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Abstract. The Eastern Boundary Upwelling Systems
(EBUS), such as the Southern California Current System
(CCS), are well-known high-productivity regions driven by
alongshore winds, although their role as oceanic sources and
sinks of atmospheric CO2 in the global carbon cycle is poorly
understood. In the southern CCS, off Baja California, wind-
driven vertical mixing upwells nutrient and carbon-rich wa-
ters from late winter to early summer, while weaker winds
during the rest of the year allow the intrusion of nutrients
and carbon-depleted subtropical surface waters. Here, we in-
terpret the isotopic composition of organic carbon and cal-
citic records spanning∼ 160 years from high-resolution sed-
iment cores collected off Baja California, showing a clear
trend toward lighter carbon isotopic compositions of the or-
ganic and inorganic carbon for the past seven decades. These
trends are similar to the atmospheric records associated with
the 13C Suess effect, suggesting an atmospheric carbon inva-
sion into the surface waters of the California Current. Never-
theless, the slope of the atmospheric carbon isotopic records
is steeper than our marine record, most likely related to the
upward mixing of subsurface waters with a relatively heavier
carbon isotopic signature and advection processes inherent to
the strong seasonality of the CCS southern boundary. These
results will allow a better characterization of the relative role
of the EBUS regions in the global carbon cycle.

1 Introduction

Over recent decades, the ocean has absorbed approximately
25 %–26 % of anthropogenic CO2 emissions from fossil
fuel combustion, cement production, and land use changes,
among others (Friedlingstein et al., 2025). This uptake has
slowed down the increase of atmospheric CO2 concen-
trations, reducing the magnitude of the anthropogenically
driven climate warming (Fung et al., 2005), and lowered the
pH in surface waters with important implications for ocean
acidification and marine ecosystems (Feely et al., 2004).
The CO2 exchange between the ocean and the atmosphere
is driven by a combination of physical and biogeochemi-
cal processes, making an accurate sea–air CO2 flux assess-
ment challenging. A better understanding of these processes
is necessary to improve our knowledge of the biogeochemi-
cal cycles, notably the carbon cycle, which has implications
for climate change and ocean acidification (Wanninkhof et
al., 2013). In this context, studies of EBUS play a key role
in modulating regional air-sea CO2 exchange. Studies have
shown that these systems can act as either carbon sources
or sinks, depending on the season, latitude, El Niño and La
Niña events, and the arrival of marine heatwaves (Brady et
al., 2019; Chikamoto and DiNezio, 2021; Feely et al., 2008;
Frazão et al., 2025; Lachkar et al., 2024; Lefèvre et al., 2023;
Osborne et al., 2020), making their representation in global
carbon models particularly challenging.

The CO2 released from fossil fuel combustion has a car-
bon isotopic composition (δ13C) value of −26 ‰ to −28 ‰,
leading to a decline in the atmospheric δ13C values from ap-
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proximately −7 ‰ to −8.7 ‰ (Rubino et al., 2019). This
phenomenon, known as the 13C Suess effect (Keeling et al.,
1979) is transferred to the ocean through air-sea exchange,
and surface and subsurface water masses are the most af-
fected by this perturbation, altering the global oceanic δ13C
distribution (Eide et al., 2017). Therefore, the δ13C of dis-
solved inorganic carbon (δ13CDIC) in surface waters is a use-
ful tracer of oceanic uptake of anthropogenic CO2 (hereafter
referred to as Cant uptake) (Sarmiento and Gruber, 2002), and
has been previously used to evaluate the uptake and distribu-
tion of anthropogenic CO2 in EBUS (Aguilera et al., 2020;
Racapé et al., 2013).

In the surface ocean, biological processes preferentially
take up the lighter isotope (12C), shifting its δ13CDIC towards
relatively heavier values, and thermodynamic processes tend
to make the δ13CDIC values in cold waters moderately heav-
ier than those in warm waters via air-sea exchange (Gruber et
al., 1999). On the other hand, the uptake of atmospheric car-
bon by the surface ocean is progressively shifting its δ13CDIC
towards lighter values. Gruber et al. (1999) reported a 15-
year-long decrease in δ13C of −0.25 ‰ per year at the time
series station near Bermuda. Depth-integrated analysis from
the Atlantic, Indian, and Pacific oceans also shows a decrease
in the surface ocean δ13CDIC for the past few decades (Quay
et al., 2003, 2007, 2017).

A high absolute variability in the δ13CDIC has been ob-
served in the Pacific Ocean basin, linked to the spatiotem-
poral heterogeneity in CO2concentrations, phytoplankton
growth rates, and biological production, all influenced by
ocean mixing processes (Tagliabue and Bopp, 2008).

Studies in EBUS – such as the California, Humboldt,
and Benguela Currents – have shown that δ13CDIC exhibits
marked seasonal and regional variability. During active up-
welling periods (spring–summer), the upward transport of
CO2-rich subsurface waters leads to enhanced primary pro-
ductivity and remineralization, resulting in lower surface
δ13CDIC values. Conversely, during periods of weaker up-
welling, biological fixation of carbon tends to dominate,
resulting in relatively higher δ13CDIC signatures (DeVries,
2014; Ge et al., 2022; Olsen et al., 2020). For instance, in the
Humboldt Current System, intensified upwelling events have
been associated with lower Sea Surface Temperature (SST)
and repeated episodes of δ13CDIC depletion, consistent with
increased contributions of remineralized carbon and reduced
biological uptake during these events (Ge et al., 2022).

However, these studies are based on relatively short-term
observations that began after significant fossil fuel–derived
carbon had already entered the system, complicating efforts
to assess the timing and magnitude of oceanic uptake. To
better understand the ocean’s response to increasing fossil
fuel emissions since the late 19th century, it is necessary to
rely on paleoceanographic proxies, as instrumental records
are too recent to capture long-term trends (Berger et al.,
1982). Planktic foraminifera incorporate DIC from seawater
into their calcite shells in near equilibrium with the ambient

δ13CDIC of their preferred surface ocean habitats, typically
within the upper tens of meters of the water column. This
process leaves a stable isotopic signature in their shells that
is preserved in sediments and widely used to reconstruct past
ocean circulation, carbon reservoir exchange, surface pro-
ductivity, and nutrient dynamics (Broecker and Peng, 1987;
Fairbanks and Wiebe, 1980; Gruber et al., 1999).

The different preferred depth habitats of planktic
foraminifera have allowed for the reconstruction of the verti-
cal water column stratification of the ocean by using geo-
chemical proxies for temperature (δ18O, Mg/Ca) and for
carbon proxies (δ13C) between near-surface and deeper-
dwelling species (Berger, 1971; Emiliani, 1954; Fairbanks
and Wiebe, 1980; Ravelo and Fairbanks, 1992; Sautter and
Thunell, 1991; Wefer and Berger, 1991). In addition, the or-
ganic carbon δ13COC also serves as a valuable proxy, as it
reflects the photosynthetic conditions under which carbon
was fixed, offering insights into past surface CO2 air-sea ex-
change processes (Tagliabue and Bopp, 2008; Verwega et al.,
2021).

The isotopic composition of the organic carbon preserved,
mostly derived from phytoplankton, is linked to their physi-
ological function (Young et al., 2013) through the fractiona-
tion of preferentially lighter 12C due to the kinetics of en-
zymatic processes. δ13CDIC and δ13COC provide comple-
mentary information on carbon cycle processes and ocean-
atmosphere interactions across multiple timescales. This
study uses the ratio of stable isotopes for two phases of car-
bon, calcite in two species of planktic foraminifera living
at different depths, and organic carbon preserved in marine
laminated sediments from San Lazaro Basin (SLB), off Baja
California, to evaluate the carbon balance between the atmo-
sphere and surface waters in the southern domain of the CCS
since the preindustrial era.

2 Materials and methods

2.1 Site description

SLB, sometimes referred to as the Soledad Basin (Soutar and
Isaacs, 1974; Van Geen et al., 1995) is located off the western
edge of the continental shelf off the Baja California Peninsula
(25°10′ N, 112°45′W) (Fig. 1). SLB is situated below the dy-
namic boundary between the cooler and slightly fresher CCS
waters advected from the north and the relatively warmer and
saltier tropical and subtropical waters from the south (Abella-
Gutiérrez and Herguera, 2016). The warmer and saltier trop-
ical and subtropical waters are associated with the poleward
advection of the California surface Countercurrent close to
the coast (also known as Davidson Current), whereas the sub-
surface nutrient- and carbon-enriched, oxygen-depleted wa-
ters originate in the equatorial region and are transported by
the California Undercurrent (CUC) (Hickey, 1979).
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The CCS shows a strong seasonality, characterized by an
intensification of the equatorward alongshore winds during
spring to early summer that intensifies the advection of the
northern cooler and fresher waters of the CC and the up-
welling of nutrient and carbon-enriched waters from the sub-
surface that fuels biological productivity (Lynn and Simpson,
1987; Sverdrup and Allen, 1939) and carbon export (Abella-
Gutiérrez et al., 2020; Abella-Gutiérrez and Herguera, 2016).
From late summer to early winter, the relaxation of the winds
retreats the CC, which allows the invasion of warm strati-
fied Tropical and Subtropical waters in the region, which re-
duces the biological productivity and carbon export (Durazo,
2015).

This seasonality is enhanced or weakened at different
timescales, from interannual to multidecadal, as happens
during La Niña-like conditions that extend the spring up-
welling and El Niño-like conditions that enhance stratifica-
tion throughout the year (Abella-Gutiérrez et al., 2020; Du-
razo, 2015; O’Mara et al., 2019).

SLB has a maximum depth of ∼ 540 m and is enclosed
along its western margin by an uplifted branch of the Tosco-
Abreojos fault system, forming a topographic barrier with
depths of around 100 m that is interrupted in the southern part
by a narrow sill at 350 m depth. The reduced ventilation over
the sill, the oxygen-depleted waters of the CUC entering the
basin through these depths, and the high productivity help to
maintain the suboxic conditions on the seafloor that prevent
bioturbation and enhance the preservation of the laminated
sediments accumulating on its bottom (Juillet-Leclerc and
Schrader, 1987; Phleger and Soutar, 1973; Thunell, 1998;
Van Geen et al., 1995).

2.2 Sample collection

Two box cores (SALA11-E19MC-1 and BAP96-6C) were
collected (Table 1) from the deepest part of the basin,
with a Soutar-type box core that recovered a well-preserved
sediment-water interface. We made further use of the top sec-
tion of the Kasten core (PCM00-78K), which was previously
employed in earlier studies, to describe the CCS, SST, and
paleoproductivity variability (Abella-Gutiérrez et al., 2020;
Abella-Gutiérrez and Herguera, 2016; O’Mara et al., 2019)
to extend the record back to the preindustrial era.

After recovery, the cores were refrigerated until sampling
in the lab, where they were cut into 2 cm slabs along the
depth axis. Several slabs were archived and X-radiographed,
and the rest were continuously sampled perpendicular to the
depth axis at 2–3 mm resolution, roughly translating into 1–4
year time slices.

Two species of planktic foraminifera preserved in the
sediments were selected for analysis: Neogloboquadrina
dutertrei and Globigerinoides ruber. Whereas N. dutertrei is
a non-spinose species mostly found within the upper seasonal
thermocline, usually closely associated with the depth of the
chlorophyll maximum in the CC (Field, 2004; Sautter and

Thunell, 1991; Spindler et al., 1984), G. ruber is a spinose
species known to host symbionts under relatively high-light
conditions and to occupy a near-surface niche in the water
column, where it is consistently found (Gastrich and Bartha,
1988).

2.3 Stable isotopic determinations on carbonates and
organic carbon

To determine the δ13Ccalc, we used selected planktic
foraminifera from cores SALA11-E19MC-1 and BAP96-
6C. Freeze-dried samples were disaggregated in a solution
of sodium hexametaphosphate. The sediment was washed
through a 64 µm sieve mesh and then transferred and treated
with a 3 % hydrogen peroxide (H2O2) in an ultrasonic bath
for 3 min to help disaggregate the sediment samples to pick
planktic foraminifera.

Once dried, we handpicked specimens of planktic
foraminifera N. dutertrei and G. ruber from the 250–350 µm
fraction; the number of specimens per species is approxi-
mately 14 shells needed to weigh a minimum total of 140 µg
of carbonate per sample. These were placed in Exetainer
tubes and dried at 110 °C for 24 h. Once at room tempera-
ture, the air was evacuated with ultra-pure helium (99.99 %).

After closing the Exetainer, we injected ∼ 0.05 mL of
99 % orthophosphoric acid to dissolve the foraminifera tests,
and the resulting carbon dioxide was carried with He to a
gas chromatograph (GasBench II®) coupled to a DeltaPlus
Advantage® mass. Each run of 45 samples was accompa-
nied by two international reference standards, NBS19 and
LSVEC, and laboratory internal references. The average pre-
cision from certified values during the runs was ±0.06 ‰
for δ13C for both standards and four internal laboratory stan-
dards. Results are reported as δ values with reference to the
international standard VPDB.

δ13C (‰)=

(
Rsample

Rstandard
− 1

)
× 1000 (1)

Where R is the 13C/12C ratio, and the “standard” refers to
PDB belemnite.

To determine the δ13CCorg in the sediment samples, we
analyzed 330 samples from the three cores described above.
Samples were freeze-dried, and the carbonate component
was dissolved with dilute hydrochloric acid (HCl). We added
deionized water and centrifuged the samples to discard the
supernatant, after which these were dried and encapsulated
to determine their δ13CCorg composition.

Samples were loaded in a carousel and combusted in an
oxygen atmosphere in a COSTECH elemental analyzer cou-
pled to a Thermo DeltaV Advantage IR mass spectrometer
in the Laboratorio de Isótopos Estables (LIE) at CICESE.
Each run of 30 samples was accompanied by international
reference standards USGS 40 (L-glutamic acid) and Sucrose
ANU, and internal laboratory references, with average preci-
sion from certified values of ±0.06 ‰ for both standards, as
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Figure 1. Localization of SLB, Baja California Sur, Mexico. The image was generated from GeoMapApp using the Global Multi-Resolution
Topography (Ryan, et al., 2009) with modifications.

Table 1. Localization and year of the collected cores in SLB.

Core Latitude Longitude Depth Year Type

SALA11-E19MC-1 25.1961° N 112.7986° W −540 m 2011 Soutar box core
PCM00-78K 25.1883° N 112.6783° W −540 m 2000 Kasten
BAP96-6C 25.2163° N 112.7333° W −528 m 1996 Soutar box core

well as six internal laboratory standards, reported as δ values
with reference to the international standard VPDB.

δ13CCorg (‰,VPDB)=
(
Rsample

Rstandard
− 1

)
× 1000 (2)

Where R is the 13C/12C ratio, and the “standard” refers to
VPDB belemnite.

2.4 Age model

The absolute chronostratigraphy of core BAP96-6C was
based on downcore measurements of excess 210Pb (Supple-
ment Fig. 1), from which a sedimentation rate of roughly
2.5 mm yr−1 was estimated (Esparza-Alvarez et al., 2007).
An age of AD 1995 was assigned to the top of the core, while
the bottom of the core was estimated to date to the begin-
ning of the twentieth century. This chronological framework
is consistent with the first detection of 137Cs, which marks
the late 1950s datum in the core. Similar sedimentation rates
have been reported for another box core from the same basin
(PCM00-78C), described in Abella-Gutiérrez et al. (2020).

A multicore chronostratigraphic framework for the SLB
was developed by Abella-Gutiérrez et al. (2020) using X-ray
lamination patterns. This framework includes several sedi-
ment cores from the basin, including the box core BAP96-
6C and the Kasten core PCM00-78K. In that study, the age
model was constrained using 210Pb and 137Cs measurements

in box cores together with radiocarbon measurements from
Kasten cores (Abella-Gutiérrez et al., 2020). The results of
this work showed that changes in sediment density reflect
productivity cycles with lower (higher) carbonate (Corg) con-
tent (Abella-Gutiérrez et al., 2020). These relationships allow
carbonate minima (and Corg maxima) to be used as strati-
graphic markers across cores from the basin.

To integrate the new cores SALA11-E19MC-1 into the
published BAP96-6C – PCM00-78K composite, we first ap-
plied the basin-wide sedimentation rate of ∼ 2.5 mm yr−1 to
account for the 15-year difference between the collection of
BAP96-6C (1996) and the SALA11-E19MC-1 cores (2011).
This age difference corresponds to an expected stratigraphic
depth offset of approximately 37.5 mm between BAP96-6C
and SALA11-E19MC-1. Following this initial adjustment,
the alignment was refined by correlating carbonate minima
between the cores (Supplement Fig. 2).

As an independent verification of the stratigraphic
alignment, we also compared variations in the Plank-
tic foraminifera/(Planktic+Benthic foraminifera) ratio be-
tween the cores (Supplement Fig. 3). The consistency of
these patterns across the correlation intervals supports the
robustness of the stratigraphic correlation and suggests that
any residual age uncertainty is unlikely to affect the interpre-
tation of our results, specifically on the decadal timescales
which are relevant for this paper.
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2.5 Data analysis

To characterize the δ13C variability in the upper water col-
umn, we analyzed δ13C of N. dutertrei (δ13CNd) and G.
ruber (δ13CGr), preserved in cores SALA11-E19MC-1 and
BAP96-6C. The combined use of modern CO2 observations
and δ13C records from species occupying different depth
habitats allows for a complementary approach to assess past
and present carbon cycling, providing insights into vertical
variability in carbon uptake and redistribution.

Temporal trends in atmospheric and marine δ13C records
were evaluated using ordinary least squares regression. Dif-
ferences among records were assessed using analysis of co-
variance (ANCOVA), with time, group, and their interac-
tion included as explanatory variables. When significant ef-
fects were detected, pairwise comparisons were performed
using Tukey-adjusted post hoc tests. To ensure comparabil-
ity among datasets, regression analyses and statistical com-
parisons were performed using the overlapping period shared
by the atmospheric and marine records. Because the atmo-
spheric instrumental record is available from around 1980
onward, whereas the sedimentary records extend back to
1850, slope estimates, R2 values, and statistical tests were
calculated using the common interval among all records. To
address different temporal scales of variability, three time
windows were considered. The complete records (1850–
2011) were used to characterize the long-term evolution of
marine δ13C, whereas statistical comparisons among atmo-
spheric and marine records were restricted to the common
interval (1980–2011). Comparisons between reconstructed
δ13CDIC and foraminiferal δ13C records focused on the pe-
riod after 1950, when all marine records began to show a
sustained decline in δ13C associated with the 13C Suess ef-
fect.

We applied complementary approaches to evaluate
changes in δ13C in the surface ocean. First, the mean
δ13CCorg value for the 1850–1950 interval (approximately
−21 ‰) was used as a pre-industrial baseline to calculate
anomalies in the organic carbon record. To evaluate the re-
lationship between sedimentary organic carbon and upper-
ocean dissolved inorganic carbon, δ13CDIC was estimated
as δ13CCorg+ 22.6 ‰. This isotopic offset was derived from
the mean pre-industrial δ13CCorgvalue and a representative
surface-water δ13CDIC value (+1.5 ‰ to +2.0 ‰) reported
by Gruber et al. (1999). In addition, δ13Ccalc measured in
planktic foraminifera (G. ruber and N. dutertrei), which ap-
proximates δ13CDIC at their respective calcification depths
under near-equilibrium conditions, was used as an indepen-
dent proxy to evaluate the consistency between inorganic and
organic carbon reservoirs in recording the 13C Suess effect.

3 Results

3.1 Long-term ocean-atmosphere carbon exchange

The reconstructed isotopic compositions of organic carbon
from cores PCM00-78K, SALA11-E19MC-1, and BAP96-
6C show minor oscillations around mean values of −21 ‰
between 1850 and 1950 and a marked trend toward more
negative values as we approach the present period (Fig. 2).
Similarly, δ13CNd and δ13CGr time series exhibit a similar
change towards lighter values around the 1950s.

Linear regressions show a consistent decline in δ13C
across all records (Fig. 3). Estimated slopes indicate that
the atmospheric record exhibits a significantly steeper de-
cline (−0.261± 0.011 ‰ per decade; 95 % CI: −0.282 to
−0.239) compared to both calcite (−0.120± 0.020 ‰ per
decade; 95 % CI: −0.160 to −0.081) and organic car-
bon (−0.154± 0.016 ‰ per decade; 95 % CI: −0.186 to
−0.122). The interaction between time and group was statis-
tically significant (F = 27.675, p = 2.02× 10−9), indicating
that temporal trends differ among the atmospheric and ma-
rine records. The atmospheric trend differs significantly from
both calcite (p < 0.0001) and organic carbon (p < 0.0001),
whereas no significant difference was observed between the
two marine proxies (p = 0.3895).

Reconstructed δ13CDIC values consistently fall between
the δ13C values recorded by G. ruber and N. dutertrei and ex-
hibit a long-term decrease toward the present, similar to that
observed in both foraminiferal records (Fig. 4). The close
correspondence among these records suggests that the long-
term trend observed in δ13CCorg captures variability in upper-
ocean δ13CDIC.

4 Discussions

The reconstructed δ13C of both organic carbon and calcite
follows similar decreasing trends to the observed (Keeling et
al., 2005) and reconstructed (Rubino et al., 2019) values of
the atmosphere (Fig. 2), associated with the 13C Suess effect,
driven by the combustion of fossil fuels (Keeling et al., 1979,
2005; Tans, 2022). However, the shallower slope found in our
proxies (δ13CCorg and δ13CNd) suggests other processes are
involved, most likely related to the seasonal source and sink
roles of EBUS regions on the carbon cycle.

In addition to the long-term decline, our records indicate
a marked shift in δ13C trends beginning in the mid-twentieth
century, particularly around the 1950s, coinciding with the
accelerated rise in atmospheric CO2 documented in the Law
Dome ice-core record. This timing is consistent with the
well-documented post-World War II increase in fossil-fuel
emissions and suggests that the onset of a stronger anthro-
pogenic carbon signal is recorded in both the organic and car-
bonate phases. A similar transition is less clearly expressed
in planktic foraminiferal δ13C records from the CCS (Os-
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Figure 2. Time series of carbon isotopic composition from atmospheric and marine reservoirs. (a) Atmospheric δ13C (‰) values derived
from the Law Dome ice-core record (Rubino et al., 2019) and instrumental measurements from Mauna Loa (Keeling et al., 2005); Scripps
CO2 Program database). (b) δ13C (‰) of sedimentary organic carbon from cores PCM00-78K, SALA11-E19MC-1, and BAP96-6C. (c)
δ13C (‰) of planktic foraminiferal calcite from N. dutertrei (SALA11-E19MC-1) and G. ruber (BAP96-6C) obtained from sediment cores.

borne et al., 2020), despite independent evidence for declin-
ing carbonate ion concentrations beginning in the late 1940s
and 1950s. This discrepancy has been attributed to carbon-
ate chemistry effects that may bias foraminiferal δ13C to-
ward heavier values under undersaturated conditions (Spero
et al., 1997), potentially masking part of the atmospheric sig-
nal. However, recent paleoceanographic evidence suggests
that the carbonate ion effect observed in laboratory experi-
ments may not be preserved in planktic foraminiferal δ13C
records (Köhler and Mulitza, 2024). In contrast, the pres-
ence of a comparable mid-century shift in our organic car-
bon δ13C record, which is not affected by carbonate-related

fractionation during calcification, supports the interpretation
that this feature reflects a surface-ocean response to the in-
creasing atmospheric CO2 burden rather than an artifact of
foraminiferal calcification processes. The emergence of this
signal in both proxies suggests that the propagation of the
13C Suess effect into surface waters was already detectable in
the CCS by the mid-twentieth century, although subsequently
modulated by regional oceanographic processes.

This regional modulation is particularly important in
EBUS. Influenced by seasonal upwelling, our study area rep-
resents a complex setting for interpreting δ13C variability.
Upwelling introduces relatively heavier δ13C DIC-rich wa-
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Figure 3. Linear regressions of δ13C (‰) records over the common interval used for trend comparison. (a) Atmospheric δ13C (‰) derived
from instrumental observations. (b) δ13C of planktic foraminiferal calcite from N. dutertrei. (c) δ13C (‰) of sedimentary organic carbon.
Regression equations and corresponding R2 values are shown in each panel.

ters to the surface ocean, potentially buffering the lighter iso-
topic composition of atmospheric CO2(δ13Catm) of the 13C
Suess effect (Quay et al., 2017; Tagliabue and Bopp, 2008).
In these regions, δ13C values in surface waters are controlled
on the one hand by air–sea CO2 exchange and by respiration
processes of organic matter and the DIC content of upwelled
waters. As observed in our proxy records, this mixture of
sources most likely leads to δ13C signals that diverge from
atmospheric trends, particularly in eastern boundary current
systems like the California Current.

An additional source of uncertainty in the interpretation
of planktic foraminiferal δ13C records is the potential vari-
ability in calcification depth through time. In particular, N.
dutertrei commonly inhabits waters near the chlorophyll
maximum and may shift its preferred habitat in response
to changes in upwelling intensity, thermocline depth, and
upper-ocean stratification. Such vertical habitat migration

could influence the recorded δ13C signal independently of
atmospheric forcing by exposing the species to different por-
tions of the water-column δ13C gradient. However, although
interannual and decadal fluctuations in habitat depth are ex-
pected in the California Current System, both N. dutertrei
and G. ruber exhibit comparable long-term trends toward
lighter δ13C values. This suggests that potential changes in
calcification depth are unlikely to be the primary driver of the
observed secular decline and instead represent a secondary
source of variability superimposed on the long-term isotopic
signal.

Consistent with this interpretation, the trends observed in
our study fall within the range previously reported for regions
influenced by the oceanic expression of the 13C Suess effect.
The δ13Ccalc values of planktic foraminifera calcite show a
slope of −0.12 ‰ per decade since 1980, while the δ13CCorg
shows a slope of −0.15 ‰ per decade.These values lie at the
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Figure 4. Time series and trends of the carbon isotopic composition of G. ruber (‰) (open diamonds) and N. dutertrei (‰) (black circles),
as well as the DIC (‰) (grey squares), are derived from organic carbon in the sediments.

low range of variability previously reported of −0.20± 0.06
per decade for the North Pacific, which is already lower than
the 0.27 ‰ per decade observed for the atmospheric CO2
(Quay et al., 2017). According to Gruber et al. (1999) the
highest 13C Suess effect, −0.25 ‰ per decade, is found in
the subtropical gyres such as Bermuda and Hawaii, whereas
the lowest, −0.15 ‰ per decade, is found in the equatorial
Pacific upwelling region. Our study region shows a decreas-
ing decadal trend similar to the equatorial region, characteris-
tic of its strong upwelling. Although temperature-dependent
fractionation and total CO2 fluxes are relevant, most ob-
served trends towards lighter values in the surface ocean
δ13CDIC can be attributed to the input of δ13Catm. Therefore,
understanding the spatial distribution of the 13C Suess effect
requires considering ocean mixing and circulation patterns
(Tagliabue and Bopp, 2008).

Surface ocean δ13C is mainly controlled by the input of
atmospheric CO2, either through air–sea exchange or lat-
eral advection of anthropogenic CO2, the export of organic
matter, respiration processes in the surface layer, the lat-
eral advection of DIC, and mixing from subsurface waters.
This intrusion of isotopically light atmospheric CO2 into
the ocean tends to erase natural δ13C gradients (Eide et
al., 2017), and consequently the variability of the δ13CDIC
downstream of upwelling zones introduced by primary pro-

ductivity, upwelling of older water, and δ13Catm (Tagliabue
and Bopp, 2008). Consistent with this interpretation, Eide
et al. (2017) showed that the magnitude of the oceanic 13C
Suess effect is reduced in regions characterized by strong
vertical mixing and upwelling, where the continuous supply
of aged, carbon-rich subsurface waters attenuates the atmo-
spheric isotopic signal. Our results coincide with this pat-
tern, as both δ13CCalcand δ13CCorg show attenuated decreas-
ing trends relative to atmospheric CO2, supporting the inter-
pretation that regional upwelling dynamics and ocean circu-
lation modulate the propagation of the anthropogenic δ13C
signal to the ocean surface.

The atmospheric record exhibits a decline of −0.261 ‰
per decade, whereas the marine records show declines rang-
ing from −0.120 ‰ to −0.154 ‰ per decade, indicating an
attenuation of approximately 0.11 ‰–0.14 ‰ per decade rel-
ative to the atmospheric signal. However, a quantitative parti-
tioning among subsurface mixing, air–sea exchange, and bi-
ological processes is not possible with the available proxy
records. In EBUS, these mechanisms are tightly coupled and
collectively influence surface-water DIC and δ13C. Recent
observations from the California Current System (Frazão et
al., 2025) demonstrate that changes in upwelling intensity
and water-mass composition can alter air–sea CO2 exchange
and surface carbon inventories, highlighting the difficulty of
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attributing the observed δ13C attenuation to any single pro-
cess. Therefore, the observed attenuation provides an esti-
mate of the total oceanic modulation of the atmospheric sig-
nal, while the reduced slopes recorded in our proxies likely
reflect the integrated response of the upper-ocean carbon cy-
cle to multiple interacting physical and biogeochemical pro-
cesses.

Against this background of interacting controls, biological
fractionation may also contribute to the observed differences
between atmospheric and marine δ13C trends. SST have been
shown to be related to a suite of environmental variables
in our study region, such as upper ocean mixing, nutrients,
and primary productivity (Abella-Gutiérrez and Herguera,
2016; Durazo, 2015). It also has a well-known relationship
with CO2 concentrations in the water column (Weiss, 1974)
and with the fractionation of carbon isotopes between the
DIC in the water column and phytoplankton biomass. This
fractionation, known as the biological fractionation factor
(Freeman and Hayes, 1992), has been reported to change by
phytoplankton in the surface ocean in a well-resolved time
series study of phytoplankton δ13C in the subtropical At-
lantic, showing how the isotopic composition of the POC
trended towards lighter values than the atmospheric CO2
trend (Young et al., 2013). They hypothesized that the an-
thropogenic CO2 emissions and the consequent increase in
the availability of inorganic carbon in the water column are
changing the fractionation toward lighter values (Young et
al., 2013). However, they cannot rule out the importance of
other factors such as carbon fixation, CO2-specific uptake,
and HCO−3 use (Young et al., 2013).

Young et al. (2013) state that this biological fractionation
is controlled by intracellular Rayleigh fractionation and that
the sensitivity of this fractionation could decrease with in-
creasing CO2 concentrations, which explains the differences
in the fractionation trends between the subtropics and the
tropics. There is clear evidence of higher CO2 uptake in the
CCS (Frazão et al., 2025; Wolfe et al., 2023), and that these
eastern boundary current waters already have relatively high
DIC values brought by enriched subsurface carbon, nutri-
ent, and CO2 old waters, which may push biological frac-
tionation to the minimum values observed for the tropics
of 0.01 ‰ yr−1 (Young et al., 2013). Although long-term
DIC and alkalinity records are not available for SLB, a sim-
ple sensitivity estimate can be made using the fractionation
changes proposed by Young et al. (2013). Applying an ad-
ditional isotopic fractionation of approximately 0.10 ‰ per
decade to the atmospheric δ13CCO2 trend would result in an
expected decline of about −0.36 ‰ per decade (−0.26 ‰
per decade from the atmosphere plus −0.10 ‰ per decade
from enhanced biological fractionation). This predicted trend
is substantially steeper than the declines observed in either
δ13CCorg or δ13Ccalc. Therefore, changes in biological frac-
tionation alone cannot explain the isotopic trends observed
in our records, indicating that multiple processes influence

the propagation of the atmospheric δ13C signal into the sur-
face ocean.

Our results show this mixture of influences, as our prox-
ies are partially tracking the atmospheric signal. Tracking the
propagation of the 13C Suess effect across Earth system com-
ponents offers insights into the magnitude of anthropogenic
CO2 sinks (Eide et al., 2017). Gruber et al. (1999) estimated
that the global oceanic 13C Suess effect closely matches the
atmospheric trend. In contrast, Tagliabue and Bopp (2008)
reported δ13CDIC decline rates of −0.07 ‰ per decade be-
tween 1860 and 2000, increasing to −0.18 ‰ per decade be-
tween 1970 and 2000. Published estimates for 1970–1990
show ocean δ13CDIC changes of −0.15 ‰ to −0.171 ‰ per
decade, representing roughly 65 % of the δ13Catm decrease
(Quay et al., 2003; Sonnerup et al., 1999).

Although atmospheric inputs primarily drive the propaga-
tion of the 13C Suess effect into the surface ocean, its oceanic
expression is modulated by regional circulation, upwelling
dynamics, and biological productivity. For instance, the up-
welling of older, relatively heavier δ13C deep waters, as ob-
served in our study area, can offset the surface signal. If
fossil-fuel-driven atmospheric changes were the only process
involved, δ13CCorg and δ13CNd would closely follow atmo-
spheric trends. Upwelling delivers remineralized DIC with a
heavier δ13C than the atmosphere, and the magnitude of this
effect depends on the age and origin of the water mass. This
dual effect may partially buffer the surface 13C Suess sig-
nal in regions such as the California Current (Quay et al.,
2017; Tagliabue and Bopp, 2008). The mismatch in slope
between atmospheric and marine δ13C records reflects the
role of other oceanic processes, such as lateral and subsur-
face mixing with the upper ocean mixed layer, as well as
the integration of multiple carbon pools, including organic
matter, upper ocean DIC, and pathways driven by biologi-
cal productivity in the surface waters. Our data reinforce that
sedimentary δ13C reflects a regional imprint of global car-
bon cycle perturbations, modulated by local oceanographic
processes.

Similar behavior has been reported in other studies of
the CCS, highlighting the complexity of interpreting δ13C
trends in upwelling-dominated environments. Osborne et
al. (2020) reconstructed surface-ocean acidification over the
last century and documented substantial declines in carbon-
ate ion concentration and pH, yet observed relatively weak
δ13C trends in planktic foraminifera. The steepest decline
reported in their study, recorded by G. bulloides, was ap-
proximately −0.07 ‰ per decade, lower than the trends ob-
served here. They proposed that carbonate undersaturation
may bias foraminiferal δ13C toward heavier values, partially
masking the atmospheric δ13C signal. In our records, how-
ever, the similar mid-century transition observed in both car-
bonate and organic carbon phases suggests that the long-term
trend cannot be explained solely by carbonate chemistry ef-
fects (Osborne et al., 2020).
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Additional insight comes from recent observations of car-
bon cycling in the CCS. Frazão et al. (2025) showed that
nearshore waters can alternate between acting as a source
and a sink of atmospheric CO2 depending on upwelling in-
tensity, thermocline depth, and marine heatwave occurrence.
During periods of strong upwelling, old carbon-rich subsur-
face waters dominate surface-water DIC and pCO2, promot-
ing CO2 outgassing, whereas reduced upwelling during El
Niño events and marine heatwaves can temporarily reverse
this balance (Frazão et al., 2025). These observations empha-
size that the isotopic evolution of surface-water DIC reflects
the combined effects of anthropogenic carbon uptake, air-sea
exchange, biological cycling, and the recurrent introduction
of subsurface waters.

A recent study has also highlighted the importance of ther-
modynamic buffering in amplifying the effects of remineral-
ization on subsurface dissolved inorganic carbon inventories
(Stoll et al., 2025). Such nonlinear processes further compli-
cate the relationship between ocean acidification and carbon
isotope variability and underscore the importance of water-
mass history when interpreting long-term biogeochemical
changes. Within this framework, sedimentary δ13C records
may be particularly valuable as indicators of the propagation
of the 13C Suess effect through surface waters, even when
multiple regional processes modulate the magnitude of the
observed signal. Upwelling regions like the Southern Califor-
nia Current play a central role in shaping the marine isotopic
carbon signal. The persistence of seasonal source/sink be-
havior in surface waters likely contributes to the lower slope
observed in sediment δ13C values. Although the 13C Suess
effect dominates the long-term trend, its regional expression
depends on the balance between atmospheric CO2 uptake
and the delivery of older DIC from depth. As Le Quéré et
al. (2018) emphasize regional systems with dynamic vertical
and horizontal transport processes are key components of the
global carbon cycle and crucial to understanding the propa-
gation of anthropogenic CO2 through the ocean-atmosphere
system.

5 Conclusions

The δ13C trends of planktic foraminifera calcite and organic
carbon in our study, with slopes of −0.12 ‰ and −0.15 ‰
per decade, respectively (Fig. 3), lie at the lower end of the
variability reported for the North Pacific, although similar to
the decadal rates reported for the equatorial Pacific, and re-
main consistently below the δ13Catm trend. These findings
reflect the global imprint of the 13C Suess effect and the in-
fluence of regional oceanographic processes such as mixing
of subsurface waters driven by upwelling processes.

The observed differences in the δ13C trends in planktic
foraminifera and organic carbon with respect to the atmo-
spheric trend suggest a combined effect of anthropogenic
atmospheric CO2 source and the upwelling of intermediate

waters with relatively enriched δ13C signatures compared to
atmospheric values, in the California Current. These mecha-
nisms modulate the isotopic imprint of atmospheric CO2 on
the ocean, leading to spatial heterogeneity in the marine δ13C
response.

Temporal patterns further confirm that the oceanic δ13C
response partially buffers the atmospheric trend, highlight-
ing the role of ocean circulation and ventilation timescales.
The discrepancy between sediment δ13C records (Fig. 3) and
atmospheric ones underscores the need to consider the inte-
gration of multiple carbon pools and processes – such as bio-
logical export, remineralization, and lateral transport – when
interpreting long-term isotopic trends in the ocean sediment
records.

Our results emphasize the importance of the anthro-
pogenic source of carbon in altering the oceanic carbon iso-
topic composition and how this trend has significantly shifted
in the CCS since the 1950s, mirroring the atmospheric CO2
trend recorded in ice core records (e.g., Law Dome, Antarc-
tica) and continued into the instrumental record.
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