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INTRODUCTION

The elemental compositions of seawater and fish
otoliths have numerous applications to ecological
research and fisheries management (Campana 1999,
Campana & Thorrold 2001, Thorrold et al. 2007, Els-
don et al. 2008). Otolith chemistry research capital-
izes on differences in the chemical composition of
environments to reconstruct fish movements, and
heterogeneity in trace elements in freshwater and

estuarine environments has led to a substantial body
of research in these systems (Campana & Thorrold
2001, Gillanders 2005, Elsdon & Gillanders 2006).
The validation and application of chemical tags in
marine fishes is relatively understudied (Sturrock et
al. 2012). However, chemical gradients between
near shore and offshore environments and water
masses have revealed fish cross-shelf movements
(Kingsford et al. 2009), larval dispersal or migrations
(Swearer et al. 1999, Hamilton et al. 2008), and settle-
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ABSTRACT: Characterizing the behavior of larvae prior to settlement is integral to understanding
population dynamics because coastal oceanography may facilitate or limit settlement. Otolith
microchemistry can be used to determine patterns of fish movement, although there is a limited
understanding of how this tool can be applied in coastal marine systems. Our goal in this study
was to evaluate the application of otolith microchemistry to characterize water mass associations
of settlement-stage marine fish in a coastal upwelling region using a 3-step approach. First, we
characterized seawater chemistry of coastal water mass types across multiple years, finding differ-
ences in the chemical signatures of strong upwelling, weak upwelling, and relaxation events. Sec-
ond, we experimentally determined the effect of temperature on the partitioning of trace elements
in otoliths for 2 rockfishes (Sebastes spp.) to find that the effect of temperature on otolith partition
coefficients was element- and species-specific. Finally, we compared coeval changes in seawater
and otolith chemistry of settlement-stage rockfishes that were exposed to naturally variable con-
ditions over an upwelling-relaxation cycle. We subsequently evaluate whether laser ablation
inductively coupled plasma mass spectrometry effectively measures otolith chemistry over eco-
logically relevant time scales. We discovered that elemental concentrations in otoliths respond
rapidly to changes in seawater chemistry and reflect equivalent proportional changes. This study
provides evidence that elemental signatures are valuable tools for reconstructing larval histories
of marine fish in coastal upwelling regions.
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ment (Hamilton & Warner 2009). There is a critical
need to validate the potential application of trace ele-
ment chemistry in marine larval fish because there
are few other techniques available to tag larvae or
reconstruct their environmental conditions. In addi-
tion, the larval environment plays an important role
in determining year-class strength, particularly in
systems where upwelling influences feeding condi-
tions and settlement (Cushing 1990, Houde 2008,
Caselle et al. 2010a,b). Understanding chemical sig-
natures in coastal systems is complicated by the
inherent variability of larval environments, such as
changing chemical environments or ambient temper-
atures associated with upwelling. In upwelling sys-
tems, successful interpretation of otolith chemistry
requires knowledge of how temperature may modify
the incorporation of elements into otoliths.

In this study, we used field and laboratory studies
to validate the application of otolith chemistry analy-
sis to evaluate short-term residencies of larval mar-
ine rockfishes (Sebastes caurinus, S. flavidus, and S.
melanops) in waters associated with upwelling and
relaxation cycles. We established the link between
geochemistry and upwelling by measuring seawater
Mg/Ca, Sr/Ca, and Ba/Ca ratios during strong up -
welling, weak upwelling, and relaxation events over
4 yr, using temperature and wind speed as independ-
ent indicators of upwelling. We then evaluated the
effect of temperature on Mg/Ca, Sr/Ca, and Ba/Ca
ratios into otoliths of fish grown in the laboratory over
a range of controlled temperatures. Finally, we meas-
ured otolith and seawater chemistry in a controlled
laboratory environment during an upwelling-relax-
ation cycle, to evaluate how well otolith chemistry
reflects the chemical environment over ecologically
relevant time scales.

We used Sr, Mg, Ca and Ba to characterize sea -
water types because the concentrations of these ele-
ments are modified by mixing or biological processes
that occur in coastal upwelling systems (Lea et al.
1989, Coffey et al. 1997, de Villiers 1999, Hunter &
Boyd 1999). Sr, Mg, and Ca are considered quasi-
conservative elements with oceanic inventories that
are large relative to riverine input; however, involve-
ment in biological and (for Ca and Mg) hydrothermal
processes results in slight differences in their vertical
and spatial distributions, which may result in chemi-
cal signatures of surface and intermediate waters.
In the northeast Pacific, salinity-normalized Sr and
Sr/Ca ratios are lowest in mid-latitude, nutrient-poor
surface waters. In nutrient-rich equatorial and high
latitude surface waters, they are enriched by 0.7 and
1.5% respectively over the low-latitude concentra-

tions (de Villiers 1999). This distribution is likely
caused by surface blooms of Acantharia skeletons
(SrSO4) and calcifying organisms in surface waters,
which sink and dissolve at depth (de Villiers 1999).
Ca is slightly depleted in warm western Pacific
 surface waters (by ~1.5%) relative to cold surface
and intermediate depth waters (~1.5–3 km depth)
due to removal by calcifiers (Tsu no gai & Watanabe
1981). Low-temperature hydro thermal circulation
enriches intermediate-water Ca concentrations in
the near vicinity of ocean ridges by up to ~1% and
depletes Mg by about the same fractional amount
(de Villiers & Nelson 1999). The vertical and spatial
variability in Sr, Ca and Mg concentrations suggest
that the ratios may serve as indicators of coastal
 circulation patterns and biological activity associated
with upwelling.

In contrast to the slight vertical changes seen in Sr,
Ca, and Mg, barium profiles in seawater are gener-
ally depleted in surface waters (to ~40 nmol kg−1) and
enriched in intermediate waters (to ~150 nmol kg−1)
(Chan et al. 1976), caused by formation of barite
(BaSO4) in surface waters and its dissolution at depth
(Monnin et al. 1999, Griffith & Paytan 2012). This
 pattern can vary spatially and temporally. Locations
with strong upwelling activity have elevated Ba/Ca
ratios in surface waters (Woodson et al. 2013).
Intense transient plankton blooms can significantly
deplete surface Ba concentrations below 40 nmol
kg−1 (Esser & Volpe 2002). In addition, Ba con -
centrations in coastal waters near estuaries can be
considerably higher than in the open ocean or in
coastal waters away from rivers. Within estuaries, Ba
attached to suspended aquifer particles is released
during mixing between fresh and salty waters, effec-
tively pumping dissolved Ba into estuarine waters (Li
& Chan 1979, Coffey et al. 1997, Moore & Shaw
2008). In a well-studied Pacific Northwest estuary,
these processes enriched Ba concentrations in water
delivered to the ocean by 170% relative to riverine
concentrations (Colbert & McManus 2005).

The chemical composition of coastal waters is de -
termined by the relative amounts of nutrient-depleted
surface waters, upwelled water, and brackish water
entering the ocean through estuaries. In principle,
mixtures of these water types will produce diagnostic
combinations of Mg/Ca, Sr/Ca, and Ba/Ca ratios,
labeling the source water and providing a useful tool
for ecological research in coastal systems. Multiple
tracers are required to establish the elemental signa-
ture of these water types because any one tracer may
vary for several different reasons, as discussed in the
previous paragraphs.
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There is growing evidence that chemical signatures
during upwelling are reflected in fish otoliths, indica-
ting the potential application of otolith chemistry to
evaluate exposure to upwelling conditions in marine
fish. The Ba/Ca ratio in otoliths (Ba/CaOtolith) is likely
an effective tracer of Ba-rich upwelled waters (Volpe
& Esser 2002, Kingsford et al. 2009, Walther et al.
2013, Woodson et al. 2013). For instance, it has been
estimated that up to 98% of Ba/CaOtolith is de rived
from ambient water (Walther & Thorrold 2006), and
relative to other elements, the short turn-over time of
Ba in the bodies of fishes indicates a strong potential
for Ba/CaOtolith to reflect short-term changes in the Ba
concentration of the ambient water (Sturrock et al.
2012). Several studies have recognized the potential
for otolith chemistry to evaluate fish associations with
upwelling regions or water masses; few studies, how-
ever have validated these signatures in otoliths or ap-
plied them in ecological research (Patterson et al.
2004, Kingsford et al. 2009, Nishimoto et al. 2010, Lin
et al. 2013, Woodson et al. 2013).

The ability to discern residence in upwelling cur-
rents is valuable for understanding the role these
currents play in fish movement and larval settlement.
In coastal systems, distinct upwelling and relaxation
seasons are produced by seasonal variability in wind
strength and direction. Peak up welling season occurs
from April to June and is characterized by persistent
and strong northwesterly winds that drive Ekman
currents (García-Reyes & Largier 2012). During the
spring, these offshore surface currents may slow or
halt during wind relaxation events (García-Reyes &
Largier 2012). The settlement of marine fishes, in -
cluding winter-spawning rockfishes, coincides with
the spring upwelling season (Love et al. 2002), indi-
cating that these fishes likely experience persistent
upwelling conditions that strengthen or weaken in
response to wind stress. Conversely, spring-spawn-
ing rockfishes settle from late June to September
during the relaxation season (Love et al. 2002). Sum-
mer relaxation conditions prevail as wind stress weak-
ens and sea surface temperatures in crease. Strong
upwelling of cold nutrient-rich water is rare or absent
during the relaxation season (García-Reyes & Largier
2012). Given the seasonal patterns in oceanography
and settlement, we believe it is valuable to compare
water chemistry among strong upwelling, weak up -
welling and relaxation water mass types.

Determining fish residencies in upwelling waters
depends on distinct chemical signatures of coastal
water masses and validation that these signatures
are reliably incorporated into fish otoliths. In general,
some elements are incorporated into otoliths in pro-

portion to ambient environmental concentrations
(Campana & Thorrold 2001, Elsdon et al. 2008). How-
ever, diet, temperature and salinity can influence the
incorporation of elements into otoliths, and these
effects may be species or life-stage specific (Elsdon &
Gillanders 2002, Bath Martin et al. 2004, Elsdon et al.
2008, Miller 2009, 2011, Walther et al. 2010). The
effect of temperature on otolith chemistry is espe-
cially important to consider in marine systems be -
cause temperature may vary by as much as 9ºC,
unlike salinity, which exhibits minimal variation.
Upwelling and relaxation cycles modify seawater
temperature, in addition to changing the chemical
environment. Isolating the effect of temperature over
the temporal and environmental gradients specific to
coastal upwelling regions may improve ecological
interpretation of chemical signatures in otoliths.

Additional challenges to using otolith microchem-
istry in marine fishes stem from the spatial resolution,
sensitivity, and precision of the analytical tools that
measure otolith chemistry (Hoover et al. 2012).
Upwelling and relaxation events occur over rela-
tively short time-scales (days), and larval transport
from offshore environments to nearshore nursery
grounds occurs over comparable time scales (Robert-
son et al. 1999, Caselle et al. 2010b). The time scales
of oceanographic and behavioral characteristics
demand both high-resolution sampling and precise
analytical techniques to characterize trace element
chemistry and larval residence in upwelling or relax-
ation water masses.

MATERIALS AND METHODS

Seawater sampling and analysis

From 2009 to 2012, water samples were collected
approximately every 2 d from early April to late July.
All samples were collected from the Bodega Marine
Laboratory, University of California, Davis, flow-
through seawater system. The seawater system
intake pipe is located at 3 m depth and 73 m offshore
from the opening of Horseshoe Cove in Bodega Bay,
California. This pipe connects to a series of 3 tanks
with weirs and polyethylene mesh to filter out large
solids before water is transported to holding tanks.
Seawater is gravity fed from the holding tanks to the
laboratory piping and aquaria system, where sam-
ples were collected. We collected 12 ml of seawater
using syringes, filtered through a 45 µm membrane
filter and preserved with Optima grade hydrochloric
acid (resulting in 0.2% acid in the sample) under
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HEPA-filtered laminar-flow conditions. Syringes, fil-
ters, and centrifuge tubes were leached in 1 M HCl at
60°C for 12 h, followed by thorough rinsing in dou-
ble-deionized water and a pre-rinse with the seawa-
ter sample. Replicate water samples were collected
on each sampling day in 2011 and 2012 (n = 2−6).
Replicate samples were unavailable in 2009 and 2010
because samples were opportunistically acquired. In
these 2 years, sampling did not continue past 30
June. Over the 4 yr of the study, a total of 254 water
samples was collected, representing 125 d (n = 125).

For each water sample, the oceanographic condi-
tions associated with the day of collection were ob -
tained using the University of California, Davis,
Bodega Ocean Observing Node database (http://
bml.ucdavis.edu/boon). To characterize upwelling
conditions for each sample, we averaged hourly sea
surface temperature (SST) and calculated alongshore
wind speeds (AWS) averaged over 3 d prior to collec-
tion, an ecologically relevant temporal scale over
which wind conditions drive water movement (Bakun
& Nelson 1991). For each year, a hierarchical cluster
analysis using the variables SST and AWS was used
to categorize water samples into oceanographic
water mass types reflecting up welling strength. The
3 primary groups generated from the cluster analysis
were subsequently characterized using group mean
SST and AWS as diagnostic indicators of strong up -
welling, weak upwelling, and relaxation events.
Indices of freshwater input were excluded from the
cluster analysis to characterize water masses,
because freshwater flow and elemental ratios in sea-
water were not correlated in any year of the study
(Text S1 in the Supplement at www.int-res.com/
articles/suppl/m550p191_supp.pdf).

Water samples were analyzed for Ca, Sr, Mg, and
Ba by the Interdisciplinary Center for Plasma Mass
Spectrometry at the University of California, Davis
(http://icpms.ucdavis.edu) using an Agilent 7500CE
inductively coupled plasma mass spectrometer (Agi-
lent Technologies) (see Text S2 in the Supplement for
a detailed description of analytical methods). Limits
of detection (LOD) were calculated automatically
using Chemstation G1834B, B.03.04 software. The
LOD is defined here as 3σB/a, where ‘σB’ is the stan-
dard deviation of the replicate analyses of the analyte
(counts per second, cps)/internal standard (cps) ratio
of the calibration blank, and a is the coefficient from
the internal standard corrected calibration curve’s
regression equation: y = ax + blank. Raw data were
corrected for drift using a single sample re-analyzed
multiple times over the course of the run. The drift-
corrected elemental concentrations of these re-ana-

lyzed samples also provided a measure of within-run
precision (expressed as relative standard deviation
[RSD], % of mean). Mean within-run precision was
<2% (for Mg, Ca, and Sr) and <12 % (for Ba) over 4
runs (Table S2 in the Supplement). On the last run,
Ba precision was 18%. Sample-to-sample precision
of elemental ratios (also expressed as RSD) was
determined using a subset of samples (17 out of
125 d) for which 3 replicates were collected on the
same day. The mean precision of sample replicates
was <3% (for Mg/Ca and Sr/Ca) and <9% for Ba/Ca.

Samples collected in each of the 4 yr were pooled
in a 2-factor PERMANOVA with year and water type
as factors and a significance level of p < 0.05. In our
analysis, we used elemental ratios to Ca, as opposed
to raw concentrations, to eliminate any effect of dilu-
tion on elemental signatures (for a detailed explana-
tion see Text S3 in the Supplement). The PERM-
ANOVA used Mg/Ca, Sr/Ca, and Ba/Ca ratios as
predictor variables to compare the chemical signa-
tures of strong upwelling, weak upwelling, and
relaxation water mass types. Pairwise comparisons
were conducted among water mass types. Statistical
analyses used the average value of replicate water
samples and employed PRIMER 6 ver. 6.1.13 and
PERMANOVA+ ver. 1.0.3 statistical software (PRE-
MIER Enterprises). A SIMPER analysis was con-
ducted to identify the primary element driving the
dissimilarity among water mass types.

Experimental design 

Fish collection

Recently settled rockfishes (~3 to 4 mo old) were
seined from eelgrass beds in Bodega Harbor, Califor-
nia (collections within 100 m of 38° 18’ 19” N,
123° 03’ 28” W). Sample sizes for experiments were
determined by collection success. All fish were col-
lected within 3 wk to minimize variability in fish size.
We used 2 species of winter spawning rockfish, the
copper rockfish Sebastes caurinus and rockfishes in
the black and yellowtail species complex (S. flavidus
and S. melanops, collectively called BY rockfish). BY
rockfish are genetically similar and morphologically
indistinguishable at early life-stages (Love et al.
2002), and we assumed negligible differences in
their responses to environmental conditions given
the shared genetic and phenotypic characteristics.
Upon collection, fish were transported to the Bodega
Marine Laboratory and housed prior to experimenta-
tion for no more than 2 wk in aquaria receiving flow-
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through seawater and frozen brine shrimp ad libi-
tum. All fish collection, handling, and experimental
procedures adhered to the University of California,
Davis, Institutional Animal Care and Use Committee
standards (Protocol No. 16448). After experimenta-
tion, fish were euthanized using a concentration of
300 mg l−1 MS-222 prior to otolith analysis. Immedi-
ately following euthanasia, right and left sagittal
otoliths were extracted, cleaned, and stored follow-
ing protocols outlined by Bath et al. (2000).

Temperature effect on otolith partition coefficients

We measured the effects of temperature on the in -
corporation of elements into otoliths of juvenile rock-
fishes by experimentally rearing fish at temperatures
typical of upwelling-relaxation cycles (8−15°C; cold-
est during strong upwelling). We crossed copper and
BY rockfishes orthogonally with 3 temperatures: 8.5,
11, and 14°C, with 3 replicate tanks (n = 3) for each

treatment. Six 38 l aquaria were placed in each of 3
temperature control rooms, with 3 tanks designated
for each species. All tanks were simultaneously filled
with filtered seawater acquired from the Bodega
Marine Laboratory flow-through seawater system, a
method we previously determined to have negligible
inter-tank variability of Sr/Ca (<0.10 mmol mol−1)
and Mg/Ca (<0.05 mmol mol−1). Air stones were
placed in each tank, and all tanks were covered with
plastic to minimize evaporation. Tanks were allowed
3 d to equilibrate to temperature conditions prior to
the addition of 3 to 4 copper or 5 to 6 BY rockfish per
tank (standard length [SL] range: 23.5−39.9 and
31.1− 47.3 mm, respectively) (Table 1). HOBO Tidbit
v2 temperature loggers (Onset HOBO Data Loggers)
were placed within each tank to measure water tem-
perature over the experimental period. Temperature
control rooms maintained seawater tank tempera-
tures within reasonable proximity of target values
(mean ± SD): 8.61 ± 0.029, 11.09 ± 0.125, and 13.74 ±
0.086°C. Elemental concentrations within experi-

mental aquaria reflected concentrations
measured in our study region and did not
significantly differ among treatments over
the experimental period for Mg/Ca, Sr/Ca,
and Ba/Ca (Tables 2 & 3).

Two water samples were collected from
each tank every 2 d of the experiment, and
prepared and analyzed as described in
‘Materials and methods: Seawater sample
collection and analysis’. Fish were starved
for 2 d prior to experimentation to minimize
ammonia concentrations in aquaria. During
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Temperature   No. of copper rockfish      No. of BY rockfish
(°C)                    Tank 1  Tank 2  Tank 3       Tank 1  Tank 2  Tank 3

8.5                           4            3            3                 6            5            5
11                            3            4            3                 6            5            6
14                            4            4            3                 6            5            5

Table 1. Number of copper Sebastes caurinus and BY (black S. flavidus
and yellowtail S. melanops species complex) rockfish reared in replicate
tanks under controlled temperature conditions and their otoliths ana-
lyzed with laser ablation inductively coupled plasma mass spectrometry

                                                     Copper rockfish tanks                                                                BY rockfish tanks
Temperature         Mg/Ca                        Sr/Ca              Ba/Ca                           Mg/Ca                      Sr/Ca             Ba/Ca  
(°C)                      (mol mol−1)               (mmol mol−1)    (µmol mol−1)                   (mol mol−1)             (mmol mol−1)  (µmol mol−1)

(a)
Seawater
8.5                       3.044 (0.05)               16.159 (0.09)    17.501 (2.05)                  3.067 (0.01)             16.123 (0.01)  17.421 (1.01)
11                        3.042 (0.03)               16.172 (0.18)    18.705 (0.98)                  3.002 (0.03)             16.314 (0.16)  17.730 (1.07)
14                        3.045 (0.03)               16.069 (0.10)    17.212 (0.75)                  3.043 (0.03)             16.122 (0.10)  16.529 (1.35)

Otoliths
8.5                       0.014 (0.01)                1.834 (0.38)      0.232 (0.13)                   0.028 (0.03)              1.933 (0.40)    0.181 (0.15)
11                        0.187 (0.01)                2.199 (0.19)      3.210 (0.72)                   0.173 (0.05)              1.861 (0.08)    1.370 (0.41)
14                        0.167 (0.02)                2.083 (0.14)      3.029 (0.13)                   0.162 (0.05)              1.965 (0.18)    1.269 (0.23)

(b)
8.5           0.277 × 10−5 (0.203 × 10−5)    0.248 (0.05)      0.046 (0.02)       0.561 × 10−5 (0.516 × 10−5)  0.262 (0.05)    0.034 (0.02)
11            3.293 × 10−5 (0.587 × 10−5)    0.298 (0.03)      0.593 (0.15)       3.499 × 10−5 (0.937 × 10−5)  0.249 (0.01)    0.276 (0.05)
14            3.343 × 10−5 (0.452 × 10−5)    0.283 (0.02)      0.597 (0.01)       3.251 × 10−5 (0.968 × 10−5)  0.267 (0.03)    0.262 (0.06)

Table 2. Mean and SD (in parentheses) Mg/Ca, Sr/Ca and Ba/Ca (a) ratios of seawater and rockfish otoliths and (b) partition co-
efficients measured in replicate tanks under controlled temperature conditions. BY: black and yellowtail species complex
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the subsequent 10 d experimental period, fish were
reared without food to reduce any influence of diet or
food addition on trace element concentrations in
otoliths or seawater. One copper rockfish in tank 2 of
the 8.5°C treatment did not survive the experimental
period and was ex cluded from laser ablation induc-
tively coupled plasma mass spectrometry (ICP-MS)
analyses. It is possible that experimental conditions
may have in creased fish stress and, possibly, the
incorporation of elements into otoliths. While previ-
ous studies have found stress to affect otolith Sr/Ca
(Kalish 1992, Mohan et al. 2014, Sturrock et al. 2014),
we found no difference in the partitioning of Sr/Ca
into otoliths among treatments (see ‘Results’), and
Sr/Ca ratios of fish reared in the temperature experi-
ment were similar to those measured in fish reared
under natural feeding and temperature conditions.
Thus, stress may have had a negligible effect on ele-
mental ratios to Ca in otoliths relative to the effect of
ambient seawater chemistry.

The relationship between water and otolith trace
metal composition was expressed as the empirical
partition coefficient (DMetal/Ca) (Morse & Bender
1990), where

[Metal/Ca]Otolith = DMetal [Metal/Ca]Water (1)

This approach was used to reveal changes in ele-
mental uptake in otoliths among temperature treat-
ments and species.

We used a 2-factor ANOVA to test for differences
in elemental ratios to Ca and DMetal among tempera-
ture treatments and species. The assumptions of
equal variances among groups and normality were
evaluated using Levene’s and Shapiro Wilk Tests;
both assumptions were met. Post hoc pairwise com-
parisons were made using a Tukey’s HSD test. To
evaluate whether individual growth rates influenced
DMetal, we scaled DMetal/Ca to SL (in mm) of each fish,
which we used as a proxy for individual growth
(DMetal/SL). DMetal/SL values were analyzed using a 2-
factor ANOVA to test for differences among temper-
ature treatments and species.

Otolith and seawater chemistry during
an upwelling-relaxation cycle

The objective of this experiment was
to simulate the variable oceanographic
conditions experienced by early life-
stage rockfishes and the extent to
which otolith chemistry reflects vari-
ability in seawater chemistry during an
upwelling and relaxation cycle. We
assessed synchrony in water and

otolith chemistries by comparing the proportional
change in otolith elemental concentrations relative to
the proportional changes measured in seawater. Ju -
venile copper and BY rockfish (SL range: 38.0−53.8
and 38.3−45.1 mm, respectively) were reared in
aquaria receiving filtered flow-through seawater at
rates of 4 l min−1. Two copper or 5 BY rockfish were
placed within each replicate tank for each species
(n = 3 tanks per species, total no. of copper rockfish
sampled = 6, total no. of BY rockfish sampled = 15).
Fish were acclimated to aquaria for 2 d prior to a 31 d
period. Each day, tanks were cleaned of algal growth
and detritus following a 1 h period of feeding frozen
brine shrimp. Two water samples were collected
from each tank every 2 d and subsequently analyzed
following the protocol outlined in ‘Material and
methods: Seawater sample collection and analysis’.

Otolith preparation

Otoliths were sanded in the sagittal plane to reveal
daily growth rings. Deposition of daily growth bands
has been validated for several larval rockfishes
(Yoklavich & Boehlert 1987, Laidig & Sakuma 1998),
and we assume daily growth bands in these rock-
fishes. Otoliths were subsequently photographed
using a Lumenera Infinity 2-3C CCD camera. Images
were analyzed using Image Premier 7.0 software
(Media Cybernetics) to measure the distance be -
tween the dorsal edge of otoliths and the 31st growth
band, marking the first day of experimentation. This
distance guided the laser ablation ICP-MS sampling
protocol to ensure that otolith samples were obtained
throughout the experimental period. We measured
elemental concentrations in a series of adjacent laser
spots in a linear transect running from the dorsal
edge of each otolith towards the core. The putative
dates of experimentation were assigned to each spot
location on transects to relate otolith chemistry to
water chemistry measured during the same exposure
period. Date assignments were determined using
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Source of variation              df Mg/Ca Sr/Ca Ba/Ca
                                                           F        p            F        p            F        p

Species                               1,12       0.03   0.87       0.70   0.42       1.26   0.28
Temperature                      2,12       1.88   0.20       2.22   0.15       0.46   0.64
Temperature × Species     2,12       3.23   0.08       1.27   0.32       0.93   0.42

Table 3. ANOVA comparing seawater Mg/Ca, Sr/Ca, and Ba/Ca ratios in
aquaria with copper and BY (black and yellowtail species complex) rockfish 

at 8.5, 11, or 14°C
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image analysis on otoliths after laser ablation, which
illuminated the 9 replicate laser spots that occurred
within the 31 d experimental period. Each spot in the
linear sequence was assigned a ‘date of exposure’
that corresponded to the midpoint of dates sampled
by each laser spot.

Otolith chemical analysis

Elemental concentrations in fish otoliths were
measured using laser ablation ICP-MS. A right or left
otolith was haphazardly selected and mounted to a
glass slide covered with Crystalbond Mounting Wax
(Buehler Brand), which has negligible elemental con-
centrations (Woodson et al. 2013).

All otolith samples were analyzed at the University
of California, Davis, Stable Isotope Laboratory, using
a Photon Machines 193-nm UV excimer laser abla-
tion system (Teledyne Photon Machines), equipped
with a double-cell HelEx chamber and coupled with
an Agilent 7700x quadrupole ICP-MS. ICP-MS  settings
optimized measurements of 138Ba, 86Sr, 88Sr, 43Ca, 44Ca,
24Mg and 25Mg isotopes. Samples re ceived 10 clean-
ing shots prior to sample ablation to remove any
 surface contaminants. Background elemental con-
centrations were recorded for 30 s before sample
ablation to determine limits of detection and to per-
form drift-corrections. Limits of detection were calcu-
lated as 3 times the standard deviation of back-
ground levels for each element and expressed as a
ratio to Ca (Table 4). Precision was calculated as the
mean RSD of elemental ratios to Ca using the stan-
dard NIST 612 (Table 4). The glass standards NIST
610 and 612 were run after every 12th sample for cal-
ibration and to correct for instrument drift. Each stan-
dard was sampled with 2 replicate 50 µm spots with
300 shots at a fluence of 4.45 J cm−2, and a repetition
rate of 5 Hz. 43Ca  was used as an internal standard,
assuming 40.0% calcium in calcite. Statistical analy-
ses used the mean elemental ratios to 43Ca of repli-
cate spots.

Laser ablation settings were customized to meet
the unique objectives of each experiment while
 optimizing precision of elemental concentration
measurements. In the experiment to resolve otolith
partition coefficients at different temperatures, we
measured trace element concentrations on the sur-
face of whole otoliths with 2 replicate 150 µm diame-
ter laser spots. Each spot was sampled with 300 shots
of the laser using a fluence of 1.46 J cm−2 and a repe-
tition rate of 5 Hz. To determine whether laser abla-
tion sampled into otolith growth bands preceding the
experimental period, we measured the pit depth of a
subset of 44 otoliths using a FEI Quanta 450 FEG
scanning electron microscope. Mean pit depth was
17.12 µm (SD = 5.31). The distance between daily
growth bands in juvenile rockfish otoliths ranges
from ~2.5 to 7 µm d−1 (measured by Wheeler 2015),
which indicates the laser sampled <10 d of otolith
growth in our experiment. These measurements indi-
cate no mixing of pre-experimental and experimen-
tal material during ablation.

In the analysis to evaluate chemistry during an
upwelling-relaxation cycle, we sampled 2 replicate
15 µm diameter laser spots at each adjacent spot
location along transects. Spot sizes represented 3 to
5 d of the rearing environment and a timescale suffi-
cient to distinguish between upwelling and relax-
ation conditions. Each replicate spot was sampled
with 300 shots at a fluence of 3.54 J cm−2 and a repe-
tition rate of 5 Hz.

Elemental ratios to Ca for otoliths were calculated
using data reduction protocols outlined by Longerich
et al. (1996), which include procedures to detect out-
liers, correct for instrument drift by bracketing sam-
ples with NIST 612, and amend data by subtracting
background count rates from each data point. Ele-
mental ratios to Ca were calculated by normalization
to the known trace element concentrations in the
drift-corrected bracketed analyses of the NIST 610
standard (Mg = 449 µg g−1, Sr = 507 µg g−1, Ba = 451 µg
g−1) (Jochum et al. 2011).

RESULTS

Seawater chemistry of upwelling-relaxation cycles

For each year, the hierarchical cluster analyses
generated 3 primary groups, which were subse-
quently characterized as strong upwelling, weak
upwelling and relaxation conditions (Fig. 1, Fig. S1 in
the Supplement). We categorized the group cluster
exhibiting the strongest mean AWS and lowest SST
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Ratio                             RSD                              LOD

Mg/Ca                          7.38                     1.59 mmol mol−1

Sr/Ca                            5.25                   0.154 mmol mol−1

Ba/Ca                         0.004                  0.047 µmol mol−1

Table 4. Laser ablation inductively coupled plasma mass
spectrometry estimates of instrument precision (RSD: rela-
tive standard deviation, as % of mean) and limits of detec-
tion (LOD) for element/Ca ratios using the NIST 612 glass 

standard
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as upwelling conditions and the group cluster ex -
hibiting weakest mean AWS and highest SST values
as relaxation conditions. The group cluster ex hibiting
intermediate values was categorized as weak up -
welling conditions because AWS with values at or
below −5 m s−1 (a negative sign indicates northerly
wind) are strong enough to drive upwelling (Roughan
et al. 2005). A small number of samples grouped sep-
arately from the 3 major clusters in 2010, 2011, and
2012 (2, 3 and 4 samples, respectively). Mean SST
and AWS values of these samples were used to clas-
sify them into water mass types. Samples in 2010 and
2011 reflected strong upwelling conditions providing
reasonable justification to group these samples into
the strong upwelling category (2010: SST = 9.47ºC,
AWS = −9.21 m s−1; 2011: SST = 9.57ºC, AWS =
−6.93 m s−1). Using the same criteria, 3 samples in
2012 were classified as relaxation conditions and 1
sample as strong upwelling conditions (SST = 12.78ºC,

AWS = −0.19 m s−1 and SST = 9.31ºC, AWS = −11.53
m s−1, respectively).

Seawater chemistry differed among years and
water mass types, with no interaction between year
and water type (Tables 5 & 6). Pair-wise comparisons
revealed differences between strong upwelling and
weak upwelling water mass types, and no difference
between strong upwelling and relaxation or between
relaxation and weak upwelling water mass types.
SIMPER analysis identified the Ba/Ca ratio as ex -
plaining the highest proportion of the dissimilarity
among water masses (Table 7).

Temperature effect on otolith partition coefficients

We observed no significant temperature depend-
ence for the Sr/Ca ratio in either species, within the
uncertainty of our measurements. However, for both
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Fig. 1. Water types identified as strong upwelling, weak up-
welling, and relaxation by cluster analysis exhibit variation
in (a) oceanographic conditions and (b) seawater chemistry.
Negative values of alongshore wind speed indicate a northerly 

wind. SST: sea surface temperature
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species, the distribution coefficients DMg and DBa

were significantly lower at 8.5° than at 11° or 14°C.
A 2-factor ANOVA revealed that the effects of
 temperature on otolith partition coefficients, DMetal

and DMetal/SL, were element- and species-specific
(Table 8, Fig. 2). There was no temperature effect on
DSr or DSr/SL for either species; however, for both
species there was an effect of temperature on DMg

and DMg/SL. Copper and BY rockfish
DMg was 91 and 83% lower at 8.5°C rel-
ative to the 11 and 14°C treatments
(Tukey’s HSD: p < 0.001 for both com-
parisons), and DMg did not differ
between 11 and 14°C (p = 0.96). Simi-
larly, DMg/SL was lower at 8.5°C rela-
tive to the 11 and 14°C treatments
(8.5°C, 11°C p < 0.001 for both compar-
isons), and DMg/SL did not differ be -
tween 11 and 14°C (p = 1.00). Species
and temperature interacted to affect
DBa and DBa/SL. There was no differ-
ence in DBa or DBa/SL between species
at 8.5°C (p = 0.98 and p = 1.00, respec-
tively). Within each species, DBa did not
differ between the 11 and 14°C treat-
ments, though DBa and DBa/SL differed
between species at 11°C (p = 0.004 and
p = 0.002, respectively) and 14°C (p =
0.002 and p = 0.001, respectively).

Otolith and seawater chemistry during
an upwelling-relaxation cycle

Seawater and otolith chemistry ex -
hibited considerable variation over the
31 d experiment. The  Sr/CaSeawater and
 Ba/CaSeawater ratios initially re flected
up welling conditions and in creased
throughout the experimental period as
oceanographic conditions transitioned
into a relaxation event followed by
weak upwelling conditions (Figs. 3 & 4).

Image analysis of post-ablation oto -
liths from both species revealed that
each laser ablation spot sampled a 3 to
4 d exposure to ambient experimental
conditions. Elemental ratios in otoliths
responded rapidly to changes in sea -
water chemistry. For example, Ba/ CaO-

tolith increased within ~3 d following an
 increase in Ba/CaSeawater on 26 June,
and Sr/CaOtolith declined following a de-

crease in  Sr/CaSeawater from 24 June to 10 July in BY
rockfish. The relative increases in otolith Ba/Ca and
Sr/Ca  ratios were proportional to similar increases in
sea water concentrations. Over the experimental pe-
riod,  Ba/CaSeawater increased by a factor of 2.73 and
2.17 in the copper and BY rockfish tanks, respec-
tively, while  Ba/CaOtolith increased by a factor of 3.03
and 2.36 in the copper and BY rockfish, respectively.
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(a)
Source of variation               df         SS           MS       Pseudo-F      p-perm

Water Mass Type                  2       8.401         4.2          2.8136          0.048
Year                                        3      163.21     54.402        34.63           0.001
Water Mass Type × Year      6      5.7536    0.95893    0.61042         0.757
Error                                     113    177.52     1.5707                                
Total                                     124       372                                                   

(b)
Group                                                                  t                               p-perm

Strong upwelling, relaxation                       0.45326                          0.753
Strong upwelling, weak upwelling             2.1882                           0.022
Relaxation, weak upwelling                         1.6807                           0.077

Table 6. (a) PERMANOVA and (b) post hoc pair-wise comparisons of sea- 
water chemistry among water masses. Significance value is p < 0.05

Group                                                 Mg/Ca (%)    Sr/Ca (%)    Ba/Ca (%)

Strong upwelling, relaxation                 34.18             32.21            33.61
Strong upwelling, weak upwelling       32.82             30.02            37.15
Relaxation, weak upwelling                  24.19             27.63            48.18

Table 7. SIMPER analysis comparing the relative contribution (%) of elemen-
tal ratios in explaining the dissimilarity among water mass types

Year     Water mass type       n        Mg/Ca            Sr/Ca             Ba/Ca 
                                                      (mol mol−1)    (mmol mol−1)  (µmol mol−1)

2009     Strong upwelling     10    5.35 (0.16)      8.53 (0.20)      5.70 (0.63)
            Weak upwelling       9     5.41 (0.21)      8.62 (0.18)      6.37 (1.09)
            Relaxation                 9     5.35 (0.15)      8.46 (0.18)      6.15 (0.68)

2010     Strong upwelling     16    5.70 (0.58)      8.63 (0.67)      6.24 (1.10)
            Weak upwelling       8     5.62 (0.59)      8.63 (0.74)      7.09 (0.95)
            Relaxation                 6     5.53 (0.26)      8.42 (0.28)      6.11 (0.74)

2011     Strong upwelling     12    4.90 (0.23)      7.23 (0.62)      3.78 (1.10)
            Weak upwelling      12    4.91 (0.20)      7.49 (0.61)      4.24 (1.16)
            Relaxation                 6     4.79 (0.15)      7.22 (0.67)      4.05 (1.33)

2012     Strong upwelling     14    5.04 (0.07)      7.90 (0.30)      5.19 (0.45)
            Weak upwelling      13    5.08 (0.14)      7.94 (0.22)      6.16 (0.98)
            Relaxation                10    5.20 (0.18)      8.22 (0.26)      5.19 (1.04)

Table 5. Mean, SD (in parentheses), and sample sizes (n, total = 125) based on
cluster analyses of seawater Mg/Ca, Sr/Ca, and Ba/Ca ratios collected during
strong upwelling, weak upwelling, and relaxation conditions in 2009 to 2012
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The range in Ba/  CaOtolith was 1.82
to 11.99 µmol mol−1 for copper
rockfish and 1.99 to 9.77 µmol
mol−1 for BY rockfish. Minimum
Sr/CaSeawater occurred at the start of
the  experimental period and was
highest when oceanographic con-
ditions  re flected relaxation condi-
tions (Fig. 4). The  Sr/CaSeawater sub-
sequently declined to intermediate
levels, while  Sr/ CaOtolith exhibited
moderate synchrony with Sr/
 CaSeawater with less temporal varia-
tion. When conditions transitioned
from up welling to relaxation condi-
tions,  Sr/ CaSeawater in creased by a
factor of 1.13 in both copper and BY
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(a)
Source of variation             df DMg          DSr      DBa

                                                        F          p              F         p             F           p

Species                              1,12    0.18    0.681       1.05   0.327     39.74  <0.001
Temperature                     2,12   38.46  <0.001       0.59   0.567     111.27  <0.001
Temperature × Species    2,12    0.13    0.877       1.17   0.344     6.52 0.012

(b)
Source of variation             df DMg/SL   DSr/SL DBa/SL
                                                        F          p              F         p             F           p

Species                              1,12   0.001   0.981       3.26   0.096      41.86   <0.001
Temperature                     2,12   43.90  <0.001       1.04   0.384      51.76   <0.001
Temperature × Species    2,12    0.24    0.790       0.52   0.610      9.13   0.004

Table 8. ANOVA comparing (a) partition coefficients measured in copper and BY
(black and yellowtail species complex) rockfishes reared at 8.5, 11, or 14°C and (b)
partition coefficients scaled to mean fish standard length (SL) per replicate tank. 

Significance value is p < 0.05

Fig. 2. Otolith partition coefficients (DMetal) measured at 8.5,
11 and 14°C in copper (black bars) and BY (black and yellow-
tail species complex) rockfishes (gray bars) in replicate tanks
(n = 3). Uppercase letters: p < 0.05 in pairwise comparisons 

(Tukey’s HSD)

Fig. 3. Oceanographic conditions present during experimen-
tal exposure to seawater during an upwelling-relaxation
 cycle. Gray bar: strong upwelling period; stippled bar: 

relaxation period
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rockfish tanks, while Sr/CaOtolith increased by a factor
of 1.15 and 1.12 in copper and BY rockfish tanks,
 respectively (Fig. 4). Over the entire experimental
period, Sr/CaOtolith ranged from 1.55 to 1.92 mmol
mol−1 for copper rockfish and 1.49 to 1.75 mmol mol−1

for BY rockfish. We detected minimal variability in
Mg/CaSeawater and Mg/CaOtolith, with no observable

change associated with changing oceanographic
conditions. The range in Mg/CaOtolith was 0.08 to
0.15 mmol mol−1 for copper rockfish and 0.09 to
0.15 mmol mol−1 for BY rockfish. Copper and BY
rockfish otolith chemistry corresponded to changing
seawater and oceanographic conditions in a similar
manner.
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Fig. 4. Otolith (d) and seawater (SW, s) Mg/Ca, Sr/Ca and Ba/Ca ratios for (a) copper rockfish and (b) BY (black and yellow-
tail species complex) rockfish reared during an upwelling-relaxation cycle. Gray bar: strong upwelling period; stippled bar: 

relaxation period
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DISCUSSION

Understanding chemical proxies of upwelling-
relaxation cycles is valuable for interpreting variabil-
ity of trace elements in the marine environment and
for the potential application of chemical signatures to
the study of marine fish movement. We provide evi-
dence that trace element signatures in seawater vary
across upwelling-relaxation cycles, with weak up -
welling events exhibiting a unique elemental signa-
ture in coastal water samples collected over 4 yr.
However, seawater signatures differed significantly
among years, which indicates that interannual varia-
tion must be considered when using otolith chemistry
to evaluate movement in this system. We found a sig-
nificant effect of temperature on the partitioning of
Mg and Ba into otoliths for juvenile rockfishes, pro-
viding the information needed to interpret otolith
elemental ratios in a coastal upwelling region. We
employed a unique approach to evaluate otolith
chemistry as a tool to reconstruct movement of juve-
nile rockfish by exposing fish to naturally variable
conditions during an upwelling-relaxation cycle. The
subsequent analyses of otolith and seawater chem-
istry validated laser ablation ICP-MS as an effective
method to measure variability in otolith chemistry
over ecologically relevant time scales and environ-
mental conditions.

This research contributes to the limited number of
studies characterizing elemental signatures of waters
in a coastal upwelling region over multiple years
(van Geen & Husby 1996, Takesue & van Geen 2002).
PERMANOVA analysis demonstrated that waters as-
sociated with weak upwelling conditions show dis-
tinct Mg/Ca, Sr/Ca, and Ba/Ca ratios relative to
strong upwelling and relaxation conditions. Elevated
Ba/Ca ratios characterized waters during weak up -
welling conditions relative to the other water types.
Although strong upwelling water mass types ex -
hibited a lower Ba/Ca ratio relative to weak up -
welling conditions, its magnitude was equivalent to
measurements by Woodson et al. (2013) in nearby lo-
cations with persistent upwelling conditions. In addi-
tion, surface salinities measured during weak up-
welling and relaxation conditions were ~0 to 0.35 psu
lower than upwelled surface waters and likely con-
tained a greater contribution of high-Ba river runoff.
Therefore, the Ba/Ca ratio of coastal water masses is
likely a product of complex mixing processes.

We observed significant interannual differences in
Mg/Ca, Sr/Ca, and Ba/Ca ratios, with the highest ra-
tios occurring in 2010 and the lowest in 2011. Year did
not interact with water type, indicating that the rela-

tive differences in the chemical signatures of water
types exhibited a similar relationship within each
year. Interannual variability is likely due to differ-
ences in mixing and stratification, which influence
the delivery of deep waters with characteristic ele-
mental ratios as well as nutrients. In 2011, a warmer
mixed layer was observed off Point Reyes, and along-
shore flows ceased in the summer (Bjorkstedt et al.
2011, Jones & Mulligan 2014). Increased stratification
in 2011 likely reduced the input of deeper water and
its chemical fingerprint and nutrient content, and
suppressed plankton blooms, which might otherwise
have removed Sr and Ba from the surface. Our results
indicate that elemental signatures of coastal water
masses must be evaluated yearly to accurately inter-
pret these signatures and adequately characterize
water samples as they relate to upwelling dynamics.

We found elevated Ba/Ca was the strongest indica-
tor for weak upwelling relative to other water types
in each year. Seawater Mg/Ca and Sr/Ca ratios ex -
hibited minimal variation among water types, which
suggests that they may not serve as valuable proxies
for oceanographic conditions as individual ratios;
however, our multivariate analysis demonstrated that
when Ba/Ca, Sr/Ca and Mg/Ca ratios are evaluated
together, they exhibit sufficient variation among
water types to distinguish weak upwelling from re -
laxation or strong upwelling conditions. Thus, this
combination of ratios can potentially be used to make
inferences about associations of marine organisms
with water masses in coastal environments. Future
studies that evaluate seawater chemistry at multiple
sites and over several years could provide insight into
the spatial and temporal consistency of chemical
 signatures.

Temperature effect on otolith partition coefficients

Understanding the factors that affect the incorpora-
tion of elements into otoliths can help in interpreting
their concentrations. Our results are consistent with
previous research indicating that species-specific
temperature effects can influence partition coeffi-
cients for metals such as Ba and Mg, confirming the
need for validation studies prior to interpreting val-
ues in wild-caught fish (Elsdon & Gillanders 2002,
2003, Bath Martin et al. 2004, Miller 2009, 2011). Our
observation that there was no temperature effect on
DSr for either species contrasts with the behavior of
the Sr/Ca ratio in biogenic aragonite in different taxa
observed by others (Shen et al. 1996, Elsdon & Gil -
landers 2002, Zacherl et al. 2003, Bath Martin et al.
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2004), which may be explained by the magnitude
and relatively narrow temperature range tested in
our study. These differences highlight a need for
more investigation into the biological control over Sr
incorporation that is exerted by different kinds of
organisms.

Our results suggest that there may be a physiologi-
cal threshold between 8.5 and 11°C, affecting Mg
and Ba incorporation into otoliths. These results are
consistent with previous studies suggesting that
physiological regulation controls Mg (and possibly
Ba) concentration in otoliths, rather than diet or ambi-
ent seawater Mg concentrations (Woodcock et al.
2012). The primary pathway of elements into oto liths
is entry into the blood plasma via the gills or intestine,
followed by cellular transport into the endo lymph
fluid and subsequent crystallization (Campana 1999).
Physiological filters between water and otoliths occur
due to osmoregulation and during cellular transport
into the endolymph (Townsend et al. 1992, Campana
1999). Reduced ability to discriminate against Ba dur-
ing entry into the endolymph has been postulated to
occur at lower temperatures for juveniles of the black
bream Acanthopagrus butcheri (Elsdon & Gillanders
2002, 2003); however, species may differ in their re-
sponses to temperature, because the related physio-
logical processes are likely species-specific (Bath et
al. 2000, Elsdon & Gillanders 2003). Miller (2009)
found lower DBa values at 7.4°C than at 13°C in the
black rockfish S. melanops, which may be a conse-
quence of differences in seawater concentrations or
experimental conditions. The range of DBa measured
by Miller (2009), however, spans a similar range to
that measured in this study. The DBa values we meas-
ured at 11 and 14°C are generally higher relative to
other species (see review in Table 1 of Miller 2009),
though DBa as high as 1.23 µmol mol−1 has been ob-
served by others in early juveniles of the spot Leiosto-
mus xanthurus (Bath Martin & Thorrold 2005).
 Species-specific physiological processes and experi-
mental conditions may explain the range of DBa

values measured among fishes.
Temperature effects are important considerations

when estimating  Mg/CaOtolith or  Ba/CaOtolith from
ambient water chemistry or vice versa. For example,
the utility of  Ba/CaOtolith as a proxy for coastal water
masses may depend on knowledge of SST. In coastal
environments under strong upwelling conditions,
when upwelled waters are simultaneously cold and
exhibit low Ba/Ca ratios relative to those found under
weak upwelling conditions, a temperature-related
reduction in DBa may only enhance the function of
low Ba/CaOtolith as a proxy for strong upwelling by

reducing an already low Ba/CaOtolith. A temperature
effect, however, may mask upwelling signatures in
offshore environments disconnected from terrige-
nous or estuarine sources of Ba. For example, Wood-
son et al. (2013) measured higher  Ba/CaSeawater in
samples collected ~10–70 km offshore from locations
with strong upwelling conditions. A temperature
effect on DBa has the potential to reduce the Ba/Ca
ratio in otoliths formed during strong upwelling
events and, thus, limit the ability of  Ba/CaOtolith to dis-
tinguish between fish residing in different water
masses. Reconstructing upwelling water mass associ-
ations of fish residing in offshore systems may be
more complex and would benefit from further valida-
tion studies and additional geochemical proxies,
such as oxygen isotopes (δ18O).

Otolith and seawater chemistry during an
upwelling-relaxation cycle

Evaluating the ability of otolith analysis to capture
temporal variability in seawater over naturally vari-
able oceanographic conditions is essential for deter-
mining the extent to which otolith chemistry reflects
short-term water mass associations in coastal up -
welling regions. We found that elemental ratios in
otoliths respond rapidly (within 3 d) to changes in
seawater chemistry. However, the otolith chemistry
obtained from laser analysis likely averages ambient
conditions over a longer time period (3–9 d), as sea-
water elemental ratios were more variable than those
observed in the otoliths. These results agree with
previous studies finding that it takes days to weeks
for otolith elemental ratios to stabilize and reach
equilibrium with ambient water concentrations (Els-
don & Gillanders 2005, Miller 2011). Advances in
laser ablation ICP-MS technology may improve the
temporal resolution of otolith chemical signals and
their ecological interpretation.

By exposing fish to naturally variable conditions,
we found that otolith chemistry reflects these chang-
ing conditions over an ecologically relevant time
scale. During upwelling,  Ba/CaSeawater and  Ba/ CaOtolith

were at a minimum and increased throughout the ex-
periment as oceanographic conditions transitioned
into relaxation and weak upwelling. The relative in-
creases in otolith Ba/Ca and Sr/Ca ratios were pro-
portional to similar in creases in seawater concentra-
tions reflective of changing upwelling strength. The
experimental seawater reflected conditions of water
mass types characterized from 2009−2012 water sam-
ples. We detected variability in  Sr/ CaSeawater and
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Sr/CaOtolith, with peak ratios occurring during relax-
ation conditions. Higher  Sr/CaSeawater during our ex-
periment is consistent with values measured in
coastal water samples collected in the same year,
which showed that relaxation water had a higher
Sr/Ca ratio relative to the other water types. We did
not detect lower Ba/CaOtolith or Mg/CaOtolith when the
water temperature was lowest (9.18°C) during the ex-
perimental period, suggesting that the temperature
threshold for a reduction in otolith partition coeffi-
cients is between 8 and 9.18°C. We recommend that
future studies consider the potential effect of short-
and long-term temperature exposure on DMg and DBa

to improve ecological interpretation of Mg/Ca and
Ba/Ca ratios recorded in otoliths.

Coastal upwelling has long been recognized as a
critical factor influencing the survival of fish and
invertebrate larvae and the recruitment to adult pop-
ulations (Parrish et al. 1981, Morgan et al. 2009a,b,
2012, Caselle et al. 2010b, Laidig 2010). There are
few existing techniques to tag or reconstruct larval
histories in the marine environment, highlighting the
need to assess otolith microchemistry as a tool to
describe residence of early life-stage fish in coastal
upwelling water mass types. This study takes an im -
portant step in understanding the chemical signa-
tures of an upwelling region and the potential appli-
cation of these signatures to study early life-stage
marine fishes. We identify the Ba/Ca ratio as a prom-
ising indicator of coastal upwelling water masses. We
also show that the incorporation of Ba/Ca into oto -
liths is reduced below 9°C and recommend caution in
interpreting chemical signatures in wild fish that may
experience cold temperatures. Variability in otolith
chemistry reflected similar proportional changes
measured in seawater over an upwelling-relaxation
cycle. We conclude that seawater and otolith chemi-
cal signatures are promising tools to make inferences
about the residences of the early life stages of fishes
in up welling regions when coupled with annual
water mass signature validation studies. Successful
reconstruction of larval histories in coastal water
masses calls for a thorough understanding of the fac-
tors that may influence temporal and spatial variabil-
ity in chemical proxies in seawater and otoliths.
These environmental factors include the uptake of
elements via biological activity, mixing processes,
and the influence of external factors on the incorpo-
ration of elements into otoliths. Laboratory validation
studies in combination with field studies are needed
to fully evaluate the complex environmental, physio-
logical, and chemical interactions influencing otolith
chemical signatures and their applications.
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