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ABSTRACT OF THE DISSERTATION

The sclerochronology of Donax gouldii and Chione undatella:

Environmental archives of the past and present Southern California Bight

by
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Doctor of Philosophy in Oceanography

University of California, San Diego, 2012

Professor Paul K. Dayton, Chair

High resolution archives of environmental conditions determined from the chemistry

and growth increments of bivalves provide a unique opportunity to examine relationships

between climate-induced environmental change and biological productivity in the Southern

California Bight. However, before bivalves can be used as high resolution biorecorders of

environmental change, the record of interest (e.g. 8"%0, 8"3C, Sr/Ca, Ba/Ca or growth

increments) must first be calibrated to known environmental conditions. For Donax gouldii

xvi



this was accomplished by comparing 8'*0, 8"*C and Sr/Ca to well-constrained environmental
records. D. gouldii Ba/Ca was investigated by assigning an exact date to each laser ablation
Ba/Ca determination by cross-dating tidal growth increments and then comparing the dated
Ba/Ca values to local biological and physical parameters. The timing of growth increments
and temperature of thermally induced growth shut down in Chione undatella was determined
by a mark-recapture study. To obtain historic context, C. undatella from over 6,000 years
were analyzed for growth, age, and size at harvest. Calibrations of D. gouldii provide the
context necessary to utilize D. gouldii as a paleothermometer and Ba/Ca may have utility as an
upwelling indictor. Additionally, the technique of cross-dating was applied to tidal growth
increments, providing a new level of accuracy to shell dating. C. undatella have a lower
thermal limit for growth of 17 °C and form winter growth increments with decreasing growth
with age. Archaeological C. undatella show a remarkably stable growth rate and size at
harvest through the Middle and Late Holocene. This research presents a greater understanding
of how environmental variables are recorded in bivalves and the utility of these proxies for

paleoecological and paleoclimite studies.
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CHAPTER 1

1. Introduction

“The purpura [a gastropod in the Mediterranean Sea] lives about six years, and
every year its growth is clearly observable from the intervals in the shell of the

spiral” Aristotle (translation by Peck, 1968)

A major barrier to implementing marine conservation is forming a consensus
that marine populations have been negatively impacted by human activity. Given
that individual perception of ecosystem state is often limited to personal experience,
a true baseline must be found to evaluate the current status marine ecosystems. The
limitation of personal experience to evaluate the true state of marine populations
relative to virgin conditions is known as the shifting baselines syndrome (Pauly
1995). The shifting baseline syndrome has arisen because each generation of fishers
and fishery scientists sets their baseline of what a system should look like and how
much productively they expect from that system to their first experience with that
system. As generations and generations of scientists and fishers have been working
in a system slowing declining, each generation expects less and less from that
system and over time the true baseline — the true potential — for these systems has
been lost from view. One striking example of lowered expectation from shifting

baselines syndrome is the reduction in size of catch in recreational charter boats in



Key West, Florida (McClenachan 2009). By analyzing charter boat catch photos
from over 50 years at the exact same location a massive, previously unrecognized,
reduction in catch was found (McClenachan 2009).
1.1. Climate variability

While the identification of shifted baselines helps create a holistic picture of
historic environmental change, identification alone is not sufficient to
mechanistically understand how marine populations have changed. Fishing is an
often visible impact on the marine organisms but the effects of climate, habitat loss,
changes in productivity, and reductions in carrying capacity must also be
considered. Separating the intertwined impacts of climate variability, habitat
alteration, and fishing is one the great challenges in marine management. The
sardine collapse of 1940s left fishery managers confounded about the contribution
of fishing and climate variability to the dramatic decline of sardine population off
the American West Coast. To understand what led to the sardine collapse and how
to avoid future such collapse the California Cooperative Oceanic Fisheries
Investigations (CalCOFI) was formed, bridging multiple disciplines to better
understand how physical oceanography and climate related to biological
productivity in the Eastern Pacific. One paradigm-altering discovery from this
consortium was at times the inverse productivity of sardine and anchovies for nearly
two thousand years (Baumgartner et al 1992). Based on anchovy and sardine scales
in sediment cores from the anoxic Santa Barbara basin it was found that one species
would dominate for 60 years while the other remained low, and then the dominance

would flip, all in the absence of commercial fishing (Baumgartner et al 1992).



1.2. Archaeological contributions to ecology

Archaeological mollusks from coastal shell middens can be used as a
window into the past providing information on the productivity and resilience of
marine ecosystems. Abalone, Haliotis spp., have a long and complex history of
human harvest in California. Throughout the Holocene, Native Americans harvested
abalone for food and used the shells for a variety of purposes. During the early
explorer and fur trader time periods the two major abalone predators, otters and
Native Americans, were removed the system. Native American populations were
depressed from diseases and otters were effectively removed from the system
through hunting, leaving abalone without its two major predators. During this period
black abalone (Haliotis cracherodii) grew to sizes not seen in 10,000 years of
archaeological records (Braje and Erlandson 2007). To determine resilience of red
abalone populations in the northern Channel Islands, Braje et al. (2009) compared
the percentage of red abalone (H. rufescens) in shell middens to commercial harvest.
Braje et al. (2009) found that catches have been highest at San Miguel Island for the
past 8,000 years. The modern implication of these data is that despite all of the
climate variability in the past 8,000 years, San Miguel has always had higher
populations of red abalone and it would be expected that this population would
recover first.

In modern and ancient marine, estuary and freshwater systems mollusk

shells have been used as recorders of environmental and climate change. For more



than seventy years growth increments and shell chemistry has been used as archives
of past environmental conditions (Davenport 1938; Epstein et al. 1953; Clark 1968).
Mollusks calcify shells through an incremental process, resulting in growth bands.
Because these growth rates are influenced by environmental variables, temperature,
food, oxygen levels, and other variables (Dettman et al. 2004; Schone et al. 2006),
variation in growth increments can provide information about past environments.
This approach is particularly useful when paired with geochemical analysis.

However, while these proxies can be extremely useful, they must first be
calibrated in modern systems due to species and location-specific differences in
growth increment formation and shell chemistry — environmental relationships. For
example the timing of “winter” annual bands can vary depending on where the
species is in its range. For example species with a wide biogeographic range such as
Chione undatella may produce an annual band when temperature drops below its
growth threshold in the winter in cooler regions and in warmer regions it may
produce an annual band during the summer when temperature are above its
threshold. Also, in areas of large temperature ranges bivalves can produce two
“winter” bands, such as in the northern Gulf of California where Chione cortezi
produces both a winter and summer band (Goodwin et al. 2001). This plasticity
necessitates verification of the periodicity and season of growth increment
formation

If higher frequency growth increments are used to estimate bivalve year
class, then the periodicity of increment formation also requires verification.

Intertidal mollusks often form a growth increment when exposed at low tide, but the



frequency of growth formation may depend on the tidal position of the organism,
tidal height, type of tide and tidal cycle. Other bivalves follow a solar periodicity,
such as the giant clam (Tridacna gigas) with photosynthetic symbionts.

Once the periodicity of growth increments has been verified error must not
be introduced in counting the often hard-to-delineate growth increments,
particularly when working with large numbers of increments. Provided there is
temporal overlap between specimens, then growth increments can be cross-dated.
Cross-dating is a technique widely used in dendrochronology with allows growth
increments between samples to be statistically correlated into a common time-series.
This not only greatly increases the accuracy of date assignment to individual growth

increments but also reduces error in growth increment — environmental correlations.

1.3. Shell Chemistry

Shell chemistry has been used as a proxy for a variety of biological and
physical variables, often with a specific shell-environmental relationship changing
between species and location. For example, Ba/Ca has been reported to be a proxy
for salinity, temperature, diatoms, and upwelling (Gillikin et al. 2006). The
relationship between Mg/Ca and temperature has also been shown to vary between
species of the genus. Stable oxygen isotopes are the mostly widely used temperature
proxy in carbonates however, the exact thermo-dynamic relationship between
seawater and shell oxygen isotopes vary between taxon.

In this thesis, | explore the utility and reliability of using bivalves as

environmental records to further our understanding climate-driven biological



variability in the Southern California Bight. In Chapter 2, the §**C, §'®0 and
elemental (Sr/Ca) variations in Donax gouldii are evaluated as environmental
proxies. Chapter 3 brings new data to the complicated relationship of Ba/Ca to
environmental variables through the technique of cross-dating and utilizing
phytoplankton community data. In Chapter 4 the growth increments and thermal
tolerances of Chione undatella is quantified. Chapter 5 utilizes 6,000 years of C.

undatella growth rates to investigate environmental change.

Dissertation Outline

Chapter 2: Assessing the reliability of intraskeletal stable-isotopic (§*°C and §'%0)

and elemental (Sr/Ca) variations within the intertidal bivalve Donax gouldii as an

environmental proxy

In chapter 2, | test the relationships between D. gouldii shell chemistry and
environmental variables with the goal quantifying the utility of D. gouldii proxies
for palaeoecological research. A statistical model is used with a variety to
environmental data including seawater and weather variables to best describe the

observed patterns in D. gouldii shell chemistry.

Aims and Objectives

2.1 To determine and variables and conditions that best predict D. gouldii shell
8'%C, 8'%0 and Sr/Ca

2.2 To evaluate shell chemistry variability in the light of micro-habitat variability

Hypotheses



2.1 D. gouldii shell ™0 is statistically dependant on seawater §'°0 and seawater
temperature
2.2 D. gouldii shell §*C remains enigmatic

2.3 D. gouldii Sr/Ca is most related to growth rate or ontogenetic effects

Chapter 3: Ba/Ca variations in the modern intertidal bean clam Donax gouldii: An

upwelling proxy?

In Chapter 3, I utilize the dendrochronology tool of cross-dating to date daily
growth increments of D. gouldii, and then relate laser ablation-determined Ba/Ca to
environmental parameters. This research questions widely accepted assumptions on
the drivers of shell Ba/Ca and presents an important examples why high frequency
local phytoplankton counts are needed to determine if phytoplankton blooms are

reflected in shell chemistry.

Aims and Objectives

3.1 To determine if daily growth increments can be cross-dated

3.2 Evaluate the relationship between peak Ba/Ca and environmental conditions
Hypotheses

3.1 Once dated, laser ablation determined Ba/Ca will show a common population
level peak

3.2 Chlorophyll a and diatom abundance will not be related

3.3 Ba/Ca peaks will be related to seawater barium concentrations



Chapter 4: Growth increment formation and minimum temperature threshold in

Chione undatella

In Chapter 4, | complete a mark capture study with C. undatella to determine
frequency of growth increment formation and temperature related growth shutdown.
Aims and Objectives
4.1 To determine season of increment formation
4.2 To determine thermal shutdown
Hypotheses
4.1 C. undatella have winter shutdown

4.2 C. undatella will have a lower shutdown temperature but not an upper

Chapter 5: Age and growth of archaeological Chione undatella from a

Southern California Lagoon

Chapter 5 explores the growth rate, age and size at harvest of C. undatella
collected from 6,000 years and uses the results to evaluate ancient climate
variability. This research provides a new framework to interpret archaeological

hypothesis.

Aims and Objectives

5.1 Determine the size distributions of harvested C. undatella from archaeological
shell middens

5.2 Use the growth rate and age at harvest of C. undatella as proxies for

environmental variation



Hypotheses

5.1 Are the environmental and social changes reported by archaeologist reflected in
the growth rate and size of harvested C. undatella?

5.2 Do the observed changes in total Chione shell occur with changes in C. udatella

growth rates?
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Abstract

The bean clam, Donax gouldii, is a common intertidal bivalve mollusk found
in sandy beaches from Point Conception USA to Acapulco Mexico and lives to a
maximum age of three years (length <25 mm). The distinct growth bands and narrow
intertidal distribution of this bivalve could provide an ideal bio-recorder of high
frequency environmental variability provided that shell '°0, §"°C, and Sr/Ca are
strongly correlated with ambient environmental conditions. To assess the relationship
between environmental variables and shell chemistry, stepwise forward regressions
were used with environmental variables related to ambient seawater (i.e., SISOSW,
613CDIC, salinity, temperature), weather (i.e., air temperature, solar radiation, wind
speed), tides (% submergence at tidal levels 0.3, 0.2, 0.1 MLLW ) and specimen size.
A D. gouldii specific paleotemperature equation was created based on 8'*Ogw and
seawater temperature. 813CD0nax was significantly related to shell size and air
temperature. 8'°Cponax Was not significantly related to seawater 5" Cpjc (p>0.36).
Sr/Ca was only significantly related to shell size with a low goodness of fit (*=0.19).
To evaluate potential ontogenic controls on St/Ca, umbo-to-commissure profiles of
Sr/Ca were created by LA-ICP-MS. These data show maximal Sr/Ca values near the
umbo, suggesting ontogenetic or calcification-rate control.. These data highlight the
need to calibrate chemical variations in biogenic carbonate to known ambient
environmental conditions as the relationship between 8"80¢arbonate and Sr/Ca to
temperature and 813Cc,arb0nate to &' Cpic have been shown to be variable between

species and locations.
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1. Introduction

Paleoclimate records are a primary means for discriminating natural variability
within the climate system from the effects of anthropogenic forcing. Faced with
relatively short instrumental records, especially for the oceans, natural archives (e.g.,
corals, sclerosponges, forams, and mollusks) have been examined through various
proxies (e.g., growth banding, stable isotopes, elemental ratios) to reconstruct ambient
environmental conditions (e.g., temperature, salinity, upwelling) (Cobb et al. 2003;
Rosenheim et al. 2005b; Field et al. 2006; Black et al. 2009). Oxygen isotopic (8'*0)
variations within the shell carbonate of mollusks, particularly bivalves, have been used
extensively to reconstruct coastal temperatures (Carre et al. 2005; Jones et al. 2005),
but this proxy suffers from its dual sensitivity to the ambient temperature and oxygen
isotopic value of seawater (8'*Osw) (Epstein et al. 1953a), where the latter can vary
due to global (i.e., ice volume) and local (i.e., evaporation and precipitation) factors
and is often poorly constrained for paleoclimate studies. To circumvent this problem,
8'*0-independent elemental-ratio-based temperature proxies, such as Mg/Ca in calcite
and Sr/Ca in aragonite (Klein et al. 1996; Sosdian et al. 2006), have been developed
and often paired with specimen 8'®O variations to constrain past ' *Osw values.
However, many studies have determined that elemental ratios can be sensitive to
additional temperature-dependent or -independent factors (e.g., metabolic processes,
calcification rates, intertidal exposure, specimen age) (Weber 1972; de Villiers et al.

1994; de Villiers et al. 1995; Purton et al. 1999; Surge and Walker 2006). Such
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complexities highlight the need for species-specific calibration studies to assess the
scalability and universality of such isotopic- and elemental-based proxies.

In addition to ambient temperature, proxies for coastal upwelling have been
developed to provide an environmental context for observed variations in ecological
data ranging from intraspecific population demographics to paleocommunity
assemblage changes (Dietl and Flessa 2011). Such upwelling proxies are necessary to
create a more complete context for understanding both paleoclimate and paleoecology.
For example, the carbon isotopic composition of dissolved inorganic carbon (8" Cpc)
often decreases precipitously within a upper few hundred meters of the ocean as a
result of the sinking and remineralization of isotopically-light organic matter from the
euphotic zone (Kroopnick et al. 1970). This nutrient-like profile for 8"*Cpyc, coupled
with the assumption that ambient 8'3Cpyc is reflected in shell 813Ccarbonate, led
researchers to interpret relative minima in shallow marine shell 51 Cearbonate @S @ Proxy
for upwelling (Killingley and Berger 1979). However, additional controls on
8" Cearbonate Often exist, such as temperature (Grossman and Ku 1986), kinetics
(McConnaughey 1989a), and metabolism and reproduction (McConnaughey 1989b).

Given the above potentials and complexities, this field-based study assesses the
utility of isotopic (8'*0 and 8"°C) and elemental (Sr/Ca) variations within the
aragonitic shells of Donax gouldii as proxies for sea surface temperature (SST) and
upwelling. D. gouldii is a relatively small (< 25mm) and short-lived (< 3 years)
bivalve that inhabits the surf zone of sandy open coast beaches from Point Conception,

California to Acapulco, Mexico (Coe 1955). The species is an ideal candidate for such
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assessment given its distinct tidal growth bands (Hatch et al. in press), narrow sub- to
intertidal habitat, and prevalence within late Holocene Native American middens as
well as wave-cut terrace deposits from oxygen isotope stages 5a (~85 ka) and 5e (~125
ka) (Valentine 1960; Gallegos 2002). The purpose of this study is to independently
test environmental-shell chemistry relationships in D. gouldii and assess the use of
these correlations for paleo-climate studies.
2. Methods and Location
2.1. Oceanographic context

The Southern California Bight is typified as a seasonally stratified
oceanographic regime with Ekman-transport-driven upwelling delivering dissolved
nutrients from below the mixed layer. While such upwelling relates to productivity in
many nearshore systems, it is not the major source of physical forcing of primary
production for the waters surrounding the Scripps Institution of Oceanography (SI1O)
Pier based on the poor correlation between chlorophyll and an index of upwelling
(Bakun Index, (Bakun 1973)), SST and salinity (Kim et al. 2009). Given the a priori
knowledge that offshore buoy or satellite measurements are not a substitute for local
records all physical and biological records come from SIO pier which was < 100m
from were D. gouldii were collected.
2.2. D. gouldii collection

Every two weeks during lower low tides (<0.2 m mean lower low water
(MLLW)) from August 2007 to September 2008 (n=27), 10-15 D. gouldii were

haphazardly collected from the Scripps Coastal Reserve (<100 m from SIO pier)
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(Figure 2.1). Unlike other species of this genus, D. gouldii does not migrate with the
tide, and their greatest local population densities consistently occur within 0.1-0.3 m
MLLW at the sand surface (Morris et al. 1980; Ellers 1995).

Collected D. gouldii were euthanized, cleaned, rinsed in deionized water, and
dried in a 30 °C oven. Strongly modal size-distributions throughout the study allowed
each specimen to be assigned to one of three cohorts (A, B, or C) based on their
anterior-posterior valve length (Figure 2.2). Cohort A specimens (n=7) were relatively
large and occurred in sample populations at the start of the study (i.e., August 2007).
Cohort B specimens (n=123) persisted throughout the study and showed a general size
increase from Fall 2007 through Spring 2008 followed by relatively stable sizes
through the remainder of the study. Cohort C specimens (n=15) were relatively small
and first occurred in August 2008 with generally increasing size through the short
remainder of the study. This distribution of valve sizes is consistent with the presence
of three distinct generations of D. gouldii given the species’ strongly seasonal
reproductive strategy (Coe 1955).

2.3. Environmental monitoring

From September 2007 through October 2008, SST at -0.8 m MLLW was
recorded every ten minutes by a HOBO pendent submersible logger attached to the
SIO pier. At this depth, the logger was just below the tidal height of the lowest tide of
the year (-0.6 m MLLW). To obtain logger-location-equivalent SST for August 2007,
the daily average SST from Hobo loggers for September 2007-Decemember 2008

were correlated with daily measured SST from the Shore Station Program
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(http://shorestation.ucsd.edu) at SIO pier (i.e., Thobo = 0.99* Tshorestation + 0.016
(1"=0.94), and this slightly non-unity relationship was applied to the August 2007
Shore Station SST. The Shore Station Program daily SIO pier salinity values were
used for the study interval (Figure 2.3).

Weather data (i.e., air temperature, difference between SST and air
temperature, solar radiation, and wind speed) were obtained from the California
Nevada Applications Program (CNAP) and the California Climate Change Center
(CCCC) (http://meteora.ucsd.edu/cap/) from the weather station located on the SIO
Pier. Six minute verified tidal height was obtained for the SIO Pier (station ID
9410230) from NOAA Center for Operational Oceanographic Products and Services.

Intertidal organisms offer a unique challenge in attempting to quantify their
habitat, while SST is relativity easy to constrain, the temperatures experienced during
subaerial exposure are much harder to constrain. To assess the temperature variability
experienced by subaerially exposed D. gouldii, transects of sand temperature were
taken perpendicular to the shore every three meters starting near the seawall to the
water using a SBE 39 logger. The 2.5 cm thermal probe was inserted into the sand and
temperature was taken every 3 seconds for a total of 30-60 seconds with an accuracy
of £0.002 °C. Air temperature was also measured with the SBE 39 two meters above
the sand surface for 60 seconds. Seawater temperature was measured by immersing

the SBE 39 in 0.3-1.0 m of water for a minimum of 60 seconds.
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2.4. Seawater isotopes

During each D. gouldii collection, seawater samples for 8804w and 5t Cpic
were taken from the surfzone, filtered through a 0.22 um filter (Millex CP), poisoned
with 2-3 drops of 10% zephiran chloride, and stored in vials capped with CO,-
impermeable septa (Wheaton 224186). 818OSW and 8'°Cpjc values were determined
using a Gas Bench II headspace sampling interface coupled to a ThermoFinningan
Delta Plus XP isotope ratio mass spectrometer (IRMS) at the University of California,
Santa Cruz, Stable Isotope Laboratory. 8'*Ogyw values were determined by equilibrium
exchange of the water sample with 0.3% CO, gas in a predominantly helium
headspace environment. Analytical precision of internationally calibrated in-house
standards was better than 0.06%o for 8'3Ogyw and values are reported relative to the
VPDB international standard. 5" Cpic values were determined by injecting 0.7 ml of a
water sample into a helium-flushed 12 cc Labco Exetainer vials containing 1 ml of
supersaturated phosphoric acid (specific gravity 1.91 g/cm’). DIC-derived CO, was
allowed to evolve from the acidified water into the headspace over a period of at least
six hours. After this equilibration period, the headspace gas was entrained into a He
stream and passed through two Nafion dryers and a PoraPlot Q gas chromatographic
(GC) column. During analysis, calibrated in-house NaHCO; standards and a second
calibrated laboratory standard with a low 8"°C (-25%o) were run to correct for source-
stretching effects. Standards were prepared daily from NaHCOs by dissolving bulk
powders in water that has been stripped of DIC by sonication under a weak vacuum

for one hour. These laboratory standards, which are selected to be compositionally
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similar to the samples being analyzed, have been previously calibrated against NIST
Standard Reference Materials (NBS-19, NBS-18, and LSVEC). Analytical precision
was typically better than 0.06 %o (x1 &) for 8" Cswpic and values are reported relative
to VPDB international standard (Figure 2.3).
2.5. D. gouldii shell sampling

For along-commissure (i.e., growth edge) sampling of each specimen, the
umbo of each left valve was mounted to a glass slide using UV-activated epoxy.
Valves were milled ~1,000 um along the commissure and 150um from the growing
edge, staying in the aragonitic prismatic layer (Figure 2.2 inset). The resulting
~300 pg of aragonite powder was split for stable-isotopic (5'*0, 8"°C) and elemental-
ratio (Sr/Ca) determinations. Based on growth increment analysis, milled sections
(~150 um) represent between four and seven days of growth (Hatch et al. in press).
2.5. Stable isotope determination

For 6'*0 and 8"°C values, a minimum of 75ug of aragonite powder was
analyzed at the University of California, Santa Cruz, Stable Isotope Laboratory on a
Micromass PRISM or OPTIMA mass spectrometer with common acid bath carbonate
preparation system using 100% H3PO, at 90°C or at the University of California,
Davis, Stable Isotope Lab using a GV OPTIMA. For both laboratories, long-term
reproducibility based on in-house standards tied to NBS standards averaged better than
+0.04%o for 5'*0 and +£0.06%o for 5"°C. All values are reported relative to the VPDB

standard.
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2.6. Sr/Ca determination

For elemental ratio determinations, a minimum of 125 pg of aragonite powder
was placed in an acid-cleaned 2 mL polypropylene microcentrifuge tube, acidified
with 1 ml trace-metal-grade 0.5 N HNOjs to produce a ~1-4 mM Ca solution, and
analyzed on a Perkin Elmer 4300 Dual View Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) at the San Diego State University Ecology
Analytical Laboratory. Based on preliminary analyses designed to constrain the
expected range of elemental ratios within the sample population, a calibration matrix
comprised of four ratios (i.e., nominal Sr/Ca ratios of 0.00, 0.46, 1.83, and 5.49
mmol/mol) at three different concentrations (i.e., 1.31, 2.61, and 5.22 mM Ca) were
analyzed multiple times within each analytical session. Calibrations for each analytical
session were based on linear regressions between the nominal molar ratios for the four
standards and their determined intensity ratios at the three different concentrations
(Wara et al. 2003). In addition to these calibration standards, a liquid consistency
standard produced from bulk sampling and dissolution of a D. gouldii shell (2.25 mM
Ca) was routinely analyzed within and between analytical sessions and produced a
grand average of 1.50 £ 0.04 Sr/Ca mmol/mol (2.73% RSD). Multiple blanks of 1 mL
trace-metal-grade 0.5 N HNO; were routinely analyzed within analytical sessions and
revealed no significant biases from background noise, sample carry over, or metal

leaching for plastic.
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2.7. Laser Ablation Preparation and Analyses

Four D. gouldii specimens collected on 8 July 2008 were prepared for laser
ablation analyses by embedding in epoxy, thin-sectioning along their maximum
growth axis with a Buehler IsoMet 5000 Linear Precision Saw, and hand-polishing to
a final thickness of ~1 mm with 3M WetorDry Sandpaper (320, 600, 800, 1000 grit)
using a duct-tape manipulator (Carpenter 1998). The resulting polished sections were
analyzed using a New Wave UP-213 laser ablation system coupled to a Finnigan MAT
Element2 Sector Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at the
University of California, Santa Barbara. Ablation paths followed the central portion of
observable growth lines within the prismatic layer from the umbo to the commissure,
and were spaced every 300 um for Specimens A and B and every 900 um for
Specimens C and D. All ablation spots were ~70 um by ~100 um and analyses were
calibrated against an in-house liquid standard 6.15 + 0.02 Sr/Ca mmol/mol; 0.38%
RSD) specifically designed for carbonate analyses in order to assess and correct any
instrumental drift as well as the NIST 612 glass standard (0.39 + 0.01 Sr/Ca
mmol/mol; 2.37% RSD) and the USGS MACS3 standard (7.66 + 0.07 Sr/Ca
mmol/mol ;0.90% RSD). All ablations were continuous scans covering 100um using a
70 um spot taken parallel to growth-increments, representing roughly one lunar day of
biomineralization. The laser was operated at a repetition rate of 10 Hz with an RF
power of 1200 watts. The nebulizer flow rate of argon was 0.8 L min™' and 0.5ml min™

through the sample chamber.
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2.8. Statistical analysis

Stepwise forward regression analysis was used to determine which
environmental factors are significantly related (p<0.001) to the isotopic and minor
element ratios in D. gouldii. The amount of time represented by milling in 150 pm
from the commissure was estimated to be between four and seven days based on
analysis of daily growth increments (Hatch et al. in press). To match the sample
window between shell chemistry and environmental data, all environmental data was
averaged over seven days, by averaging from the day of collection to six days prior.
Separate analyses were run for each independent variable (i.e., 818ODonax, 813CD0nax and
Sr/Ca) using the following suite of dependent variables: shell size, collection-date
8" 0gw, collection-date 8"*Cpc, and seven day averages for seawater temperature,
seawater salinity, air temperature, sea-air temperature difference, solar radiation, wind
speed, and % submergence at tidal levels 0.3, 0.2, and 0.1 MLLW. The stepwise
forward regressions attempt to create the best model to describe the dependant
variable by selecting models based on the lowest AIC and optimizing for the fewest
number of variables (Burnham and Anderson 2002).
3. Results
3.1. Oxygen isotopes

SISODonaX ranged from -1.85 to 1.00 and averaged -0.46%o (£0.63; n=145), with
more negative values during the summer and fall and more positive values during the
winter (Figure 2.4). Stepwise multiple regressions with 8'*Oponay as the dependent

variable and 13 independent variables resulted in seven-day temperature and 8'*Ogy
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being significant (p<0.01) in the following model: 8'*Oponax = 3.42 — (0.19 * SST) +
(1.44 * 818Osw) (r2 =0.78). This 818ODonaX predictive model independently verifies
seawater temperature and 81805w as being the parameters needed to estimate
8180D0nax. While, it is expected that 818ODonax is related to seawater temperature and
818OSW this method also produces the best parameter coefficients for D. gouldii at this
location (Figure 2.4).

The pairwise difference between SISODonaX and regression-predicted §'%0
(6180predicted) for the entire study was 0.08 %o (£0.29), with SlgOoonax being more
positive than 8180predicted. Six of the 27 collections had pairwise differences greater
than one standard deviation from the study mean and in five of the six 88 0ponax Was
more positive than SISOpredicted (i.e., 11/5/07, 0.32%0; 12/12/07, 0.44%o; 1/4/08, 0.40%o;
7/21/08, 0.36%0; 8/4/08, 0.40%0; 9/21/08, -0.17%o). In general, 5" Oponax between
11/5/07 and 1/4/08 was more positive than 818Opredicted.

When comparing the D. gouldii specific paleotemperature equation to those
presented in Grossman and Ku (1986) and Bohm et al. (2000), the D. gouldii
paleotemperature equation predicts more negative 5'*O for a given temperature, with a
steeper slope (Figure 2.5). The difference between the D. gouldii paleotemperature
equation and the others is less at higher temperatures and greater at lower temperature.
The Grossman and Ku (1986) equation derived from aragonite mollusks and
foraminifera best approximated the D. gouldii paleotemperature equation, while the

Grossman and Ku (1986) mollusk only equation was the most offset. The
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paleotemperature equation presented in Bohm et al. (2000) was more positive than the
D. gouldii specific equation and is between the two Grossman and Ku (1986)
equations.
3.2. Carbon isotopes

8" Cponax averaged 1.08%o (£0.44) (n=145) ranging from -0.54 to 1.91 with
more positive values in the winter and more negative values in the summer and fall
(Figure 2.6). The stepwise regression for 8'*Cponax resulting in the following model:
8" Cponax = 3.05 — (0.12 * air temperature) + (0.02 * length D. gouldii) (r* = 0.56),
with factors being significant at p < 0.01. Cohort C 51 Cpbonax Was consistently more
negative than predicted. Within a given collection, smaller individuals tended to be
more negative 8'°Cponax than larger specimens, with small cohort C specimens having
the most negative 8" Cponax (Figure 2.6). 8" Cpyc values are within the range of other
regionally measured 8'°Cp;c values (Hinger et al. 2010) (Figure 2.3). Correlation
between 8 Cponax and & 18ODonax resulted in the following significant (p < 0.01)
relationship (8" Cponax = 1.3 + 0.5 * 8" Oponax 1’=0.52).
3.3. Edge-sampled minor element ratios

Sr/Ca ratios varied from 1.1 to 2.1 mmol/mol with an average of 1.4 (+0.2).
The stepwise forward regression identified shell size as the only significant factor in
the relationship: Sr/Ca = 1.1 + (0.02 * shell size) (1 =0.19) (Figure 2.7). While
seawater temperature was not significantly related to St/Ca, the relationship between
Sr/Ca and temperature was quantified by RMA regression of paired Sr/Ca ratios and

seven-day-temperature, which produced the relationship: T (°C) =-1.51 + 13.85 Sr/Ca
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(r*=0.25,n = 165, p<0.001). When only Cohort B is considered, this relationship
between temperature and Sr/Ca markedly improves (i.e., T (°C) = 1.12 + 12.13 Sr/Ca,
= 0.41, n = 144, p<0.001), but still has a relatively low correlation coefficient. For
the period of August 2008 to September 2008, when both Cohort B and C were
sampled, Cohort B had an average Sr/Ca ratio of 1.82 + 0.14 (mmol/mol) and the
smaller individuals in Cohort C had a lower average of 1.38 £ 0.09 (mmol/mol).
3.4. Minor Elements determined using LA-ICP-MS

Four cohort B specimens collected on 8 July 2008 were sampled with LA-ICP-
MS from the umbo to commissure along the maximum growth axis (Figure 2.8).
Specimens A and B were 17.1 and 21.9 mm long (anterior-posterior) and were laser-
ablated every 300 um for a total of 47 and 57 ablations, respectively. Specimens C and
D were 18.2 and 19.1 mm long (anterior-posterior) and were laser-ablated every 900
um for a total of 16 and 17 ablations, respectively. In general, laser-ablated shells
show greater variability with a higher mean of Sr/Ca compared to the edge-milled
samples (Figure 2.7 and 2.8). Laser-ablated shells tended to have highest Sr/Ca values
near the umbo, minimum Sr/Ca values in the mid-section, and slightly higher Sr/Ca
values near the commissure (Figure 2.8). Laser-ablated Sr/Ca values from the shell
commissure of the specimens A-D and edge-milled Sr/Ca values from 8 July 2008
sample population had similar mean values of 1.53 + 0.37 (n=4) and 1.56 £ 0.11 (n=5)
mmol/mol, respectively. Specimen D had higher values from 3-11 mm compared to

other shells.
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3.4. Sand temperature

A total of 156 sand measurements were made over nine transects including 85
measurements adjacent to D. gouldii. Transects on 8/15/11, 9/13/11, and 9/21/11 all
occurred in the afternoon between 14:00-17:00. Starting on 9/29/11 through the
following day transects where completed every three hours for a 24 hour period. The
average of all sand temperature measurements was 2.9 C° warmer than seawater with
a maximum difference of 11.7 C°. When only sand measurements associated with
living D. gouldii were considered, the averaged difference decreased to 1.7° warmer
with a maximum difference of 4.4 C° (Figure 2.9).

4. Discussion
4.1 Oxygen:

This study independently assessed the relationship between &' *Oponay and a
suite of environmental parameters, resulting in a D. gouldii specific paleotemperature
equation that correlates SISODonaX to seven-day temperature and SISOSW, explaining
78% of the variability in SISODc,naX. While this finding is congruent with the current
understanding of oxygen isotope thermodynamics (Epstein et al. 1953a), it is
necessary to quantify this relationship for the intertidal D. gouldii given the variance
in published paleotemperature equations and species specific fractionation factors
(McConnaughey 1989a; Shanahan et al. 2005). 8'®*Opgnax clearly tracks the seasonal
seawater temperature with more positive 8 *Oponax values when temperatures are
cooler and more negative 818ODonax when temperatures are warmer (Figure 2.5). The

within-collection variability of SISODonaX did not follow any obvious seasonal pattern
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with high variability observed during the winter (11/28), summer (5/28) and fall (8/21
and 9/19), indicating that within-collection variability is not related to seasonality or
seawater temperature (Figure 2.4).

Understanding the ecology of D. gouldii is necessary to account for potential
basis in 8'*Oge based temperature reconstructions, such as growth shut-downs or
temperature differences in micro-habitat niches (Goodwin et al. 2004). If growth shut-
down occurred, it would be expected that D. gouldii based temperature would under-
estimate summer SST and over-estimate winter SST. Based on the constant
relationship between 8" 0ponax and SISOpredicted, these data confirm that D. gouldii grow
year round and do not show marked declines in shell growth. Studies comparing
818Osheu to SISOpredicted, based on ambient environmental conditions and published
paleotemperature equations, have reported average offsets up of over 1%o, or ~4 °C,
necessitating the calibration of Slgosmu— temperature correlations for species-specific
differences in isotope fractionation (Mannino et al. 2008; Ford et al. 2010). While, the
hypothesized driver for these differences vary from study to study and are often ad
hoc, the pattern remains that calibration studies are necessary to account for species-
specific fractionation and to understand how the ecology of the study organism
impacts 818Osheu records.

Seven-day temperature and 8'*Ogw explained 78% of the variation in
8" Oponax. For the entire study interval, the average pairwise difference between
measured 818ODonax and 818Opredicted was 0.08 %o, or 818ODonax would predict seawater

to be ~0.4°C cooler, if converted to temperature. For synthetic aragonite,
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paleotemperature equations have an error of ~0.08 %o (Kim et al. 2006) and for this
study, instrument error for 88 0ponax was 0.04%o and 0.06%o for 8'%Ogyw. Given the
variation in synthetic aragonite studies and instrument errors an average difference
between predicted and measured 8" 0ponax of 0.08 %o is reasonable. D. gouldii has
potential to be a reliable proxy of mean annual temperature (MAT), provided that
818OSW could be constrained.

If D. gouldii are living a heterogeneous environment and experiencing
different temperatures based on micro-habitat niches these temperatures would be
reflected as 8180D0nax variability within each collection. The within collection
88 0ponax standard deviation varied from 0.05 to 0.5%o however, the variance did not
follow a seasonal pattern. Collection dates with the highest standard deviations
(11/28/07 £0.41, 9/19/08 £ 0.54) were bounding by collections with much lower
stand deviations (11/15/07 + 0.07, 12/12/07 = 0.06, 9/4/08 + 0.08, 9/29/08 + 0.10),
suggesting that the observed within collection variability could be driven by
ephemeral environmental changes rather than seasonal variability.

One mechanism to explain offsets between 818Opredicted and 8180D0anx, such as
more negative 88 0poanx between 11/5/07 and 1/4/08 and more positive SlgODoanX
4/1/08 and 5/12/08, is microhabitat variability at the individual level. D. gouldii can be
dislodged during storm events or by disturbance and transported to a different tidal
height, making it nearly impossible to reconstruct the exact chronology of tidal level
and subaerial exposure experienced by each D. gouldii. Further microhabitat changes

such as slight sand depressions and sand bars can alter the amount of time an
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individual remains gapped while subaerially exposed. These sources of variably
might be reflected in the within collection variability, but based on the agreement
between the annual 6180D0nax and BlgOpredicted appear to not impact the annual
temperature record.

Oxygen isotope thermometery has been proposed (Urey 1947) and applied to
biogenic carbonates (Epstein et al. 1953) for over 60 years. It is has been generally
accepted Slgocarbom is related to temperature and 818OSW, what remains unclear is the
precise temperature-BlgOcarbonate relationship for a given locality and species. Estimated
fractionation factors differ significantly from synthetic carbonate, theoretical
calculations, and natural biological carbonates (Shanahan et al. 2005), often requiring
a calibration to be conducted before applying a temperature Slgocarbom relationship.

The D. gouldii paleotemperature equation from this study predicted more
negative 818Ocarbonate with a steeper slope than the aragonite paleotemperature
equations from Grossman and Ku (1986) and Bohm et al. (2000). Notably, this offset
is not constant, but increases with decreasing temperature. Offsets from 618Opredicted
from the equations has been noted; for example, Mannino et al (2000) found the 5"%0
of the intertidal gastropod Osilinus turbinatus to be systemically heavier than
predicted by the paleotemperature equations presented in Grossman and Ku (1986)
and Bohn et al. (2000), whereas this study found 818OD0nax to be lighter than predicted.
Mannion et al. (2008) also found seasonal variability in the degree of offsets, with a
higher offset with warmer temperature, compared to this study which found greater

deviation at lower temperatures. Using monthly collected O. turbinatus Colonese et al.
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(2009) found that edge milled 5'*0 samples under-estimate warmer seawater
temperatures and over-estimate cooler temperatures.

In a similar study, Jones et al. (2004; 2005) sequential milled the outer surface
of two north-eastern Florida Donax variablilis from commissure to umbo. The
researchers then estimated ambient SST by applying the mollusk paleotemperature
equation from Grossman and Ku (1986) using 81805}1611 and 81805W values. Visually,
the 818OD, variablilis based SST estimates showed good agreement with nearshore SST,
though the study only used two specimens of D. variablilis collected that the same.
Ecologically D. variabilis migrates along the shoreface through tidal cycles
(presumably to maximize submersion), whereas D. gouldii occupies a relatively fixed
middle intertidal position that is regularly subaerially exposed during spring tides.

Calibration of thermodynamic relationship of slgocarbom to seawater
temperature is necessary to account for species specific fraction factors and ecological
impacts on slgocarbom from growth shutdowns, migrations, and microhabitat
variability. As a paleothermometer, D. gouldii showed within collection variability but
if taken on average, 8" Oponax Was slightly more positive than SISOpredicth. Ecological,
8" Oponax shows that D. gouldii grow throughout the year without major shutdown.
4.2 Carbon:

83 Cponax Was not correlated with 8'°Cpjc (r2=0.03, p= 0.36) and therefore
8"3Cponax should not be used as a direct proxy for 8"*Cpjc or thereby an indirect proxy
for upwelling. Average 8" Cbonax was 0.37%o lighter than average 513 Coic,

considerably less than the previously reported enrichment factor of 2.7%o for synthetic
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aragonite (Romanek et al 1992). While the mechanistic driver of 813Ccarbonate 1s often
not clear, these results will be related to previously published models which attribute
observed patterns to either metabolic or kinetic effects. Metabolic carbon can be the
source for up to 25-40% of 513 Caragonite; With increasing metabolic contributions for
larger/older bivalves (Gillikin et al., 2007). Thus, one test for metabolic effects upon
the 52 Cponax would be progressively lower 51 Cponax for larger/older specimens and a
weak relationship between 51 Cponax and SISODonaX (Gillikin et al., 2007;
McConnaughey, 1989a (Lorrain et al. 2004). If kinetic effects dominated 813CDonax,
then a positive relationship between 51 Cponax and SISODonaX would be expected from
the preferential incorporation of the lighter isotopes during intervals of rapid extension
(McConnaughey, 1989a). The 8'"*Cponax age/size relationship for D. gouldii appears to
be opposite of they hypothesis presented in Lorrain et al (2004) since younger D.
gouldii specimens within a collection had more negative 8'°Cponax values (Figure 2.7).
In this study, a significant positive relationship was found between 51 Cponax and
SISODonaX (p <0.01, r2=O.52), consistent with the hypothesis that 51 Cponax 18 influenced
by kinetic effects. Air temperature was identified by the stepwise forward regressions
as a significant parameter to explain 8" Cponax but no hypotheses which mechanistic
links air temperature and 8" Cponax could be found for this relationship.
4.3 Sr/Ca:

The stepwise forward linear model found a significant relationship between Sr/Ca
and shell size however, SST was not significantly related to Sr/Ca. Given that

evidence of thermodynamic control on minor element ratios is variable between
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speices and possibly locations, for many species among many localities (de Villiers et
al., 1994; Gillikin et al., 2005a; Rosenheim et al., 2005; (Klein et al. 1996; Ford et al.
2010). D. gouldii Sr/Ca is likely influenced by growth rate, ontogeny effects, and other
non-temperature-based controls which should be further investigated.

The influence of thermodynamics and non-temperature effects on Sr/Ca can be
obscured by the positive relationship between growth and temperature (Gillikin et al.
2005). Evidence for non-temperature controls on Sr/Ca can be tested in D. gouldii by
looking for cohort dependant relationship between St/Ca and temperature, if cohort
assignment, thereby age effects the Sr/Ca-temperature relationship then ontongeny and
growth rate could be impacting St/Ca. To test if age impacts St/Ca, simple linear
regressions were preformed between Sr/Ca and seven-day temperature resulting in
Sr/Ca being weakly positively correlated (r* = 0.25) with ambient temperature.
However, this relationship greatly improved (r* = 0.41) when just cohort B was
included, suggesting non-temperature effects.

D. gouldii Sr/Ca values from laser ablation also displayed evidence for ontogenetic
control, with higher values closer to the umbo, presumably when the young clam is
calcifying more rapidly. After this peak Sr/Ca values decrease then rise slightly toward
the commissure, representing growth during the spring and summer when clams were
collected. While a seasonal signal can be implied by these data, there is very little
support of temperature dependence as the clams the Sr/Ca values are asymmetric, with

higher values near the umbo.
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4.4 Sand Temperature

When subaerially exposed, D. gouldii were on average, buried in sand 1.7 °C
warmer than seawater, however the question remains does 8" 0ponax reflect the
temperature of seawater, subaerial exposure, or a combination of both. For 8'*Opgnax to
record temperature during subaerial exposure, D. gouldii must be calcifying during
exposure. Shell carbonate is precipitated in the extrapallial fluid, between the mantle
and existing shell. When D. gouldii are gapped the mantel can cover commissure
allowing calcification to occur, however when they close to prevent desiccation the
mantel is retracted, preventing calcification. In the swash zone, D. gouldii may remain
gaped while exposed for short periods between waves, but the temperature in the
surfzone is typically close to seawater. Even if D. gouldii could calcify when
subaerially exposed, at the 0.2 m MLLW tidal level they would only be exposed 14%
of the time. Given the average temperature difference between subaerially exposed D.
gouldii and seawater is 1.7 °C and 14%, if D. gouldii were calcifying during exposure,
the resulting record would overestimate seawater temperature by 0.24 °C or 0.04 %o
§"*0.
5. Conclusion

This study assessed the utility of biogenic 6180mrb0nate and Sr/Ca as proxies for
ambient temperature as well as 813Ccarbonate as a proxy for seawater 813CDIC and thereby
upwelling intensity. Such baseline calibration studies are needed to assess the
robustness of shell-chemistry — environmental relationships in light of potential biases

that are systematic (e.g., species level fractionation factors) or episodic (e.g., seasonal
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growth shut down, energetic shifts). For D. gouldii, growth appears to be relatively
constant throughout the year and average 8'*Opgnax only slightly underestimates MAT
by less than 0.5°C. Such calibrations require robust environmental records that are as
close as possible to the study organisms, which can pose a challenge in dynamic soft
substrates (e.g., sand, or silt). Despite the close proximity (<300 m) to collected D.
gouldii and high frequency (10 minute sample interval) of the temperature record for
this study it was not sufficient to fully explain the variation seen shell 8'®*Oponay as
micro-scale habitat differences cause within collection variability.

Non-temperature control of D. gouldii Sr/Ca is evidenced by ontogenetic
signals and cohort dependent relationship to temperature. While, thermodynamic
control of Sr/Ca has been reported in aragonite sclerosponges (Rosenheim et al.
2005a) and corals (McCulloch et al. 1996), this study did not find strong
thermodynamic control on Sr/Ca. Previous work on Sr/Ca in bivalves, has been
inconclusive, but suggests biological control rather than thermodynamic (Gillikin et al.
2005). D. gouldii Sr/Ca appears to be under biological control as evidenced by the
highest Sr/Ca values in the youngest portions of the shell and poor correlation with
temperature when multiple generations when multiple cohorts are analyzed.

D. gouldii shell 8'3C was not found to track isotopic variation in 8"3Cpic and is
most likely influenced by under kinetic effects. Mollusk shell 8'°C typically becomes
more negative as individuals age due to increased amount of respired CO, being
incorporated into the calcification process, however in this study it was found that the

smallest clams had the most negative 8'°C (McConnaughey and Gillikin 2008). The
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kinetic effect on 613CD0nax is evidenced by more negative s C Donax 1N small fast
growing individuals and a positive correlation between &' Cponax andd'*Oponax.

Despite the possibility of disequilibrium fractionation in intertidal mollusks,
they still warrant study because of their known tidal position and availability of well
preserved specimens for both natural and archaeological deposits. D. gouldii can serve
as a useful proxy for MAT and combined analysis of the distinct sub-annual growth
increments could also provide detailed seasonal temperature variation. Additionally
the prevalence ancient D. gouldii from both natural and anthropogenic deposits

represents a valuable paleoceanographic resource.
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Figure 2.1: Scripps Institution of Oceanography (SIO) is labeled as “study site” D.

gouldii and seawater were collected just north of SIO pier. Seawater temperature was

measured from near the end of the SIO Pier.



22
O CohortA

204 [ CohortB = H i

184 V Cohort C %é 0 % i

16 4o O E%D IZI:\:' o 4
£ 44 1O TEn |
£
= 12 4o 05 @ . vV
G084
5 10—~g 00 Lggto -
E: 8 - — |
) a =

Gl i

4 O 1 i 2l

|1Umm |
2 T T T T T T T T T T T T 1

Aug Sep Oct Nov Dec Jan Feb Mar Apr

May Jun Jul Aug Sep Oct

2007

2008

37

Figure 2.2: Size and cohort for collected D. gouldii. Inset is a representative valve that
was milled along the commissure for 1,000 um yielding ~300 pg of powder that split

between minor element and stable isotope analysis.
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Figure 2.9: Sand temperature transects. All transects start 20 m north of the SIO at the
bulkhead then precede ocean-ward with temperature taken every three meters.
Locations with D. gouldii within ~1.5 m are noted by a triangle. Seawater temperature
is plotted at then end of each line with a square.
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The discovery and calibration of high resolution paleoceanographic proxies is necessary to extend historic cli-
mate records and to understand regional climate variability. Chemical variations of skeletal remains have
emerged as an often reliable recorder of environmental conditions. Specifically, Ba/Ca ratios have been corre-
lated to temperature, salinity. seawater Ba/Ca, and phytoplankton biomass, although, many of these relation-
ships appear taxon- and location-specific. To assess the sub-weekly Ba/Ca variations in the intertidal shallow-
burrowing bivalve Donax gouldii, specimens were collected from the Southern California Bight, skeletal

:ﬁ‘:m:ﬂs' growth increments were cross-dated based on tidal-driven growth patterns, and skeletal aragonite Ba/Ca
Upwelling was determined using laser ablation inductively coupled plasma mass spectrometry. Cross-dated growth
Primary productivity among specimens revealed a simultaneous, large, and transient Ba/Ca peak in all shells. The timing of
Cross-dating peak Ba/Ca was compared to a suite of locally measured physical and biological data, including temperature,
Laser ablation salinity, density, nitrate, silicate, chlorophyll, diatom abundance, dinoflagellate abundance, and phytoplank-
ton community composition. Based on cross-dated chronologies, Ba/Caspey is significantly correlated with
Chl a from six and nine days prior and nutrients (nitrate, phosphate, silicate, and nitrite) from three days
prior. In this system diatom abundance was not related to Ba/Cag,.q. Transiently higher seawater Ba/Ca result-
ing from upwelling may be reflected in peak Ba/Canen however the exact mechanisms leading to population

wide Ba/Ca peaks remains enigmatic.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction distribution with low concentrations in the mixed layer and increas-

Phytoplankton primary productivity supports a diverse array of
marine ecosystems and sustains an important global carbon flux
from the atmosphere into the deep ocean through the export produc-
tion of organic matter (Behrenfeld et al., 2006). As anthropogenic
global warming and ocean acidification progressively alter the global
ocean system, scientific and policy communities would benefit from
a more dynamic understanding of the myriad controls on primary
productivity over both time and space (Sarmiento et al., 1998). One
avenue for improving this understanding is the reconstruction of
spatiotemporal variations during prehistoric climate regimes, and
the comparison of such “proxy-based” data to computational models
(Jones et al., 2001).

The concentration of barium (Ba) in seawater, marine sediments,
and biogenic carbonates has long generated interest in the element’s
potential as a proxy for upwelling and thereby indirectly primary
productivity (Bacon and Edmond, 1972; Lea and Boyle, 1989, 1991;
Shaw et al., 1998). In the ocean, Ba typically displays a nutrient-type

* Corresponding author.
E-muil address: marco.hatch@gmail.com (M.B.A. Hatch).

0031-0182/5 - see front matter © 2012 Elsevier BV, All rights reserved,
doi:10,1016/j.palaeo.2012.03.006

ing concentrations with depth due to remineralization and respira-
tion (Chan et al.,, 1977). Higher bulk sediment Ba concentrations are
common under regions of higher primary productivity (Goldberg
and Arrhenius, 1958; Bacon and Edmond, 1972; Dehairs et al.,
1980), and have been attributed to adsorption of dissolved barium
onto iron oxyhydroxide substrates associated with diatom frustules
(Sternberg et al.. 2005) and direct precipitation of barite (Monnin
et al,, 1999). The flux of barite is not constant with depth and accu-
mulates at mesopelagic depths, particularly under areas of high
productivity (Dehairs et al,, 1987, 1992). Higher Ba/Ca ratios within
biogenic carbonate skeletons also correspond with higher seawater
Ba concentrations; for example, elevated Ba/Ca is measured in the
calcitic tests of planktonic foraminifera (Lea and Boyle, 1989)
and the aragonitic skeletal layers of scleractinian corals when deeper
Ba-rich water is upwelled (Lea et al., 1989; Alibert and Kinsley, 2008).

In bivalves, Ba/Caspey ratios along shell growth profiles are typically
relatively low (ie., <10pmol/mol), and many contain population
wide synchronous peaks (Stecher et al., 1996; Vander Putten et al.,
2000, Gillikin et al., 2006; Barats et al,, 2007; Gillikin et al., 2008;
Barats et al., 2009; Thébault et al,, 2009). Background Ba/Ca.pnqy is
broadly consistent with ambient seawater Ba concentrations with a
Ba seawater-shell partition coefficients of 0,07-0.18 for both calcite
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and aragonite (Gillikin et al,, 2006, 2008). In the aragonitic Saxidomus
giganteus, ten years of continuous Ba/Cayyey show remarkably syn-
chronous inter-individual variability, suggesting that Ba/Cagne is
related to some environmental parameter (Gillikin et al., 2008). A
common working hypothesis, first proposed by Stecher et al. (1996),
attributes such peaks to increased ingestion of Ba-rich phytoplankton
(e.g., diatoms (Sternberg et al., 2005)) or suspended barite precipi-
tates with subseq internal t t via the hemolymph into the
extrapallial fluid and thereby the shell structure. This diatom-diet-
based hypotheses is supported by Vander Putten et al. (2000}, who
argued for a positive correlation between ambient chlorophyll a
(Chl a) and Ba/Caypey in the temperate North Atlantic mussel Mytilus
edulis, and by Thébault et al. (2009), who demonstrated a significant
positive correlation between ambient Chl a and Ba/Caqpe in the trop-
ical New Caledonian scallop Comptopallium radula. Importantly, both
studies assumed that gross Chl a concentrations were a sufficient
proxy for the often complex variability in phytoplankton biomass
and diversity — an assumption that can be problematic given that
Chl a concentrations do not offer taxonomic identification, vary widely
between phytoplankton species and are influenced within species
by ambient environmental conditions such as light, temperature,
and nutrients { Mullin et al,, 1966; Chan, 1980; Cullen, 1982; Geider,
1987). In contrast, Gillikin et al. (2008) found no relationship between
Chl a and Ba/Case in the temperate North Atlantic scallop Pecten
maxinus.

If Ba/Caspen does reliably record environmental conditions (e.g.,
diatom blooms, upwelling), then historic (e.g., museum, archaeologi-
cal, and geological) shells could be exploited to characterize the
frequency with which phytoplankton blooms occur and their con-
stituent taxa. Previous studies have been limited in their ability
to precisely date bivalve growth increments (i.e., to quasi-daily-
resolution) suffering from uncertainties associated with growth
increment back-counting (e.g., missed increments due to growth
shutdown, false increments due to disturbance) (Thébault et al,
2009). Such dating errors can be greatly reduced, if not avoided, by
utilizing the dendrochronology method of cross-dating, which aligns
individual growth increments within and among specimens in the
time-domain. Cross-dating, in combination with high sampling reso-
lution via laser ablation techniques and sufficient ambient environ-
mental monitoring of nutrient concentrations and phytoplankton
dynamics could provide important constraints on the potential
environmental causes of Ba/Caspen peaks.

The aim of the study is to assess relationships between sub-
weekly-to-daily variations in monitored environmental conditions
(i.e., phytoplankton dynamics, nutrient measurements, temperature
and salinity variations} and Ba/Ca variation in cross-dated D, gouldii
shells via laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS). D, gouldii is a relatively small (<25 mm) and short-
lived (<3 years) aragonitic bivalve that inhabits the swash zone
of sandy open coast beaches from Point Conception, California to
Acapulco, Mexico (Coe, 1955). This species is an ideal candidate
for cross-dating given its distinct sub-annual growth increments.
D. gouldii shells are common in late Holocene Native American
middens (Gallegos, 2002) as well as wave-cut terrace deposits from
oxygen isotope stages 5a (~85ka) and 5e (-125ka) (Valentine,
1960; Gallegos, 2002).

2, Methods
2.1. Location and oceanographic context

The Southern California Bight is characterized as a seasonally
stratified oceanographic regime wherein wind-driven upwelling
provides dissolved nutrients to the mixed layer. Along the shallow
coastal waters off of the Scripps Institution of Oceanography
(510) (Fig. 1A), regional wind-driven upwelling indices are poorly

Palaeoc
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Fig. 1. (A) Map of San Diego County with Scripps Institution of Oceanography pier and
beach marked as "Study Site”, All environmental data come from the Scripps Institution
of Oceanography pier and all D. gouldii were collected within 100 m of the pier.
(B) Image of adult [ gouldii valve.

correlated with local chlorophyll a (Chl a), sea surface temperature
(SST), and sea surface salinity (SSS). In addition, local phytoplankton
blooms are significantly correlated in timing, but not magnitude, to
phytoplankton blooms at the nearest California Cooperative Fisheries
Investigation station (CalCoFl station 93.27; 18 km offshore). How-
ever, local blooms are not correlated to the CalCoFl stations farther
offshore or to regional upwelling indices (Kim et al,, 2009). Based
on these observations, Kim et al. (2009) proposed that local dissolved
nutrient delivery, and thereby local productivity, were less related to
regional wind-driven upwelling and more related to a combination of
internal waves, longshore transport, and cross-shore transport. Given
the lack of correlation with offshore stations, we chose to focus on
local records of envir I conditions from the SIO Pier
rather than using offshore buoy- or satellite-derived data.

2.2. Temperature and salinity time-series

Temperature and salinity samples were taken daily from sea
surface and five meters water depth at SIO Pier as part of the Shore
Station Program (http://shorestation.ucsd.edu). Temperature was
measured by immersing a calibrated thermometer in a bucket sample
and reading to 0.1 °C. Salinity was determined from a Guildline induc-
tive salinometer (Model 8410) using the algorithms for the 1979
Practical Salinity Scale (UNESCO, 1981). SIO Pier five meter salinity
and temperature data were used to calculate seawater density (o).

2.3. Chlorophyll, nutrients and phytoplankton cell counts

Sea surface water samples for Chl a and nutrients were collected
twice per week (typically Monday and Thursday) and weekly phyto-
plankton cell counts were done at the SI0 pier as part of the Southern
California Coastal Ocean Observing System, Harmful Algal Bloom
Monitoring Program  (http://www.sccoos.org/data/chlorophyll/index.
php). Chl a values were obtained using standard chlorophyll extraction
and analysis procedures outlined by (Venrick and Hayward, 1984) in
which seawater was filtered using a ~0.7 pm glass fiber filter and photo-
synthetic pigments were extracted by soaking in 10 mL of 90% acetone
for 24 h before concentration was determined on a calibrated Turner

Please cite this article as: Hatch, M.B.A,, et al., Ba/Ca variations in the modern intertidal bean clam Donax gouldii: An upwelling proxy?
Palaeogeogr. Palaeoclimatol. Palaeoecol. (2012), doi:wnms;j.palm.zmz.om : '

50



M.BA. Hatch et al | Paleeogeography, Palacoclimatology, Palaeoecology xex (2012 ) xox-xxx

10 AU fluorometer. Dissolved nutrient concentrations were collected
using acid-washed plastic containers and were filtered through -0.7
glass fiber filters to remove particulates before being stored frozen at
— 20 °C. Nutrient analyses { phosphate, silicate, nitrate + nitrite, nitrite,
and ammonia) were performed on a Seal Analytical continuous-flow
AutoAnalyzer 3 (AA3) following standard methods (Armstrong et al.,
1967; Atlas et al, 1971; Hager et al., 1972; Gordon et al., 1992). Abun-
dance of all diatoms and dinoflagellates greater than 5 um in diameter
and other specific taxa related to the harmful algal bloom program
(e.g. Lingulodinium polyedrum, Gymnodinium spp., Pseudo-nitzchia
spp.) were determined from settling 10-50 ml of seawater preserved
with 4% formaldehyde (Uterméhl, 1958; UNESCO, 1981). Cells were
identified and tallied to the lowest feasible taxonomic level through a
phase-contrast, inverted light microscope at 200x. Sample volume
varied between 125 ml and 25 ml (1/8 to 1/2 of slide) and detectable
cell abundance was between 80 and 800 cells/L, depending on cell
size. To increase overlap with the cross-dated Ba/Cay, data, each
nutrient measurement, Chl a measurement, and phytoplankton count
were assumed to be representative of the day before and after their
specific collection.

2.4. Specimens collection and preparation

D. gouldii were collected from the sandy shoreline of the Scripps
Coastal Reserve within 100 m from the SIO Pier during lower low
tides (e.g., <02 m Mean Lower Low Water (MLLW)) from February
2008 to July 2008 (Fig. 1A). Unlike other species of this genus,
D. gouldii does not markedly migrate with the tidal level, but is
consistently most densely distributed between 0.3 and 0.1 m MLLW
(Haderlie and Abbott, 1980; Ellers, 1995). Specimens from the follow-
ing dates were selected for cross-dating: 22 February (n=2), 23
March (n=3), 14 April (n=2), 21 May (n=2), 9 June (n=2), and
8 July (n=8). For each specimen, one valve was thin sectioned by
embedding in epoxy (Fig. 1B), cut along the maximum growth axis
with a Buehler IsoMet 5000 Linear Precision Saw, and hand-
polished with 3M WetorDry Sandpaper (320, 600, 800, and
1000 grit) wsing a duct-tape manipulator (Carpenter, 1998) to a
final thickness of ~100 pm. Four additional specimens were selected
from the 8 July collection were thin sectioned to final thickness of
~800 pm for laser ablation.

For digital growth increment measurement, shells were imaged
with a Paxcam digital microscope camera (http://www.paxcam.
com/) attached to a Leica MZ16 microscope using transmitted-light
dark-field illumination at 50 x magnification producing 10-20 images
per shell. Images were manually mosaiced into a single image using in
Adobe Photoshop CS (http://www.adobe.com/). Under these condi-
tions, growth increments within D, gouldii are characterized by thin
(-6 pm) and light (more transparent) regions bounded by thicker
(~30pum) and darker {more opaque) regions (Fig. 2).

2.5. Cross-dating

Cross-dating ordinates discrete growth increments within and
among specimens into a common time-domain. The method is
based on the presumption that ambient environmental variability
will produce a common and congruent growth-increment pattern
among contemporaneous specimens (Yamaguchi, 1991; Black et al.,
2005, 2008). For example, at an annual scale, an environmentally
favorable year would result in a relatively wide annual growth incre-
ment, whereas an environmentally unfavorable year would result in a
relatively narrow annual growth increment. Cross-dating utilizes
such environmental-induced variation in growth increment widths
to align individual samples' time-series of growth-increment widths
into a common time-series for the broader population. Individual
growth-increment time-series can be incorrectly documented by in-
cluding false growth increments (e.g. those related to isolated

Fig. 2. Image of D, gouldii thin section used for crossdating. Four pronounced bundles of
growth increments are shown with number of growth increments listed to the right
and dates listed to the left. Note in this close-up image with the direction of growth
listed, the umbao is to the right and commissure is to the left.

disturbance) or by missing true, but faint, growth increments,
Cross-dating effectively identifies such errors as deviations from
the population-level growth-increment time-series. Thus, spurious
“missing” or “extra” growth increments within an individual can be
identified and corrected based on their deviation from prevalent
growth-increment pattern. Cross-dating is routinely applied to annu-
al growth increments of trees, rockfish, and long-lived bivalves (Black
et al,, 2009}, and is applied here to growth increments with fort-
nightly to lunar day periodicity. This study cross-dated Donax
specimens using two methods: (1) a variation of the traditional *list-
year" method and (2) statistical quantification of growth-increment
time-series congruence using standard dendrochronology methods.

In species with annual growth increments, the “list-year” method
requires the initial identification of growth increments which are
anomalously wide or narrow and shared among the sample popula-
tion. These anomalous annual growth increments are then dated by
back-counting of annual growth increments from the growth-
margin back to the anomalous annual growth increment. If dating of
anomalous growth increments is consistent among specimens, then
the working hypothesis that these anomalous annual growth-
intervals are synchronous among specimens is supported. For an
overview of this method as applied to bivalves, see (Black et al.,
2008).

For D. gouldii, this “list-year" method was modified into a “list-
lunar-day™ method and applied to randomly selected specimens
from each collection date. In thin section, D. gouldii shells consisted
of intervals of pronounced bundles (PB) of distinct growth incre-
ments separated by intervals of poorly resolved growth increments
(Fig. 2). These alternations limited assignment of lunar dates by
back-counting to the PB immediately adjacent to the shell commis-
sure. For a given collection date, the number of growth increments
within the commissure adjacent PB was constant. For example, with-
in their respective commissure-adjacent PBs, all specimens from 9
June consistently contained six growth increments, whereas all spec-
imens from 21 May consistently contained three growth increments
(Fig. 3A-B). Based on these consistent patterns, inner PBs in speci-
mens from later collection dates were matched to commissure-
adjacent PBs from earlier collections, which then allowed lunar day
assignment to each distinct growth increment within each PB within
each specimen (Fig. 3).

To quantitatively test cross-dating, a continuous string of growth-
increment widths was created by digitally marking each clear growth
increment starting from the commissure and working toward the
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Fig. 3. Graph of dated growth increments from three collections, (A) May 21, 2008, (B) June 9, 2008, and (C) July 8. 2008. All graphs use a vertical bar to represent a growth incre-

ment with a dashed bar for the collection date of specimens.

umbo. The resulting growth-increment string consisted of numbered
growth increment widths, with sections of poorly resolved growth
between each pair of PBs being treated as a single growth increment.
Growth increments were marked at the growing edge and measured
using the Object] plugin (Vischer, 2011) for Image| (Rasband,
1997-2011). Cross-dating was statistically verified using the dendro-
chronology program COFECHA (available from the International Tree-
Ring Data Bank Dendrochronology Program Library: http://www.ltrr.
arizona.edu/software.html). The COFECHA program first detrends
each chronology to remove ontogenetic effects using a cubic spline
with a 50% frequency resy of 32 inc COFECHA then cor-
relates each numbered growth-increment width to the average width
for that growth-increment number with low correlations indicating
potential cross-dating errors. Finally, the overall agreement of all
chronologies is statistically quantified and expressed as a series inter-
correlation value, which measures the relative strength of a common
signal among all chronologies. The series intercorrelation has been
shown to be highly sensitive to dating errors (Black et al., 2008).
Once final chronologies had been determined, lunar dates were
assigned to each distinct growth increment using methods analogous
to those for the “list-lunar-day” cross-dating. Then dating was
compared between the both cross-dating methods to verify dating
congruence. Finally, lunar days were converted to calendar day by
defining a lunar day as 24.8 h.

2.6. Laser Jfor Ba/Ca deter

Ba/Ca variations along the growth profile of four D. gouldii speci-
mens selected from the same age class collected on 8 July 2008
were determined using a New Wave UP-213 laser ablation system
coupled to a Finnigan MAT Element 2 Sector Inductively Coupled
Plasma Mass Spectrometer (ICP-MS) at the University of California,
Santa Barbara. Ablation paths followed the central portion of observ-
able growth increments within the prismatic layer, from the umbo to
the commissure, and were spaced every 300 um for specimens A and
B and every 900 pm for specimens C and D. D. gouldii shells measured
17.1, 21.8, 18.2, 19.2 mm from anterior to posterior for specimens A,
B, C, and D, respectively. All ablations were continuous scans, cover-
ing 100 um using a 70 um spot, taken parallel to growth increments,
representing roughly one lunar day of biomineralization. Nuclide
concentrations were calibrated against a carbonate-optimized in-
house liquid standard for Ba/Ca (342.0 umol/mel +3.4 (1.0% RSD))

(Zacher! et al., 2003). A solid glass (NIST 612) and carbonate (USGS
MACS3) standard reference materials were run periodically to check
analytical precision or repeatability. Average relative standard devia-
tion for Ba/Ca (n =24) was 6.6% (129.0 pmol/mol 4 8.5) for NIST 612
and 8.5% (47.6 umol/mol £ 4.1) for USGS MACS3. The laser was oper-
ated at a repetition rate of 10 Hz with an RF power of 1200 W. The
nebulizer flow rate of argon was 0.8 Lmin ' and 0.5 ml min '
through the sample chamber.

2.7, Statistical analysis

To increase temporal matches of the weekly to bi-weekly environ-
mental data with the cross-dated Ba/Cap.y data, each environmental
datum was assumed to also be representative of the day before
and after its specific collection date. In addition, because some tempo-
ral lag between environmental conditions and shell chemistry is rea-
sonable and expected based on physiological principles (e.g., for the
diet-based Ba/Ca causal mechanism of Stecher et al. (1996)) the
dependent Ba/Ca variable was compared to each independent envi-
ronmental variable from the same date as Ba/Ca.pe, three days
prior, six days prior, and nine days prior using Pearson Product
Moment Correlation Coefficients (PPMCCs).

3. Results
3.1. Cross-dating

Cross-dating was successfully applied to six D. gouldii specimens
from the 8 July 2008 collection date, resulting in a series intercorrela-
tion value of 0.937 based on the intercomparison of 299 growth incre-
ments. This chronology contained nine distinct PBs that contained
between four and nine growth increments. The final master cross-
dated chronology comprised of all specimens (22 February (n=2),
23 March (n=3), 14 April (n=2), 21 May (n=2), 9 June (n=2),
and 8 July (n=8)) had a series intercorrelation of 0.845 based on
702 growth increments.

Using this master cross-dated chronology, the 75 laser ablations
for the four specimens from the 8 July 2008 collection were ordinated
in the time-domain by referencing the nearest resolvable growth
increment or, if the ablation was located within a region of poorly-
defined growth increments (i.e., neap tide conditions), by assuming
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a constant daily growth rate between the dated growth increments
of the adjacent PBs.

3.2. Shell geochemistry

Ba/Ca,pen from 75 laser ablations for the four specimens ranged
from 2.0 to 11.3 umol mol ~ ! with a mean of 3.9 umol mol ' (£ 1.7).
Based on cross-dating, six of the eight peak values (defined as>1 5D
above the mean) occurred between 28 March 2008 and 3 April 2008
with values ranging from 6.4 to 11.3 pmol mol ' (Fig. 4A). The other
two peak Ba/Ca values occurred on 21 May and 1 June with values of
7.5 and 5.7 umol mol ', respectively. Pre-peak (11 February-27
March) values averaged 3.6 { +0.7) pmol mol ', while post-peak (4
April-8 July) values averaged 3.5 (+ 1.2) pmol mol ' and are more
variable. These 75 Ba/Ca determinations cover 147 days of biomineral-
ization (2/11-7/8) averaging one measurement every two days.

3.3. Physical and biological environment

During the study interval, S5T varied from 13.2 to 23.7 °C and 555
was relatively constant with a mean of 33.69 PSU (+0.15) (Fig. 4B).
Seawater density (o;) averaged 24.56 and varied from 22.80 to
25.64 (Fig. 4C). Nitrate and silicate both showed a transient peak on
27 March 2008 of 8.83 and 10.65 umol/L, respectively (Fig. 5D). Sea-
water density () at five meters was 25.14 on 27 March, the same
date increased nitrate was observed, and values of >25.1 are asso-
ciated with increased levels of nitrate (Parnell et al, 2010). The
extended Redfield ratio of nitrate:silicate is roughly 1:1, suggesting
that these nutrients were recently brought to the surface mixed
layer (Dugdale and Wilkerson, 1998).

The dinoflagel Lingulodiuium polyedrum, reached peak abun-
dance on 17 March 2008 (80,6 10%cells/L) and was responsible for
the majority of the aforementioned Chl a peak (Fig. 5B). The increase
in L polyedrum is also seen in the total count of dinoflagellates, which
peaks between 3 March 2008 (136.8 x 10* cells/L) and 24 March 2008

(134.4 % 107 cells/L) (Fig. 5B and C) with an average of 7.3 x 10° cells/L.
A second increase in dinoflagellates occurred on 28 April and 12 May
2008, however, L polyedrum remained low (Fig. 5C).

Total diatoms averaged 5.1x10%cells/L and peaked three times
through the study interval, with a relatively small peak on 31
March 2008 (61.0x 10*cells/L), a larger peak on 5 May 2008 (21.1x
10%cells/L), and the largest peak on 2 June 2008 (22.1 x 107 cells/L). The
chain-forming diatoms Chaetocerous spp. and Leptocylindrus spp. visually
dominated the 31 March and 5 May peaks (Carter, pers. Ob.) and the 2
June peak was dominated by small, narrow cells of Pseudo-nitzschia spp.
(delicatissima group, frustule width <3 pm, length <50 um) (Fig. 5C).

Chl a varied from 1.5 to 11.6 mg m~ * with the highest value on 17
March 2008 followed by a steady decline to 3.4 mg m~* on 3 April
2008 (Fig. 5B). Chl a had a second smaller peak on 28 April of
7.2mg m . Over the entire study interval, Chl a and dinoflagellates
were strongly correlated (1> =0.72, p<0.0001), whereas Chl a was
weakly correlated with diatoms (r*=0.07, p=0.29) and total cell
count (r?=0.15, p=0.11).

3.4. Correlations b envi

I variables to Ba/Caen

The Pearson Product Moment Correlation Coefficients (PPMCCs)
method was used to test correlations between Ba/Cagpney and fifteen
environmental variables from the same day as Ba/Ca,yy , three days
prior, six days prior and nine days prior (Table 1). Of the sixty corre-
lations performed, the six found to be significant (p<0.01) are nitrate,
nitrite phosphate, silicate from three days prior and Chl a from six and
nine days prior (Table 1).

4. Discussion
4.1. Cross-dating

Dendronchronlogy methods designed to date annual growth in-
crements are here successfully modified and applied to lunar day
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© Donax"D" |

May June July

Fig. 4. (A) Ba/Ca determinations of four D0 gouldif shells collected on 8 July 2008 orientated in time by cross-dating. D, goudlii shells displayed a comnron peak in Ba/Ca from 28
March 2008 and 3 April 2008, reaching values of up to 11,29 umol mol ~ ', Non-peak Ba/Ca values averaged 3.47 pmol mol . (B) Temperature and salinity from daily measurement
made at SK0 pier by the Shorestation Program. (C) Seawater density as determined from temperature and salinity.
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Fig. 5. (A) Ba/Ca determination of four D. gouldii shells collected on 8 July 2008. (BjTotal diatom and linoflagell

counts, total dinoflagellates peaked twice, once in March and

once in May. While total diatoms had three peaks the largest in early June.

were | i ible for the Chl a peak seen in late March. Note diatoms and

dinoflagellates are on separate axis. (C) Counts of L polyedrum dinoflagellates and Psmdu nrtzn:l‘lm spp. dmtums with Chi o plotted against the right y-axis. (D) Concentrations

of nitrate and silicate on the left y-axis and phosphate and ammonium on the right y-axis.

growth increments. The resulting master cross-dated chronology
created from 29 specimens collected between 22 February and
8 July 2008 including 702 growth increments had a series intercorre-
lation value of 0.845. Although a standard threshold value to assess
the strength of series intercorrelation values has not been established.

Table 1

Pearson product moment correlation coefficients for cross-dated Ba/Ca and environ-
mental variables, significant {p<0.01) correlations are in bold and number of sets
used in parentheses. Offset refers to the number of days Donax Ba/Ca date were
moved back in time.

Offset O day — 3 day — 6 day —9day

Chiloraphyll a 0.07 (62) 023 (67) 0.41 (60) 054 (62)
Nitrate 030 (62) 0.68 (67) 0.27 (60) 0.06 (62}
Phosphate 0.00 (62) 050(67) —0.13(60) —0.11(62)
Silicate ~0.18 (62) 042 (67) 0.15 (60) 0.17 (62}
Nitrite 0.04 (62) 0.46 (67) 0.03 (60) —0.09 (62)
Ammonium 0.13 (62) 0.10(67) ~—0.17(60) ~-0.10(52)
Total diatoms 028 (27) —017 (30) 0.21 (30) —023(21)
Pseudo-nitzschia spp, 005 (27)  —031(30) 038 (30) -030(21)
Total dinoflagellates  —0.24 (27) 0.14 (30) 039 (30) 032(21)
L polyedrum —0.26 (27) 0.15 (30) 044 (30) 0.35 (21)
SST —0,12(73) —009(75) 000(75) —0.10(75)
Salinity 0.07 (73) 0.04 (75) 005 (75)  —005(75)
Density (bottom) 0.15 (73] 0.09 (74) 0.14 (73) 0.19 (75}

values greater than 0.70 are considered high and have been observed
in other bivalves (Black et al., 2008).

As a comparison between cross-dating and dating based on
assumed constant linear growth, a “constant-growth” date for peak
Ba/Ca was determined by linearly dating shells between the collection
date (8 July) and the last cross-dated growth increment (11 February).
As determined by cross-dating, the large Ba/Ca peak occurred
between 28 March and 3 April, whereas the constant-growth-based
approach placed this peak between 5 April and 1 May. Thus, if
constant growth was used to date growth increments, shell-
environmental correlations would be off by more than a month, and
peaks in Ba/Cay.n would not be synchronous.

While no quantitative sub-annual study comparing growth-
increment back-counting to cross-dating could be found, Black et al.
(2008) compared cross-date-determined ages to back-count-
determined ages for 432 geoduck bivalves (Panopea abrupta) from
British Columbia, Canada finding that ages agreed for only 21% of
the samples. For the remaining specimens, cross-date-determined
ages were younger than the back-count determined age in 72% of
the shells and 21% of the shells had older cross-dated-determined
ages than the back-counting-determined ages.

Even in shells with clear sub-annual banding, the ability to reliably
date growth increments by back-counting is limited due to growth
irregularities from to disturbance and shutdown, e.g.. Schine et al.
(2002). Additionally, back-counting does not provide a statistical
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framework to relate growth increments between shells from the
same collection nor does it allow for shells with different collection
times to be correlated. In contrast, cross-dating allows shell chronol-
ogies to span areas of growth shutdown and irregularities with an
exact date assigned to growth increments. Cross-dating growth incre-
ments provides a dating based on an exogenous environmental
rhythm compared with matching instrumental seawater temperature
to shell based temperature which can be prone to time-averaging and
seawater 6'%0 variations (Goodwin et al., 2004),

4.2. Relationship among chlorophyll a and phytoplankton

Phytoplankton community data are necessary to interpret Chl a
measurements with respect to species composition and abundance.
In coastal San Diego, phytoplankton blooms are commonly dominat-
ed by diatoms and/or dinoflagellates (Allen, 1920). Over a majority of
the study period, diatoms were roughly seven times more abundant
than dinoflagellates, however, peaks in Chl a resulted from increased
dinoflagellates, including the increase in Chl a during 17 March-7
April which was driven by an increase in the dinoflagellate L
polyedrum. The phytoplankton community data show two peaks in
dinoflagellate abundance roughly equal in size. The first peak
occurred in mid-March, coinciding with a large Chl a peak, was
dominated by L polyedrum. The second peak occured in late April to
early May, dominated by Akashiwo sanguinea, Prorocentrum spp.,
and Ceratium spp., and did not coincide with a large Chl a peak.
Diatom cell abundance through the study interval showed three
peaks, with the first two peaks (24 March and 5 May) domi d by

shell-derived patterns. Without local records, calibrating shell based
signals to environmental variability can lead to false correlations.

4.3. Relation of Ba/Cayy,., to phytoplankton

Ba/Ca.ey Was significantly correlated to the Chl a from six and
nine days prior; a finding consistent with other studies of bivalves
To test the degree to which these correlations were driven by peak
values, the two highest Chl @ measurements (11.6 and 9.3 mg/m*)
were removed from the analysis and both correlations remained
significant. Ba/Ca,.-Chl a correlation is not dependent on one co-
occurring peak but appear to remain significant for the entire study
period.

The dinoflagellate L. polyedrum was highly abundant just prior to
peak Ba/Cayen (Fig. 5) however, no significant relationship between
L polyedrum abundance and Ba/Ca.p,. was found. Total dinoflagellate
abundance showed two large peaks, one about a week before peak
Ba/Cagyen and one six weeks after (Fig. 5B). Diatom cell abundance
and Ba/Cag,en were not significantly correlated; diatoms were found
in high abundance on 28 April, 12 May, 2 June, and 9 June, but none
of these dates were associated with markedly elevated Ba/Ca values
(Fig. 5B).

4.4. Relation of Ba/Ca,y.y, to physical environment

Ba/Cagen was significantly positively correlated with nitrate,
phosphale. silicate, and nitrite from three days prior. Nitrogen and

P are two important macronutrients necessary for phyto-

Chaetocerous spp. and Leptocylindrus spp. and the third much larger
peak (2 June) d d by Pseudo-nitzchia spp. within the delicatis-
sima group. None of these three diatom cell abundance peaks coin-
cided with a marked increase in Chl a. However, the first diatom
peak coincided with the largest influx of nitrate (8.83 pmol/L) and
silicate (10.65 umol/L) during the study interval, indicating that this
water parcel recently arrived to the euphotic zone, and the second
diatom peak occurred with the second highest influx of nitrate
(3.22 umol/L). Thus, weekly-resolution phytoplankton assemblages
are influenced by nutrient input, but are poorly related to the avail-
able bi-weekly-resolution Chl a concentration. Prior studies at this
location have also found increased diatom abundance associated
with the influx of nitrate near the coast (Kamykowski, 1974;
Goodman et al., 1984) and negative sea surface temperature anoma-
lies prior to nutrient peaks (Allen, 1920).

Chl a concentration and phytoplankton cell abundance are two
parameters used to estimate phytoplankton biomass. Chl a is used
to estimate phytoplankton biomass based on assumptions to the
amount of Chl a per cell and size of cells, whereas cell counts directly
enumerate the abundance of cells per liter. Chl a based biomass esti-
mates can vary independently of actual biomass due to size of cell,
health, life stage, and taxonomy of the cells, as well as current grow-
ing conditions including light and nutrients. Therefore different
growing conditions and stages as well as changes in plankton com-
munities can alter these estimates of biomass. Based on size-
fractionated chlorophyll m rements from the SIO Pier (unpub-
lished M. Carter), on average 67% of the chlorophyll biomass consists
of phytoplankton greater than 3 wm. Due to variability in phytoplank-
ton species composition, the hypothesis that increased chlorophyll
concentration is driven by increased diatom abundance is not valid
in this area. Increases in chlorophyll concentration may also be due
to increased abundance of dinoflagellates or picopl n which
may not be related to upwelling events.

In the study region, local productivity and nutrient delivery is con-
trolled by local events (e.g., internal waves, tidal bores, and longshore
transport) rather than regional wind-driven upwelling. Thus, any
artempt to use regional datasets (e.g., CalCOFI, satellite-derived 55T,
Chi a) would lead to an erroneous correlation of these data to local

p]ankton growth, Nitrate, nitrite, and phosphate have a nutrient-
type vertical profile with low concentration in surface water and in-
creased concentration below the mixed layer. High concentrations
of nitrate in surface waters, as seen in late March, suggests recently
upwelled water. At depth, silicate and nitrate occur in a nearly 1:1
ratio, but in the mixed layer nitrate is quickly scavenged. Using this
1:1 relationship, silicate can be used as proxy for the nitrate content
of water before it advected into the mixed layer and can be used to
date the relative age of upwelled water (Dugdale and Wilkerson,
1998). For example, the peak in nitrate in late March is nearly equal
in concentration to silicate, indicating that the water parcel was
recently upwelled. If the water parcel was upwelled a relatively lon-
ger time ago, then it would be expected that silicate would remain
high and nitrate would be low. Recently upwelled water would also
contain relatively higher concentrations of other elements not quan-
tified in this study (e.g. barium) compared to other surface waters.
Ammeonium was not significantly correlated with Ba/Cagpey. The
oxidation of ammonium to nitrite occurs in surface waters and is
typically associated with recycled productivity.

In this study, D. gouldii were collected from a well-mixed sandy-
beach environment far from any freshwater point-source and salinity
was relativity constant throughout the study interval with no major
deviations during intervals of elevated Ba/Ca.y.;. The nearest rainfall
measured at the SI0 pier occurred two weeks (16 March) before the
elevated Ba/Cay,. with 0.31 cm of precipitation in a day,. During
peak Ba/Cay,e, factors which would result in increased ground
water discharge (seismic activity or upland precipitation) remained
constant. Thus, a freshwater-related mechanism (via an assumed
inverse relationship between salinity and seawater Ba/Ca ratios; e.g.,
Gillikin et al. (200G)) cannot be invoked to explain the observed
Ba/Casnen peaks. Temperature has been reported to be positively
related to Ba/Cage in larval oysters (Carson, 2010) and negatively
related to Ba/Cagye in larval gastropods (Zacherl et al,, 2003). In this
study, temperature is weakly negatively correlated with Ba/Caupey
and no temperature deviation coincided with the observed major
Ba/Ca peak.

In coastal San Diego, seawater density can be used as a proxy for
nitrate, although the dynamics tend to be non-linear (Parnell et al.,
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2010). Typically the nutricline is at densities around 25.1 o, with
<25.1 o= water being nitrate-poor and >25.1 0. being nitrate-rich.
The late March peak in nitrate and silicate occurs at the same time
seawater density is = 25.1 o, suggesting that this nutrient peak was
due to upwelling rather than runoff- or groundwater-related nutrient
input (Fig. 3C).

The question remains whether the peaks in Ba/Caypey are related
to changes in phytoplankton ct ities or to changes in nutrient
concentrations, driven by upwelling, or to a yet to be determined
driver not quantified in these data.

4.5. Potential mechanisms to explain Ba/Ca peaks

Ba/Ca variations in biogenic carbonates have been attributed to a
plethora of envil al and biological factors including proximity
to riverine and groundwater supply (Shaw et al., 1998; Carroll et al.,
2009), seawater temperature (Zacherl et al, 2003, 2009; Carson,
2010), gonad development and spawning (Gillikin et al., 2006), sea-
water Ba/Ca concentrations (Lea et al., 1989), and diatom abundance
(Thébault et al,, 2009). The inverse relationship between salinity and
Ba/Ca seawater is reflected in Ba/Casnen. for example, Gillikin et al.
(2006) found a negative relationship between salinity and back-
ground Ba/Cagney in estuarine-reared Mytilus edulis shells. Based
on environmental data, we find no support for either a salinity- or
temperature-based mechanism for the observed Ba/Ca.ey peak. Ele-
vated bivalve Ba/Ca has also been hypothesized to result from inter-
nal remobilization of Ba from tissues to skeletal carbonate during
spawning (Gillikin et al., 2006). In D. gouldii, specimens with shell
lengths of less than 9 mm typically do not have differentiated gam-
etes and specimens over 9 mm could be part of the spawning popula-
tion (Winter and Hatch, 2010). To assess the shell lengths for the four
specimens when the major Ba/Ca peak was observed, a D. gouldii shell
height:length relationship was calculated (height = 0.65 = length
—0.045, r*=098) based on 47 specimens ranging in length from
5.25 to 20.8 mm. Using this relationship and the analyzed thin sec-
tions, the length of the analyzed shells A-D during their observed
Ba/Ca peaks were estimated at 13.3, 12.4, 11.8, and 13.6 mm, respec-
tively. Based on these data, the D. gouldii specimens would have had
differentiated gonads and could have spawned. However, D. gouldii
are serial broadcast spawners (Haderlie and Abbott, 1980) and likely
would have spawned multiple times during the represented four
months of life. Thus, if spawning was responsible for elevated Ba/Ca
values, multiple elevated Ba/Ca values or at least a step-wise increase
in “background” Ba/Ca values would be expected, and no such pattern
was observed. Therefore, similar to Gillikin et al. {2008), we reject a

p ing-related mech for the observed Ba/Cagy peak.

The remaining hypotheses to explain Ba/Ca peaks in biogenic
carbonates are (1) increased consumption of barium-rich particles
such as di and (2) ient increases in r Ba/Ca. The

diatom-ingestion hypothesis invokes a mechanism where filter-
feeding bivalves digest barite or barite-rich particles then digested
Ba is transported via extrapallial fluid to calcification sites and is in-
corporated in the shell carbonate (Stecher et al,, 1996). Prior studies
using Chl a, as a proxy for diatom abundance, found that Chl a
peaks and coinciding Ba/Cag.y peaks frequently co-occur (Vander
Putten et al., 2000; Thébault et al., 2009). In Mytilus edulis, broad
and marked Ba/Cagey peaks (~30pmol/mol) have been observed
lasting ~20 days and coincide with intervals of high Chl a (Vander
Putten et al., 2000). However, the relationship between Chl a and
Ba/Cagpe is not linear and Chl a peaks occur without corresponding
Ba/Ca.pe peaks (Vander Putten et al., 2000). Thébault et al. (2009)
present compelling data where a large Chl a peak occurs a week
before a large Ba/Cagen peak in the tropical scallop Comptopallium
radula; the authors assume that this Chl a peak is due to a diatom
bloom and that the Ba/Ca.,y peak resulted from ingestion of these
Ba-rich diatom frustules. However, the data also contain a smaller
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Ba/Cag,y peak that preceded the aforementioned Chl a peak by
~14 days as well as a Chl a peak not associated with a Ba/Cagnen peak.
The authors attribute the occurrence of a Ba/Cay,e peak before a Chla
peak to dating errors resulting from back-counting growth increments,
even though this peak occurs near the commissure, where back-
counting would be most accurate, In a similar study, Barats et al.
(2009) compared the Ba/Casye of the North Atlantic scallop P. maximus
to a suite of environmental parameters, but unlike the previously men-
tioned studies, they measured seawater particulate and dissolved
barium concentrations as well as abundances of the diatom Chaetoceros
spp. and the dinoflagellate Gymnodynium spp. The researchers found
that seawater Ba to Bag, partition coefficients were comparable to
previously published values (e.g., D, ~02), based on average seawater
dissolved barium and background (non-peak) Ba/Ca.p,qy, (Gillikin et al.,
2006; Gillikin et al, 2008). Episodically elevated Ba/Cayy.n peaks coin-
cided with elevated dissolved Ba concentrations, but were much higher
than predicted by partition coefficients. These researchers concluded
that Ba/Ca,pe peaks cannot be attributed to diatom abundance or any
relevant paleoproductivity tracer (e.g., Chl a).

While markedly coincident peaks in Chl a and shell Ba/Ca are visu-
ally compelling. the broader often variable and non-linear relation-
ship between Chl a and Ba/Ca,. as well as the existence of peaks
in one variable without commensurate peaks in the other variable
currently limit the utility of Ba/Ca.y as proxy for primary produc-
tivity (Gillikin et al., 2008). This study compared high resolution
Ba/Caspey and environmental data in a robust temporal framework,
and found significant correlations between Ba/Cauyey and Chl a from
and six and nine days prior, with Chl a from nine days prior showing
a higher correlation. While other studies have found a similar correla-
tion between Chl a and Ba/Cay.y, these studies attribute their Chl a
increases to diatoms whereas this study demonstrates that the Chl a
is not a universal proxy for diatoms and, in fact, Chl a is not specific
to any taxon or group. Furthermore, the covariance of upwelled nutri-
ents, which presumably included Ba, and the phytoplankton commu-
nities which fourish due to increased nutrients, needs to be
addressed before any Ba/Cagn-Chl a proxies are utilized. In this
system, the Chl a peak which occurs six to nine days prior to peak
Ba/Casnen appears primarily due to the relatively large dinoflagellate
L polyedrum rather than diatoms (Fig. 5B).

In bivalves, non-peak Ba/Camen values are often low (0.2-
2.0 umol/mol; see Table 2 in Barats et al. (2009)), and these values
are dependent on seawater Ba with seawater - shell partition coeffi-
cients (Dg,) of 0.07-0.18 (Gillikin et al., 2006; Gillikin et al., 2008).
However, Ba/Casyy peaks are frequently attributed to environmental
or biological factors. In corals and foraminifera, peak and non-peak
Ba/Ca,ney values are used as a proxy for seawater Ba/Ca values
based on a Dy, of 1.3 and 0.17-0.22, respectively (Lea et al., 1989;
Lea and Boyle, 1991). Although seawater Ba concentrations for this
study area and interval are not known, Carson (2010) found seawater
Ba near the mouth of San Diego Bay to vary from 13.7 to 66.0 nmol/kg
from spring to fall during 2006 and 2007. Seawater Ba was also
sampled in 1998 as a continuous surface transect from southern
Baja Mexico to San Diego and typical averaged 30-35 nmol/kg
with deviations down to 13 nmol/kg occurring over small spatial
scales (<100 km) (Esser and Volpe, 2002). To place the observed
Ba/Cagyey in the context of these regional seawater Ba/Ca values, a
Dp, can be estimated using the average non-peak for Ba/Cagey (ie.,
3.47 pmol/mol) and “normal” surface Ba concentrations for the area
(36 nmol/kg: Esser and Volpe, 2002). which produces a Dg, of 0.95.
While this estimated Dg, is higher than previously observed for
other aragonitic bivalves, the background shell Ba/Ca ratios are also
higher than many other studied species as well. However, abiogenic
aragonite has a Dg, of >0.5 (Dietzel et al., 2004; Gaetani and Cohen,
2006) and corals often have a Dy, of =1.0 (Lea et al., 1989; Alibert
etal, 2003). Using a Dy, of 0.95, the seawater Ba concentration neces-
sary to fully explain observed values in D. gouldii would range from
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209 to 1180 nmol/kg. Both regional studies reported values lower
than 20.9, but the highest observed seawater Ba concentration was
66.9 nmol/kg (Carson, 2010). Although the barium concentrations
measured by Carson (2010) are just over half what would be required
to directly explain shell Ba/Ca, these data have a resolution of
2-3 weeks, which might not detect high frequency changes in Ba con-
centration. Using seawater Ba on data from Carson (2010) and Esser
and Volpe (2002), much of the “background” variation observed in
Ba/Caunen can be explained by variations in seawater Ba concentra-
tions. The highest Ba/Cagpen of 11.29 pmol/mol would
require a seawater Ba concentration of 118.0 nmol/kg, while such a
seawater value has been observed in the deep ocean, it is difficult to
evaluate the likelihood of such a value in the surf zone (Chan et al.,
1977). In support of the seawater Ba hypothesis, nutrients were
high on 27 March just prior to the observed peak in Ba/Cagen
(Fig. 5D), and the nitrate and silicate values were roughly equal, con-
sistent with recent delivery of nutrient rich water to the euphotic
zone. Barium, like nitrate, has a nutrient-type profile and is quickly
removed from surface waters by primary producers. Therefore, the
same upwelling event which resulted in high nitrate values would
have, most likely, resulted in high dissolved barium concentrations.
This conjecture is difficult to assess without direct measurements
of seawater barium, but certainly warrants further investigation.

5. Conclusion

Cross-dating has been successfully applied to lunar day and fort-
nightly growth increments, which allowed laser-ablated Ba/Cagpen
determinations to be precisely dated with less error than either
back-counting or assuming constant growth. The dated Ba/Cag.en
ablations were then correlated with a robust set of environmental
time-series, including temperature, salinity, density, phytoplankton
counts, Chl a, and dissolved nutrient concentrations, The cross-
dated Ba/Ca.p, determinations were significantly correlated with
nitrate, nitrite, and phosphate concentrations three days prior to
Ba/Cayyen determinations with Chl a six and nine days prior. While a
single driver for population wide synchronous peaks in Ba/Cagpen for
bivalves remains enigmatic, this research highlights the methods nec-
essary to create a well-constrained Ba/Cagpey chronology based on
high frequency growth increments. Furthermore, these data show
that diatom concentration occurs independent of Chl a, reinforcing
the need for phytoplankton counts to assess the influence of phyto-
plankton on Ba/Cagpen.

This study supports the hypothesis that Ba/Ca,y. peaks are due to
environmental forcing, however the exact driver remains unclear, To
better understand the nature of such Ba/Cag,y peaks, phytoplankton
communities should be well described and seawater Ba/Ca should be
monitored. If diet-related hypotheses are to be tested, studies should
include measurements of Ba/Ca values in the organisms (e.g., gut,
hemolymph).
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CHAPTER 4

Growth increment formation and minimum temperature threshold in

Chione undatella

by Marco B.A. Hatch

Abstract

Growth increments in the accretionary parts of living and fossil organisms can
be used to reconstruct environmental conditions. In bivalves, growth increments are
related to growth slow down. These bands, commonly referred to as “winter bands”,
can be formed during winter and/or summer depending on local conditions and the
bivalve’s thermal limits. Prior to utilizing growth increments in fossil shells, the
timing and periodicity of growth increments formations should be determined in
modern specimens. Presented here are results from a mark-recapture study of C.
undatella in Mission Bay (San Diego, California). Based on 8'*0 values of shell
growth during the outplanted period, total variability in 8'*0 is less than expected,
based on environmental conditions, with winter seawater temperature under-
represented and annual growth increment formation occurring during winter. Shell
extension is greatly reduced after the first year of life and continues to slow as the
animal ages. C. undatella have winter shutdown with reduced increment widths and

lengthening winter shutdown during successive years of growth.
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1. Introduction

Growth increments of bivalves have been used to study life history, ecology,
and seawater temperature. The influence of temperature on growth has been
recognized for nearly 80 years (Davenport 1938). More recently, seawater temperature
has been correlated with the growth increment widths in long-lived geoduck bivalves,
allowing long biological time-series to be created and related to decades of
oceanographic conditions (Black et al. 2009). While such long-lived species can
produce useful records for historic periods, it is often hard to obtain a suitable sample
size of pre-historic remains, either in archaeological or geological deposits.
Additionally, such long-lived species commonly used for these reconstructions are
rarely lagoon dwellers. As a means to extend our knowledge of paleoclimate in the
biologically and culturally important Southern California lagoons, another source of
environmental and ecological data must be identified.

The lagoon dwelling venus clam, Chione undatella is common in modern
lagoons, and is dominate in archaeological shell middens, and geological deposits
(Valentine 1960; Gallegos 2002). C. udatella have long been noted as potential source
of paleoecological information (Rosenberg 1973; Peterson 1985). C. undatella range
from Goleta, USA to Peru (Haderlie and Abbott 1980) and as the case for bivalves,
which span a large geographic and temperature range, the season of growth shutdown
is variable. For example in temperate systems, winter shutdown may be more common
and in the tropics, summer shutdown may be more common. In the congener, C.

cortezi, from the northern Gulf of California, both summer and winter shutdown is
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observed and the duration of these shutdowns increase with age. For C. undatella,
variation in the growth rate with temperature has been observed but growth rate and
pattern are variable along the Gulf of California (Berry and Barker 1975). These
observations highlight the need to study the local ecology of biological proxies before
making assumptions about how they would have functioned in the past. Further,
observational studies can be combined with geochemical evidence to independently
interpret bivalve growth patterns. For example, Goodwin et al. (2001) used 8'*0
records to determine minimum and maximum temperature of C. cortezi growth,
finding the growth shutdown in temperatures below 17 °C and above 31 °C. The
purpose of this study is to constrain the seasonal growth patterns and address the
following: Do C. undatella show seasonal shutdown? And if so is that shutdown
variable with age? Is there a temperature threshold for C. undatella growth?
2. Methods and Location
2.1. Vacation Island study site

This study was carried out on the north west beach of Vacation Island, in
Mission Bay, CA (N 32.777373, W 117.241515) (Figure 4.1). Mission Bay is heavily
altered bay created from the former “False Bay”, which was a low-lying shallow
lagoon and salt marsh system. Current Mission Bay is connected to the ocean by a
large armored and dredged channel. The study location is a well-flushed section of the
bay. Although, it is reasonable to assume that Mission Bay is subject to warmer
seawater temperature in the summer and lower salinity after rain event, compared to
the open ocean, this study site is less exposed to those extreme events than the back of

Mission Bay (Largier et al. 1997).
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2.2. Environmental monitoring

Seawater temperature from 11/24/2007 to 11/18/2008 was recorded every six
minutes using HOBO Pendant data loggers attached to a concrete block placed
adjacent to study organisms (Figure 4.1). Salinity and seawater samples for 8'*O
seawater (8'*Osw) were taken from the sea surface every two weeks from February
2008 through November 2008. 818OSW samples were filtered through a 0.22 pum filter
(Millex CP), poisoned with 2-3 drops of 10% zephiran chloride, and stored in vials
capped with CO»-impermeable septa (Wheaton 224186). 8'*Osw values were
determined using a Gas Bench II headspace sampling interface coupled to a
ThermoFinningan Delta Plus XP isotope ratio mass spectrometer (IRMS) at the
University of California, Santa Cruz, Stable Isotope Laboratory. 8804w values were
determined by equilibrium exchange of the water sample with 0.3% CO, gas in a
predominantly helium headspace environment. Analytical precision of internationally
calibrated in-house standards was better than 0.06%. for 81805W and values are
reported relative to the VPDB international standard.

Predicted 830 for aragonite (hereafter 8180predicted) for each collection date was
calculated from the Grossman and Ku (1986) equation of T ('C) =21.8 - 4.69 (shell
SISOVPDB - seawater 8180vaB - 0.28%o0) using daily average temperature and average

8" 0gw from 2/2008 to 2/2009 (Figure 4.2).
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2.3. Mark-recapture

Thirty C. undatella where collected on 11/24/2007 from Vacation Island
(Figure 4.1) marked with calcein stain by immersion in 1g/l solution for 12 hours.
Once marked each C. undatella was individually tagged by attaching a stainless steel
washer with epoxy to the left valve and length (umbo to growing margin) was
measured. These C. undatella were released on Vacation Island on 11/25/2007 at tidal
level -0.5 m (MLLW) within 3 m of the temperature logger. Another 20 C. undatella
were collected on 2/18/2008 marked using the same method and outplanted on
2/19/2008. Of the 50 outplanted clams a total of eight were recovered, three on
2/18/2008, four on 6/5/2008 and one on 11/13/2008 (Table 4.1). The majority of the
clams were lost in two major predation events, one due to octopus and another due to a

crushing predator, most likely large bat rays.

2.4. Shell Sampling and Chemical Analyses

One valve of each C. undatella was thin-sectioned by embedding in epoxy,
cutting along the maximum growth axis with a Buehler IsoMet 5000 Linear Precision
Saw, and hand-polishing with 3M WetorDry Sandpaper (320, 600, 800, 1000 grit)
using a duct-tape manipulator (Carpenter 1998) to a final thickness of ~700 um. Shells
were imaged with a Paxcam digital microscope camera (http://www.paxcam.com/)
attached to a Leica MZ 16 microscope using transmitted-light dark-field illumination at
50x magnification producing 10-20 images per shell. Multiple images were used to

manually create a single mosaic image using in Adobe Photoshop CS
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(http://www.adobe.com/). Calcein markings were detected by exciting with 485 nm
light and use of a 495-530 nm cutoff filter.

The post-outplant growth was micro-milled and analyzed for 8" Ochione in four
C. undatella, all outplanted on 11/25/07, and collected the following dates: shell “A”,
2/18/2008 (n=1), shells “B” and “C”, 6/5/2008 (n=2), and “D” 11/13/2008 (n=1). The
amount of time each SISOChione determination represents was estimated by dividing the
number of 8'*Ochione determinations by the number of days the clam was at large.
Although, this calculation assumes constant growth and this assumption if frequently
incorrect, it allows the relative resolution of 8180Chione to be quantified.

A New Wave Micromill was used to sequentially mill from the commuisure to
the calcein mark. The distance of each mill depended on the thickness of the shell and
the amount of mass needed (some samples where split for minor element ratio analysis
which are not presented here) but generally ranged from 50-100 pum. The resulting ~80
-150 pg of the aragonite powder was sent for SISOChione determination at the University
of California, Santa Cruz, Stable Isotope Laboratory on a Micromass PRISM or
OPTIMA mass spectrometer with common acid bath carbonate preparation system
using 100% H3;PO4 at 90°C. The long-term reproducibility based on in-house
standards tied to NBS standards averaged better than £0.04%o for '°0. All values are

reported relative to the VPDB standard.
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3. Results
3.1 Growth

Of the 50 marked C. undatella, eight were recovered that were outplanted on
11/25/2007 and had been at large for between 85-354 days, growing between 180 -
2,490 um while outplanted. Three C. undatella were retrieved on 2/18/2008 and had
grown at a rate of 2-5 um/day. The four collected on 6/5/2008 had a higher growth
rate of 5-13 um/day and the last C. undatella collected 11/13/2008 grew at rate of 2
um/day. In general larger C. undatella grew slower than smaller individuals (Figure
4.2) and clams collected in June (192 days outplanted) had a higher growth rate than

those collected in February (85 days outplanted).

3.2 Oxygen isotopes

SISOChione from the four sampled shells ranged from -1.66 to 0.38 %o and
averaged -0.35 %o (£0.37; n=72). The C. undatella “A” outplanted on 11/25/2007
and collected on 2/18/2008 had and average 8" Ochione Of -0.34 %o (£0.15; n=10) with
each sample representing nine days. C. undatella “B” and “C” both outplanted on
11/25/2007 and collected on 6/5/2008, had an average 8'*Ochione of -0.36 %o (£0.37;
n=31) and -0.03 %o (£0.19; n=17), respectively, equating to one sample every six
days for “B” and one every seventeen days for “C”. C. undatella “D” was outplanted
on 11/25/2007 and collected on 11/13/2008 and had the most negative 8" Ochione at -
0.73 %0 (£0.31; n= 14) with each sample representing 27 days.

Daily 8180predicted values were calculated by using the daily average seawater

temperature as recorded that the study site and the average 81805W measured from
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2/2008-5/2009 (average = -0.28 %o; £0.27; n= 32; min = -1.4; max=0.07) and the
mollusk equation from Grossman and Ku (1986). This resulted in an average
818Opredicted of 1.06 %o (£0.15) for 11/25/2007 to 2/18/2008, 0.71 %o (+0.43), for

11/25/2007 to 6/5/2008 and 0.26 %o (£0.64) for 11/25/2007 to 11/13/2008.

3.3 Comparison of 3'*Ochione t0 8'*Opredicted

The average 88 Ochione for each shell was more negative than 818Opredicted, with
the difference ranging from 1.41 to 0.29 %o. Shell A collected on 2/18/2008 was on
average 1.41 %o more negative than predicted, shells B and C, collected on 6/5/2008,
were on average 1.07 and 0.29 %o more negative than predicted, and shell D, collected

on 11/13/2008, was on average 0.73 %o more negative than predicted.

3.4 Comparison of measured temperature to C. undatella based temperature

The discrepancy between measured temperature and SISOChione based
temperature estimates can be used to indicate growth shutdown. To calculate
temperature derived from 8" Ochione, the Grossman and Ku (1986) mollusk equation
with average 8'*Ogsw (-0.28 %o; £0.27) was used (Figure 4.2). Shell “D” was the only
C. undatella to span the entire study period and had an average 8'*Ocpione-based
temperature of 22.7 °C (£ 1.5) with a maximum temperature of 27.0 and minimum of
21.3 °C, which was higher than measured average temperature (18.0 °C (sd+ 3.0)); the
daily average maximum temperature 24.3°C and a minimum of 12.9 °C. However, the

high temperature for shell D came from immediately adjacent to the calcein stain,
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when temperature would have been near the minimum (~15 °C) and this SISOChione
value could be excluded as an outlier. For shells A-C, which did not span the entire
study interval, 8'®*Ochione based temperature averaged 20.8 °C (+0.7), 19.4 C (£ 0.9),
and 20.9 C (£ 1.7) for shells A-C respectively. The lowest temperature estimate for all
shells was 17.4 C.
4. Discussion

This study indicated that C. undatella in Southern California have winter
growth shutdown and lengthening winter shutdown with age (Figure 4.2). Also
working with C. undatella Berry and Barker (1975) found evidence for lengthening
winter shutdown with age, which results in less growth between winter increments as
the clams get older. 880 carbonate time-series from bivalves with lengthening winter
shutdown will exhibit decreases maximum 6180, decreases average 8180, and
decreases annual 8'*0 amplitude with age (Goodwin et al. 2003). Thus, a temperature
record from a multiple-year old C. undatella would reasonably track actual
temperature for the first year, then in subsequent years it would over-estimate winter
temperature, over-estimate annual mean temperature, and under-represent mean
annual temperature range, all of which will become exacerbated with age. Goodwin et
al. (2001) found C. cortezi to show lengthening winter shutdown and decreased
growth with age, but unlike C. undatella, C. cortezi has both summer and winter
growth shutdown.

Goodwin et al. (2001) used 8'*0-based temperature to determine that C.

cortezi from the northern Gulf of California does not grow below ~17 °C or above ~31
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°C. This study area had a daily averaged seawater temperature between ~13 and
~24°C, compared to the C. undatella based temperature which varied between ~17
and 24°C (excluding the 27°C outlier). 8'%0-based temperature reasonably estimated
the maximum temperature but the discrepancy between minimum temperatures
indicates that C. udatella does not grow below 17 °C. However, this is based on daily
average temperatures, so it is possible that with a daily average temperature of 17 °C
there are parts of the day when temperature is warm enough for growth.
5. Conclusion

Paleotemperature estimates based on SISOChione will be less variable, over-
estimate winter temperatures, and on average be warmer than actual temperature. C.
undatella shell followed the lengthening winter shutdown model represented in
Goodwin et al. (2003). The use of 8'*0 analysis in bivalves can produce ecological

insights such as the temperature of thermally induced growth shutdowns.
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Table 4.1: Sample numbers and data collected from each C. undatella, letter
samples were milled for stable isotopes and number samples were not.
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Figure 4.1: Figure on Mission Bay with the Vacation Island study site marked.
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Figure 4.2: Seawater temperature calculated from 5'%0 of C. undatella A, B, C, and D
with measured seawater temperature. To illustrate the minimum Chione-based
temperature a gray bar is plotted at 17 °C.
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CHAPTER 5

Age and growth of archaeological Chione undatella from a

Southern California Lagoon

by Marco B.A. Hatch

Abstract

The Southern California Bight experienced dramatic environmental changes
during the Holocene. One of the most dramatic was the transition from rocky
beaches to sandy shores in the middle Holocene. This change is reflected in
archaeological shell middens as a shift from rocky intertidal mollusks to sandy shore
bivalves. Other changes in archaeological material, such as prey switching within a
type of habitat, have both environmental and cultural explanations. Evaluating the
relative importance of environmental and cultural drivers of the observed changes in
archaeological material is a fundamental question in archaeology. If environmental
information can be extracted from shell middens, then a framework can be created
to evaluate the relative contributions of cultural and environmental change to faunal
shifts in shell middens. One method to gain ecological insights from archaeological
material is to use the size, age, and growth rate of archaeological faunal remains as a
proxy for environmental changes. The purpose of this study is to evaluate the size
and age at harvest and growth rate of Chione undatella from shell middens in a

Southern California lagoon. Based archaeological collections spanning 6,000 years
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a change in the dominate bivalve was observed, with Argopecten being dominate in
older material and Chione being dominate in younger material. Over the observed
period the size and age of harvested Chione undatella did not significantly change.
The increased Chione abundance is hypothesized to have resulted from an increase
if Chione habitat, or alternatively, time averaging in the archaeological material

obscured sub-century climate variations.

1. Introduction

Knowledge and understanding of long-term changes in the world’s climate is
essential for understanding temporal and spatial variability and to predict current
climatic forcing. Faced with a short instrumental record, especially for the oceans,
other ways of obtaining climatic information must be explored. To maximize the
utility of paleoclimatic data, efforts should be focused on periods of known
environmental change. Recent research has suggested significant changes in the
Holocene littoral communities of the Southern California Bight resulting from
climate change, sea level rise, and anthropogenic impacts. (Masters 2006) described
the evolution of the Southern California Bight sandy beaches from rocky intertidal,
suggesting that when the period and intensity of El Ninos changed some 5,000 years
before present, the beach substratum changed from rocky to sandy for the Oceanside
littoral cell. She hypothesized the rise of sand is due to increased monsoonal rains
associated with ENSOs, noting that one year of ENSO rains can bring as much or

more sediment to the littoral than 25 years worth of “normal” rain. In the Santa
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Clara river for years 1968-1975, 55% of the total sediment transport occurred in two
days and 98% of the transport occurred to two months (Inman and Jenkins 1999).

Transformation of rocky and cobble shores to perennial sandy shores shifted
the environment from a three dimensional alga-dominated system to a low-rugosity
microalgae and infaunal system. Rocky habitats support an array of macroalgae with
high primary productivity and ameliorate harsh physical stressors such as high
currents and desiccation while also serving as habitat for a diverse suit of taxa.
Rocky shores also support a diversity of fauna through high rugosity, by increasing
available habitat and providing protection from currents and predators. In contrast,
sandy habitats are primarily two dimensional, subject to highly episodic erosion and
deposition, and have less primary productivity. The dynamic sandy substrate is
dominated by infaunal and epifaunal macroinvertebrates such as clams, sea pens,
sand dollars, and polychaetes.

Fluctuating Holocene climate not only changed San Diego’s environment
but also impacted prehistoric human’s dependence on marine resources for
subsistence. The shift from rocky habitats to sandy beaches occurred about 4,500
ybp based on ratio of sandy beach to rocky coast marine invertebrates in the shell
midden under T-29 and other San Diego sites (Masters and Gallegos 1997). In
addition to the reduction in rocky substrate invertebrates around 5,000 ybp, a
decrease in kelp forest associated fish has also been noted. One village at Los
Penasquitos Lagoon, Ystagua Village, was dominated by the lagoonal Chione and
Argopecten around 5,000 ybp then had a sudden rise in high-energy beach clam

Donax around 3,000 ybp (Gallegos 2002). This village was then covered by a meter
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of sediment at 1,500 ybp. The midden left by the next occupation, dating to 1,000
ybp, was dominated by rocky coast species Mytlius and Chama. The number of
archaeological sites in San Diego County decreased after 3,300 ybp then rose after
1,500 ybp (Breshini et al. 1996). One hypothesis for the decrease of sites after 3,300
ybp is the closure of many coastal lagoons including Bataquitos lagoon (Gallegos
2002). It has also been hypothesized that the 1,500 ybp event that covered Ystagua
Village also opened the closed coastal lagoons and subsequently increased the
number of archaeological sites in San Diego County (Gallegos 2002).

While the archaeological record indicates continuous occupation for at least
9,000 years, there is a dramatic decline in site near the coastal and lagoons, around
3,300 ybp. This dramatic change in settlement patterns was also associated with a
change in tooling and diet. Before the decline, many sites were associated with
ephemeral streams and contained portable tools; after 3,300 ybp there was a shift
toward perennial streams and increased use of bedrock milling tools, suggesting an
increased use of plant foods (True 1990).

Given the known social and environmental change during the Middle and
Late Holocene, it is difficult to attribute observed changes in the extent and content
of archaeological materials to either change in environment or human activities.
Therefore, methods need to be developed to test the relative contribution of
changing environments and human activities as reflected in archaeological material,
The purpose of this research is to investigate the following: Are the environmental

and social changes reported by archaeologists reflected in the growth rate and size
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of harvested C. undatella? Do the observed changes in Chione spp. shell vary with

changes in C. undatella growth rates?

2. Methods
2.1. Site

Los Penasquitos Lagoon is in the northern limit of the city of San Diego and
is primarily fed by the Los Penasquitos creek. The lagoon lies in the Soledad Valley,
bordered by the cliffs of the Del Mar Terrace to the north and Torrey Pines State
Reserve to the south. Currently, Los Penasquitos Lagoon is approximately 1 km
wide and 5.5 km long. The lagoon is formed behind a barrier bar, which is now kept
open with a jetty. Historically the lagoon has opened and closed for years at a time
(Miller 1966). The location of the mouth lagoon has also changed, early railroad
maps put the opening of the lagoon at the northwest corner of the basin compared
the current opening near the mid-point of the lagoon (Miller 1966).
2.2. Archaeological sites:

All archaeological collections curated at the San Diego Archaeological
Center from the La Jolla and Del Mar quadrants with at least one kg of Chione shell
per site were examined for shell amount, condition and completeness of collection.
The following sites were selected for this study CA-SDI-4614, CA-SDI-10915 and
CA-SDI-4619 (Figure 5.1).

Archaeological C. undatella were obtained from three previously excavated
archaeological sites with median calibrated '*C dates ranging from 1426 to 6996

ybp (all dates presented hereafter are median calibrated dates see radiocarbon dating
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section for more details). All sites are located within the Los Penasquitos lagoon
basin and it is expected that all lagoon-dwelling bivalves were harvested from Los
Penasquitos rather than transported from another lagoon. All units within a given
site were excavated in 10 cm layers then recovered material was separated by taxon
and weighed. The four major taxa in the sites are listed as Chione, Argopecten,
Ostrea, and Mytilus and this nomenclature will be used throughout this paper. It is
helpful to define the species likely encountered in each genera. These archaeological
studies only identify Chione to genus level; however, from examining these sites the
vast majority of the Chione recovered are either Chione undatella followed by
Chione californiensis with very few Chione fluctifraga recovered. Argopecten refers
to Argopecten aequisulcatus a small lagoon scallop often associated with eelgrass
beds. While this species can swim it is typically found attached to eelgrass beds
using byssal threads and will remain attached unless disturbed. Argopecten
aequisulcatus is found from Santa Barbara (California) to Cabo San Lucas (Baja
California) (Haderlie and Abbott 1980) and is currently protected from harvest in
California. Ostrea refers to Ostrea lurida, the Olympia oyster, which lives in
lagoons and sheltered bays typically either attached to rocks or forming an oyster
reef. Finally, Mytilus does not differentiate between Mytilus californianus and
Mytilus trossulus, given that these archaeological sites are from a sheltered area
either could be encountered. In general, Mytilus abundance is low and not a major
component of the overall shell weight.

Site SDI-4614 was a shellfish processing area and was excavated by the

Affinis Company in 1989. The three units sampled for C. undatella were unit 3, unit
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5, and unit 6 with dates ranging from 1426 to 6330 ybp. Unit 3 was excavated to
depth of 60cm and dated between 1245 and 3702 ybp with a possible layer reversal
evidenced by one younger below later dated in the unit (Table 5.1). This unit was
primary composed of Chione with its percentage lowest at the bottom of the unit
(36% for layer 50-60cm) and increasing to just over 60% at the top of the unit
(Figure 5.2). In contrast, Argopecten had a higher relative abundance at bottom of
the unit (36%) and decreased to ~20% at the top of the unit. Ostrea lurida showed a
similar pattern to Argopecten, with higher relative abundance at the bottom of the
unit (15%) and lower abundance on top of the unit (2%). Mytilus had its highest
relative abundance near the middle of the unit. Unit 5 was excavated to a depth of
70cm and was dated between 1276 and 2677 ybp. The general tend in shell
abundance is similar in unit 3 with increasing Chione spp and decreasing
Argopecten from the bottom to the top of the unit (Figure 5.3). Ostrea and Mytilus
abundance didn’t show a distinct trend in abundance with depth, and Ostrea
abundance was between 22 - 13% and 1 - 4% for Mytilus. Unit 6 also showed a
similar trend to the two units in Site SDI-4614 with increased Chione and a
decreased Argopecten moving from the bottom of the unit to the top (Figure 5.4).
The relative abundance of Ostrea and Mytlius was between 13 — 10 and 1 - 5%,
respectively.

Site SDI-10915 unit TU 2 was excavated to a depth of 70 cm with two dates
of 5924 and 6124 ybp. TU 2 was primarily comprised of Chione with relative
abundances between 86 - 99% (Figure 5.5). The remaining shells were primarily

Argopecten with very small amounts of Ostrea (1% for layer 40-50 cm) and no
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Mytilus recorded. Site SDI-4619 was excavated to a depth of 110 cm and was dated
between 6124 and 7050 ybp. The upper part of this site was dominated by
Argopecten until layer 60 — 70 cm when Chione became more abundant (Figure
5.6). In general Ostrea and Mytilus were either absent or in low abundance.
2.3. Age and length determination

For growth increment analysis, shells were prepared using two methods.
Roughly a third of the shells were thin-sectioned and slide-mounted. The thin
sectioned shells were imaged with a Nikon 4500 digital camera attached to Leica
MZ16 microscope using transmitted-light dark-field illumination at 50x
magnification. The remaining shells were coated in epoxy around the major growth
axis, cut with a rock saw, and scanned using an Epson v600 scanner at 6400 dpi.
Growth increments were measured from the umbo to the start of winter banding
using the Object] plugin (Vischer 2011) for ImageJ (Rasband 1997-2011) (Figure
5.7). Additionally, every C. undatella with the major growth axis intact was
measured using digital calipers to the nearest 0.1 mm for a total of 566 C. undatella
measured, from three archeological sites, ranging in age from 1400-7000 ybp.
2.4. Radiocarbon dating

Eight C. undatella were radiocarbon dated by the Center for Accelerator
Mass Spectrometry at the Lawrence Livermore National Laboratory (LLNL). To
minimize error introduced from upwelled carbon with different reservoir ages
(Culleton et al. 2006), each sample was taken from over a year’s growth from the
prismatic layer by hand milling. Nine additional radiocarbon dates from Chione

already existed for the study sites (Table 5.2), and were determined by Beta
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Analytic. These dates are presented in carbon years before present (CYBP) and four
of these dates were corrected by Beta Analytic for isotope fractionation using
BC/12C. To correct the remaining five dates from Beta Analytic 430 years was
added to the uncorrected CYBP date (Stuiver and Polach, 1977; Erlandson, 1988).
Once all dates had been "°C corrected, they were calibrated with the program
CALIB v6.1 (Stiuver et al. 2009) with the marine09 calibration curve (Reimer
2009). Marine upwelling adjustment (delta R) of 236 +/- 80 was used as determined

from the Marine Reservoir Correction Database (http://calib.qub.ac.uk/calib/).

2.5. Layer dating

The radiocarbon dates clearly show that these sites had two separate
occupations, one from ~1,900 — 3,700 ybp and another from 6,000 - 7,000 ybp. If a
layer contained a dated shell, that date was used to date the layer, unless there was
reason to question the quality of the site stratigraphy. Layers without a radiocarbon
date were assigned a date based on linear extrapolation, provided the upper and
lower dated layers came from the same occupation. For layers without a
radiocarbon date and bounded by layers from two different occupations, it was not
possible to linearly extrapolate between the two layers because the result might be a
time period when it is known that the site was not occupied. In this case shells were
physically examined for signs of weathering, which is common amongst shells from
the earlier occupations. If shells were weathered they were assigned to the earlier
occupation; if not they were assigned to the later occupation. Finally if there was

reason to doubt the dating of a layer, that layer was excluded.
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3. Results
3.1. Radiocarbon dating

The eight samples were radiocarbon dated at LLNL resulting in °C-
corrected dates ranging from 1,930 to 6,145 CYBP (Table 5.2). All seventeen dates
were calibrated with ages ranging from 1,245 to 7,050 ybp (Table 5.2). In the
sampled sites, there is a gap in dates between 3,700- 6,000 ybp (Figure 5.8). As
described in the Methods, these radiocarbon dates were used to classify C. undatella
shells in 1,000 year bins and layers without radiocarbon dates were dated based on
stratigraphy and shell condition (Table 5.1).
3.2. Layer dates

For CA-SDI-4614 unit 3, the following dating were based on radiocarbon
dates from LLNL and Beta Analytic. Layer 0-10 was dated to 1,426 ybp at LLNL
and binned into the 1,000 — 2,000 range. Layer 10-20 was dated to 3,101 ybp at
LLNL and binned into the 3,000 - 4,000 range, as was layer 20-30, dated to 3,702
ybp from Beta Analytic. Layers 30-40, 40-50, and 50-60 where excluded due to a
young date of 1,245 ybp from layer 50-60. Unit 5 was dated 1,731 and 2,677 ybp
from layers 0-10 and 30-40, respectively. Layers 10-20 and 20-30 were dated based
on assumed linear deposition and binned into the 2,000 - 3,000 age. Layers 40-50,
50-60, and 60-70 were excluded and a shell from layer 50-60 was dated at LLNL to
1,276 ybp. Unit 6 was dated with three radiocarbon dates from LLNL and one from
Beta Analytic. Layers 0-10 and 10-20 were binned in the 2,000 - 3,000 range with

dates from LLNL of 2,900 and 2,894 ybp, receptively. Layer 20-30 was also binned
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in the 2,000 - 3,000 range given that both bounding layers where also in the 2,000 -
3,000 range. Layer 30-40 was dated by Beta Analytic to 1,923 ybp and binned in the
2,000 - 3,000 range. Layer 40-50 was also binned in the 2,000 - 3,000 range based
on preservation quality of the shells. Layer 50-60 was dated to 6,330 ybp by LLNL
and binned into the 6,000 - 7 000 age. In general the shells in this layer and 60-70
were weathered compared to shells in layers above. Layer 60-70 was also binned in
the 6,000 - 7,000 range.

Site CA-SDI-10915 was dated with two dates from Beta Analytic and was a
multiple occupation site. Layer 30-40 was dated to 2,068 ybp by Beta Analytic and
binned into the 2,000 — 3,000 range. Layer 40-50 was not dated and excluded from
analysis. Layer 60-70 contained weathered shells and was dated to 5,924 ybp by
Beta Analytic and binned into the 6,000 - 7,000 range. Site CA-SDI-4619 layers
70-80 and 80-90 cm were binned in the 6,000 - 7,000 range based on a radiocarbon
date from LLNL of 6,124 and shell preservation.

3.3. Harvested shell lengths

The average length of all 566 C. undatella was 33.3 mm (SD+ 4.3) with a
minimum of 16.8 mm and a maximum of 52.4 mm The average length C. undatella
was not significantly different between the binned time periods (Table 5.3). The
average age of harvested C. undatella for each binned time period ranged from 5.5
to 4.5 years old (Table 5.3). The time period with youngest harvested age (4.5 years)
was 3,000-4,000 ybp and the next youngest average age (4.7 years) was 2,000 -

3,000 ybp. The oldest average age of 5.5 came from binned ages 1,000-2,000.
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3.4. Age and growth

One hundred thirty eight C. undatella were digitally aged with the shell
length at a given age calculated as the linear distance from the peak curvature of the
umbo start of the winter growth ring. This measurement was designed to best
emulate physical measurement using calipers (Figure 5.7). The extension from year
X to year x+1 was calculated as the distance between the two growth increments.
For all samples the average length at agel was 22.5 mm (sd+ 3.0, n = 138), age2
28.3 mm (sd+ 3.0, n = 136), ages 31.2 mm (sd+ 3.3, n = 124), age4 33.0 mm (sd=+
3.7,n=106), and age5 33.6 mm (sd+ 3.9, n = 75) (Table 5.4). In general C.
undatella grew rapidly during their first year of life then subsequently grew much
more slowly and by the time they reach age 4+ years extension rates were between 2
and 1 mm per year. Because the growth rate of age 6+ individuals is small, all
comparisons are for ages 1 through 5.

When comparing the growth rates and sizes of archaeological C. undatella,
shells from 3,000 — 4,000 ybp tended to be roughly 2 mm larger than the entire
population of sampled shells (Table 5.4). This increased size appeared to be from an
larger average size at agel. The growth rates from age2 through age5 were roughly
equal to that of the population. However, the difference in mean size at a given age
or growth rate was not significantly different from the rest of the population. C.
undatella shells aged 1,000 — 2,000 ybp were on average about 3 mm smaller than
the entire population with a significant difference (p < 0.05) for ages one, two and

three. However, the sample size for 1,000 — 2,000 ybp was rather small (n=6).
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Average age at harvest for bins 2,000 - 3,000 and 6,000 - 7,000 was approximately

equal across the entire population.

3.5. Comparison of within unit composition

The relative abundances of Argopecten and Chione and the size of C.
undatella within in units 3, 5, and 6 were compared to see if the relative increase in
Chione utilization is reflected in C. undatella size, age or growth rate. In all three
units the divergence of Chione and Argopecten abundance was evident in layer 30-
40 cm. In unit 3, the average size of harvested C. undatella remained relatively
constant between 10-20 cm through 50-60 cm, with lengths between 35.6 and 33.2
mm, and layer 0-10 cm had the smallest average size of 31.8 mm (Figure 5.9).
Average size at year one was also similar between layers 10-20cm through 50-60cm
with layer 0-10cm having a smaller average size at age one. The age of harvested C.
undatella did not follow a clear pattern, with layer 20-30 cm having the youngest
average age of harvested clams. For unit 3, the relative abundance of Chione and
Argopecten began to diverge at layer 30-40 cm and was widely separated from layer
0-10 cm through 20-30 cm.

The relative abundance of Argopecten declined in unit 5 from its peak
abundance in layer 50-60 cm to the surface and Chione steadily increased from
layer 30-40 cm to surface (Figure 5.10). The average age at harvest was varied from
4.2 to 6 years and was highest in layer 0-10 cm and lowest in layer 30-40 cm.

Average size at harvest and the average size of one year olds followed a similar
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pattern with higher values at layers 10-20, 20-30, and 40-50 cm and lower values at
layer 30-40 and 60-70 cm.

For unit 6, the relative abundance of Chione and Argopecten diverged at
layer 30-40 cm with high abundances of Chione and low abundance of Argopecten
(Figure 5.11). The average size of harvested Chione remained between 33.3 and
36.0 mm with no clear trend in size. The average age of harvested Chione varied
from 3.7 to 6 years old with highest age from layer 0-10 cm and the youngest from
layer 20-30cm.

5. Discussion
5.1. Radiocarbon dates

Radiocarbon dating clearly showed two distinct occupations of these sites,
one from 1245 to 3702 ybp, and the other from 5924 to 6996 ybp (Figure 5.8). This
finding is consistent with other dates from Southern San Diego lagoons, which
typically have a minimum of dated coastal archaeological sites around 3,500 ybp.
However, this study was not an extensive survey of Los Penasquitos Lagoon
archeological sites and should not be used exclusively to date when the lagoon was
occupied. Units 3, 5, and 6 all had one shell with younger date at 50-60 cm or 30-40
cm (Table 5.2). The most likely explanation of this is the younger shells were

moved by burrowing gophers (Erlandson 1984).

5.2. Comparison of within unit composition
Chione and Argopecten diverged around 30-40cm in all units, indicating that

all units share a common stratigraphy. Congruent with the observed decline of
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Argopecten in Batiguitos Lagoon and San Diego Bay, the decline of Argopecten in
Los Penasquitos Lagoon also started around 4,000 ybp. Despite what appears to be a
strong evidence for a San Diego County wide pattern of inverse productivity
between Argopecten and Chione at 4,000 ybp there is no detectable difference in C.
undatella growth rate, age, or size at harvest. The stable size at harvest for C.
undatella is consistent with C. undatella never being over harvested, or at least
having been harvested in proportion to their abundance. If this is correct, then
increases in C. undatella abundance would be indicative of increases in recruitment.
If so then the factors which increased recruitment (e.g. an increase in habitat or
recruitment) were not detectable as a change in growth rates. If the increase in C.
undatella was due to increased habitat, it would be expected that there would also
be increase in favorable habitat for Argopecten, given the overlap in habitat between
the two species. Or an alternative hypothesis is that each 10cm thick layer averages
shells which accumulated over a few centuries. During these centuries, a lot of
climate variations could occur which could smooth out temporal trends between

layers.

5.3. Shell patterns through time

C. undatella harvested from Los Penasquitos Lagoon between 1,200 and
6,000 ybp did not have statistically significant differences in growth rate, age at
harvest, or size at harvest. Despite two occupations separated by two thousand years

and intense resource utilization between 2,000 and 3,000 ybp, no changes were
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observed in the size of C. undatella harvested. Nor is there any relationship between
the relative abundance of C. undatella and the size or age of harvested C. undatella.

One of the principle questions in archaeology is the attribution of changes
seen in faunal remains to environmental impacts or changes in cultural practices. In
Southern California the primary environmental hypothesis explaining a shift from
Argopecten to Chione states that increased lagoon siltation would have favored
Chione and reduced Argopecten abundance (Warren 1964). However, Bull (1981)
suggested that the reduction of Argopecten and increase in Chione is due to the
westward expansion of the Uto-Aztecan and Yuman language families bringing
with them a preference for acorn harvesting over shellfish gathering. Of these two
hypotheses only changing ecological conditions is directly testable. Changes in
harvested size and growth rate can be used to determine the relative contribution of
overharvest and environmental change on prehistoric ecosystems.

Gallegos (1987) also noted a shift from use of Argopecten to Chione in
archaeological sites around Batiguitos Lagoon (17 km north of Los Penasquitos).
Gallegos posed the hypothesis that Argopecten decline around 4,000 was directly
linked to siltation and environmental decline, with the stated mechanism for
declining Argopecten and increasing Chione is that Argopecten require a well-
flushed lagoon whereas Chione are better adapted to mud and sand flats. However, a
similar pattern and timing of Argopecten decline and increasing Chione is seen in
San Diego Bay, which is not believed to have closed or have been impounded to the
degree that smaller lagoons, such as Batiquitos would have been (Pignolo 2005).

Given the similar pattern of decreasing Argopecten and increasing Chione in two
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systems with a different history of closure and silation, other mechanisms should be
evaluated for the decline in Argopecten and increase in Chione.

Additionally, simply looking at the relative proportion of Chione and
Argopecten and attributing changes to siltation is overly simplistic because there are
three commonly encountered species of Chione (C. undatella, C. californiensis, and
C. fluctifraga), each with a different habitat requirement. C. undatella is primarily
found near the mouth of bays, in well-flushed sandy areas, or near and in eelgrass
beds. C. fluctifraga is most often found in the back-bay areas such as mud and sand
flats. C. californiensis occupies an intermediate niche and is found in small numbers
in both habitats. Therefore, a better faunal proxy for siltation and closures of lagoon
would be an increase in C. fluctifraga relative to total Chione. However, this might
only detect changes in lagoon sediment type and relative flushing rather than
siltation rate. Peterson (1985) found that C. undatella suffered high mortality after
major siltation events because they have short siphons and are not very mobile. The
ability of the C. calforniensis or C. fluctifraga to survive heavy sedimentation has
not been evaluated, but given the similarly sized siphons and poor mobility, it is
reasonable to assume they would also suffer high mortality from heavy
sedimentation. Given that C. undatella is often the most common Chione found in
archaeological sites and that there is a large overlap in the habitat of C. undatella
and Argopecten habitat, it is questionable if the relative abundance of C. undatella
and Argopecten can be used as a proxy for changes in habitat.

Another hypothesis that could explain the reduction in Argopecten is the

episodic nature of Aropecten recruitment, perhaps related to temperature.
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Argopecten densities are highly variable, with densities from 140 - 600 scallops/m*
to 19 scallops/m” from any year to the next (Dyke 1987). Dyke (1987) suggests the
high density population was due an abnormally high recruitment resulting from
warmer conditions.

The reduction in Argopecten and increase in Chione seen in San Diego
County archaeological sites occurred around 4,000 ybp in most bays and lagoons.
The 4,000 ybp reversal also coincides with a transition from a warm period to a cool
period, based on oxygen isotopes and foraminifera species assemblages in Santa
Barbara Basin cores (Kennett et al. 2007). While this study is not able to
mechanistically link colder temperatures in the Santa Barbara Basin to reduced
Argopecten recruitment in San Diego County bays and lagoons, these data present
an interesting relationship. While not quantitative, years 2010 and 2011 were both
relativity cool years and trawl surveys from Mission bay have noted a decline in
Argopecten in Mission Bay (P. Zerofski, pers. comm.) Additionally, in spring 2012
large numbers of newly recruited Chione have been noted in certain areas of
Mission Bay. It is clear that the inverse relationship between Argopecten-Chione
abundance is complex. To understand it, the habitat requirements of Argopecten and
C. undatella, C. californiensis, and C. fluctifraga need to be better quantified.
Additionally, the relationship between oceanographic conditions and population
growth for these species needs to be understood. Finally, Chione needs to be

identified to the species level in archaeological studies.
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Table 5.1: Table of sites, units, layers, and C. undatella with median calibrated e

date and binned age. “Whole shells measured” refers to the number of whole shells

measured using fixed calipers. Growth increment analysis refers to the number of

shells thin sectioned and aged. Median calibrated radiocarbon date and binned age

calculated as stated in methods.

. Whole Growth Medlan
Site . . calibrated .
Unit Layer  shells  increment . Binned age
number . radiocarbon
measured  analysis
date

CA-SDI-  Unit

4614 p 0-10 7 4 2900 2000-3000
CA-SDI-  Unit

4614 5 10-20 15 9 2894 2000-3000
CA-SDI-  Unit

4614 5 20-30 38 10 2000-3000
CA-SDI-  Unit

4614 p 30-40 33 10 1923 2000-3000
CA-SDI-  Unit

4614 p 40-50 15 7 2000-3000
CA-SDI-  Unit

4614 p 50-60 6 4 6330 6000-7000
CA-SDI-  Unit

4614 p 60-70 1 1 6000-7000
CA-SDI-  Unit

4614 5 0-10 2 2 1731 1000-2000
CA-SDI-  Unit

4614 5 10-20 37 8 2000-3000
CA-SDI-  Unit

4614 5 20-30 23 8 2000-3000
CA-SDI-  Unit

4614 5 30-40 15 5 2677 2000-3000




Table 5.1: Table of sites, continued
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. Whole Growth Medlan
Site . . calibrated .
Unit Layer  shells  increment . Binned age
number . radiocarbon
measured  analysis
date
CA-SDI- Unit
4614 5 40-50 14 8 excluded
CA-SDI- Unit
4614 5 50-60 7 4 1276 excluded
CA-SDI- Unit
4614 5 60-70 3 2 excluded
CA-SDI- Unit
4614 3 0-10 3 3 1426 1000-2000
CA-SDI- Unit
4614 3 10-20 9 6 3101 3000-4000
CA-SDI- Unit
4614 3 20-30 15 6 3702 3000-4000
CA-SDI- Unit
4614 3 30-40 13 6 excluded
CA-SDI- Unit
4614 3 40-50 8 6 excluded
CA-SDI- Unit
4614 3 50-60 5 5 1245 excluded
CA-SDI- TU-
10915 ) 30-40 179 10 2068 2000-3000
CA-SDI- TU-
10915 ) 40-50 71 4 excluded
CA-SDI- TU-
10915 ) 60-70 12 6 5924 6000-7000
CA-SDI- TU-
4619 3 70-80 9 5 6124 6000-7000
CA-SDI- TU- 80-90 6 3 6000-7000

4619 3
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Table 5.2: Radiocarbon dates included in this study, samples starting with LLNL

were analyzed at Center for Accelerator Mass Spectrometry at the Lawrence

Livermore National Laboratory and samples starting Beta were analyzed at Beta

Analytic. Dates listed under the '*C age are not "*C corrected and italicized dates

were ~C corrected using a 430 year correction.

ey
Site Unit Level Lab Number age - Calibrated ages
(cm) (years lo
BP)
2c ranges median
SDI-4614 3 0-10 LLNL-156521 2110 30 1259-1618 1426
SDI-4614 3 10-20 LLNL-156522 3505 30 2869-3323 3101
SDI-4614 3 20-30  Beta-32368 4000 60 3443-3959 3702
SDI-4614 3 50-60 LLNL-156523 1930 30 1047-1415 1245
SDI-4614 5 0-10 Beta-32369 2380 70 1477-1989 1731
SDI-4614 5 30-40  Beta-32370 3160 80 2352-2932 2677
SDI-4614 5 50-60 LLNL-156520 1960 30 1087-1470 1276
SDI-4614 6 0-10 LLNL-156517 3345 30 2722-3131 2900
SDI-4614 6 10-20 LLNL-156518 3340 30 2719-3125 2894
SDI-4614 6 30-40  Beta-32371 2540 60 1669-2184 1923
SDI-4614 6 50-60 LLNL-156519 6145 30 6160-6532 6330
SDI-10915 TU-2 10-20  Beta-31560 2940 70 2153-2698 2429
SDI-10915 TU-2 30-40  Beta-31561 2660 80 1805-2330 2068
SDI-10915 TU-2 60-70  Beta-31562 5770 80 5656-6182 5924
SDI-4619 TU-3 40-50  Beta-31558 6780 90 6774-7295 7050
SDI-4619 TU-3 70-80 LLNL-156524 5955 30 5923-6288 6124
SDI-4619 TU-3 90-100 Beta-31559 6730 100 6725-7247 6996
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Table 5.3: Average age from thin sectioned and aged C. undatella and average

length as measured with calipers for the entire study populations.

1000-

2000- 3000- 6000-
2000 3000 4000 7000
Average 5.50 4.68 4.50 5.11
age
+ 1.87 1.82 2.17 1.70
n 6 69 10 19
D 0.33 0.40 0.60 0.41
Average | 4, 4 33.1 35.1 34.0
length
+ 4.7 4.2 3.7 48
n 6 362 24 54
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Table 5.4: Table of samples imaged aged and measured, data displayed for years 1-

5. Delta values are the amount of growth for that year, for example age3 delta is the

amount of growth between age2 and age3.

1000-2000 ybp

2000-3000 ybp

length delta length delta
mean 19.04 19.04 22.57 22.57
stdev 2.73 2.73 3.01 3.01
agel
n 6 6 69 69
p 0.004 0.004 0.900 0.900
mean 25.04 7.48 28.70 7.62
stdev 1.90 3.43 3.14 2.76
age 2
n 6 6 68 68
p 0.003 0.918 0.757 0.927
mean 28.58 4.55 31.66 411
stdev 2.55 2.00 3.64 2.12
age 3
n 6 6 61 61
p 0.026 0.515 0.758 0.644
mean 30.48 3.08 33.57 2.56
stdev 2.53 0.48 4.15 1.29
age 4
n 5 5 52 52
p 0.064 0.408 0.922 0.487
mean 31.22 1.68 33.90 1.83
a0e 5 stdev 3.25 0.69 4.47 0.73
g n 4 4 36 36
p 0.156 0.523 0.675 0.132




Table 5.4: Table of samples imaged aged and measured, continued.
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3000-4000 ybp 6000-7000 ybp All
length delta length delta length delta
mean 24.02 24.02 22.78 22.78 22.51 22.51
age 1 stdev 2.85 2.85 3.31 3.31 3.02 3.02
n 10 10 19 19 138 138
p 0.121 0.121 0.724 0.724
mean 30.17 7.85 28.70 7.44 28.28 7.29
age 2 stdev 2.53 3.18 2.87 3.13 3.00 2.84
n 10 10 19 19 136 136
p 0.099 0.775 0.908 0.789
mean 32.72 3.47 31.73 3.92 31.15 3.94
age 3 stdev 2.89 0.95 2.77 1.76 3.34 1.90
n 9 9 18 18 124 124
p 0.295 0.361 0.833 0.778
mean 34.60 2.53 34.03 2.75 32.96 2.46
age 4 stdev 4.49 0.97 2.42 1.39 3.73 1.20
n 5 5 17 17 106 106
p 0.523 0.844 0.551 0.668
mean 35.24 1.80 35.25 2.59 33.60 1.93
stdev 5.13 0.53 2.54 1.45 3.93 0.91
age 5
n 4 4 11 11 75 75
p 0.563 0.709 0.298 0.012
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Figure 5.1: Location of study site with archaeological sites listed and scale listed.
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Figure 5.2: Percent shell of the four major faunal remains from unit 3.
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Figure 5.3: Percent shell of the four major faunal remains from unit 5.
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Figure 5.4: Percent shell of the four major faunal remains from unit 6.
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Figure 5.5: Percent shell of the four major faunal remains from TU 2.
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Figure 5.6: Percent shell of the four major faunal remains from TU 3.
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A

— e e

Figure 5.7: Example of scanned shell marked for age analysis. The white dot near

the umbo was chosen to best replicate where calipers would have measured the shell
from. The black dot are placed at each annul growth increment. Distance at age x
was calculated as the linear distance between the white dot and corresponding black
dot. Growth between age x and age x+1 was calculated as the distance between the

corresponding black dots.
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Figure 5.8: Uncorrected radiocarbon age compared to median corrected age as

determined by CALIB v6.1 using the parameters described in the methods.
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Figure 5.9: Percent Chione and Argopecten shell compared with the average age,

growth rate for years one and two and average size at harvest for C. undatella.
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Figure 5.10: Percent Chione and Argopecten shell compared with the average age,

growth rate for years one and two and average size at harvest for C. undatella.
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Figure 5.11: Percent Chione and Argopecten shell compared with the average age,

growth rate for years one and two and average size at harvest for C. undatella.
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