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Abstract We examined variability in otolith chemis-
try of wild caught fish in relation to in situ
temperature and salinity within the California Current
System. Barium, magnesium, and iron from the most
recent growth zone in otoliths differentiated pelagic
juvenile shortbelly rockfish (Sebastes jordani) resid-
ing in water masses with distinct temperature
and salinity properties from central and southern
California spanning nearly 500 km of coastline. The
3-element signature also discriminated fish that
resided in different water masses that were associated
with mesoscale cyclonic eddy circulation in the Santa
Barbara Channel. Variability in otolith chemistry
reflected the spatial patterns of both horizontal
gradients and vertical gradients in water mass prop-
erties related to circulation. Although we found that
the concentrations of particular elements in otoliths
were correlated to ambient temperature or salinity, we

suggest that these parameters are more useful as an
identifying signature of distinct water masses associ-
ated with unique otolith signatures rather than as
factors directly affecting otolith chemistry. Other
factors varying among the water masses or among
the fish populations residing in the water masses may
also affect otolith chemistry. We discuss how ocean-
ographic phenomena associated with the 1997–1998
El Niño and the persistent, recirculating eddy in the
Channel may have affected coastal ocean conditions
and variation in otolith chemistry of fish in the study
area.

Keywords Otolith microchemistry . Coastal
circulation .Water masses . Early life history

Introduction

Elemental and isotopic assays of fish otoliths have
been directed at questions concerning the tracking and
mixing of marine and freshwater populations. Infer-
ences about fish homing behavior (Secor et al. 1995;
Thorrold et al. 2001), connectivity estimates (Miller
and Shanks 2004; Standish et al. 2008), and larval
dispersal histories (Swearer et al. 1999; FitzGerald et
al. 2004; Hamilton et al. 2008) have been based on
otolith chemistry as geographic tags. These applica-
tions of otolith chemistry do not necessarily require
the determination of how element concentrations,
salinity, and temperature in the environment are
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related to element concentrations in the otolith; what
is required is that the chemical assays of fish otoliths
discriminate individuals from different locations.
However, at least two important limitations in
utilizing otolith chemistry to assess the movement of
individuals and the mixing of populations among
locations stem from not knowing how environmental
variability relates to the spatial and temporal variabil-
ity in otolith chemistry.

The first limitation is the reliability of site-specific
otolith elemental signatures over time. Sufficient
consistency in the spatial variability of otolith
elemental signatures allows discrimination among
habitat sites within a year; however, many studies
that have compared otolith chemical composition
among locations over two or more years have found
significant interannual variability (Milton et al. 1997;
Dove and Kingsford 1998; Patterson et al. 1999;
Campana et al. 2000; Gillanders 2002; Hamer et al.
2003; Miller and Shanks 2004; Brown 2006). This
temporal inconsistency is especially problematic if the
goal, for example, is to examine a population over
time to estimate connectivity via migration or larval
dispersal among spatially distinct habitats.

The second limitation is that individuals of
unknown residency can only be assigned to the set
of sampled locations that define the spatial variability
of the signatures. There is an unknown degree of error
in assigning fish of unknown residency to a specific
site of a set of sampled locations, because fish
residing in unsampled locations might share the same
elemental signature as fish from the set of sampled
locations. This can occur even if the spatial variability
of the otolith elemental signatures defined by a set of
sampled locations is consistent over time and the
elemental signatures are good discriminators of the
sites sampled.

Presently, inferences are limited to the geographic
scale of sampling, the localities sampled, and the time
of sampling within individual studies, because of the
uncertainty of changing environmental conditions that
affect the variability in otolith chemistry over time
and space. We turn our attention from the utility of
using otolith chemistry as a location-based discrimi-
nator, and focus on the prospect of utilizing otolith
chemistry to identify water mass residency. A
motivation for this study is that if unique elemental
signatures are associated with distinct water masses,
then a reference or atlas identifying these relation-

ships might be developed. Otolith chemistry and
oceanography might prove useful for reconstructing
the transport histories of individuals and estimating
the connectivity of populations across broad regions
and over time.

The central goal of this study was to test the
hypothesis that variability among otolith trace ele-
ment signatures of wild-caught fish was associated
with in situ water masses. To identify distinct water
masses, we examined temperature and salinity mea-
sured during pelagic juvenile fish sampling off central
California in May 1998 (Sakuma et al. 2000) and off
the southern California coast in June 1998 (Nishimoto
and Washburn 2002) spanning a distance of nearly
500 km (Fig. 1). The otolith signatures of shortbelly
rockfish (Sebastes jordani) from these surveys were
defined by a suite of elements assayed from the outer
otolith material grown in the recent days preceding
capture. Otolith sampling included fish found con-
centrated in a persistent cyclonic eddy in the western
Santa Barbara Channel (Nishimoto and Washburn
2002; Figs. 1b and 2). We examined the variability in
otolith chemistry in relation to temperature and
salinity across the study area and the three-
dimensional circulation of the eddy.

Materials and methods

Water mass sampling and otolith chemistry

Similar methods were used in the central and southern
California surveys (detailed in Wyllie Echeverria et al.
1990; Nishimoto and Washburn 2002; Sakuma et al.
2000) to collect the otoliths and oceanographic data
for this study. Fish were collected at night with a
modified Cobb mid-water trawl with a 9 mm codend
towed at depth for 15 min at ~5 kmh−1 covering
~1.5 km (Nishimoto and Washburn 2002). The
opening of the net used in both surveys was
approximately 10 m wide and 14 m high when
trawling at a headrope depth of 20 m. The depth
interval for each haul was estimated as the distance
from the mean depth, d0, of the headrope (rope across
the top of the net opening) to 14 m below d0 (Table 1).
Vertical profiles of potential temperature T and
salinity S (averaged into 1-m depth bins) were
obtained either immediately before or after each haul
to at least 200 m or a few meters above shallower
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bottom depths. Awater mass where fish were sampled
was defined by the profile within the depth interval
fished.

Otoliths from 68 specimens of shortbelly rockfish
sampled from the central and southern California
collections were assayed using laser ablation induc-
tively coupled plasma mass spectrometry (LA-
ICPMS) (Fig. 1, Table 1). The fish ranged from

12.8 mm to 47.2 mm SL. Shortbelly rockfish were the
most abundant of the pelagic juvenile rockfishes
collected in the survey. Adults of this active,
schooling species range from southern British Co-
lumbia to southern Baja California, and larvae are
found as much as 400 km from shore (Love et al.
2002). Fifty-seven specimens represent all areas
defined by Nishimoto and Washburn (2002) where
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Fig. 1 The study area.
Midwater trawling and
oceanographic surveys in
late spring 1998 were
conducted off (a) central
California and (b) southern
California. Shortbelly
rockfish specimens and
temperature-salinity profiles
were collected in central
California from stations
numbered 1–6, and in
southern California from
stations 7–24. The eddy
(shaded gray area) in the
western Santa Barbara
Channel was defined by
station dynamic height
�<0.37 (5 dbar/200 dbar)
(Nishimoto and Washburn
2002). The closed circles
mark stations where fish
were absent or no otoliths
were sampled
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shortbelly rockfish were collected during 3–15 June
1998 in southern California (Fig. 1b, Table 1). Eleven
otolith samples from central California were collected
during 11–27 May 1998 from the Farallon Islands
west of San Francisco to Cypress Point, Monterey
(stations 1–6 in Fig. 1a and Table 1). The otoliths of
one to four specimens per station were assayed
(Table 1).

The otolith samples from the two surveys were
handled somewhat differently. Specimens from the
1998 southern California survey were subsampled in
2000 from an ETOH-preserved archive, measured,
and the sagittae extracted. The fish had been frozen at
sea, then thawed and archived within several months
after collection. The otoliths were rinsed in deionized
water, air dried and stored in plastic bags for several
months until the time when each otolith was affixed
to a plastic slide using epoxy resin (Epo-Thin,
Buehler). The fish collected in the central California
survey were frozen at sea. Within several months, the
specimens were thawed and measured, and the
otoliths extracted, rinsed, dried and affixed to glass

slides using a clear nail polish epoxy (Sally Hansen’s
Hard-as-Nails brand).

All otoliths were polished down to about 15 μm
above the center of otolith nucleus using a lapping
wheel and 9, 3, and 1 μm 3 M diamond polishing
films. After polishing, decontamination steps de-
scribed by Ruttenberg et al. (2005) and Warner et al.
(2005) were performed in a clean laboratory on
individually isolated otoliths.

Otolith material produced within 1 week preceding
capture was analyzed on a Finnigan MAT Element
2-sector field ICPMS as described in Warner et al.
(2005) and Ruttenberg et al. (2005). A VG UV
microprobe Nd:YAG (Neodymium-doped Yttrium
Aluminum Garnet) 266 nm laser ablation system
was outfitted with a helium aerosol carrier system to
transfer the sample from the enclosed sample chamber
to the ICPMS as described in Zacherl et al. (2003).
The laser was set at 0.1 mJ at 3 Hz. The laser was used
to ablate three sample spots in the same growth zone
near the edge of the anterior rostrum of each otolith
with care taken to avoid epoxy that overlaid one or two

Fig 2 East-west vertical
sections of: (a) potential
temperature, T (°C); and
(b) salinity, S (psu), along
the section indicated by the
line in Fig. 1. Vertical dotted
lines in (a) indicate T-S
profile locations. The
cyclonic flow of the eddy
produced the large uplift of
isotherms and isohalines.
Two horizontal dashed lines
bound the 14-m trawling
stratum. The average
headrope depth for all hauls
in the Santa Barbara Chan-
nel survey was 20 m
(from Nishimoto and
Washburn (2002))

344 Environ Biol Fish (2010) 89:341–356



outermost increments. For the southern California
otoliths, run in May 2002, the laser aperture was set to
1 μm which emitted a beam that ablated a pit diameter
of about 20 μm. For the central California otoliths, run
in September 2003, the laser aperture was set to 2 μm
which ablated a pit diameter of about 30 μm.

Two samples were collected at each of the three
spots to assay a suite of isotopes: Calcium 48 (48Ca),
Strontium 86 (86Sr) Barium 138 (138Ba) and Lead 208
(208Pb) were determined by using low resolution
mode (R=300); Magnesium 24 (24Mg), Calcium 48
(48Ca), Manganese 55 (55Mn), Iron 56 (56Fe), and
Zinc 64 or Zn 66 (64Zn for SBC samples and 66Zn for
CC samples) were determined in medium resolution
mode (R=4,000). Eight laser pulses were emitted on a
targeted spot to collect each sample. Each targeted
spot was pre-ablated with two laser pulses as a
precautionary cleaning measure. The isotope intensi-

ties of each sample were blank-corrected by subtract-
ing isotope intensities of a 1% nitric acid (HNO3)
instrument blank preceding the sample sequence. The
plasma conditions were kept similar for both ablated
material and solution-based standards by aspirating a
1% nitric acid solution during the ablation process
and keeping the gas flows constant. The abundance of
an element was expressed as a ratio relative to the
amount of calcium to control for the amount of
material analyzed per sample spot. A solution
standard of known element/Ca ratios was used to
correct for instrument bias and convert to molar
elemental ratios. Solution-based standards were used
in an attempt to match the high calcium matrix of the
otoliths. The currently available solid standard mate-
rials, such as NIST 612 glass, are very different in
composition from the otolith (Pearce et al. 1997).
Solid calcium carbonate pellets have been prepared to
solve this issue, but there are problems associated
with heterogeneity.

Average detection limits for each element per
sequence (n=20 sequences), calculated as 3×SD of the
intensity of 1% HNO3 blanks and expressed as ratios of
the isotope intensity and mean otolith Ca48 intensity,
were 24 μmol·mol−1 for Mg/Ca, 0.95 μmol·mol−1 for
Mn/Ca, 12.74 μmol·mol−1 for Fe/Ca, 6.77 μmol·mol−1

for Zn/Ca, 59 μmol·mol−1 for Sr/Ca, 0.06 μmol·mol−1

for Ba/Ca, 0.06 μmol·mol−1 for Pb/Ca.
We analyzed solid glass standard reference mate-

rial (NIST 612) at the beginning and end of each
workday to check overall analytical precision or
repeatability for the entire study. Average percent
relative standard deviations (n=10 workdays) were
21% for Mg/Ca, 13% for Mn/Ca, 26% for Fe/Ca,
37% for Zn/Ca, 39% for Sr/Ca, 10% for Ba/Ca, 10%
for Pb/Ca. The NIST 612 was ablated using the same
method parameters as that used for the otolith
samples. The constraint of using small 20 μm and
30 μm spot sizes resulted in low signal to noise for
Sr/Ca estimates in the NIST 612 standard. An
alternative reproducibility estimate for the study was
determined for Sr/Ca by ablating material (three
spots) along a randomly selected band of growth
increments between the core and the edge of an
otolith at the end of each sequence. The average
percent relative standard deviation was 8% for Sr/Ca
(n=19 sequences).

We excluded negative blank-corrected intensity
values from the sample spot dataset. We also excluded

Table 1 Station code; survey date; net headrope depth d0, m;
number of otoliths sampled by LA-ICPMS, N; number of fish
measured, (N); size range of fish, mm SL, +/− 1 sd

Station Date d0 N (N) SL

1 5/11/98 75 1 (1) 12.8

2 5/12/98 30 3 (3) 19.4±4.5

3 5/15/98 36 1 (1) 15.2

4 5/15/98 77 1 (1) 21.7

5 5/17/98 36 1 (1) 18.9

6 5/27/98 22 4 (3) 30.2±4.2

7 6/2/08 19 8 (8) 32.7±9.1

8 6/2/08 19 1 (1) 35.9

9 6/3/98 19 3 (3) 39.0±7.3

10 6/4/08 19 3 (3) 31.4±2.3

11 6/7/98 19 7 (7) 16.3±2.0

12 6/7/98 19 5 (5) 16.8±2.5

13 6/7/98 19 2 (2) 24.6±3.5

14 6/9/98 19 9 (8) 24.1±4.4

15 6/9/98 19 2 (2) 35.6±1.7

16 6/12/98 19 6 (6) 20.3±2.9

17 6/12/98 19 1 (1) 17.8

18 6/12/98 19 2 (2) 16.9±0.6

19 6/13/98 19 2 (2) 26.7±3.5

20 6/13/98 19 2 (2) 38.4±0.4

21 6/13/98 19 1 (1) 47.2

22 6/14/98 28 1 (1) 22.4

23 6/14/98 24 1 (1) 27.4

24 6/14/98 21 1 (1) 20.0
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outliers from the sample spot dataset. Outliers were
identified by examining frequency distribution and
normal probability plots of the log-transformed
element/Ca sample spot data. The outlier values were
at least 1.5 times the interquartile range from the
median of the log-transformed data (SPSS, Inc 2002).
The exclusions reduced the original dataset of three
samples of seven isotopes per otolith to 0–3 samples
of each isotope per otolith. The abundance of each
element from the otolith edge was estimated from
either a single sample spot or the mean of two or three
sample spots after the molar ratio dataset was log-
transformed (i.e., log(μmol element/mol Ca)). A
specimen lacked an abundance estimate for a given
element if the readings from all three sample spots at
the otolith edge were excluded.

Relating otolith chemistry to in situ water masses

We examined the T-S distribution within the trawling
depth ranges to resolve water mass groups. Principal
component analysis (PCA) of T (15 1-m bin averaged
variables, Td=0, 1, 2, …, 14) and S (15 variables, Sd=0,
1, 2, ..., 14) profile data over the depth interval of each
haul was used to confirm the water mass groups. T and
S values from each profile were normalized by
subtracting the mean of all profiles and dividing by
the standard deviation of all profiles.

Otoliths were assigned to the water mass groups by
pairing hauls with vertical T-S profiles. All analyses
were performed on log-transformed otolith element
ratio data. Prior to the analyses, we assessed the
normality and homoscedacity of the otolith data
among water mass groups (SPSS, Inc 2002). We
evaluated whether fish size was a confounding factor
influencing the effect of water mass type on otolith
element concentration. Rather than use log(element/
Ca) in our analyses when the relationship between an
element and fish size was significant (Pearson
correlation coefficient r, α=0.01), we used the
residual values from the least squares regression of
log(element/Ca) as a function of log(SL) to remove
the fish size effect on the concentration of an element
in otoliths (Systat Software Inc 2006).

We performed one-way analysis of variance
(ANOVA) to test for the effect of the water mass
group on individual log-transformed element ratios in
otoliths (α=0.01) (SPSS, Inc 2002). Although we
would have preferred to use a nested ANOVA to

account for within-group variability in individual
elemental abundances due to station (i.e., water mass
defined by the CTD cast data at an individual station)
differences, the dataset was unsuitable because 10 of
the 24 stations were represented by only one otolith,
including all but one of the stations from central
California. The Tukey’s honestly significant differ-
ence (HSD) test was used to detect a posteriori
differences among means (α=0.01).

We used PCA to examine whether variability
among the 7-element signatures of otoliths showed
natural groupings by water mass. Otoliths with
excluded data from all three sample spots for at least
one of the seven elements were not included in the
PCA.

To test whether the elemental signature of otoliths
identified water mass membership, we used canonical
discriminant function analysis (DFA) (SPSS Inc
2002). The DFA included only the elements that
showed significant differences among water masses
as determined in the ANOVA. In comparison to the
PCA, the DFA was run on an expanded subset of
otoliths that had readings of the elements which
showed a water mass grouping effect regardless of
whether abundances of the other elements could be
estimated.

The classification accuracy of each DFA was
evaluated by leave-one-out cross-validation, also
called jack-knife reclassification (SPSS Inc 2002;
White and Ruttenberg 2007). The prior probabilities
of group membership were assumed to be uniform.
We used the randomization test ofWhite and Ruttenberg
(2007) to estimate the probability (p-value) that the
observed jack-knife reclassification success rate was
drawn from a null distribution of jack-knife values
(n=5,000 randomizations) given no difference among
groups of samples.

We examined relationships between element abun-
dances in the otolith and relationships between otolith
elemental properties and T and S. We used the
Pearson correlation coefficient, r, to determine wheth-
er otolith element abundances that were identified as
the best discriminators of the water mass groupings
co-varied (SPSS, Inc 2002). We estimated the
correlation between the average otolith element
abundance at a station and the average T or S. If the
correlation was significant, we used least squares
regression to model the relationship between T or S,
the environmental predictor, and otolith log[element/
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Ca], the dependent variable, by fitting a linear
equation to the observed data (Systat Software
Inc 2006).

Results

Water masses

Based on the T-S observations, the assayed fish
resided in a range of water masses across the study
area (Fig. 3). We resolved four water mass groups:
central California (CC), southern California (SC),
uplifted deep water in the eddy (UE), and stratified
water in the eddy (SE) (Fig. 3 and Table 1). The CC
samples (blue T-S curves) were cooler (T<11.7°C)
than the SC water masses which were sampled
outside of the eddy (green T-S curves). Both CC and
SC water mass groups were less saline (S<33.70 psu)
than the three water mass samples (station 7, black
curve; stations 9 and 14, red curves) within the eddy
in the Santa Barbara Channel defined by dynamic
height ϕ<0.37 (Fig. 1b; Nishimoto and Washburn
2002) and one station at the southwestern boundary of
the eddy (station 8, black curve).

The two water mass samples in the UE group
(Fig. 3, black T-S curves, stations 7 and 8) have T and
S properties within the trawling range of 19 m to
33 m that are consistent with deep water uplifted from
100 m within the eddy described by Nishimoto and
Washburn 2002 (Fig. 2, T<11.7°C and S>33.7 psu).
The water mass samples in the SE group (Fig. 3, red
T-S curves, stations 9 and 14), share T-S properties of
uplifted deep water (UE group) and the most saline
SC samples found outside of the eddy within the
Santa Barbara Channel (Figs. 1b and 3, stations 10,
15, 19, 20).

The T-S properties of the central California
samples are bounded by the characteristic T-S of
two distinct end-members: San Francisco Bay Plume
water (12.6, 32.85 psu, defined by Hurst and Bruland
2008) and subarctic water (mean temperature 10.06°C,
mean salinity 33.36 psu, defined by Warn-Varnas et al.
2007) transported by the equatorward California
Current (Fig. 3). The intermediate T-S properties of
our central California samples from waters 50 m and
shallower (stations 2, 3, 5 and 6; d0≤36 m) indicate
advection and mixing of the two relatively fresh
sources along the Central California coast. The two
deeper CC samples (stations 1 and 4; d0=75 and 77 m,

Fig 3 Relationship of T-S profile data from the 14-m trawling
stratum at stations where otoliths were sampled. The water
mass samples were assigned to four groups: central California,
CC, blue; uplifted deep water in the eddy, UE, black; stratified
water mass in the eddy, SE, red; southern California, SC, green.

The water mass groups are separated by grey horizontal and
vertical reference lines at 11.7°C and 33.7 psu. Each T-S plot is
labeled with a station number (see Fig. 1). Markers, P and S, in
the plot are reference T-S of San Francisco Bay Plume water
and subarctic water, respectively
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respectively) and UE group are different “deep” water
masses; although similar in temperature, the two CC
samples are less saline than the UE group.

PCA of the T-S profile data was consistent with the
distribution of water masses (i.e., T-S curves in Fig 3).
The first two principal components, PC1 and PC2,
explained 97% of the variance among the water mass
samples (data not shown). PC1 separated CC samples
from the southern California samples (SC, UE, and

SE). PC2 separated the eddy samples, UE and SE,
from SC. PC 3, which explained 2% of the variance,
separated SE from UE, SC, and CC.

Relationships between otolith signatures
and water masses

Otolith concentrations of Mg, Ba, and Fe significantly
varied among the four water masses (Fig. 4, Table 2).
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Fig. 4 Average log concen-
tration of Mg, Mn, Fe, Zn,
Sr, Ba, and Pb (log[μmol
element/mol Ca] ± 95% CI)
in otoliths (N) from the four
water masses: CC, UE, SE,
and SC. The detection limit
for an element/Ca is demar-
cated as a horizontal line if
within the range of otolith
element concentrations
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Mg/Ca was highest in otoliths from UE and signifi-
cantly differed among the other three water masses
(Tukey HSD test, P<0.001). Ba concentration in the
otoliths from the CC water mass was significantly
higher than in otoliths from each of the water masses
from the Santa Barbara Channel region (Tukey HSD
test, P<0.001). Fe concentration in otoliths from
central California was lower than those from the UE
(Tukey HSD test, P=0.009), SE (P=0.024, marginal-
ly significant), and SC water masses (P<0.001). The
estimated Fe concentrations of 30 otoliths from 18
stations, including all otoliths from central California,
were below our calculated detection limit. Neither Ba
nor Fe differed between water masses in the Santa
Barbara Channel. The effect of water mass on Pb was
marginally significant (ANOVA, P=0.024); Pb in
otoliths was higher in CC than in SE (Tukey HSD
test, p=0.013). Pb concentrations of 28 otoliths from
18 stations were below our calculated detection limit.
The effect of water mass on the concentration of Mn,
Zn, or Sr in otoliths was not significant.

Fish were significantly larger in UE than in CC
(Tukey HSD test, P=0.047) and SC (P=0.001)
(ANOVA, n=60, F=4.665, d. f.=3, P=0.006). Sr

was the only element in fish otoliths that was related
to fish size (Fig. 5; log[μmol Sr/mol Ca] = 3.63–0.25
log(mm SL), n=66, r2=−0.18, p=0.0003). We re-
moved the confounding effect of fish size on otolith
Sr by using the residual values from the regression of
log(Sr/Ca) on log(SL) in the ANOVA and in the
analyses reported herein.

Natural groupings of otolith signatures reflected
the distinctiveness of the water masses where the fish
resided. The first two principal components of PCA
run on a subset of 49 otoliths with all seven elements
explained 64% of the variance in elemental signatures
among otoliths (Fig. 6). Inspection of the plot
suggested that fish residing in central California had
otolith signatures that differed from that of fish in
southern California, and that fish residing in the UE
water mass were distinct from fish from the SE and
SC water masses. Separation of otolith signatures
from CC and UE along PC1 are consistent with the
lack of overlap in T and S properties of the water
masses (Fig. 3). The lack of separation of otoliths
from SE and SC (Fig. 4) is consistent with the
intersection of the T-S properties of the two water
masses for T>11.6o C (Fig. 3). The separation of

Element concentration Source of variation Sum of squares DF Mean square F P

log[Mg/Ca] Groups 8.803 3 2.934 21.59 <0.001

Error 8.562 63 0.136

Total 17.365 66

log[Mn/Ca] Groups 0.948 3 0.316 2.67 0.06

Error 7.328 62 0.118

Total 8.276 65

log[Fe/Ca] Groups 2.389 3 0.796 7.35 <0.001

Error 6.177 57 0.108

Total 8.565 60

log[Zn/Ca] Groups 1.704 3 0.568 2.22 0.10

Error 15.350 60 0.256

Total 17.054 63

log[Sr/Ca]* Groups 0.023 3 0.008 1.38 0.26

Error 0.350 62 0.006

Total 0.374 65

log[Ba/Ca] Groups 2.742 3 0.914 32.17 <0.001

Error 1.818 64 0.028

Total 4.561 67

log[Pb/Ca] Groups 3.456 3 1.152 3.38 0.02

Error 19.773 58 0.341

Total 23.229 61

Table 2 ANOVA test of the
effect of water mass group
on element ratios in otoliths
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otoliths elemental signatures into water mass group-
ings in the PCA corresponds with the ANOVA
findings of a water mass effect on the elemental
concentrations of Mg, Ba, and Fe.

We found that the otolith signature of three
elements, Mg, Ba, and Fe was a good predictor of
water mass residency. DFA was run on a subset of 60
otoliths that had readings of Mg, Ba, Fe, three
elements that differed among water masses, regardless
of whether the other four elements could be estimated

(Fig. 7). Cross-validation showed that 70% of the
otoliths correctly grouped into one of the four
assigned water mass types (Table 3), significantly
better than 25.3% (SD=8.2% upper 95% quartile of
the null distribution = 38.3% expected by chance
(p=0.0002)). The inclusion of Pb in the DFA (55
otoliths with Mg, Ba, Fe, and Pb) had an insignificant
effect on the classification accuracy (plot of the DFA
results not shown); cross-validation showed that
70.9% of the 4-element signatures correctly grouped
into the assigned water masses.

The 3-element (Mg, Ba, and Fe) discriminant
function correctly grouped 100% of the otoliths
collected in CC, and 100% of the otoliths collected
in UE corresponding with the distinct T-S properties
of the two water masses (Table 3). The signature
poorly discriminated the residency of fish collected in
SC and SE; however, none of the otoliths from these
two groups were misclassified as CC otoliths. Fifty-
eight percent of the otoliths from SE were incorrectly
reassigned to UE (3 of 12 otoliths) and SC (4 of 12
otoliths). The lack of a distinctive SE otolith signature
and the similarity of otolith signatures of fish
collected from SE to otolith signatures from UE and

Fig. 6 Principal components analysis for a subset of 49 otoliths
using Mg, Mn, Fe, Zn, Sr, Ba, and Pb. Colored symbols
indicate the water mass groups from where otoliths were
sampled as in Fig. 3

Fig. 5 Otolith Sr v body length. Log(mm SL) was significantly
but weakly correlated with Log [Sr/Ca]. Marker color indicates
the water mass groups: CC, blue; UE, black; SE, red; SC, green

Fig. 7 Canonical Discriminant Analysis (CDA) of 60 otoliths
using Mg, Ba, and Fe. Colored symbols indicate the water mass
groups from where otoliths were sampled as in Fig. 6
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SC (Figs. 4, 6 and 7) are consistent with the mixed
water mass properties of SE (Fig. 3).

The strength in discriminating otoliths from the
different water masses was associated with trends of

decreasing otolith Ba and increasing otolith Mg with
increasing S. Ba/Ca in the otoliths was negatively
correlated with S and the regression explained 62% of
the variance in Ba/Ca (Fig. 6d). Mg concentration was
correlated with S although the regression explained
only 25% of the variance in Mg/Ca (Fig. 8).

Ba andMg concentrations in otoliths fromUE and SE
differed from those in otoliths from CC despite similar T
between 10 and 12 C (Fig. 8). T was a weak predictor of
Fe explaining only 19% of the variance (Fig. 8).

Discussion

Otolith element/Ca ratios varied among the sampled
water masses in the California Current System.

Table 3 Cross-validated classification of otoliths (n=60) into
the four water mass groups using Mg/Ca, Ba/Ca, and Fe/Ca in
the canonical discriminant function

Predicted Group Membership

Group CC UE SE SC Total

CC 6 0 0 0 6

UE 0 8 0 0 8

SE 0 3 5 4 12

SC 0 0 11 23 34

Fig. 8 Least squares regres-
sion, y ¼ a� 95%CIð Þxþ
b� 95%CIð Þ, fit to the
mean log otolith concentra-
tion of Ba, Mg, and Fe v
mean T (black Xs in plots
on left panel) and mean S
(black Xs in plots on right
panel) at each station
(n=23). Dashed lines are
95% confidence bands. Log
[element/Ca] per otolith are
plotted (colored symbols
indicate the water masses
from where otoliths were
sampled as in Fig. 6). The
detection limit for Fe/Ca,
the dotted horizontal line
in the plots, was within
the range of otolith Fe
concentrations
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Examining the variability in otolith chemistry in
relation to temperature and salinity allowed us to not
only distinguish fish from geographically distant
regions with contrasting oceanographic conditions
but also to discriminate fish that resided in different
water mass environments that were associated with a
local, physical phenomenon —cyclonic eddy circula-
tion in the Santa Barbara Channel. We found that Ba,
Mg, and Fe varied significantly among the distin-
guishable water masses that we sampled. Fish from
central California had elevated otolith Ba/Ca com-
pared with fish from southern California. In contrast,
otolith Fe/Ca was elevated in fish from southern
California compared to fish from central California.
Otolith Mg/Ca was highest in fish collected from deep
water uplifted to shallow depths by cyclonic eddy
circulation in the Santa Barbara Channel and lowest
in fish from central California. The 3-element
signature correctly predicted the residency of 100%
of the fish collected in the cold core of the eddy in the
Santa Barbara Channel and separated 100% of the
fish collected in the Channel region from fish
collected from Central California.

Two of the three elements, Ba/Ca and Mg/Ca, have
been useful for distinguishing fish from different
coastal and oceanic locations of other studies. Fe/Ca
is typically excluded from otolith microchemistry
analyses, because uncertainty in element abundance
estimates is assumed to be high for signals below
detection limits (Campana 1999). However, Ben-Tzvi
et al. (2007) found that LA-ICPMS element/Ca
measurements that would be discarded as noise using
conventional DL standards (e.g., 3×SD) often formed
sequences that were symmetrical about the otolith
core (palindrome). Considering their argument that
these sub-DL signals can contain valuable informa-
tion, we included sub-DL signals of Fe/Ca and other
elements in our analyses.

We found that otolith Ba/Ca was negatively correlat-
ed with salinity of the water mass occupied by the wild-
caught fish (Fig. 8). We did not measure elemental
concentrations in water mass samples; however, we
surmise that ambient Ba/Ca was negatively associated
with salinity and that otolith Ba/Ca reflected the
availability of Ba/Ca. Laboratory and field studies
have determined that otolith Ba/Ca correlates with
ambient Ba/Ca (Bath et al. 2000; Elsdon and Gillanders
2003, 2005b). Compared to the influence of ambient
Ba/Ca, the effect of ambient temperature and salinity

on otolith Ba/Ca has been shown to be minimal (Bath
et al. 2000; Elsdon and Gillanders 2004, 2005b).
Elsdon and Gillanders (2005a) attributed the inverse
relationship between otolith Ba/Ca of black bream and
ambient salinity in estuarine and coastal environments
of southern Australia to the input of Ba from fluvial
sediments in freshwater runoff. In the Southern
California Bight, ambient Ba/Ca in estuarine waters
(about 6 μmol·mol−1) were higher than coastal waters
(about 3 to 5 μmol·mol−1) among several studies that
were not conducted during our survey year (Forrester
2005; Warner et al. 2005; Lloyd et al. 2008). In a three-
year study off central California, Brown (2006) found
that whole otolith Ba/Ca of two flatfish species along
central California was highest in 1998 (the year of our
collections) and lowest in 1999, in correspondence
with runoff levels.

River runoff is the major source of Ba to coastal
waters (Chan et al. 1977) and may have contributed
substantially to the Ba load off Central California
during our study. Increased precipitation in California
and coastal runoff are frequently associated with
strong El Niño events, and the winter of 1997–1998,
when an exceptionally strong El Niño was fully
developed, was one of the wettest seasons on record.
The impact of sediment and freshwater transport in
nearshore waters from coastal watersheds was spatial-
ly extensive in satellite imagery during the winter and
spring of 1998 (Mertes and Warrick 2001). Oceano-
graphic surveying with the collection of the central
California specimens indicate that outflow from the
San Francisco Bay, draining the largest watershed of
California, generated a markedly low salinity signal
that extended 100 km down the central California
coast to Monterey Bay (Sakuma et al. 2000). High
turbidity and elevated nutrient levels were correlated
with low salinity in Monterey Bay providing evidence
that low salinity in the upper 15–20 m was the result
of local and remote runoff and river outflow in 1998
(Friederich et al. 2002). The concentrations of some
trace elements, Ba was not among the elements
measured, have been found to be higher in the San
Francisco Bay plume than in coastal and upwelled
waters (Hurst and Bruland 2008).

Elevated Ba/Ca in otoliths and invertebrate hard
parts has been associated with upwelling (Lea et al.
1989; Patterson et al. 1999; Zacherl 2005; Brown
2006) and deep water (Zumholz et al. 2007).
Dissolved Ba in oceanic waters shows a nutrient-like
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distribution with very low concentrations in surface
waters and higher values in deep water (Chan et al.
1977). In the Santa Barbara Channel, upwelling
within the cyclonic eddy is a mechanism that can
draw up nutrient-rich waters from below the thermo-
cline into shallower depths where the juvenile fish
were sampled; however, otolith Ba/Ca within the
cyclonic eddy was not significantly higher than that
outside of the eddy (Fig. 7). Bograd and Lynn (2001)
regarded the depth of the 12°C isotherm a reliable
proxy for the nutricline depth in the Southern
California Bight and Santa Barbara Channel. Figure 3
suggests that the nutricline was uplifted within the
core of the eddy; however, it is plausible that variation
in ambient Ba did not significantly affect otolith Ba
among the three water masses in southern California.
Warner et al. (2005) found no correspondence
between the concentrations of Ba in seawater and
Ba in otoliths of adult or embryonic larval kelp
rockfish (Sebastes atrovirens) from nearshore reefs
within our southern California study region.

An alternate, plausible mechanism that would limit
otolith Ba/Ca in the fish from the core of the eddy is
localized Ba depletion from rapid plankton production
in the euphotic zone where the fish were residing.
Lochte and Pfannkuche (1987) observed nutrient
depletion in the upper 50 m within the center of a
cyclonic eddy. They proposed that the physical
isolation of eddy surface waters due to the formation
of a shallow thermocline lead to rapid utilization of
nutrients. Off the Baja California coast, the waning
stages of an upwelling-induced phytoplankton bloom
were associated with Ba depletion in surface waters
(Esser and Volpe 2002). The relationship between Ba
removal from surface seawater, uptake by different
organisms, and biological productivity are poorly
understood and beyond the scope of this discussion.

In contrast to otolith Ba/Ca, Mg/Ca was relatively
low in otoliths of fish from central California, where
the waters were freshest in our study area, and highest
in otoliths of fish residing in the core of the eddy,
where waters were the most saline (Figs. 4 and 8).
Unlike Ba which has a nutrient-like vertical distribu-
tion in the ocean, Mg, like Ca, has generally a
conservative distribution and is present at relatively
high concentration levels in constant proportion to
salinity (Nozaki 1997). Ratios of conservative ele-
ments, Mg/Ca for example, are not expected to vary
significantly in seawater (Lea et al. 1999). Rivers

contribute Mg to coastal areas (Tipper et al. 2006);
however, it is likely that the input of Mg from
freshwater runoff would be swamped out by the
concentration of Mg in seawater, which is about five
times higher than Ca in seawater. Substantial differ-
ences in ambient Mg/Ca among the water masses we
sampled seem unlikely, so variation in otolith Mg/Ca
probably is due to other factors.

A large body of studies shows that Mg/Ca is useful
for discriminating fish from different open coastal and
oceanic locations exposed to water masses. For exam-
ple, in nearshore coastal waters along Washington and
Oregon, Miller and Shanks (2004) found that Mg/Ca
was the most important discriminator among a suite of
elements for assigning juvenile rockfish to their
collection locations. Mg is one of the most important
elements in otoliths separating fish from deepwater
areas. Swan et al. (2006) found that Mg along with
Pb were important for differentiating deep water
fish stocks of the European hake, Merluccius
merluccius, in the northeastern Atlantic. The otolith
chemistry results were consistent with the treatment
of a northern stock west of Norway and a southern
stock off Portugal that were separated by an
oceanographic and bathymetric feature, the Bay of
Biscay. Ashford et al. (2005) used Mg along with
Ba, Mn, and Sr in otoliths of deep-water Patagonian
toothfish to successfully distinguish fish collected
off South America from fish collected south of the
subantarctic front in the Atlantic, Indian, and Pacific
regions of the Southern Ocean.

The effects of ambient Mg/Ca on otolith Mg/Ca
and the effects of salinity and temperature on Mg
uptake are unclear. We found that otolith Mg/Ca was
weakly correlated with S and not related to T. Most of
the experimental studies have found no effect of
salinity on otolith Mg/Ca (Fowler et al. 1995b; Hoff
and Fuiman 1995; Martin and Thorrold 2005). Fowler
et al. (1995a) found that Mg and Ca were more
abundant in the whole otoliths of fish in low-
temperature treatments. In contrast, in experimental
manipulations of salinity and temperature, Martin and
Thorrold (2005) observed that the uptake rate of Mg
in otoliths increased with increasing temperature
(although the relationship was not statistically signif-
icant) while ambient Mg/Ca did not vary among the
treatments. With exception of Martin and Thorrold
(2005), the limitation of most of the experimental
studies was that dilution of a single natural water
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mass or artificial seawater was used to manipulate
salinity, and neither ambient Mg/Ca nor the effect of
dilution on ambient Mg/Ca were measured in the
majority of studies. The effect of ambient Mg/Ca on
otolith Mg/Ca and possible interactions with ambient
temperature and salinity is yet to be rigorously
tested.

It is arguable whether ambient Mg/Ca actually has an
effect on otolith Mg/Ca, because Mg is under strict
osmoregulatory control (Campana 1999). Elsdon and
Gillanders (2002) found that Mg/Ca showed little or no
effects due to temperature or salinity and varied
considerably among individuals within temperature
and salinity treatments. Endogenous controls would
vary among individuals due to genetics, ontogeny,
condition, metabolism, and somatic growth. Mg/Ca
was highest in otoliths from UE where fish were larger
than fish from CC or SC; however, Mg/Ca tended to
be relatively low in otoliths from CC where fish were
not the smallest among water masses. Ontogenetic
differences may account for some of the variance in
Mg/Ca observed among water masses. Fowler et al.
(1995a, b) found that Mg in whole otoliths varied with
ontogeny. Martin and Thorrold (2005) showed that
uptake rate of Mg in otoliths and otolith Mg/Ca was
related to otolith precipitation and somatic growth,
which is often highly correlated with temperature in the
field. If endogenous control of otolith Mg/Ca is not
measurably mediated by ambient Mg, temperature, and/
or salinity from the environment, then otolith Mg/Ca
may not be a reliable indicator of water mass residency,
but rather a useful discriminator for the separation of
populations that have unique physiological traits med-
itated by genetics, growth, and condition.

It is tempting to speculate that otolith Mg/Ca was a
good discriminator of the fish residing in the different
water masses that we sampled, because the population
of young-of-year fish within each water mass pos-
sessed unique intrinsic characteristics. Oceanographic
processes that determined circulation patterns along
with behaviors such as swimming capability, temper-
ature or depth preferences, and schooling may have
contributed to the isolation of these pelagic juvenile
fish populations.

In conclusion, we found that otolith chemistry was
a good predictor of water mass residency. Variability
in otolith chemistry reflected the spatial patterns of
both horizontal gradients and vertical gradients in
water mass properties related to circulation. Neither

ambient temperature nor salinity must necessarily
relate to otolith chemistry in order to be useful for
discriminating fish from different water masses;
rather, we suggest that temperature and salinity are
useful as identifiers of distinct water masses that are
associated with unique otolith elemental signature in
the residing fish. We found it sufficient to use only
temperature and salinity to discriminate among water
masses; however, utilizing other parameters such as
02 and nutrients (often measured in oceanographic
surveys) will likely improve our ability to identify
water masses and refine future investigations of this
kind. If shown to be reliable (i.e., temporally
consistent), then the development of a reference or
atlas of water mass-specific otolith elemental signa-
tures is promising. Potentially, the use of an atlas of
water mass-specific otolith signatures with water mass
monitoring and current mapping could greatly reduce
the uncertainty surrounding reconstructions of larval
and adult movements and connectivity estimates
among locations such as spawning and nursery areas
and marine reserves.
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