  trace  e lem en t concen tra tions 
(expressed  as M e/C a, n a tu ra l lo g  transform ed) in  cores a n d  2 n d  p its  of p a ra la rv a l sta to liths co llected  in  2002 a n d  2003.

S ignificant p -v a lu es a re  in  bold

R egion °0 0 ° °003
df MS F P df MS F P

Cores
M g 2 2.969 X IO-3 0.039 0.962 3 0.243 1.451 0.243
M n 2 4.420 2.773 0.085 3 2.349 1.669 0.191
Sr 2 2.713 X IO-2 2.093 0.145 3 7.275 X IO-2 4.701 0.007
Ba 2 0.224 3.317 0.053 3 0.365 3.656 0.021
2nd pit
M g 2 0.911 5.038 0.014 3 0.426 1.510 0.228
M n 2 2.434 2.227 0.135 3 2.780 4.058 0.024
Sr 2 5.668 X IO-3 0.190 0.828 3 5.881 X IO-2 2.059 0.122
Ba 2 0.131 2.144 0.137 3 0.145 1.540 0.220
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Fig. 5. D oryteu th is opalescens. DFA of p a ra la rv a l 2 n d  p its in  
(A) 2002 an d  (B) 2003 u s in g  M g, M n, Sr, a n d  Ba. Jack k n ife  
va lues w e re  31.8%  (A) a n d 42.9%  (B). R e d u c in g th e  sites to 2 
reg io n s in  2003 in c re a sed  th e  reclassification  success to 

81.0% . See Fig. 1 & T able  1 for site deta ils

Mn than samples from the SCC locations in the 2nd 
pit (Table 4, Fig. 3B).

A MANOVA that com bined elem ental data for the 
2 nd pit (early pelagic life) sections suggested that 
regions w ere neither significantly different from one 
another in 2002 (Pillai's Trace = 0.353, F 8 i 3 4  = 0.911, p = 
0.52), nor in 2003 (Pillai's Trace = 0.818, F 1 2 i 4 8  = 1.49, 
p = 0.16). DFA for the 2002 samples showed a w eak 
and non-significant pattern  of discrimination among 
the 2nd pits (31.8% of crossvalidated [jackknifed] 
cases correctly classified, p = 0.59), w ith M g driving 
Function 1 and Sr affecting Function 2 (Fig. 5A). A 
stronger, yet still non-significant pattern  of discrim ina­
tion am ong 2nd pits occurred in 2003 (42.9% of cross­
validated [jackknifed] cases correctly classified, p = 
0.08), driven primarily by Mn in Function 1 and by Sr

and Ba in Function 2 (Fig. 5B). However, combining 
the 3 Santa Cruz C hannel samples into 1 group 
resulted in a m uch stronger pattern  of discrimination 
am ong regions of origin in 2003 (81.0% of cross-vali­
dated  [jackknifed] cases correctly classified), driven 
primarily by M n in Function 1 and by Ba in Function 2.

Microchemistry of adult statoliths

To use statolith chemistry to track larval dispersal 
and adult migration, elem ental signatures of statolith 
cores of adults spaw ned at a given site should m atch 
those of natal statoliths produced at that site. At the 
very least, there should be a strong similarity in the 
concentration of trace elem ents in the cores (natal sig­
nature) of the paralarvae and the cores of adults that 
w ere likely spaw ned at some of the same sites. Despite 
being collected in a different year (2 0 0 1 ) and from dif­
ferent locations, laser ablations of adult statoliths 
showed a pattern  of trace elem ent levels similar to that 
of paralarvae, w ith core enrichm ents of M n and 
detectable levels of Mg, Sr, and Ba (Tables 2 & 3). In 
every case, average values of M e/C a concentrations 
for individual elem ents in adult statolith cores fell 
w ithin the range of those same elem ents m easured in 
paralarval cores (Fig. 6 ). However, average concentra­
tions of trace m etals differed significantly betw een the 
paralarval and adult cores, and this pattern  was driven 
primarily by differences in Ba (Table 5). Adult statolith 
cores contained a significantly lower average concen­
tration of Ba, but exact m atches of elem ental values 
w ere not expected. These adults are likely to have ori­
gins different from the paralarval samples and, overall,

2 5  r

P ara la rv ae
A dults

Mg/Ca Mn/Ca Sr/Ca Ba/Ca
(mmol mol-1) (pmol moM) (mmol moM) (pmol moM)

Fig. 6. D oryteu th is opalescens. M ean  concen tra tions of trace  
e lem en ts in  s ta to lith  cores of p a ra la rv a e  from  b o th  y ears (n = 
69) a n d  ad u lt sq u id  (n = 11). In gen era l, p a ra la rv a e  a n d  adults 
h av e  sim ilar trace  e lem en ta l concen tra tions in  th e  n a ta l  p o r­
tion  of th e  statolith . Show n are  th e  M e /C a  ra tios for M g, M n, 

Sr, a n d  Ba. V alues a re  m ean s + SE
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T able  5. D oryteu th is opalescens. Results from  M A NOV A a n d  u n iv aria te  
AN OVA co m paring  trace  e lem en t concen tra tions (expressed  as M e/C a, n a tu ra l 
log  transform ed) in  th e  s ta to lith  cores of p a ra la rv a e  from  b o th  years a n d  ad u lt 

m ark e t squid . Significant p -v a lu es a re  in  bold

M ANOVA Pillai's Trace Fiypothesis df Error df F  p

All e lem en ts 0.148 4 67 2.898 0 .028

ANOVA df MS F P

M g 1 0.264 0.050 0.823
M n 1 1.571 0.888 0.349
Sr 1 1.695 X IO-2 0.226 0.636
Ba 1 9.783 X IO-2 8.282 0.005

Ba levels could vary from year to year. In addition, 
these differences could reflect a sampling artifact in 
that only 1 1  adult samples w ere available for analysis.

We used the 2002 and 2003 paralarval samples as a 
training data set in a DFA to classify the adult squid 
samples from 2001. We found that the adult cores fell 
within approxim ately the same discriminant space as 
those of the paralarval cores (Fig. 7), suggesting that, 
in the future, this technique may allow us to identify

the natal region of origin of adult 
squid captured on spaw ning grounds. 
However, a few adult core samples 
(primarily those from Catalina) fell at 
the edge and just outside of the d is­
crim inant space generated  by the p ar­
alarvae. This mismatch may have 
arisen because the adults w ere sam ­
pled in a different year and at sites dif­
ferent from the paralarval collections. 
To correctly assess population connec­
tivity, collections of adults need to be 
m ade from the likely cohorts corre­
sponding to ripe eggs or paralarvae 
collected previously. Interestingly, 

elem ental signatures of statolith cores of adult squid 
collected south of Santa Rosa Island and south of 
Catalina Island fell into distinct groups (100% of cross­
validated cases correctly classified, Fig. 7), raising the 
possibility that adults from these 2  collection locations 
may differ in their origin. Some caution needs to be 
exercised here, however, because sample sizes w ere 
small for this comparison.

4
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Island adults 9  P a ra la rv ae  

^  A dults

Santa Rosa" 
Island adults

_ 3  _______i_______ i_______i_______ i_______ i_______ i_______ i_______

- 4  - 3  - 2  -1 0 1 2 3 4
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Fig. 7. D oryteu th is opalescens. DFA of p a ra la rv a e  an d  adu lt 
s ta to lith  cores sh ow ing  th a t adu lts from  2001 g en era lly  lie  in  
th e  sam e DFA sp ace  as th e  p a ra la rv a e  co llected  in  2002 an d  
2003. T he d iscrim inan t functions w e re  g e n e ra te d  u s in g  th e  
core concen tra tions of M g, M n, Sr, a n d  Ba of p a ra la rv ae . 
A dult cores w e re  th e n  classified  u s in g  th ese  d iscrim inan t 
functions. A dult core s ig n a tu re s  from  2 d ifferen t collection 
locations (iden tified  b y  arrow s) fall out in  d istinct g roups in  
DFA space. T h ree  ad u lt sq u id  w e re  ex c lu d ed  b e ca u se  M n 
va lues w e re  b e lo w  d e tec tab le  levels. Jack k n ife  reclassifi­
cation  success is 42 .9% . See Fig. 1 for locations of S an ta  

C a ta lin a  a n d  S an ta  Rosa Islands

DISCUSSION

By analyzing the chemical concentrations of a suite 
of trace elem ents contained w ithin the core pit (natal 
region) and 2 nd pit (early larval portion) of statoliths, 
we have shown geographic differences in elem ental 
fingerprints of m arket squid paralarvae collected at 
distances of 100 km in 2 separate years. Poor spatial 
discrimination occurred in some comparisons, po ten­
tially because of the close proximity of collection sites 
and low sample sizes in any one year. We have also 
dem onstrated that the core area of a statolith can be 
sam pled in adult squid, w ith detectable levels of trace 
elem ents that are w ithin the range of m easured values 
detected  in the paralarvae. Despite sam pling different 
locations in different years, the m ulti-elem ent chem i­
cal signatures of adults w ere fairly similar to those of 
the paralarvae, suggesting that future studies may be 
able to assign adults back to a location of origin. While 
natal chemical signatures have previously been 
assessed in hard  parts of other mollusks (e.g. Becker et 
al. 2005, Zacherl 2005, Doubleday et al. 2008), to our 
know ledge this is the first study to analyze the chem i­
cal composition of statoliths from squid paralarvae and 
the first to assess the potential to detect geographical 
structure in natal statolith signatures of a commercially 
im portant cephalopod. Using these techniques to 
investigate population connectivity for fisheries m an­
agem ent will be improved by repeated  sam pling of 
sites to estim ate tem poral levels of chemical variation
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and by sam pling over an expanded spatial dom ain (i.e. 
focusing on the 3 major fishing grounds from Central 
to Southern California).

Trace element enrichment in statolith cores

We detected  differences in the levels of trace e le ­
m ents betw een the core and early larval portions of 
squid statoliths, w ith core enrichm ent of Mn and Mg 
(Table 2). This is the first study to report core enrich­
m ent in statoliths. Similar patterns of core enrichm ent 
of Mn, Mg, and Ba have been  reported  for fish otoliths 
across a num ber of phylogenetically distinct species 
(Brophy et al. 2004, R uttenberg et al. 2005, W arner et 
al. 2005). Consistent evidence of core enrichm ent indi­
cates that this phenom enon may be attributed to com ­
mon physiological or m aternal effects (Thorrold et al. 
2006), although actual elem ental concentrations may 
be influenced by local environm ental conditions. In 
contrast to studies of fish otoliths (e.g. Ruttenberg et al. 
2005), we did not find evidence for core enrichm ent of 
Ba in squid statoliths. Elem ents such as Mn may be 
concentrated in the core and required  for biom ineral­
ization processes, especially the initial nucléation steps 
for aragonite crystal formation. O ther elem ents such as 
Sr may also be critical for normal statolith developm ent 
in cephalopods (Hanlon et al. 1989). Despite consistent 
core enrichm ent of M n across all samples, we also 
detected  spatial differences in Mn concentrations, both 
in the natal and early larval portions of squid statoliths; 
these may be a result of spatial differences in w ater 
chemistry or m aternal effects.

Spatial patterns of statolith chemistry

Spatial differences in upwelling and tem perature, 
resulting from the complex oceanography of the 
Southern California Bight, can affect w ater chemistry 
and the incorporation of trace m etals into m ineralized 
hard  parts such as statoliths. In 2003, levels of Ba and 
Sr in statolith cores w ere significantly higher at sites 
that tend to have colder w ater tem peratures (the Santa 
Cruz Channel) relative to the Redondo Canyon site. 
Zacherl (2005) found that Ba/Ca and Sr/Ca concentra­
tions in natal statoliths of the gastropod Kelletia kelletii 
w ere inversely related  to the tem perature recorded at 
particular sites along the California coast. In ag ree ­
m ent w ith extensive research  on fish otoliths (e.g. 
C am pana 1999, Bath et al. 2000, Elsdon & Gillanders 
2 0 0 2 ), m any studies of the chemical composition of 
cephalopod statoliths have reported a dependence of 
Sr incorporation on tem perature (Ikeda et al. 1998, 
Arkhip kin et al. 2004).

M arket squid paralarvae are abundant close to shore 
for up to a m onth after hatching, and it has been sug­
gested  that they may be entrained nearshore (i.e. 
w ithin 1 to 3 km of the coast) by a combination of 
vertical diel m igration and tidally reversing currents 
(Zeidberg & Ham ner 2002). Therefore, large-scale 
mixing of paralarvae from geographically distant natal 
sources (e.g. island to island) may not commonly occur, 
presenting the possibility that paralarvae from our 
sample locations may have hatched from relatively 
nearby sources. The significant reclassification success 
of statolith cores from 2002 and 2003 supports the 
notion that many squid paralarvae have stayed 
together since birth. However, previous evidence of 
elevated abundances of paralarvae in the lee of some 
islands suggests that oceanographic forces may som e­
times entrain and mix larvae from different sources 
(Zeidberg & Ham ner 2002). The strong tidally induced 
flow that occurs betw een islands in the Santa Cruz 
C hannel (J. E. Caselle unpubl. data) may have served 
to mix aggregations of squid paralarvae, and these 
processes could have contributed to the w eak reclassi­
fication success in 2003, since our net tows captured 
paralarvae that likely hatched 2 to 4 w k previously. By 
reducing the 3 Santa Cruz C hannel sites to one group, 
spatial discrimination among regions (SCC versus Red) 
im proved dramatically. In general, stronger spatial d is­
crimination was found for natal regions (i.e. core) than 
the early larval portions (i.e. 2 nd pit) of paralarval sta­
toliths. Because of the close proximity of sampling 
locations each year, the paralarvae may have been 
entrained in chemically similar w ater masses at that 
point of developm ent. Elevated elem ental concentra­
tions in the core and spatial differences in m aternal 
contributions may have also contributed to the 
im proved spatial discrimination of natal chemical sig­
natures over the early larval signatures.

O ther studies in this region have reported  spatial dif­
ferences in the elem ental fingerprints of the natal por­
tion of fish otoliths, gastropod statoliths, and larval 
bivalve shell m aterial collected from different geo­
graphic locations. On a similar scale to the current 
study, W arner et al. (2005) detected  significant geo­
graphic discrimination am ong the natal otoliths from 
the kelp rockfish Sebastes atrovirens at sites in the 
northern C hannel Islands and the m ainland Santa Bar­
bara coast. Zacherl (2005) reported significant discrim­
ination in the chemical signatures of larval Kelletia 
kelletii statoliths from 3 distinct regions at a slightly 
larger spatial scale, and those differences w ere tem po­
rally consistent over a 3-yr period. By analyzing the 
elem ental fingerprints of the larval shell m aterial of 2  

species of m ussel (M ytilus californianus and M. gallo­
provincialis), Becker et al. (2005) w ere able to discrim­
inate am ong samples collected from bays and 2  open
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coast regions in southern California, and those signa­
tures w ere relatively stable over w eeks and months. 
These results and ours point to the utility of LA-ICPMS 
as a technique to identify the sites and/or regions of 
origin of a num ber of groups of m arine organisms, 
including commercially im portant species.

Stock identification and mixing — a path to solving 
the problem

One major uncertainty, critical for the m anagem ent 
of m arket squid, is the extent to which geographically 
distant populations are either separated  or w ell-con­
nected over ecological timescales. Do squid home back 
to the spaw ning grounds w here they hatched, or is 
there extensive mixing and little natal hom ing as squid 
m igrate offshore to feed? As m entioned above, the 
peak of squid spaw ning and the m ain fishing activity 
occur in different seasons in northern and southern 
California; the northern fishery typically occurs from 
April to November, while the southern fishery runs 
from October to April (Zeidberg et al. 2006). Although 
it is generally assum ed that the seasonal shift in peak 
spaw ning betw een  central and southern California is 
attributable to spatial differences in ocean bottom tem ­
peratures (CDFG 2005) or the productive season (Zeid­
berg  et al. 2006), these geographic differences in 
spaw ning activity suggest that there may be at least 2  

separate populations. The characterization of elem en­
tal fingerprints of natal statoliths and those of returning 
adults—em ploying the techniques described in this 
p ap er— may help to address critical questions reg a rd ­
ing stock identification along the California coast. The 
w eak discriminatory ability, particularly for the 2003 
paralarvae, may be due in part to the close spatial 
proximity of collection sites and the potential for m ix­
ing am ong those sites in the time betw een hatching 
and collection (-2 wk). Targeted collections of p re ­
release embryos from the 3 major fishing grounds (i.e. 
Catalina, N orthern C hannel Islands, and M onterey) 
should improve the ability to discriminate the geo­
graphic region of origin of embryos and returning 
adults in future studies.

O ther studies have successfully used techniques in 
statolith chemistry to identify stocks of commercially 
im portant squid. For example, using whole statolith 
solution-based ICPMS, A rkhipkin et al. (2004) iden ti­
fied geographic differences in statolith chemical signa­
tures from different putative stocks of Doryteuthis (= 
Loligo) gahi in the South Atlantic. They also detected 
distinct seasonal differences in chemical signatures 
betw een autum n and spring spaw ned cohorts off the 
Falkland Islands, suggesting that they developed in 
different environm ents. In addition, Doubleday et al.

(2008) recently showed distinct population structure in 
Octopus m aorum  populations in Tasmania by analyz­
ing the elem ental concentrations in the natal portion 
of their stylet. A high classification success among 
regions suggested low levels of population exchange.

In the present study, we found significant spatial d is­
crimination of statolith cores of squid paralarvae based 
on their m ulti-elem ental fingerprints. The chemical 
signatures of adult statolith cores contained equivalent 
levels of trace m etals and closely m atched those of p ar­
alarvae, despite being sam pled in a different year. In 
the future, a spatial atlas of chemical signatures could 
be generated  from sim ultaneous collections of paralar­
vae in different regions, or, even better, collections 
of ripe egg  cases containing developing embryos. 
Laboratory rearing has revealed that Doryteuthis 
opalescens develops statoliths prior to hatching (Fields 
1965, Hanlon et al. 1989), and those statoliths from 
known natal sources can be isolated and prepared  for 
LA-ICPMS analysis using techniques similar to those 
reported  for gastropod egg  capsules (Zacherl 2005). 
Finally, by matching the elem ental fingerprints of adult 
cores (collected on spaw ning grounds - 6  mo after col­
lections of ripe eggs) w ith those of paralarval statoliths, 
we could begin to assess the degree to which m arket 
squid populations are either segregated into separate 
stocks or well-mixed on ecological timescales.
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