Identifying natal sources of salmon

California’s land mass into the San Francisco Estuary
(Fig. 1; Conomos et al. 1985). Fall-run Chinook salmon
spawn in rivers and tributaries off the mainstem Sacra-
mento River and San Joaquin River along the valley floor
(Fisher 1994). The geochemistry of the water in the lower
portion of the rivers where juveniles rear in the wild is
derived from weathering of rocks within the entire
upstream watershed. The northern Sacramento River
watershed receives freshwater input from the southern
extent of the Cascade Mountain Range, which is composed
largely of Cenozoic volcanic rock (California Division of
Mines and Geology, 2000; Fig. 1). The southern Sacra-
mento and San Joaquin Rivers drain the Sierra Nevada
Mountains, which generally is older Mesozoic granitic
material (Blum et al. 1994; California Division of Mines
and Geology 2000; Fig. 1). In the CCV both age and rock
type act in concert (e.g., granites are both older and have
higher initial Rb concentrations) to produce a general
meridional gradient in Central Valley rivers from low
87Sr:86Sr values in the north to higher 87Sr:86Sr in the
south (Ingram and Weber 1999). Previous strontium
isotopic measurements of bedrock and stream waters
within the Sacramento—San Joaquin system report signif-
icant differences between the two drainages and among
individual tributaries (Kistler and Peterman 1973; Ingram
and Weber 1999).

Natal source87Sr: 86Sr ratios—To develop a baseline of
87Sr : 863y ratios across natal sources, fall-run juvenile CCV
Chinook salmon were sampled from all five hatcheries and
nine naturally spawning (wild) populations between 1999
and 2003 to include all major sources of juveniles (Fig. 1).
Any unsampled rivers in the CCV did not have significant
numbers of fall-run Chinook salmon (PFMC 2006). Wild
juveniles were collected from streams with rotary screw
traps operated by the California Department of Fish and
Game, East Bay Municipal Utility District, Department of
Water Resources, or S.P. Cramer and Associates. All wild
juveniles were collected on rivers without supplementation
or before releases of hatchery fish into rivers. Sagittal
otoliths were extracted, washed, and stored in dry vials
before cleaning and mounting. The left otolith was soaked
for 6 hours in 30% Suprapur H,O, to remove organic
material. The right otolith was used if the left otolith was
composed of the vaterite form of calcium carbonate.
Otoliths were then double-rinsed in ultrafiltered water,
triple-washed in 0.01 mol L * HNO 3, and double-rinsed
again in ultrafiltered water.

Otoliths were mounted sulcus side up on microscope
slides and polished using AIO3 lapping paper until daily
increments in the juvenile portion of the otolith were
revealed (Barnett-Johnson 2007). Otoliths were transferred
and grouped onto clean petrographic slides, randomized by
source location and sampled using 6@ 5003 80mm (W 3
L 3 D) laser tracks in the ventral region along the longest
axis parallel to daily increments (5mm increment 1; , 12
days) where the plane of growth exhibits the least curvature
(Barnett-Johnson et al. 2005). We measure’Sr:86Sr in
the region of the otolith accreted while in the natal
tributary or hatchery, but after yolk absorption and before
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Fig. 1. Geographic locations and watershed geology where
juvenile Chinook salmon were collected in rivers (open circles) and
hatcheries (open diamonds) between 1999 and 2003 corresponding
to populations listed in Table 1. Volcanic rocks (black) dominate
the Cascade Mountain range to the north, whereas older granitic
rocks (white) are widespread along the western slope of the Sierra
Nevada mountain range producing a general north-to-south
gradient in rock type and age.

outmigration ( , 250 nm from primordia). This region was
just distal to the dark band diagnostic of the onset of
exogenous feeding (Barnett-Johnson et al. 2007). Isolating
this region is particularly important when characterizing
natal 87Sr :86Sr values, because the prefeeding value reflects
Sr derived from both marine (maternally inherited) and
natal river sources (Bacon et al. 2005).

We used a New Wave UP213nm Laser (LA) and
ThermoFinnigan Neptune multicollector inductively cou-
pled plasma mass spectrometer (MC-ICPMS) with specific
instrument, laser, and interference corrections described in
Ramos et al. (2004) as applied to otoliths (Barnett-Johnson
et al. 2005). Thirty ratios, each integrated for 8 seconds,
were measured for each laser track and used to estimate
within-run precision (2 3 standard error 6 0.00004).
Although there are several potential interferences on Sr
isotopes in carbonates, including Ca dimers, Ca argides,
and doubly-charged Er and Yb, only Rb and Kr affected
the accuracy and precisions of7Sr:86Sr (Barnett-Johnson
et al. 2005). We accounted for the effects ¢#Kr and 86Kr
present in the Ar gas by subtracting on-peak baselines
( 1 mV 8XKr), measured before firing the laser from
measured beam intensities. To correct foP’Rb, we used
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Fig. 5. Regression plot using watershed composition to
explain 87Sr:86Sr values in otoliths of wild juveniles collected in
corresponding rivers including AME (open square;87Sr :86Sr
0.710249). Regression equations (a) exclude AMEZ 0.94) and
(b) include AME with an additional variable (x,  percent old
sedimentary aggregate type) retained in the multiple regressior? (

0.96).

sitions (i.e., 9% volcanic and 0% granitic vs. 96 volcanic
and 0% granitic) and are heavily influenced by the geology
of Lassen Volcano. Other watersheds that had similar
percent of granitic rock values had similaB’Sr :86Sr values,
but were measurably different in87Sr:86Sr using LA-MC-
ICPMS, likely because of the differences in the abundance
of the other rock types, high Sr isotope measurement
precisions, and low within-site Sr isotope variability
(Table 1).

Some wild rivers had individual fish that had 87Sr :86Sr
more similar to neighboring rivers than the mearB7Sr :86Sr
from the river from which they were collected. This could
reflect true variability in 87Sr:86Sr at a given river or
perhaps movement of juveniles into non-natal rivers before
collection. Kennedy et al. (2000) employed the deviation in
river 87Sr :86Sr values to identify movers. For example, two
individual fish collected in BAT had 87Sr:86Sr values
similar to those of MIL and DEE. Based on the low
variability of the 87Sr:86Sr values for other fish from BAT
and many other rivers, it is possible that these two fish
moved as juveniles from their natal rivers (MIL/DEE) into
BAT ( , 40 km upstream) before collection.

Small variations in Sr isotope ratios in watersheds and
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Fig. 6. Inter-annual variability in 87Sr:86Sr in the California
Central Valley expressed by a regression ¢fSr:86Sr values in
water collected in 1998 (reported in Ingram and Weber 1999) and
87Sr :86Sr values in wild juvenile otoliths collected in 1999, 2002,
or 2003 in this study (2  0.99). Water and otolith samples were
collected from corresponding rivers during the same season. The
slope of this line (0.99) approximates a 1: 1 relationship.

by Ingram and Weber 1999. Water values collected in 1998
explained 9% of the variation in 87Sr:86Sr in otoliths from
juveniles collected in 1999-2003 during the same season,
confirming the relative stability of 87Sr:86Sr as spatial
markers in the CCV (Fig. 6). The slope of the relationship
was close to 1 (0.99; Fig. 6).

Hatchery vs. wild87Sr: 86Sr values—87Sr :86Sr values for
hatchery and wild fish otoliths from the same rivers were
significantly different (Fig. 4, Table 1). Previous research
by Koch et al. (1992) first documented different87Sr : 86Sr
in hatchery salmon calcified structures (vertebrae) relative
to source water, attributing this deviation to potential
remobilization of Sr during marine growth after initial
vertebrae formation. Using non-exchangeable calcified
tissues (e.g., otoliths), Ingram and Weber (1999) and
Kennedy et al. (2002) documented the same deviation
toward marine 87Sr:86Sr values for hatchery salmon and
implicated two sources of marine Sr: (1) hatchery feed,
which is derived from marine fish, or (2) yolk with
maternally-inherited marine Sr values (due to vitellogenesis
occurring in the ocean). We isolated the natal growth
portion of both hatchery and wild fish and removed the
influence of prefeeding values. Hatchery fish ha@7Sr :86Sr

fish tissues have been found across years and seasonsvalues closer to the global marine value than wild fish and

(Kennedy et al. 2000; Semhi et al. 2000). The extent to
which temporal variation (either seasonal or annual)
compromises classification success is a function of the
amount of variation in 87Sr:86Sr with time vs. among
locations. 87Sr:86Sr values in the natal portion of wild
juvenile otoliths in our study were similar to values of the
water from the same tributaries in different years reported

thus support the influence of hatchery feed as the likely
mechanism for isotopic differences (Fig. 4, Table 1).
Because AME and NIH differ from all other hatchery
and wild pairs in that their 87Sr:86Sr values fall above the
global ocean value, the less radiogenic isotopic value of
NIH hatchery fish and more radiogenic values for AME
wild fish (a reversal in trend from other hatchery and wild
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could provide a likelihood estimate that an individual may

have originated from an unsampled source. It should be
emphasized that Sr isotopes exhibit low within-population
variability and therefore some sites with relatively similar
geology may still be distinguishable.

Sr isotopes recorded in otoliths from all major wild and
hatchery spawning sites of the fall-run Chinook salmon in
the CCV can be used to successfully identify natal origin
with high accuracy, a prerequisite for quantifying the
relative contribution of natal sources in a mixed ocean
fishery. In particular, the availability and analyses of
known-origin coded, wire-tagged adults provided a rare
opportunity to confirm the success of our methods in
reconstructing the early life-histories of adults. Sr isotopic
variation in watersheds and otoliths is determined by
geologic characteristics. Thus, the use of national and state
GIS geologic and hydrologic data layers can be employed
to quantify the scale of variation in rocks and to explore
this variation relative to fish movement to guide research
efforts. Srisotopes combined with quantitative information
about landscape geology can be used to track the natal
origin and movement of salmonids in freshwater, estuarine,
and marine environments to better understand how
processes occurring in these habitats influence the growth,
survival, and reproductive success of anadromous fishes.
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