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ABSTRACT

Analyzing stable isotopes in mollusk shells allows archaeologists to
address issues ranging from seasonality of harvest, to settlement and
subsistence strategies, sea surface temperatures, and nearshore paleoe-
cology. Studying California mussel shells from an ∼8,800-year-old shell
midden on San Miguel Island, we investigate how mollusk growth rates
influence sampling strategies for determining seasonality. Using a fully
profiled shell as a standard to interpret more limited measurements
(terminal growth band plus one) on 39 additional shells, we identified
what appeared to be a multi-seasonal occupation. Sampling 20 of the
39 shells more intensively, however, changed our conclusions about
season of harvest for 35 percent of the analyzed shells, producing data
more consistent with other evidence for a short-term occupation of CA-
SMI-693. Sampling strategies for determining seasonality from marine
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Shellfish, Seasonality, and Stable Isotope Sampling

mollusks should carefully consider the ecology of individual species,
particularly for fast-growing shellfish such as California mussels.

[Supplementary material is available for this article. Go to the pub-
lisher’s online edition of Journal of Island & Coastal Archaeol-
ogy for the following free supplemental resource(s): Appendix 1.
Reported δ13C and δ18O and inferred temperature values for all iso-
topic determinations from forty analyzed California mussel shells from
CA-SMI-693.]

Keywords Early Holocene, stable oxygen isotopes, Mytilus californianus, San Miguel
Island

Archaeologists have used stable oxygen iso-
tope analysis of marine mollusk shells for sev-
eral decades to study past environments and
human adaptations, including the seasonal-
ity of shellfish harvest, human settlement
and mobility patterns, nearshore ecology,
and sea surface temperature (SST) (see An-
drus 2011, 2012; Bailey et al. 1983; Eerkens
et al. 2010; Glassow et al. 1994; Jones et al.
2008; Kennett 2005; Kennett and Voorhies
1995, 1996; Killingley 1981; Kimball et al.
2009; Rick et al. 2006; Shackleton 1973;
Schweikhardt et al. 2011). The ratio between
stableoxygen isotopes 18Oand 16O(reported
as δ18O) reveal enriched or depleted values
(Epstein et al. 1951, 1953; Killingley and
Berger 1979) that provide a proxy for infer-
ring SST for a given period of calcium precipi-
tationduringmolluskgrowth.Recent studies
have examined the relationships among the
rate of growth, calcium carbonate precipi-
tation, and the effects of estimating season
of harvest for various species (e.g., Andrus
2012; Quitmyer and DePrater 2012; Quit-
myer and Jones 2012). Researchers have also
employed a variety of sampling techniques
to extract calcium carbonate (CaCO3) for
isotopic research from mollusks (see Bailey
et al. 1983; Glassow et al. 1994, 2012; Jones
and Kennett 1999; Kennett 1998; Kennett
and Voorhies 1995; Rick et al. 2006; and
others), which frequently includes sampling
the terminal growth band (TGB) and addi-
tional increments along the growth axis (Fig-
ure 1). The total number of isotopic deter-
minations varies between researchers, with
different strategies developed to address ten-
sions between adequate sampling of individ-
ual shells, the total number of shells to be

sampled, analytical time,expenses, andavail-
able funding.

In shell middens along the California
Coast,whereCaliforniamussels (Mytilus cal-
ifornianus) are commonly used for δ18O
analysis, a smallnumberof shells typically are
extensively profiled in ∼2 mm increments,
with additional shells characterized through
more limited sampling of the TGB and incre-
ments ranging anywhere from one (usually
2 mm from the TGB) to several measure-
ments (e.g., Glassow et al. 1994; Kennett
2005; Jones et al. 2008; Rick et al. 2006).
For fast-growing mollusks such as California
mussels (see below), however, 2 or 3 iso-
topic determinations spanning ∼2–5 mm of
growthmaynot representa full season(three
months) of growth. During periods of rapid
growth, suchsmall sampling incrementsmay
capture just a week or month of growth
(see Bailey et al. 1983:394), while for slower
growing mollusks this method may capture
one or more seasons of growth. Ideally, sea-
sonal determinations should be based on iso-
topic records spanning at least one or more
season of growth (Bailey et al. 1983).

A sampling method designed to docu-
ment at least one season of growth for a mol-
lusk may vary depending on species, lifes-
pan, growth rate, age, size, water salinity,
foodavailability,habitat, SST, sexofanorgan-
ism, and other factors (Goodwin et al. 2003).
For California mussels, several studies (e.g.,
Culleton et al. 2009; Glassow et al. 1994;
Jones and Kennett 1999; Kennett 1998;
Killingley and Berger 1979; Rick et al. 2006;
and others) employed a 2 mm interval sam-
pling strategy as a standard unit of measure
when conducting oxygen isotope analysis.
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Nicholas P. Jew et al.

Figure 1. 20 × and 200 × (inset) magnification of a California mussel shell from CA-SMI-693,
illustrating ∼2 mm of growth (represented by the red dot) inward from the terminal edge.
The inset shows the lighter and darker layers typically identified as growth bands (color
figure available online).

The number of isotopic determinations per
shell ranges from two samples (TGB + 1) to
extendedprofiles thatsample30mmormore
of shell growth. See Figure 1.

On Santa Cruz Island, Glassow et al.
(1994) fully profiled (∼15–24 samples per
shell) seven California mussels from a Mid-
dle Holocene shell midden, sampling ∼28–
48 mm of growth. Later, using mussels from
Santa Rosa Island shell middens, Rick et al.
(2006; Robbins and Rick 2007) sampled 4–5
increments at 2 mm intervals for every an-
alyzed mussel shell, sampling ∼8–10 mm
along the growth axis. Increasingly, Califor-
nia archaeologists have relied on full profiles
for one or more shell from each site or com-
ponent, with additional shells sampled us-
ing a TGB + 1 method (see Jones et al. 2008;
Kennett 2005).

Here, given what is known about the
growth rates of California mussels, we
examine how many isotopic determinations
per shell are required to ensure the sampling
of at least one full season of growth—
generally considered to be a minimum for
accurate estimates of the season of harvest.
Specifically, we consider the ecology and
variable growth rates of California mussels in
evaluating two different sampling strategies
used to acquire isotope and seasonality data.
We use the TGB + 1 method and a modified
TGB + 6 method to evaluate seasonality
determinations on California mussels from a
discrete, 8,800-year-old shell midden feature
at CA-SMI-693 located near Point Bennett
on San Miguel Island. We evaluate the δ18O
results in relation to other archaeological
evidence for the structure, function, and
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seasonality of CA-SMI-693. First, however,
we provide background data that contex-
tualizes the site, the paleoecology of the
ancient Point Bennett area, and the ecology
of California mussels.

BACKGROUND AND
ARCHAEOLOGICAL SETTING

On California’s Channel Islands (Figure 2),
the last decade has seen considerable
progress on understanding the antiquity and
nature of human settlement during the Pale-
ocoastal period, from∼13,000 to 8,500 years
ago (see Cassidy et al. 2004; Erlandson et al.
2011; Glassow et al. 2008; Johnson et al.
2012;Kennett2005;Kennettetal.2008;Rick
et al. 2001). More than 75 Terminal Pleis-
tocene and Early Holocene sites have been

identifiedonthenorthern islandsalone,most
of them on San Miguel and Santa Rosa islands.
Less than one-third of these early sites have
been tested, andmostof these have seen very
limited excavations.

It is often assumed that most Paleo-
coastal sites on the Channel Islands were
short-term or seasonal campsites (see Bal-
ter 2011; Erlandson et al. 2008a; Fitzhugh
and Kennett 2010; Rick et al. 2005). Ris-
ing postglacial sea levels have submerged
the coastal lowlands where early maritime
people probably spent most of their time
(see Kennett et al. 2008) and most known
Paleocoastal sites are located around peri-
coastal geographic features (caves, springs,
chert sources) that drew ancient maritime
peoples into the interior. Other than an in-
ferredwinter/earlyspringoccupation(based
on the presence of migratory waterfowl) at

Figure 2. MapofSantaCruz, SantaRosa,andSanMiguel Islands including theapproximate location
of CA-SMI-693 relative to the onshore and offshore topography of western San Miguel
Island, including the 10-fathom submarine contour that approximates the location of the
paleo-shoreline about ∼8500 cal BP (from NOAA 1987 navigation chart for San Miguel
Passage) (color figure available online).
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the 11,700 year old CA-SRI-512 on Santa Rosa
Island (Erlandson et al. 2011), there is little
or no evidence for the seasonality of occupa-
tion at Paleocoastal sites. There is consider-
able diversity in the size, depth, density, and
contents of such sites, however, suggesting
thatPaleocoastalpeoplesmayhaveoccupied
the larger islands yearround.

CA-SMI-693 was discovered during a
search for early sites near the west end of
San Miguel Island. The site appeared to have
beenrecentlyexposedbytheerosionofover-
lying Holocene dune sand and was being de-
stroyed by a combination of wind erosion
and the activities of pinnipeds hauling out
on the site. In response to this damage, the
site was thoroughly surveyed in 1–2 meter
transects to identify exposed artifacts, fau-
nal remains, and features. Much of the site
was heavily disturbed, leaving a deflated scat-
ter of marine shells and occasional artifacts
visible over an area about 80 m long and
30 m wide. Here, we identified three loci
(north, central, and south) where remnants
of intact shell midden deposits were still con-
centrated. Very few artifacts were observed
on the site surface and only two tools were
noted still embedded in the site soil: a lightly
used hammer stone and a flaked cobble core.
No animal bones were observed in situ ei-
ther, and excavation of a 1 × 1 m wide test
pit in an intact midden feature in the central
locus produced just two tiny unidentifiable
bone fragments.

The shell midden at CA-SMI-693 was
only 3–8 cm thick, but the excavation of Test
Unit 1 produced more than 4.6 kg of marine
shell from California mussels and other rocky
intertidal shellfish taxa. These included the
remains of over 400 California mussels, in-
cluding scores of whole and still articulated
mussel shells. California mussels dominated
the shellfish assemblage, comprising more
than 80% of the shellfish MNI, 91% of the
shell weight, and 96% of the estimated meat
yield for the excavated sample. Aside from
small amounts of black abalone (Haliotis
cracherodii), black turban (Chlorostoma fu-
nebralis), and sea urchin (Strongylocentro-
tus spp.) shell, the other shellfish taxa repre-
sented appear to be mostly epifauna, includ-
ing tiny limpets and barnacles often found at-
tachedtomussels (JonesandRichman1995).

Three well-preserved California mussel
shells from the intact remnants of the cen-
tral and southern loci were submitted for ra-
diocarbon (14C) dating and calibrated using
a �R of 225 ± 35 within a 1 sigma range.
At the UO, the 14C samples were cleaned
and etched with hydrochloric acid (HCl) to
remove potential contaminants, and sent to
two labs for dating. First, two samples were
submitted to Beta Analytic for analysis via
conventional liquid scintillation counting.
This resulted in 14C dates of 8,540 ± 50
RYBP (Beta-255083) for the southern locus
and8,150 ± 100 RYBP (Beta-255084) for the
central locus, with calibrated age ranges of
8,980–8,780 cal BP and 8,510–8,290 cal BP,
respectively (see Stuiver and Reimer 1993).
A second mussel shell (Mc33) from the cen-
tral locus was later submitted to DirectAMS
for dating via accelerator mass spectrometry
and produced a conventional age of 8,440 ±
40 RYBP (DAMS-1217–174; J. Chatters, p.c.,
2012) and a calibrated age range of 8,810–
8,620 cal BP. This date is consistent with
Beta-255083 and suggests that CA-SMI-693
resulted from a single short-term occupation
∼8,800 ± 100 years ago.

A variety of evidence—including the
dearth of artifacts and vertebrate remains,
the thin and ephemeral nature of the midden
deposits, and the limited diversity of shell-
fish represented—supports the conclusion
that occupation of CA-SMI-693 was relatively
brief and focused on the harvest and pro-
cessing of California mussels. The dearth of
artifacts and vertebrate remains at the site is
reminiscentof severalnearbyEarlyHolocene
sites that have been interpreted as short-
term camps focused on shellfish collecting
and processing (e.g., Erlandson et al. 2004).
Because well-preserved mussel shells were
abundant in the small and shallow shell fea-
ture excavated at the site, they provided an
excellent opportunity to examine the sea-
sonality of the site occupation.

MYTILUS CALIFORNIANUS ECOLOGY
AND GROWTH

California mussels are filter-feeding bivalves
that inhabit intertidal and (less commonly)
subtidal zones of North America’s Pacific
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Coast, from the Aleutians and Alaska to Alta
and Baja California (Bayne 1976; Killingley
and Berger 1979:187). California mussels are
relatively long-lived bivalves that can live up
to 20 years. They are found in rocky intertidal
areas in water temperatures that can range
between ∼8 and 26◦C (Bayne 1976; Coe and
Fox 1942:66). California mussels along the
Southern California Coast spawn throughout
the year (see Suchanek 1981) with breeding
peaks between July and December (Morris
et al. 1980) and can begin reproducing as
early as 4 months old or between 25 and
30 mm long (Shaw et al. 1988). Environmen-
tal influences such as water temperature,
salinity, wave action, food (dinoflagellates,
kelp spores, etc.) availability, surface expo-
sure, sedimentation, and upwelling can vary
depending on geographic location, chang-
ing growth rates of mussels by the hour, day,
month, and season (Coe and Fox 1942, 1944;
Dehnel 1956; Fox and Coe 1943; Menge et al.
2008; Rao 1953; Richards 1946; Richards
et al. 1990). As a response to heavy preda-

tion, California mussels generally grow very
rapidly during their first year, adding as much
as 6 mm of shell length per month and reach-
ing total lengths of ∼70 mm (Coe and Fox
1942). Insubsequentyears,growthslowssig-
nificantly as more metabolic energy goes to
reproduction, with shell growth averaging
∼35 mm in the second year, 20 mm in the
third year, and just 5 mm in the fourth year
(Figure 3). Depending on environmental
conditions and the age of an individual mus-
sel, monthly growth rates can vary dramati-
cally, from less than 1 mm to more than 5 mm
per month (Coe and Fox 1942:60). In waters
south of Point Conception, where growth
tends to be relatively rapid (Phillips 2005),
California mussels less than ∼70 mm long
may grow 18 mm or more in a single season.

On the Northern Channel Islands (NCI),
California mussels were harvested by hu-
mans for at least 12,000 years (see Erlandson
et al. 2011) and are the most abundant type of
shellfish found in most island shell middens.
California mussels are nearly ubiquitous in

Figure 3. Estimated mean growth curve for >1000 California mussels over a four-year period at
Scripps Institute of Oceanography in La Jolla, California (after Coe and Fox 1942).
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the mid-to-low intertidal zone of rocky island
shores. They attach to rocky substrates via
strong byssal threads, often forming dense
clusters or extensive mussel beds. Because
they are abundant, readily accessible, grow
rapidly, and can be easily harvested in large
clumps or stripped from rocks in dense mats,
they are generally considered the top-ranked
shellfish on the islands (see Braje et al. 2007).

Trans-Holocene studies of mussel har-
vesting on San Miguel and Santa Rosa is-
lands have shown a long-term and island-
wide reduction in mean California mussel
size, with most Late Holocene shell middens
containing relatively small mussels averag-
ing just 35–50 mm long (Erlandson et al.
2008b). As a result, although the Island Chu-
mash harvested millions of mussels annu-
ally from Channel Island waters, most of
these were small and less than one year old
when harvested (see Figure 3). At CA-SMI-
693, the mean length of 100 measured mus-
sel valves was 67.8 mm, with a range of 35
to 102 mm. Growth curves for California
mussels in southern California waters sug-
gest that all of these mussels were probably
harvested before they were two years old,
with more than half being one year old or
less. How might the very rapid growth of Cal-
ifornia mussels during their first year of life
affect oxygen isotope sampling methods and
the inferred seasonality of mussel harvest?

OXYGEN ISOTOPE ANALYSIS

The rapid growth of California mussels
during their first year suggests that shells
∼70 mm long require sampling of at least
∼15–25 mm along the growth axis to
adequately characterize a full season of
growth. With average growth rates slow-
ing to ∼35 mm during their second year,
however, mussels >70 to 105 mm long
should require considerably less sampling
(∼9–12 mm) to span a full season of growth.
The very different growth rates for Califor-
nia mussels in their first few years of life sug-
gest that different isotopic sampling strate-
gies might be appropriate for shells of dif-
ferent sizes. To test this, we analyzed whole
California mussel shells of varying sizes using
two different sampling methods.

Methods

First we selected 40 whole or nearly
whole California mussels between 45 mm
and 102 mm long. All shells were scraped,
rinsed in deionized water, and etched in di-
luted HCl (0.5 M) to remove foreign sub-
stances and diagenetically altered carbon-
ate (see Bailey et al. 1983; Culleton et al.
2006; McCrea 1950; Robbins and Rick 2007).
Each shell was mounted onto a Sherline
5410 Micromill and drilled at low speeds
(see Robbins and Rick 2007:29) using a car-
bide (.05 mm) drill bit, carefully sampling
in transects following the visible growth
lines while ensuring that only the exte-
rior calcite was sampled. Powdered sam-
ples were weighed and placed in an au-
tosampler that flushed exetainers with he-
lium to exclude atmospheric carbon dioxide
and injected with several drops of othro–
phosphoric acid to release carbon dioxide
from each sample. δ18O and δ13C were mea-
sured using a Finnigan MAT253 mass spec-
trometer using continuous helium flow with
precision oxygen and carbon isotopic ra-
tios at ± 0.1� measured at 1 sigma and
calibrated by repeated direct measurement
against NBS-19. All isotopic determinations
are reported in δ-notation in per mil (�)
using the Vienna PeeDee Belemnite (VPDB
or PDB) standard and inferred SST is based
on oxygen isotope signature conversion (see
Epstein et al. 1951, 1953; Killingley 1981)
where:

T (◦C) = 16.4–4.2 (δ18O cc(PDB) −
δ18Owater(smow)) + .13 (δ18O cc(PDB) −
δ18Owater(smow))2

The selected �0m δ18Osw(�) for the Early
Holocene period ∼8,800 cal BP in the Pa-
cific (see LeGrande and Schmidt 2009; Mar-
tinson et al. 1987) is ∼.47� and was ad-
justed from an ocean water sample of .32�
taken from Santa Rosa Island (see Robbins
and Rick 2007) providing an ice volume cor-
rection (δ18Owater (smow)) of .15�. The mini-
mum and maximum temperatures in the ter-
minal edge series represent the warmest and
coldest months of harvesting (see Kimball
et al. 2009).
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Initially, we analyzed 95 carbonate sam-
ples including one fully profiled shell (Mc21,
77 mm long) and two measurements each
for the other 39 shells (TGB + 1; sampling
the terminal growth band plus one sample
2 mm from the TGB). For our second ap-
proach (TGB + 6 method), we measured 120
isotopic signatures from 20 of the previously
sampled shells, 10 shells from 45 to 67 mm
long and 10 larger shells from 71 to 100 mm
long. Shells were sampled at 3 mm intervals
for at least 18 mm of growth extending from
the TGB to ensure at least 3–4 months of
growth for smaller mussels, based on esti-
mates of California mussel growth (see Coe
and Fox 1942, 1944).

A Paleo-SST Model for Western San Miguel
Island

For the extensively profiled shell
(Mc21), we analyzed 17 samples taken in
3 mm intervals, for a total of 48 mm of
growth. This extended profile (Figure 4)

provided a standard range of SST variation
over most or all of an annual cycle and was
used to estimate seasonal variability in paleo-
SST for waters around the western end of
San Miguel Island ∼8,800 years ago (Fig-
ure 5). Subsequent isotopic measurements
were converted into estimated temperature
valuesandcompared to thepaleo-SSTmodel,
adjusted from modern monthly SST aver-
ages recorded for ten years off the coast of
San Miguel Island (Kennett 2005:56,66–68).
Modern SST averages off San Miguel place
the coldest water temperatures (∼12.5◦C)
during March–May (spring), with increasing
temperatures (∼14–16+ ◦C) between June
and September (summer–early fall), declin-
ing temperatures (16–14◦C) from October
to December (late fall–early winter), and
further decline during January and Febru-
ary (winter). Because SSTs around western
San Miguel during the Early Holocene ap-
pear to be characterized by seasonal temper-
ature variations of ∼6◦C (see Appendix 1,
available online) the range of seasonal vari-
ation was adjusted to compensate for this

Figure 4. Shell profile forMc21, showingchanges in inferred temperatures through48mmofgrowth.
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Figure 5. Modern estimated seasonal SST variation for San Miguel Island (top, adapted from
10 years of recorded sea surface temperatures, including 95% confidence intervals (dashed
lines; see Kennett 2005:56) compared to estimated seasonal SST variation for the Point
Bennett area ∼8,800 years ago. (The boxplot, quartiles, and whiskers indicate the range
of SST variation for the fully profiled mussel shell (Mc21), demonstrating the overall lower
temperature ranges consistent with cooling trends during this period.

increased variability. Overall, recent δ18O
values range between 0.852 and −0.283
(PDB) for the Santa Barbara Channel re-
gion (see Kennett 1998:451, 2005:66; Ken-
nett and Kennett 2000:384) where Early
Holocene δ18O values for ∼8,700 cal BP fall
between ∼0.2 and −0.4 with cooler tem-
peratures during this period (see Kennett
2005:66). As a result, our modeled temper-
atures were adjusted between 2 and 4◦C,
skewedtowardscolderwater temperatures.

We classified the season of harvest for
each analyzed shell using the parameters
listed below: where X represents the value

for the TGB (season of capture) and Y equals
thevaluefor thecomparativegrowthband(s)
and season prior to capture, and directional-
ity is the difference (change) between these
two values. Based on these estimates, sea-
sonal paleo-SST near San Miguel ∼8,800 cal
BP can be divided as follows:

Summer (June–September): X ≥ 12◦C and
Y < X (increasing warm temperatures
above ∼12◦C);

Fall (September–December): X ≥ ∼10◦C
and Y > X (with decreasing warm tem-
peratures);
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Winter–Early Spring (December–March): X
≤ ∼10◦C and Y > X (coldest waters);
and

Spring (March–May): X ≤ ∼12◦C and Y <
X (with colder temperatures).

Figure 5 also shows at least two extended
periods of relatively stable temperatures rep-
resented in the modern 10-year averages
for waters off San Miguel, one during 5–6
months between December and May (win-
ter/spring), and another of 2–3 months du-
ration from July to September (summer).
Given the overlap in SSTs between winter
and early spring, these seasons were indis-
tinguishable except in shells that contained
high variability between the terminal edge
and adjacent growth bands, suggesting ei-
ther a dramatic warming or cooling from the
prior season. Given instrumentation preci-
sion of ± 0.1�, approximate temperature
values and assigned seasons are influenced
by the isotopic determination of the compar-
ative sampled interval. For example, temper-
atures on the border between two seasons
were assigned based on the temperature of
the previous season. Therefore a shell with
a TGB temperature of 9.9◦C could be either
late fall, winter, or early spring depending
on the temperature of the previous season. If
the temperature of the comparative sample
interval was 10.2◦C it would be attributed to
a winter or early spring harvest, while a shell
with a comparative sample interval of 15◦C
would be attributed to a fall–late fall harvest
as it is unlikely this high temperature would
occur in late winter. Shells that contained
lower SST variances between the TGB and
comparative 2 mm of growth were assigned
a single season as this suggests that it was
harvested well into the season. Alternately,
if the TGB and comparative sample interval
contained high SST variances, these were as-
signed a corresponding season as they were
most likely harvested towards the end of the
previous seasons and in the early months of
the season of capture.

Initially, we assigned a prior season and
season of harvest for each shell using the re-
sults from the TGB + 1 sampling method. We
then reassigned seasonality to 20 re-tested

shells using the TGB + 6 method, with sam-
pling intervals of 3 mm capturing at least
18 mm of growth for each mussel. Compar-
ing the two data sets, we identified where
differences lie between the 2 mm vs. 18 mm
sampling intervals for larger and smaller mus-
sels. From these comparisons we discuss the
efficacyofseasonalitydeterminations forCal-
ifornia mussels from CA-SMI-693 using the
two methods.

RESULTS

The extended isotopic profile for shell Mc21
(77 mm long) includes 48 mm of growth,
with temperatures ranging from 9.2◦C to
14◦C, with an average of ∼12◦C. The low-
est temperature for the profiled shell is ∼2
degrees cooler than modern SST, consistent
with cooling trends identified for the Early
Holocene (see Kennett 2005:66). Figure 4
plots the temperature distribution of the
profiled shell, which span ∼48 mm along
the growth axis of the shell, which match
up well with a full annual cycle of modern
SST variation for San Miguel Island waters
(Figure 5). For a shell a total of 77 mm long,
this suggests that growth rates near Point
Bennett ∼8,800 years ago were somewhat
slower than those recorded for the warmer
waters of La Jolla in the 1940s.

TGB + 1 Sampling

Isotopic determinations from 39 addi-
tional California mussel shells (Appendix
1, available online) utilized the TGB + 1
method, analyzing samples from the termi-
nal growth band and 2 mm for each shell.
We then interpreted season of harvest on
SST, the direction of change (warming vs.
cooling) for each shell, and comparison to
our paleo-SST model. The results show a
wide range of enriched and depleted δ18O
values. TGB values varied significantly, with
an overall range of ∼9–16◦C and an average
of12.5◦C,suggesting that theshellswerehar-
vested inawiderangeofwater temperatures.
Our results suggest that 25 of the shells were
collected in waters warmer than the 12.5◦C
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Figure 6. Inferred temperature distribution for 40 mussels from CA-SMI-693 analyzed with the
TGB + 1 sampling method including the terminal growth band (solid circles) and one
adjacent band (at 2 mm; open circles); samples are ordered from lowest to highest temper-
ature at the point of harvest. Note that mussels appear to have been harvested in waters
ranging from 9–16◦C and that shells are almost evenly split between specimens harvested
during warming vs. cooling trends.

average and 15 shells in cooler waters. Com-
paring the TGB and 2 mm samples, 19 shells
show harvesting from warmer to colder pe-
riods, 17 from colder to warmer periods, and
four from moderate periods of little or no
temperature change (Figure 6). Compared
to our paleo-SST model, these distributions
suggested a pattern of multi-seasonal shell-
fish harvesting and site use at CA-SMI-693,

focused on summer (n = 22, 55%) and fall (n
= 13, 32.5%), with only limited harvesting
during winter or early spring (n = 5, 12.5%).
These percentages could reasonably be in-
terpreted as evidence for a year-round site
occupation (see Jones et al. 2008:2292) with
reduced collection in the winter–spring and
mussel harvesting focused primarily on the
warmerandcalmersummerand fallmonths.
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Shellfish, Seasonality, and Stable Isotope Sampling

Differences between the TGB and 2 mm
samples vary from ∼.5◦C to 6◦C. The higher
SST fluctuations represented in only 2 mm
of shell growth may result from long peri-
ods of slow growth for larger mussels or
episodic events dramatically changing SST
within a single season for smaller mussels.
Similar high variances of SST have also been
identified in Middle Holocene assemblages
on Santa Cruz (Glassow et al. 1994) and Santa
Rosa islands (Rick et al. 2006) and can also
occur in modern SST in a single month (see
Kennett 2005). For both smaller and larger
mussels, temperature changes (and their di-
rectionality) between the TGB and 2 mm
samples may represent as little as one or
two weeks of growth, short periods that
may be particularly susceptible to short-term
episodic events (wave activity, wind-driven
upwelling, local variation in currents, etc.).

The TGB + 1 evidence for mussel har-
vesting at CA-SMI-693 through much of the
year seemed to contradict other archaeolog-
ical evidence that the site occupation was
relatively brief, especially given that all the
mussels analyzed came from a 1 × 1 m
area within a small and discrete shell mid-
den feature. Consequently, we decided to
conduct additional analysis to test these ini-
tial results. The decision to conduct further
testing was also fueled by our suspicion that
nearshore oceanic conditions around west-
ern San Miguel Island might be particularly
complexoceanographicallydue tounusually
strong wind regimes, high wave energy, and
the interaction of complex ocean currents.

TGB + 6 Sampling

To test the results of our TGB + 1 anal-
ysis, we designed a second round of δ18O
analysis, based on more extended sampling
of 20 of the original 40 shells, including 10
shells 70 mm or longer and 10 shells smaller
than 70 mm. For each of these 20 shells,
we analyzed six additional sampling inter-
vals at 3, 6, 9, 12, 15, and 18 mm from
the TGB. The longer profile for these 20
shells show longer time depth with slightly
higher SST variances between growth peri-
ods. Overall, however, they are comparable

to the general range of water temperatures
established earlier for paleo-SSTs off western
San Miguel ∼8,800 years ago. The TGB + 6
method provides an extended view of water
temperatures before the season of capture
(TGB), including multiple periods of growth
for each shell. This approach allowed us to
identify SST variations across 18 mm of shell
growth—spanning one or more seasons of
growth for both smaller and rapidly growing
mussels and larger mussels that were likely
to be growing much more slowly.

When comparing TGB values to those
from six adjacent 3 mm increments, our esti-
mated seasons of capture for smaller mussels
range through summer (n = 3), summer–
fall or late fall (n = 5), and winter (n =
2). For the10 larger mussels, our seasonality
estimates all fell during spring–summer or
summer periods. The extended isotopic
determinations per shell demonstrate that
water temperatures over 18 mm of growth
fluctuate between ± 3 and 7◦C suggest-
ing that seasonal variations off western San
Miguel Island were relatively high. In con-
trast, SST between the terminal edge and
3 mm samples fluctuated a maximum of 5◦C
and on average ∼± 2◦C. For example, the
inferred SST for the last 18 mm of growth for
shell Mc5 fluctuates between 9.9 and 14.8◦C
which suggest warming and cooling waters
comparable to those proposed in our paleo-
SST model.

Comparison of TGB + 1 and TGB + 6
Results

Overall 70% of the twenty shells reana-
lyzed after the initial TGB + 1 sampling were
assigned different seasonal ranges based
on sampling of additional growth bands
(Table 1). For the 10 larger shells, more inten-
siveanalysisyieldeddifferentseasonal ranges
for six shells and four were assigned differ-
ent harvest seasons. All four of the latter
changed from fall to summer, further con-
centratingtheseasonalityofshellfishharvest-
ing at CA-SMI-693 in the summer months.
Among the larger mussels, half also showed
rapid changes in SST between the 2 mm and
3 mm samples. Reconstructed SST for the

JOURNAL OF ISLAND & COASTAL ARCHAEOLOGY 181

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
O

re
go

n]
 a

t 1
2:

47
 1

8 
Ju

ly
 2

01
3 



Nicholas P. Jew et al.

Table 1. Estimated season of harvest for California mussels from CA-SMI-693, including 20
samples reanalyzed with extended-measurements.

Shell Length TGB + 1 TGB + 6

ID# (mm) (0–2 mm) (0–18 mm)

1 73 Fall–fall —

6 71 Summer–fall —

8 49 Spring–summer —

9 60 Spring–summer —

11 55 Spring–summer —

13 62 Spring–summer —

15 102 Fall–early winter —

18 71 Summer–fall —

19 58 Summer–fall —

20 72 Spring–summer —

23 60 Summer–summer —

24 72 Summer–fall —

25 55 Summer–fall —

26 60 Summer–summer —

27 62 Summer–summer —

33 70 Summer–summer —

36 54 Summer–summer —

37 60 Spring–summer —

38 92 Summer–summer —

21 77 Summer–fall —

22 74 Summer–fall Spring∗–summer∗

28 88 Summer–summer Spring∗–summer

29 87 Summer–fall Spring∗–summer∗

30 80 Summer–summer Summer–summer

31 71 Summer–summer Spring∗–summer

32 85 Summer–fall Spring∗–summer∗

34 77 Spring–summer Spring–summer

35 86 Summer–summer Summer–summer

39 76 Spring–summer Summer∗–summer

40 100 Summer–fall Spring∗–summer∗

2 62 Spring–summer Summer∗–summer

3 50 Spring–summer Summer∗–summer

4 63 Summer–fall Summer–fall

5 45 Fall–winter Fall–late fall∗

7 65 Spring–summer Summer∗–summer

10 65 Winter–early spring Fall∗–late fall∗

12 62 Fall–early winter Fall–early winter

14 61 Winter–winter Fall∗–winter

16 66 Spring–summer Summer∗–fall∗

17 67 Summer–fall Summer–fall

Note: Asterisks indicate where sampling methods led to different seasonality conclusions.
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Shellfish, Seasonality, and Stable Isotope Sampling

TGB of shell Mc39 (Figure 6) is 15.9◦C, for
example, followed by 11.5◦C (2 mm), 15.9◦C
(3 mm), and 15.0◦C (6 mm). The extended
isotopic profile for this shell suggests a grad-
ual warming—interrupted by a single rela-
tively rapid cooling episode—over 18 mm
of growth (from 10.5◦C to 15.9◦C) which
suggests a summer collection when waters
were warmer. The high variance between
closely spaced growth bands 2 and 3 mm
from the TGB in this and other shells (Fig-
ure 6) probably represents short-term and
episodic SST fluctuations off western San
Miguel Island in the Early Holocene. If such
dramatic changes in SST represented a full
season of growth, ∼1 mm of growth would
have to represent at least 4 months, contra-
dicting what is known of mussel ecology and
growth rates even in the poorest conditions
(see Coe and Fox 1942). In many such cases,
without a more extended profiling of the
shells, season-of-harvest estimations would
be misinterpreted.

For the 10 smaller (<70 mm) mussel
shells, analysis of the TGB + 6 samples re-
sulted in seasonal range changes for seven
(70%, n = 7/10) shells and different harvest
seasons for three (30%, n = 3/10). Shell Mc2
(Figure 7) was originally assigned a spring–
summer range because the 2 mm growth
band was 3 degrees colder than the TGB
(12.9◦C), suggesting that it was harvested
as cool waters warmed. The 18 mm growth
band is 12.3◦C with three dramatic decreases
in temperature up to the terminal edge. This
likely represents seasonal fluctuation in tem-
peratures within summer of ± 4◦C which is
consistent with modern temperature varia-
tion within a single season of ± 5◦C (Glas-
sow et al. 1994:227; Kennett 2005:56) and
also during the Middle Holocene on Santa
Cruz (see Glassow et al. 1994:226) and Santa
Rosa islands (Rick et al. 2006:246). The most
significant differences can be seen in shell
Mc7 (Figure 7) where isotopic data for the
2 and 3 mm growth bands produced dif-
ferent directional changes in temperatures
and thus different interpretations for season
of capture. Shell Mc7 was originally identi-
fied as a spring–summer harvest based on
the TGB + 1 sampling strategy. The 3 mm
growth band was 3◦C warmer than the termi-

nal edge, suggesting a fall season of harvest.
The temperature for the 18 mm of growth
was 0.7◦C cooler than the terminal edge but
warm enough to have been well into sum-
mer harvesting. These differences can be ex-
plained as either intraseasonal temperature
fluctuations or multiple seasonal signatures
for slower growing mussels. Given the range
of temperaturesbetweenthe2mmand3mm
growth bands, once again the isotopic data
most likely represent relatively short-term
intra-seasonal fluctuations.

DISCUSSION

For the 20 California mussel shells from CA-
SMI-693 analyzed with both the TGB + 1
and TGB + 6 methods, our results were sub-
stantially different—with the more inten-
sive method changing the estimated sea-
son of harvest for 35% of the shells, 40%
of those>70 mm long, and 30% of those
<70 mm long. Assuming that the 18 mm
method (TGB + 6) is a more accurate mea-
sure of the seasons represented at and before
harvest, the TGB + 1 method appears to be
significantly less reliable than our TGB + 6
method—at least for western San Miguel Is-
land about 8,800 years ago.

The results also significantly narrow the
seasonalharvest signature for those20shells,
with 90% falling within the summer (n = 13)
or fall (n = 5), and just two shells attributed
to a winter harvest. In contrast, with the
TGB + 1 sampling method, just 80% of the
shells were identified as being harvested in
summer (n = 10) or fall (n = 6) and 20%
were identified as either winter (n = 3) or
spring (n = 1). Applying a 35% error rate
to the full sample of 40 shells (Figure 8)
significantly changes the reconstructed sea-
sonal patterns of mussel harvesting and the
inferred season(s) of site occupation. With
just 10% of the analyzed shells falling out-
side of a summer/fall harvest, moreover, it
is considerably easier to explain the outliers
as resulting from another ecological prob-
lem rarely discussed in seasonality analyses
for California mussels. This has to do with
the typical aggregation of California mussels,
human mussel harvesting techniques, and
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Figure 7. Profiled temperature estimates from shells tested using both sampling strategies, illustrat-
ing some inconsistencies and seasonal discontinuities. The 2 mm value is represented in
each graph by a vertical line through the x-axis. All four shells were harvested in summer
based on TGB + 6 values.

year-round predation on mussels by seastars
(Pisaster ochraeous) and other non-human
predators. If people harvested clusters of in-
tertwined mussels from rocky intertidal ar-
eas (see Jones and Richman 1995), occa-
sional shells of dead mussels may have been
brought back to the site along with live
ones.

From a methodological standpoint, if
shell growth is ∼15–18 mm per season
for smaller mussels and ∼9–12 mm for
larger mussels, then the variation between

0 and 2 mm of growth represents short-
term (intra-seasonal) SST fluctuations rather
than broader seasonal signatures prior to har-
vest. This suggests that for California mussels
and other rapidly growing molluscs, archae-
ologists should carefully consider growth
rates—which vary significantly through the
lifehistoryofmanyspecies—indevisingδ18O
sampling strategies. Based on our analysis, it
seems clear that sampling strategies should
vary depending on the age and size of the
shell being analyzed.
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Shellfish, Seasonality, and Stable Isotope Sampling

Figure 8. Seasonality reconstructions including error bars (whiskers) for 40 analyzed shells, based
on an extrapolation from reassignments between the TGB + 1 and TGB + 6 samples
(a 35% error rate for TGB + 1 samples was applied to the larger sample).

CONCLUSIONS

Archaeologists have identified scores of Ter-
minal Pleistocene and Early Holocene sites
on California’s NCI, but there is still little
known about the nature of Paleocoastal set-
tlement in general or the seasonality of spe-
cific site occupations. In this paper, we re-
ported the first detailed evidence for the
seasonality of a Paleocoastal site based on
δ18O analysis of marine shells. The structure
and contents of this 8,800-year-old shell mid-
den on western San Miguel Island strongly
suggested that site occupation was relatively
brief, seasonal in nature, and focused on the
harvesting of California mussels and other
rocky shore shellfish. When initial δ18O re-
sults for 40 California mussel shells seemed
at odds with this archaeological evidence,
we conducted more intensive isotope sam-
pling for 20 of the same shells. For 35% of
the shells, the results were significantly dif-
ferent and produced seasonality data more
consistent with a summer–fall occupation of
the site. The revised results, when combined

with other archaeological evidence, lead us
to conclude that CA-SMI-693 was a seasonal
camp occupied during the summer and to a
lesser extent the fall—possibly a satellite for
a larger residentialbase locatedelsewhereon
SanMiguelorSantaRosa islands.Thishypoth-
esis is supported by the isotopic signatures
and inferred SST values, the high frequency
of California mussels at the site, and a near
absence of artifacts and vertebrate faunal re-
mains.

More extended profiles for mussel shells
from CA-SMI-693 also provided SST esti-
mates that identified several short-term tem-
perature fluctuations suggestive of episodic
events potentially related to storm activity,
wind-driven upwelling events, or the com-
plexity of ocean currents and microhabitats
in the ancient Point Bennett area. Whatever
the cause, these short-term fluctuations in
SST revised several of the seasonality deter-
minations obtained with the TGB + 1 sam-
pling method after more intensive sampling
was done. Given the rapid growth of Cali-
fornia mussels, particularly in their first year
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or two of life, we recommend more exten-
sive sampling of shells to obtain higher res-
olution data on paleo-SSTs, seasonality, site
function, and human subsistence and set-
tlement strategies. Ideally, we recommend
that more than one whole shell should be
fully profiled per assemblage—the more the
better—in intervals ranging from 1 to 3 mm
along the growth axis to provide a range of
SST throughout an annual cycle. The result-
ing data can be compared to modern water
temperatures and seasonal variances to cre-
ate paleo-SST models that facilitate seasonal-
ity studies.

Our studyalsosuggests thatgrowthrates
of shellfish should be carefully considered
before selecting samples for isotopic anal-
ysis (see also Andrus 2011). Rather than a
single “one size fits all” methodological ap-
proach, sampling strategies should be tai-
lored to the nature of the assemblage being
studied, including the primary size range of
mussels available for analysis. Since growth
rates for many shellfish taxa vary dramat-
ically through their life cycle, the size of
each shell analyzed should be reported so
other researchers can more effectively esti-
mate the period of growth represented in
the sampling of each shell. Finally, although
wholeshells arenotnecessarily required(see
Schweikhardt et al. 2011), fragments large
enough to preserve a terminal growth band
and a full season of growth (∼15–20 mm in
length) prior to harvest are recommended
for reliably determining seasonality. Recon-
structing the full range of annual variation
in paleo-SSTs may require an even longer se-
quence to insure sampling of one full year of
growth.

Stable isotope analysis continues to be
a powerful tool in determining paleo-SSTs,
the seasonality of shellfish harvesting, site
occupation, and settlement patterns in many
coastal and island settings (Andrus 2011). As
numerous studies have shown, however, the
ecology and life history of individual mol-
luscan taxa should be carefully considered
in designing effective sampling strategies. In
areas such as Point Bennett, where complex
currents and variable oceanic conditions are
known to occur, detailed analysis of modern
shells and local water temperatures may also

help interpret isotopic signatures in ancient
shells.
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