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Abstract

Coastal upwelling zones are among the most productive regions in the world and play a major role in the global carbon
cycle. Radiocarbon (as D14C) is a powerful tool for tracing the source and fate of suspended particulate and dissolved organic
matter (POM, DOM), and has the potential to reconcile key carbon budgets within upwelling systems. However, the extent to
which upwelling processes influence the D14C signature of surface DIC, or that of POM or DOM remains almost completely
unknown. Here we present a time series of stable carbon (d13C) and D14C isotopic data of major water column carbon pools,
including dissolved inorganic carbon (DIC), large (0.7–500 lm) and small (0.1–100 lm) POM, and high molecular weight
(HMW; �1 nm–0.1 lm) DOM from an upwelling center along the Big Sur coast. We show that DIC D14C values (ranging
between +29& and �14&) are strongly correlated to coastal upwelling processes, and that this 14C-signal readily propagates
into both the POM and HMW DOM pool. However, the presence of negative POM and HMW DOM D14C values (ranging
between +46& and �56&, +6& and �123& and �1& and �150&, respectively) suggests contributions of “pre-aged” OM,
complicating the direct use of “bulk” D14C for tracing upwelling-derived carbon production/export. Using a triple-isotope
mixing model (d13C, d15N, D14C) we estimate that 50–90% and 45–51% of large and small POM is newly-produced OM, while
between 6–22% and 12–44% of large and small POM are derived from “pre-aged” re-suspended sediments. Finally, we
observe quantitative relationships between OM size, composition (C:N ratio) and D14C within this upwelling system, possibly
representing a new tool for modeling ocean C and N biogeochemical cycles.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Coastal upwelling regions are among the most dy-
namic and important components of the ocean carbon
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cycle. While they make up only about 1% of ocean sur-
face area, they are responsible for >10% of global new
production (Chavez, 1995). More recent export produc-
tion estimates suggest that these regions could be respon-
sible for >40% of all ocean carbon sequestration in the
modern ocean (Muller-Karger et al., 2005). As part of
the California Current System (CCS), the Big Sur coast
is located at the center of a globally significant upwelling
region. Recent pCO2 measurements and models suggest
sea-to-air degassing of upwelled CO2 is greatly attenuated
by biological activity and that a major fraction of mar-
gin-derived dissolved and particulate organic matter
(DOM, POM) may be exported from continental margins
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to open ocean environments (Barth et al., 2002; Hales
et al., 2005; Gruber, 2006; Pennington et al., 2010). The
overall balance of OM flux in the CCS (i.e. local burial
vs. export), thus represents a dramatic example of a sys-
tem in which physical and biogeochemical cycles are inex-
orably linked (Collins et al., 2003).

Tracing and quantifying the fate of OM produced within
upwelling systems has proven to be a difficult task. Most
studies seeking to reconcile coastal upwelling carbon bud-
gets involve sampling of multiple carbon reservoirs coupled
with total organic carbon (TOC) measurements, in order to
reconstruct overall carbon balance using physical transport
models (Pennington et al., 2010). However, a major compli-
cation to this approach is that TOC measurements are not
source-specific and cannot directly trace ‘upwelling-derived’
OM production or ultimate carbon sources. Together, these
limitations substantially complicate efforts to quantitatively
understand upwelling system carbon budgets. In contrast,
radiocarbon (as D14C) is a highly specific tracer for the
source and turnover of OM (e.g. McNichol and Aluwihare,
2007 and references therein), that may have particularly
powerful applicability to upwelling systems. Because re-
cently upwelled water masses are oversaturated in dissolved
inorganic carbon (DIC) that carries a negative D14C signa-
ture relative to surface DIC and CO2 atm, D14C values may
act as a direct tracer of upwelled DIC into primary produc-
tion, and its subsequent fate within major marine OM
reservoirs.

To date, the few studies that have compared D14C mea-
surements in relation to upwelling processes have confirmed
the validity of this approach. Robinson (1981) observed a
strong correlation between DIC and mussel tissue D14C to
the Bakun upwelling index, and found that upwelling of
DIC (with >100& range in D14C values) was a more conser-
vative indicator of upwelling processes than temperature,
salinity or nutrient content (Bakun, 1973; Robinson,
1981). Smaller DIC D14C seasonal offsets (�8–14&) have
also recently been observed for the Southern California
Bight – also significantly correlated to upwelling strength
(Hinger et al., 2010; Santos et al., 2011). In addition, sea-
sonal variations in surface water DIC and POM D14C (up
to 53&) were observed at Station M on the offshore edge
of the CCS in 1991–1996 (Druffel et al., 1996; Masiello
et al., 1998). Finally, Rau et al. (2001b) found a strong cor-
relation between the monthly averaged upwelling index and
the D14C-content of juvenile rockfish during 1995–1997,
indicating that upwelled DIC D14C can rapidly propagate
from the base of the food web to trophic levels �3–4. To-
gether, these studies suggest that D14C is a powerful tool
for examining the source-specific incorporation of upwell-
ing-derived carbon into major OM pools.

One possible complication for applying this approach is
the continued dilution of the “bomb” atmospheric 14CO2

signal. Originally introduced in the 1950s and 1960s during
atmospheric thermonuclear weapons testing, atmospheric
and upper ocean 14C levels have been declining steadily
(�4& per year in surface Pacific Ocean; Mahadevan,
2001). While estimates of DIC D14C gradients from the sur-
face mixed-layer in the early 1990s were on the order of
�100& (Key et al., 1996), today this offset is expected to
be much smaller. However, the actual magnitude of a po-
tential coastal DIC D14C offset would also result from mul-
tiple oceanographic factors, including: surface ocean DIC
D14C gradients, D14C of nearshore sources and mixing,
and the intensity and average depth of coastally upwelled
DIC D14C.

A major goal of this study is to determine whether or
not a measurable D14C offset exists within interseasonal
in situ DIC on the central CA coast – one large enough
to be useful as an upwelling tracer. In addition, because
OM size is strongly linked to both physical transport and
fate (sinking vs. advection, relative sinking rate as well as
bioavailability), a second major goal of this study is to eval-
uate how an upwelled D14C-signal propagates into size-frac-
tionated DOM and POM pools. Here, we isolated POM as
large (0.7–500 lm) and small (0.1–100 lm) size fractions,
and high molecular weight DOM (HMW; 1 nm–0.1 lm)
via ultrafiltration. Variations in stable carbon (d13C) and
D14C isotopic signatures of these OM pools and in situ

DIC are evaluated, throughout a 1.5 yr time series on the
Big Sur coast. We evaluate contributions of “pre-aged”

(14C-depleted) OM to these size-fractionated OM pools
and discuss observed OM size, 14C-age and composition
(C:N molar ratio) relationships. To the best of our knowl-
edge, this study represents the first contemporaneous exam-
ination of d13C and D14C seasonal variability of DIC,
HMW DOM and POM size fractions from the CCS.

2. METHODS

2.1. Study site

Biweekly seawater samples were collected from Septem-
ber 2007 to April 2009 at the Granite Canyon Marine Pol-
lution Studies Laboratory (GCMPSL) on the Big Sur coast
(Fig. 1). The GCMPSL is an active Scripps Institution of
Oceanography (SIO) Shore Station program monitoring
site and boasts a >40 year record of sea surface temperature
(SST) and salinity data from a unique high nutrient, low-
chlorophyll (HNLC) region of the central California coast
(Hutchins and Bruland, 1998; Hutchins et al., 1998; Bru-
land et al., 2001; Biller et al., 2013). In addition, seawater
sampled from the GCMPSL has been previously shown
to be highly representative of CCS waters (Breaker, 2005;
Walker and McCarthy, 2012). In particular Walker and
McCarthy (2012) show that seawater physical properties
(SST, salinity, sigma-t), nutrients (nitrate, ammonium,
phosphate, silicic acid) and major organic matter pools
(DOM, POM) are biogeochemically and isotopically repre-
sentative of the CCS during three main oceanographic peri-
ods. In this study, we described these as: (1) the “Oceanic
2007” period, from mid-September to mid-October 2007,
(2) the winter “Davidson 2007” period, from mid-October
2007 to early-March 2008, (3) the spring/summer “Upwell-
ing 2008” period, from mid-March to early-July 2008, (4)
the “Oceanic 2008” period from late-July to mid-October
2008 and (5) the “Davidson 2008” period, from
late-November 2008 to mid-March 2009 (Walker and
McCarthy, 2012). Finally, contemporaneous sample com-
parisons between the GCMPSL seawater intake system
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Fig. 1. Study site: The Granite Canyon Marine Pollution Studies Laboratory (GCMPSL) is located adjacent to the Monterey Bay on the
Central Coast of California. Inlayed map shows the relative location of the Monterey Bay area with respect to the California coastline with
bathymetric contours (black lines) and major CCS ocean currents (large grey arrows). Note the narrow shelf directly offshore GCMPSL and
along the Big Sur Coast.
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and the adjacent channel (this study) were statistically
indistinguishable in nutrient concentrations, OM content,
D14C and d13C isotopic signatures.

2.2. Dissolved and particulate sample collection

DIC samples were collected in 7.4 ml (2 dram) vials from
0.7 lm (Whatman GF/F) filtrates, and preserved with 20 ll
of a saturated HgCl2 solution, filled to zero headspace and
stored with Parafilm-M� sealed caps at 4 �C until sample
analysis. All glassware and filters were combusted
(450 �C/4 h) prior to sample collection. Detailed DOM
and POM sampling protocols have been previously de-
scribed (Walker and McCarthy, 2012). Briefly, HMW
DOM samples (HMW DOM: 1 nm–0.1 lm) were collected
via a homebuilt ultrafiltration system using GE Osmonics
membranes (NMWCO = 2.5 kDa, model # GE2540-
F1072; Walker et al., 2011; Walker and McCarthy, 2012).
Seawater volumes of �1500–2000 L were used for all
HMW DOM isolates, and each were concentrated to 2 L
in the field, and frozen until de-salted via diafiltration with
20 L 18.2 MX Milli-Q water in the lab. After diafiltration,
HMW DOM samples were dried via centrifugal evapora-
tion, homogenized with a mortar and pestle and stored in
pre-combusted (450 �C/4 h) vials in a desiccators prior to
isotopic analyses.

Large (�0.7–500 lm) POM size-fraction samples were
collected onto Whatman GF/F filters for stable isotopic
analysis and Whatman QMA quartz filters for D14C anal-
ysis. Small POM samples (0.1–100 lm) were collected
from pre-filtered seawater (<100 lm) using a homebuilt
system equipped with a hollow-fiber membrane (Amer-
sham Biosciences, model # CFP-1-E-55; Roland et al.,
2009). These ultrafiltered suspended POM (UPOM) sam-
ples were reduced to �2 L and diafiltered in the field,
then dried via centrifugal evaporation, homogenized with
a mortar and pestle and stored in pre-combusted vials in
a desiccator prior to isotopic analyses.

2.3. Carbon isotopic analysis

2.3.1. DIC d13C analysis

Carbon isotopic (d13C) analysis of DIC samples was
performed at the University of California, Santa Cruz
(UCSC) Stable Isotope Laboratory (SIL) using a Ther-
mo-Scientific Gas Bench II interface coupled to a Ther-
moFinningan Delta Plus XP isotope ratio mass
spectrometer (IRMS) following methods similar to Torres
et al. (2005). Seawater DIC samples were injected
(1.0 mL) into helium flushed 12 mL Exetainer� vials con-
taining 1 mL of 43% phosphoric acid. Over a period of
greater than 6 h, DIC derived CO2 was allowed to evolve
from the acidified water into the headspace. After this
equilibration period, the headspace gas was entrained
into a He stream, passed through two Nafion dryers
and passed through a PoraPlot Q gas chromatographic
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(GC) column to purify CO2 from N2O gas. During anal-
ysis, calibrated in-house NaHCO3 standards were inter-
spersed between samples to correct for linearity (size)
effects and drift. A second calibrated internal laboratory
standard was also run to monitor quality control. Stan-
dards were prepared daily by dissolving NaHCO3 bulk
powders in water previously stripped of DIC by sonicat-
ing under a weak vacuum for 1 h. These laboratory stan-
dards were calibrated against NIST Standard Reference
Materials (NBS-19, NBS-18, and LSVEC). Corrected del-
ta values are expressed relative to V-PDB (Vienna Pee-
Dee Belemnite) scale for d13C (&). Average external
precision of DIC concentrations and d13C measurement
based on sample duplicates were ±0.1 mmol/kg and
±0.04&, respectively.
2.3.2. Organic matter isotopic analysis

Stable isotopic analysis for organic matter samples were
performed at the UCSC SIL by CHN analysis using a Carlo
Erba CHNO-S EA-1108 Elemental Analyzer and Thermo-
Finnigan Delta Plus XP isotope ratio mass spectrometer
(Fry et al., 1992). Analytical precision of internationally
calibrated in-house standards was better than 0.2& for
both d13C matter. Sample isotopic values are corrected
for size, drift and source stretching effects. Carbon and
nitrogen elemental composition is estimated based on stan-
dards of known elemental composition. POM GF/F and
QMA filters were dried overnight in an oven at 40 �C, then
vapor acidified (12 N HCl, 12 hr) and dried again prior to
CHN and D14C analysis. Small POM and HMW DOM
samples were directly acidified with 1 N HCl in either silver
capsules or pre-combusted (450 �C/4 hr) quartz tubes to re-
move residual carbonates and oven dried (40 �C) overnight
prior to CHN analysis. Results are reported in standard per
mil (&) notation and relative to V-PDB for d13C. Average
external precision for d13C (based on n = 3 sample repli-
cates) was ±0.3&.
2.3.3. Radiocarbon analysis and AMS measurement

Natural abundance radiocarbon (D14C) measurements
were performed at both the Center for Accelerator Mass
Spectrometry at Lawrence Livermore National Labora-
tory (CAMS/LLNL) or at the National Ocean Science
Accelerator Mass Spectrometry (NOSAMS) Facility at
Woods Hole Oceanographic Institution (WHOI) following
standard graphitization procedures (Vogel et al., 1987).
The isolation of DIC from seawater samples for D14C
analysis was performed by vacuum line extraction at UC
Davis Department of Geological Sciences, following meth-
ods established for the extraction of RCO2 from seawater
(McNichol et al., 1994). Large and small POM size frac-
tions and HMW DOM samples were converted to CO2

gas by closed tube combustion. Results are reported as
age-corrected D14C (&) for geochemical samples and have
been corrected to the date of collection and are reported
in accordance with conventions set forth by Stuiver and
Polach (1977). Isotopic D14C results are reported as Frac-
tion Modern (FM), D14C, and conventional radiocarbon
age (ybp).
2.4. Estimation of POM source contributions using MixSIR

We used MixSIR v.1.0.4 (Moore and Semmens, 2008)
to determine the relative contributions of multiple OM
sources to both large and small POM size fractions. Mix-
SIR uses a Bayesian framework to generate probability
distributions that incorporate multiple isotopes and multi-
ple sources of uncertainty. Model inputs included mean
and standard deviation values for potential POM source
contributions and also individual size-fractionated POM
data in three isotopic dimensions (d13C, d15N, D14C). We
assume no fractionation factors (trophic enrichment,
etc.) between source and resulting mixture values for any
of the three isotopes. MixSIR model outputs are reported
as the contribution of each source endmember to the mix-
ture at the median (50%) level of the distribution. Percent
standard deviations (SD) for each source contribution was
determined using the relationship between SD and the
interquartile range (IQR = 75–25% interval of the distri-
bution): SD = IQR/1.35. In all models, we used uninfor-
mative priors (i.e. no weighted importance of source
contributions), and 1 � 108 iterations such that recom-
mended thresholds for generating robust maximum likeli-
hoods of the posterior distributions were met without
posterior draws.

3. RESULTS AND DISCUSSION

3.1. Dissolved inorganic carbon D14C and d13C signatures:

physical and biological coupling

A primary goal of this study is to evaluate the current
D14C offset of DIC and its linkage to physical processes
within an upwelling system. Very few studies have pre-
sented DIC d13C signatures for upwelling regions (e.g.
Rau et al., 2001a), however DIC d13C signatures from both
the open ocean and the outer CCS have strong depth trends
(ranging from �+2& in surface to �0.5& at depth; WOCE
Leg P17N, Stations #6,10,39; Masiello et al., 1998, Station
M). This suggests that a direct relationship would also be
expected between DIC d13C and regional upwelling at this
site (Breaker, 2005; Walker and McCarthy, 2012). How-
ever, several studies have also observed significant biologi-
cal fractionation of in situ DIC d13C via: (1) direct uptake of
HCO3

� (2) passive diffusion or active uptake of CO2 aq or
(3) equilibration of CO2 aq with the atmosphere (Rau
et al., 1997b, 2001a; Laws et al., 2002; Cassar et al.,
2004). A decoupling of DIC d13C signatures from physical
forcing would generally imply that biological processes lar-
gely influence DIC isotopic fractionation. However, be-
cause linkages to physical forcing underlies much of the
isotopic data, we first evaluate correlations between DIC
concentrations, d13C and D14C signatures to physical and
biological processes.

3.1.1. DIC D14C seasonal trends and offsets

Average measured DIC D14C values (aver-
age = +11 ± 13&, n = 30) were significantly lower than
surface ocean D14C values previously reported for the
North Eastern Pacific (NEP; +68 ± 20&; Masiello et al.,
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1998). We observed a large seasonal trend in DIC D14C
signatures with the most negative D14C values (�5 ± 7&,
n = 9) during spring/summer upwelling (March–July,
2008) and the most positive D14C values (+18 ± 7&,
n = 21) during summer/fall “Oceanic” (July–October) and
winter “Davidson” (November–February) periods (Table 1
and Fig. 2). We observed a total DIC D14C seasonal range
of �43& (D14C = �14& to +29&). This D14C offset is sim-
ilar to D14C offsets reported from 25 and 85 m depths in the
NEP (33& and 53&, respectively; Masiello et al., 1998).
Table 1
Dissolved inorganic carbon: stable and radiocarbon isotopic data. This ta
(mmol/kg) and isotopic (d13C and D14C) data. Errors given for d13C da
Where more than one CAMS# is present, the D14C error represents half

Sample date DIC (mmol kg�1) DIC d13C (&) ± CAMS

09/20/03 n.d. n.d. n.d.
09/21/03 n.d. n.d. n.d.
09/22/03 n.d. n.d. n.d.
09/23/03 n.d. n.d. n.d.
09/24/03 n.d. n.d. n.d.
10/08/03 2.60 �0.32 0.06 138810
11/11/03 2.27 0.14 0.09 143184
11/26/03 2.31 0.01 138811
12/13/03 2.42 0.02 0.06 143180
01/15/04 2.55 0.10 143190
01/28/04 2.36 0.38 0.02 143457
02/11/04 2.30 �0.06 0.01 143187
02/28/04 2.32 0.23 0.05 143168
02/29/04 2.36 0.22 0.01 138812
03/01/04 2.35 0.02 0.04 143173
03/17/04 2.50 �0.34 0.05 138813
03/31/04 2.32 0.12 143185
04/13/04 2.16 �0.05 143170
04/27/04 2.07 0.03 143177
05/08/04 n.d. 0.00 143188
05/09/04 2.02 �0.10 143183
05/10/04 2.23 �0.11 143172
05/27/04 1.75 0.38 143174
06/11/04 1.91 0.18 143169
06/11/04 143458�

06/26/04 1.83 0.48 n.d.
07/08/04 1.91 0.32 143176
07/22/04 1.88 0.05 0.03 143171
08/05/04 1.95 0.03 143186/
08/20/04 1.89 0.51 143189
09/11/04 1.95 0.58 0.05 143182
09/12/04 1.82 0.44 143191
09/13/04 1.85 0.43 n.d.
09/14/04 2.24 0.44 143179
09/22/04 1.80 0.43 143456
09/23/04 1.87 0.20 143181
10/17/04 1.90 0.40 143178
11/25/04 1.82 0.66 143175
12/16/04 n.d. n.d. n.d.
1/15/2009T n.d. n.d. n.d.
1/15/2009C n.d. n.d. n.d.
02/04/05 n.d. n.d. n.d.
02/09/05 n.d. n.d. n.d.
02/25/05 n.d. n.d. n.d.
03/09/05 n.d. n.d. n.d.

� We consider the replicate analysis of 6/12/08 DIC sample (CAMS#1
population mean of +10.7 ± 13.4&. All other DIC D14C values fall with
DIC D14C signatures were tightly correlated with water
mass properties. Statistically significant correlations were
observed between DIC D14C vs. previously reported density
(rt), sea surface temperature (SST) and salinity (R2 P 0.62,
p < 0.0001; Walker and McCarthy, 2012). This correlation
is also consistent with expected trends in the open ocean.
In fact, we found a virtually identical correlation
(R2 = 0.69, p < 0.0001) by regressing all WOCE (P17N)
DIC D14C and temperature data for samples taken from
above 200 m depth. Our measured DIC D14C were also
ble summarizes all dissolved inorganic carbon (DIC) concentration
ta (&) represent the 1r standard deviation at least n = 3 analyses.
of the range between two independent sample measurements.

# Fm ± D14C (&) ± 14C age ±

1.021 0.005 21 4.8 >Modern
1.027 0.005 20 5.4 >Modern
1.025 0.005 25 4.6 >Modern
1.026 0.005 18 4.7 >Modern
1.027 0.004 19 4.1 >Modern
1.024 0.006 17 5.7 >Modern
1.031 0.004 24 4.1 >Modern
1.023 0.004 15 4.0 >Modern
1.023 0.006 23 5.9 >Modern
1.027 0.004 20 4.1 >Modern
0.986 0.005 �14 4.6 Modern
1.010 0.005 2 4.7 Modern
1.012 0.004 5 4.4 >Modern
1.006 0.004 �1 4.0 Modern
0.998 0.004 �9 3.9 Modern
0.993 0.004 �14 3.9 Modern
1.000 0.004 �7 3.8 Modern
1.012 0.004 5 4.1 Modern
1.009 0.004 2 4.1 Modern
0.987 0.005 �20 4.6 Modern

1.012 0.004 5 4.0 Modern
1.008 0.004 1 4.0 Modern

143459 1.015 0.005 8 0.5 >Modern
1.036 0.004 29 4.2 >Modern
1.035 0.004 27 4.2 >Modern
1.028 0.004 21 4.2 >Modern

1.028 0.004 20 4.3 >Modern
1.016 0.004 9 4.5 Modern
1.026 0.004 19 4.1 >Modern
1.027 0.005 20 4.9 >Modern
1.028 0.004 21 4.2 >Modern

43458) to be an outlier, falling nearly outside 3r the DIC D14C
in 2r the population mean.
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correlated to the 3-day average upwelling index (R2 = 0.34,
p = 0.0007; NBDC #46042).

These results are in agreement with work suggesting
wind-driven mixing and advection (as opposed to organic
matter remineralization or atmospheric gas exchange pro-
cesses) are main drivers for DIC D14C variability within
the CCS (Masiello et al., 1998). It should also be noted
that because D14C values are normalized for biological
fractionation (d13C), photosynthetic processes and the
associated isotopic fractionation do not influence our re-
ported D14C signatures. The specific D14C offsets ob-
served through a seasonal upwelling cycle further
indicate that within this central CA upwelling region of
the CCS, physical forcing and the upwelling of deeper
CCS water results in a DIC D14C offset of �40&. The
similarity of this offset with that observed in the early
1990s might at first seem unexpected; this offset is driven
not only by 14CO2 atm concentrations, but also by relative
local intensity of coastal upwelling (i.e. the presence of a
more negative D14C DIC-endmember). The variability is
sufficient (�10 times greater than D14C analytical error)
to be used as an effective geochemical tracer in upwelling
systems.

3.1.2. DIC concentration and d13C: seasonal trends and

biological linkages

In upwelling systems, both physical (mixing, degassing)
and biological (phytoplankton active HCO3

� uptake or
passive diffusion) processes influence DIC concentrations
and d13C values (Tortell et al., 2000; Rau et al., 2001a;
Hales et al., 2005; Fassbender et al., 2011). Here we evalu-
ate the effect of biological processes in determining DIC
concentrations and d13C signatures in this upwelling sys-
tem. We observed variability in DIC concentrations
(�1.7–2.6 mmol/kg) and d13C signatures (�0.34& to
+0.66&; Table 1). While measured DIC d13C values were
significantly correlated to SST, salinity, rt and upwelling in-
dex (R2 P 0.34, p 6 0.0007; Fig. 3A), DIC concentrations
were not significantly correlated to any of these seawater
properties (p P 0.15). This result is somewhat unexpected
given that NCP DIC concentrations profiles generally cor-
related to temperature and salinity (e.g. WOCE P17N,
<200 m; R2 = 0.60, p 6 0.0001 and R2 = 0.16, p = 0.0442).
The relationship between our DIC d13C and nitrate concen-
trations (Fig. 3B; R2 = 0.42, p < 0.0001) suggests that bio-
logical processes exert a primary control on the DIC pool
at this site. Both DIC concentration and d13C values are
also significantly correlated to POM d13C values (Fig. 3C
and D). This observation is consistent with the idea that
DIC d13C signatures will fractionate during bicarbonate
and/or CO2 uptake by coastal phytoplankton and also with
strong correlations previously observed between DIC con-
centrations and d13C vs. POC and PON (R2 P 0.59,
p < 0.0001 and R2 P 0.0.36, p 6 0.0005 for DIC d13C and
DIC concentration, respectively; Walker and McCarthy,
2012). These observations agree with recent research show-
ing that primary production can have an appreciable effect
on DIC within upwelling systems – capable of reducing
DIC by �200 lmol/kg in �10 days (e.g. Fassbender et al.,
2011). Changes in pCO2 and DIC concentrations have also
been previously shown to have an appreciable effect on DIC
d13C signatures within coastal and open ocean ecosystems

http://shorestation.ucsd.edu/
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(Rau et al., 1989, 1997a,b, 2001a). The apparent decoupling
of DIC from physical processes, combined with statistically
significant correlations of DIC d13C to both the POM pool,
indicates that biological processes have a large impact on
DIC concentrations and d13C signatures within this coastal
upwelling system.

3.2. Radiocarbon signatures of organic matter size fractions

3.2.1. Large vs. small POM size fractions

The seasonal upwelling DIC D14C signal together with
observations suggesting active DIC uptake by phytoplank-
ton strongly suggest that negative D14C-signatures charac-
teristic of upwelling cycles should also be observed in
recently produced OM. Here we examine seasonal offsets
within large and small POM D14C signatures, and to what
extent DIC D14C is incorporated into POM size-fractions.
Measured large POM D14C values displayed a considerable
seasonal offset, with observed values ranging from �55& to
+46& (Fig. 4; average = �15 ± 25&, n = 33). While large
POM samples had ‘younger’ 14C-ages (Table 2A;
14C-age 6 400 years), most D14C values were lower than
measured DIC D14C (Fig. 4). Despite a noticeable seasonal
offset, only weak correlations were found between large
POM D14C to a 3-day average upwelling index and to
DIC D14C (R2 = 0.17, p = 0.0168 and R2 = 0.16,
p = 0.0391, respectively). In addition, no correlations were
found between large POM D14C and seawater physical
properties (SST, salinity, rt; p-values P 0.08) at the 95%
confidence interval.

Small POM (UPOM; 0.1–100 lm) D14C values also dis-
played a large seasonal range (�123& to �1&; Table 2B).
Average small POM D14C values (D14C = �26 ± 40&,
n = 10) were slightly lower than the large POM size fraction
(D14C = �15 ± 25&, n = 33; Fig. 4), however this differ-
ence is not significant (Student’s t-test, p = 0.27, a = 0.05).
The late summer “Oceanic” period is the only CCS seasonal
period in which small POM had D14C values within DIC
D14C ranges. Small POM samples from all other CCS peri-
ods (i.e. spring/summer “Upwelling” and winter “David-
son”) were highly variable, and had more substantially
negative D14C values than DIC. In contrast to large
POM, a strong statistical correlation was found between
small POM D14C and upwelling index (3-day average;
R2 = 0.73, p = 0.0021). However, no significant correla-
tions were observed between small POM D14C vs. in situ
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DIC D14C (p = 0.74) or seawater physical properties (SST,
salinity, rt; p P 0.12, a = 0.05).

The observation that both small and large POM size-
fractions approached the observed range of in situ DIC
D14C over multiple seasonal periods indicates that a sub-
stantial portion of suspended POM is comprised of recently
fixed photosynthetic material. These results are consistent
with previous work documenting a strong linkage between
physical processes, DIC D14C and the D14C-content of mar-
ine biota (Robinson, 1981; Rau et al., 2001b). However, the
presence of negative D14C values in the large POM size-
fraction was unexpected. Previously reported d13C and
d15N stable isotopic values from this study have indicated
that the larger POM fraction is more chemically ‘fresh’
and generally representative of local phytoplankton pro-
duction (Walker and McCarthy, 2012). Therefore, the large
POM D14C signatures we observe suggest additional 14C-
depleted (i.e. “pre-aged”) OM, sources contribute to the
suspended POM pool. The largest contribution of pre-aged
OM occurs during periods of intense coastal upwelling
(Fig. 4).

For the smaller POM size-fraction, negative D14C values
and a lack of significant correlations to seawater physical
properties suggest that contributions of “pre-aged” carbon
sources more strongly influence the small POM size frac-
tion. This is consistent with elemental (C:N ratios) and sta-
ble isotopic data from other ocean regions, indicating small
POM is often more degraded, less labile, and have older
14C-ages. We note, however, that the offset between small
and large POM D14C signatures is not constant. This vari-
ation implies a complex interplay between the strength and
duration of wind and current induced re-suspension on the
shelf, and heterogeneous OM D14C source signatures. Over-
all, D14C signatures for both POM size-fractions seem to
support this general idea. The lowest D14C values for both
POM size-fractions occurred during spring/summer upwell-
ing, consistent with a larger contribution of upwelled “pre-
aged” material. These results suggest that suspended POM
with relatively “old” 14C-ages (e.g. POM dominated by re-
suspended shelf sediments) may represent a significant
source of 14C-depleted OM to the open ocean (Bauer and
Druffel, 1998; Hwang and Druffel, 2006; Roland et al.,
2008).

3.2.2. High molecular weight DOM D14C values: evaluation

of sources, production and export

Previous work has shown that HMW DOM from this
upwelling system has a bulk stable isotopic (d13C, d15N)
and chemical composition (C:N molar ratio) similar to
large POM, strongly indicating that primary production is
responsible for new HMW DOM produced within this
upwelling system (Walker and McCarthy, 2012). Here we
explore the relative importance of physical processes (sea-
sonal offsets in D14C) vs. biological production (comparison
to large and small POM D14C) in determining HMW DOM
D14C signatures in this coastal upwelling system. Using a
two-component model, we also evaluate the ‘source’ D14C
signature of recently produced HMW DOM and discuss



Table 2
Large and small suspended particulate organic matter (POM): stable and radiocarbon isotopic data. (A) Large POM (GFF; 0.7–500 lm)
carbon isotopic (d13C and D14C) data. GFF-POM errors given for d13C data (&) represent the 1r standard deviation at least n = 3 analyses.
Radiocarbon results are presented as in Table 1. CAMS # with “OS” designation represent D14C data determined at WHOI/NOSAMS.
Sample dates ending in “T” and “C” represent contemporaneous sample comparison between the GCMPSL seawater intake system and the
adjacent ocean channel. (B) Small POM (UPOM; 0.1–100 lm) carbon isotopic (d13C and D14C) data.

Sample date GFF-POM d13C (&) ± CAMS # Fm ± D14C (&) ± 14C age ±

(A) Large POM (0.7–500 lm)

09/20/03 �21.1 n.d.
09/21/03 �22.5 138826 1.024 0.003 24 3.3 >Modern
09/22/03 �22.2 n.d.
09/23/03 �21.1 0.64 143698 1.017 0.003 10 2.7 >Modern
09/24/03 �20.7 138827/138828 1.026 0.006 26 5.6 >Modern
10/08/03 �21.6 0.03 138829 1.004 0.003 4 3.0 Modern
11/11/03 �22.4 0.30 n.d.
11/26/03 �23.4 143491 1.041 0.004 34 3.6 >Modern
12/13/03 �25.2 143699 1.054 0.004 46 3.7 >Modern
01/15/04 �21.3 0.36 143763 1.030 0.004 23 4.4 >Modern
01/28/04 �20.9 143764 1.025 0.004 18 3.7 >Modern
02/11/04 �23.8 143765 0.981 0.004 �26 3.8 155 35
02/28/04 �23.6 143768 0.957 0.004 �50 4.0 355 35
02/29/04 �23.8 138830 0.982 0.003 �18 3.5 150 30
03/01/04 �22.8 143492 0.978 0.003 �29 2.9 180 25
03/17/04 �21.7 138831 0.972 0.003 �28 3.5 230 30
03/31/04 �20.1 143493 0.986 0.003 �21 3.0 110 25
04/13/04 �21.9 n.d.
04/27/04 �20.9 143767 0.986 0.003 �21 3.3 115 30
05/08/04 �22.7 138832 0.954 0.003 �46 3.5 380 30
05/09/04 �22.5 138833 0.960 0.004 �40 4.1 330 35
05/10/04 �22.7 138834 0.945 0.003 �55 3.5 450 30
05/27/04 �21.6 143769 0.991 0.004 �16 3.9 75 35
06/11/04 �21.5 143770 0.997 0.003 �10 2.8 Modern
06/26/04 �21.1 143771 0.981 0.003 �26 3.4 150 30
07/08/04 �20.7 143494 0.981 0.003 �26 3.4 155 30
07/22/04 �19.6 143772 0.981 0.003 �26 3.4 155 30
08/05/04 �19.0 OS - 77983 0.995 0.005 �12 4.7 40 40
08/20/04 �20.2 143639 0.987 0.003 �20 2.8 105 25
09/11/04 �18.0 143640 1.002 0.003 �5 2.6 Modern
09/12/04 �18.5 143495 0.987 0.003 �20 3.0 105 25
09/13/04 �19.5 143641 0.988 0.003 �19 3.0 100 25
09/14/04 �18.8 143496 0.977 0.003 �30 3.0 190 25
09/22/04 �20.5 n.d.
09/23/04 �19.7 143497 0.951 0.003 �56 2.9 400 25
10/17/04 �17.7 143643 1.000 0.003 �7 3.2 Modern
11/25/04 �20.5 n.d.
12/16/04 �20.9 n.d.
1/15/2009T �21.0 143645 0.979 0.004 �28 4.1 165 35
1/15/2009C �21.5 143644 0.980 0.003 �27 3.3 165 30
02/04/05 �22.4 n.d.
02/09/05 �22.7 n.d.
02/25/05 �22.9 n.d.
03/09/05 �22.3 n.d.

Sample date UPOM d13C (&) ± CAMS # Fm ± D14C (&) ± 14C age ±

(B) Small POM (0.1–100 lm)

09/21/03 �21.4 0.17 143498 1.002 0.003 �5 3.5 Modern
09/22/03 �22.0 0.13 152565 1.001 0.004 �7 3.9 Modern
09/23/03 �19.8 0.35 152566 0.996 0.003 �11 2.8 Modern
09/24/03 �20.9 0.30 152567 0.994 0.003 �13 2.9 50 25
02/29/04 �22.5 0.22 143647 0.970 0.003 �37 2.5 245 25
03/01/04 �19.9 0.12 143638 0.883 0.003 �123 2.5 1000 25
05/09/04 �22.0 0.00 OS - 78128 0.941 0.003 �66 3.2 490 25
09/12/04 �17.1 0.24 143648 1.003 0.003 �4 2.9 Modern
09/13/04 �18.8 0.12 143499 1.006 0.003 �1 3.2 Modern
09/23/04 �18.6 0.22 152568 1.013 0.004 6 3.79895 >Modern

B.D. Walker et al. / Geochimica et Cosmochimica Acta 126 (2014) 1–17 9



10 B.D. Walker et al. / Geochimica et Cosmochimica Acta 126 (2014) 1–17
the implications of seasonal export of isotopically distinct
HMW DOM to the CCS.

Of all OM pools measured, HMW DOM D14C values
were on average the lowest (average D14C = �72 ± 75&,
n = 11; Table 3), and had the largest range (+12& to
�150&; Fig. 4). While the majority of HMW DOM D14C
values appear to follow a predictable seasonal trend
(Fig. 4), we also observed one very negative D14C signature
(�223& on 9/22/07). This sample also had a typical
“marine” stable isotopic and elemental composition similar
to other HMW DOM samples (d13C = �21.3&, C:N �10;
Walker and McCarthy, 2012), providing no obvious expla-
nation for the extreme D14C value. One possibility is that
this sample reflects the influence of internal waves on the
central CA coast bringing deeper DOM to the surface, con-
sistent with the large change in SST during this sample per-
iod (SST warming from 11.7 to 14.5 �C; September 21–25,
2007), or potentially the introduction of offshore DOM
via a mesoscale eddy. Both of these processes have been
shown to strongly affect both thermocline depth and
DOM concentrations (e.g. Bray and Greengrove, 1993;
Letelier et al., 2000). However, in the open Pacific ocean,
HMW DOM with D14C values in this range (�200& to
�300&) are typically found only at mesopelagic depths
(600–2000 m; Walker et al., 2011) – suggesting that this is
not a likely explanation. Nevertheless, all other HMW
DOM samples measured during the study period have the
D14C signatures within expected variability for surface
HMW DOM from the Pacific ocean (Walker et al., 2011),
consistent with stable isotopic and elemental ratios (Walker
and McCarthy, 2012).

The most negative HMW DOM D14C values occurred
during either the winter “Davidson” and spring/summer
“Upwelling” CCS periods (average D14C = �119 ± 32&,
n = 4), while the higher HMW DOM D14C values were ob-
served during the late summer “Oceanic” CCS periods
(D14C = �15 ± 19&, n = 6; excluding the 9/22/07 sample).
The similarity between HMW DOM and DIC D14C during
the Oceanic periods in both 2007 and 2008 (Fig. 4), coupled
with previous observations of significant C-rich DOM pro-
duction (Walker and McCarthy, 2012), strongly suggests
that recently produced carbohydrates dominate during
periods of water column stratification and higher SST,
Table 3
High molecular weight dissolved organic matter (HMW DOM): stable an
for HMW DOM (0.1 lm–1 nm). Conventions for reporting d13C and D1

Sample date d13C (&) ± CAMS # Fm

09/21/03 �21.3 0.13 138821/143649 0.78
09/22/03 �20.7 0.11 138822 0.96
09/23/03 �20.2 0.35 138823 0.96
09/24/03 �20.9 0.30 138824/138825 0.97
02/29/04 �19.8 0.12 138820/143774 0.88
03/01/04 �18.8 0.56 138819 0.92
05/09/04 �21.2 0.26 138817/138818 0.84
05/10/04 �19.9 0.33 138819 0.92
09/12/04 �17.6 0.30 143637 1.00
09/13/04 �18.6 0.38 143773 1.01
09/22/04 �19.1 0.52 143650 0.99
consistent with expectations from DOM studies in the open
ocean (Goldberg et al., 2009). In contrast, low HMW DOM
D14C values from the Davidson and Upwelling periods
(Fig. 4) suggest that the upwelling of 14C-depleted DOM
contributes significantly to the D14C signature of HMW
DOM. This offset between DIC D14C and HMW DOM is
also consistent with the unique “HNLC” character (i.e.
low DOM and POM production/export during spring
upwelling; Walker and McCarthy, 2012) of the Big Sur
coast – suggesting that “older” HMW DOM is predomi-
nant during upwelling periods.

A Keeling plot of 1/HMW DOC and D14C confirms this
basic idea and indicates that seasonal HMW DOM D14C
patterns in this upwelling center can be largely explained
by two-component mixing (Fig. 5; R2 = 0.66, p = 0.0042).
Here the production of C-rich HMW DOM in the late sum-
mer “Oceanic” CCS periods have modern D14C signatures
and adhere strictly to the mixing line, whereas N-rich
HMW DOM (Walker and McCarthy, 2012) produced dur-
ing Upwelling and “Davidson” periods have lower D14C
values that also deviate from the mixing line (e.g. at 1/
[DOC] = 0.2). A Keeling intercept of D14C = +88 ± 33&

suggests that the D14C signature of ‘new’ HMW DOM
added to this upwelling system carries an open ocean
‘bomb’ DIC D14C value, slightly higher than our measured
range of in situ DIC D14C. This is consistent with previous
work suggesting that advected HMW DOM from the sur-
face open ocean strongly influences this region during the
“oceanic” CCS period (Walker and McCarthy, 2012). It
should also be noted that this Keeling intercept (+88&)
is higher than surface ocean DIC D14C values reported
prior to 2006 (<+40&; Druffel et al., 2010). Assuming
Keeling model assumptions and two-component mixing
are valid for this upwelling system, this may also imply that
HMW DOM in the open and/or coastal ocean may persist
for several years before being remineralized. Unfortunately,
we do not have enough data to perform a similar analysis
on HMW DOM from individual CCS periods. Such analy-
sis would be useful for differentiating between ‘new’ HMW
DOM production vs. ‘background’ HMW DOM D14C val-
ues for each CCS period (i.e. Oceanic, Davidson, Upwell-
ing). While these results suggest that physical mixing can
be important for seasonally determining bulk HMW
d radiocarbon isotopic data. Carbon isotopic data (d13C and D14C)
4C data are as in Tables 1 and 2.

± D14C (&) ± 14C age ±

0 0.002 �223 2.4 2000 18
4 0.004 �36 4.0 295 35
8 0.005 �32 4.9 260 45
4 0.007 �26 6.6 210 43
5 0.003 �119 1.3 925 57
4 0.004 �76 4.4 635 40
8 0.002 �152 2.3 1310 48
4 0.004 �76 4.4 635 40
6 0.003 �1 2.9 Modern
9 0.003 12 3.5 >Modern
7 0.003 �10 2.9 25 25
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DOM D14C values, in contrast, HMW DOM isotopic sig-
natures (d13C, d15N, D14C; Walker and McCarthy, 2012;
this study) strongly suggest large phytoplankton cells (i.e.
large POM size-fractions) are mainly responsible for overall
‘new’ HMW DOM produced within this upwelling system.

The seasonal production of HMW DOM with variable
elemental (C:N) and isotopic (d13C, d15N, D14C) composi-
tions that we observe may also have significant implications
for understanding both the impact of exported DOM on
offshore ecosystems, and interpreting DOM cycling within
coastal margins. Previous work at this site has shown that
C-rich HMW DOM is produced in late summer (C:N
�12; Walker and McCarthy, 2012). This observation is
consistent with previous work examining dissolved carbo-
hydrate production within upwelling systems (Nieto-Cid
et al., 2004). If we assume that the C-rich, and modern
D14C HMW DOM seasonal production at this upwelling
system is carbohydrate-dominated, then the export of this
labile material may represent a significant contribution of
modern C to offshore DOM pools. In contrast, the N-rich
HMW and total DOM produced during upwelling
(C:N 6 10; Walker and McCarthy, 2012) has more negative
D14C values (�75& to �150&), suggesting that upwelling-
derived DOM exported from this region may represent a
source of labile yet “pre-aged” DOM augmenting offshore
ecosystems. These variable HMW DOM D14C signatures,
together with previously observed variability in total and
DOM elemental compositions from other upwelling sys-
tems (Alvarez-Salgado et al., 2001a,b; Hill and Wheeler,
2002) highlights the need to further constrain the chemical
and isotopic variability of DOM from coastal regions –
especially considering DOM may comprise the majority
of exported labile carbon and nitrogen from upwelling
systems.

3.3. Determination of upwelling-derived vs. allochthonous

POM contributions

While our hypothesis of DIC D14C incorporation into
major OM pools is generally correct, there are also unex-
pected results in both OM 14C-composition and seasonal
variation. For example, from past bulk elemental and isoto-
pic composition data (Walker and McCarthy, 2012), we ex-
pected the bulk large POM to closely track in situ DIC
D14C, yet it did not. Overall, our results show that mixtures
of newly-produced vs. “pre-aged” OM (likely derived from
re-suspended marine sediments) can be found throughout
the time series and in all OM pools. This suggests that in
order to accurately determine the proportion of upwelled
DIC ultimately exported as POM, a quantitative measure
of newly fixed vs. pre-aged OM is required. Here we esti-
mate source OM contributions to both large and small
POM size-fractions using a triple isotope (d15N, d13C,
D14C) Bayesian statistics mixing model (MixSIR; see
Section 2.4).

Input values are estimated from observations in the
nearby Monterey Bay Region. We note that due to a lack
of observations we do not include aerosol OM d13C, d15N
and D14C values which are unknown for the California
coast. However, because our study site is largely free of
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anthropogenic influences, marine aerosol POM is the most
likely source to our measured POM pools. For our model,
we consider the following major OM source contributors:
(1) re-suspended sedimentary organic matter (SOM)
(d13C = �26 ± 2&, d15N = +2.5 ± 2&, D14C = �170 ±
30&; Peters et al., 1978; Paull et al., 2006), (2) coastal phy-
toplankton (d13C = �22 ± 2&, d15N = +5 ± 2&,
D14C = +10 ± 20&; Rau et al., 1998; Walker and
McCarthy, 2012), (3) commonly ascribed open ocean phy-
toplankton values (d13C = �20 ± 2&, d15N = 0 ± 2&,
D14C = +60 ± 5&) and (4) littoral/macrophyte OM
(d13C = �17 ± 3&, d15N = +6 ± 3&, D14C = +10 ± 20&;
(d13C = �17 ± 3&, d15N = +6 ± 3&, D14C = +10 ± 20&;
Foley and Koch, 2010; this study).

Using these endmember values, we model the seasonal
contribution of SOM vs. “fresh” marine production for
both our large and small POM sample populations during
both “upwelling” vs. “non-upwelling” periods (Fig. 6).
For large and small POM sample populations, we found
that the large POM pool is comprised of coastal phyto-
plankton OM (83 ± 5%) and that the small POM pool ap-
pears to be dominated by littoral/macrophyte OM
(77 ± 4%). The model also suggests that large and small
POM sample populations overall contain between 10%
and 18% SOM. However, by differentiating each POM
size-fraction by periods of upwelling vs. non-upwelling,
the model reveals several clear differences. For example,
POM collected during coastal upwelling periods contains
far more SOM (22 ± 1% and 44 ± 4% for large and small
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POM, respectively). We also find that coastal phytoplank-
ton OM is in higher abundance during non-upwelling peri-
ods, consistent with previous observations of increased
POC and PON abundance during stratified conditions
(Walker and McCarthy, 2012). With the exception of
non-upwelling small POM samples, the model predicted
contributions of open ocean phytoplankton were generally
small (<2%) within both large and small POM size-frac-
tions. Overall, these results indicate that large POM is the
predominant mode of exporting recently-fixed, upwelling-
derived POM (coastal phytoplankton OM) from this site,
with the small POM size-fraction being dominated by both
SOM and littoral/macrophyte OM contributions. Also,
while these mixture contributions are variable, the generally
negative POM D14C signatures we observe with respect to
measured DIC D14C are largely explained by the presence
of 14C-depleted SOM contributions during intense water
column mixing/upwelling events. While some resuspended
sediment is to be expected at nearshore upwelling sites,
the influence probably scales with the width of the shelf
and available sediment (fetch). We hypothesize that wide-
shelf upwelling regions; such as the Davenport upwelling
plume, Oregon coast, etc., could have more SOM contribut-
ing to large and small POM fractions.

Our estimates of SOM contributions, although realistic
and well constrained, are limited by our assumptions. For
example, contributions of POM sources with negative
D14C signatures would also ‘mask’ recently produced
POM D14C signals. In order to use DIC and POM D14C
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represents the average DIC D14C value (n = 30). (B) Elemental
(C:N molar ratios) data (y) are shown in the context of organic
matter size (x). Raw data for this figure was adapted from Walker
and McCarthy (2012). For both A and B, size (x) values
correspond to the mid-point of pre/filter size cutoffs for HMW
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dashed lines depict the least squares regressions and 95% confi-
dence intervals determined using JMP v10.
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signatures to more precisely quantify upwelling-derived
OM production and export from coastal margins, it is likely
that direct D14C measurements of labile vs. pre-aged OM
pools will be required. Future work should focus on meth-
ods to geochemically isolate “newly-produced” vs. “pre-
existing” POM components. Recent work suggests that
simple hydrolytic-based organic separations of marine
POM can accomplish this function (e.g. total lipid extrac-
tion coupled with acid-soluble and acid-insoluble chemical
fractionation; Wang et al., 1998; Hwang and Druffel,
2006; Hwang et al., 2006; Roland et al., 2008). Here, d13C
and D14C signatures of total lipid and non-hydrolysable
“acid-insoluble” components comprise refractory materials
(e.g. resuspended sedimentary OM and terrestrial sources),
while hydrolysable or “acid-soluble” POM represents al-
most exclusively newly-produced labile OM. We hypothe-
size that a similar approach could be used to isolate fresh
(primary production) vs. re-suspended sedimentary contri-
butions within the POM pool – yielding more precise esti-
mates of upwelling-derived OM production/export from
coastal margins.

3.4. Size–age–composition relationships of major organic

matter pools

The physical size of OM is strongly linked to its
bioavailability; an idea typically referred to as the “size–
reactivity continuum” hypothesis (Amon and Benner,
1996). Relative molecular size is therefore thought to play
a key role in the relative fate and lability of detrital OM
(i.e. containing the lowest C:N ratios, abundance of “fresh”

biomolecules and highly-positive D14C signatures; Druffel
et al., 1992; Guo et al., 1996; Benner and Kaiser, 2003;
Loh et al., 2004; Kaiser and Benner, 2009). However, bio-
availability is not always synonymous with D14C and C:N
ratio, and to what degree molecular size may correlate with
these parameters is far less certain. Recently, Walker et al.
(2011) showed that within the oligotrophic open ocean
DOM pool, relative molecular size and D14C are strongly
linked. Few qualitative observations of a size–age relation-
ships have included POM samples (Guo et al., 1996), and
quantitative relationships between OM size and D14C has
never been directly tested for any ocean region. Because
OM transport (sinking vs. advection, as well as relative
sinking rate) is largely affected by physical size, a strong
relationship between OM size and D14C might indicate
the importance of this mechanistic process and the trans-
port of modern vs. older carbon from coastal margins. At
the same time, the diversity of possible carbon sources
yielding an admixed signal might complicate observations
of a direct size–D14C relationship.

We observe statistically significant correlations between
average OM size, D14C and C:N molar ratio (Fig. 7A/B). In
both Fig. 7A/B, the 95% confidence interval (CI) of slopes
determined by least squares regression analysis exclude zero
(95% CIs for Fig. 7A = 2.12, 8.16 and Fig. 7B = �0.7,
�0.4). Thus, while coefficients of determination are low
(R2 = 0.18 and 0.35 for A and B, respectively), OM size
vs. D14C and C:N relationships are statistically significant.
Resulting y-intercepts from these regressions fall
within our measured DIC D14C range (Fig. 7A:
D14C = 28 ± 16&) and a C:N ratio (Fig. 7B:
C:N = 2.1 ± 1.2) closely approximating that of fresh, pro-
teinaceous material. These y-intercepts further reinforce
the idea that prior to degradation, recently produced OM
is chemically ‘fresh’ and has a D14C signature similar to that
of surface DIC. Preliminary results from D14C analysis of
the total DOM pool suggest that size vs. D14C correlations
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improve further when these measurements are included
(R2 = 0.83; Walker unpublished data) – suggesting size vs.
D14C relationships may be much stronger within this
upwelling system.

The presence of size vs. D14C and C:N relationships are
somewhat surprising given: (1) the dynamic cycling of dis-
solved vs. particulate OM pools, (2) strong inter-seasonal
variability of physical and biological processes (Walker
and McCarthy, 2012) and (3) impact of “pre-aged” OM
sources. To our knowledge, this is the first observation of
quantitative relationships between bulk chemical composi-
tion, D14C, and marine OM size, perhaps representing a sig-
nificant expansion on size–reactivity continuum ideas (e.g.
Amon and Benner, 1994; Kaiser and Benner, 2009). We do
not, however, observe a direct or ‘instantaneous’ correlation
between sample OM D14C values and C:N ratios (R2 = 0.06;
not shown). This suggests that OM aging and compositional
changes operate on very different timescales, and that dy-
namic physical and biological processes preclude contempo-
raneous D14C vs. C:N relationships. The C:N ratio of marine
DOM can be largely affected by periods of intense carbohy-
drate production on short timescales in the surface ocean
(C:N �19–25; Biersmith and Benner, 1998) and gradual re-
moval of nitrogenous DOM in the deep ocean over long
timescales (Benner et al., 1992, 1997). At this coastal site in
particular, we find periods of intense inter-seasonal DOC
and DON production (Walker and McCarthy, 2012). Only
when all time series data are considered do we begin to ob-
serve quantitative size–age–continuum relationships.

These basic D14C and C:N vs. size relationships might also
have implications for understanding linkages between DOM
vs. POM at coastal margins. The trends we observe suggest a
flow of OM from modern (and chemically “fresh”) large
POM, to smaller POM and finally into the DOM pool. This
is broadly consistent with previous D14C observations of
DOM and POM from the Gulf of Mexico (Guo et al.,
1996). Given previous work showing that molecular size
and composition of DOM strongly determine its D14C signa-
ture (e.g. Walker et al., 2011), we hypothesize that when con-
sidering large sample populations and size-fractions, this
trend may continue throughout the DOM size–age–composi-
tion continuum – from large, chemically “fresh” DOM mac-
romolecules with modern 14C-ages to smaller, more degraded
DOM molecules with older 14C-ages.

Such relationships may also represent a framework for
testing DOM/POM transformation mechanisms in the
ocean. For example, previous work has shown that marine
gels (e.g. self-assembled gels (SAG) and transparent exo-
polymer particles (TEP); Chin et al., 1998; Verdugo
et al., 2004) can represent a “bridge” of OM exchange be-
tween the DOM/POM pools. While, the size–age–compo-
sition continuum we observe in this upwelling system
seems to rule out gel formation (i.e. production of C-rich,
“old” macromolecules from existing DOM) as a quantita-
tively important process, it is possible that in microbial-
dominated oligotrophic systems this may not be the case.
If DOM and POM size-classes do not have robust size–
age–composition relationships (i.e. C:N ratios and D14C
values that deviate from the trendline) in other ocean re-
gions, this might be more consistent with SAG or TEP
formation. Such an outcome would suggest that DOM/
POM linkages are more complicated, perhaps involving
multiple POM/DOM transformation mechanisms (e.g.,
particle dis/aggregation, organic–mineral interactions,
non-selective POM preservation and the incorporation of
sedimentary organic carbon and/or black carbon to
DOM and POM pools (e.g. Arnosti, 2004; Lee et al.,
2004; Roland et al., 2008).

Overall, more work is clearly needed to assess the ele-
mental and isotopic composition of SAG and TEP, and its
possible role in a DOM/POM size–age–composition con-
tinuum. In particular, the D14C signature of marine gels
remains completely unknown. Our data suggest a number
of testable hypotheses. Given the size–age–composition
trends we observe, we would predict that SAG/TEP sam-
pled within this upwelling system should have D14C signa-
tures between that of our small POM and HMW DOM
size-fractions (or D14C � �20& to �60&). These pre-
dicted D14C values for microgel DOM fractions are
strongly 14C-enriched in comparison to surface DOM
from the open ocean (D14C �250&; Walker et al.,
2011), suggesting that if marine microgels are exported,
they may represent highly labile DOM, possibly augment-
ing offshore ecosystems. Similarly, an open ocean size–
age–composition continuum would predict that the D14C
signature of marine microgels also be 14C-enriched. If in-
stead SAG/TEP does not follow size vs. D14C trends, this
would then imply the discrete cycling of marine gels from
both DOM and POM pools.

4. CONCLUSIONS

This study is the first to characterize the contemporane-
ous D14C signature of DIC, HMW DOM, and size-fraction-
ated POM. One major goal was to assess if the direct
incorporation of an upwelled DIC D14C signal may repre-
sent a new, direct tracer for upwelling-derived OM produc-
tion and export from upwelling regions. Our results show
that upwelling has a strong and predictable effect on DIC
D14C signatures within this upwelling system. Despite the
attenuation of the bomb 14C-signal, we observe a large sea-
sonal DIC D14C signal (>40&), which is also incorporated
into both POM and HMW DOM pools. Together, these
observations indicate that D14C values can be used as a via-
ble direct tracer of upwelled inorganic carbon incorpora-
tion into new and exported production. However, pre-
existing (14C-depleted) geochemical mixtures also influ-
enced the D14C signature of both DOM and POM. Using
a triple isotope (d13C, d15N, D14C) mixing model, we esti-
mate that during periods of coastal upwelling, re-suspended
sediments may contribute between 22% and 44% of “pre-
aged” OM to large and small POM pools, respectively. Fi-
nally, OM size–age–composition relationships we observe
within this upwelling system are a novel result. This size–
age–composition trend represents the first indication that
OM physical size can be quantitatively linked to both
C:N ratio and D14C – expanding upon “size–reactivity”

continuum ideas. If size–age–composition relationships
are widespread they may represent a new tool for modeling
ocean C and N biogeochemical cycles.
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