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Oceanic uptake of  CO2  can  mitigate  climate change, but also results  in global  

ocean acidification. Ocean acidification-related  changes to the marine carbonate 

system can disturb ecosystems and  hinder  calcification  by some organisms. Here, we 

use the calcification response of  planktonic foraminifera as a tool to reconstruct the  

progression of ocean acidification in the California Current Ecosystem  through the 

20th  Century. Measurements of nearly 2,000 fossil  foraminifera  shell weights  and 

areas preserved in a  marine sediment core showed a  20% reduction in calcification  

by a surface-dwelling  foraminifera species. Using modern calibrations,  this response  

translates  to an estimated 35%  reduction  in  carbonate ion concentration, a 

biologically important chemical  component of the carbonate system.  Assuming  

other aspects of the carbonate system, this represents a 0.21 decline in pH, exceeding  

the estimated  global average decline by more than a factor of two. Our  proxy record  

also shows  considerable  variability  that is  significantly correlated  with  Pacific 

Decadal  Oscillation and decadal-scale changes in upwelling strength, a relationship  
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that until now has been obscured by the relatively short observational record. This 

modulation suggests that climatic variations will play an important role in 

amplifying or alleviating the anthropogenic signal and progression of ocean 

acidification in this region.  

Since the beginning the industrial era, atmospheric CO2 levels have risen from 

280 ppm to more than 400 ppm; an unprecedented concentration over the past 800,000 

years (Lüthi et al., 2008). The oceans have absorbed approximately 27% of this 

anthropogenic CO2, which has caused an estimated 0.1 reduction in global mean surface-

ocean pH; the phenomenon known as ocean acidification (OA) (Orr et al., 2005; Feely et 

al., 2004, 2009; Khatiwala et al., 2013; Le Quéré et al., 2015; Gruber et al., 2019). Field 

studies of some of the ocean’s major calcium carbonate producing organisms, often 

indicate a negative calcification response declining [CO3
2-] (e.g., Fabry et al., 2008; Ries 

et al., 2009; De’ath et al., 2009; Meier et al., 2014; Moy et al., 2009; de Moel et al., 2009; 

Bednarsek et al., 2017; Riebesell et al., 2016), although in some instances calcification 

remains unaffected or is even enhanced (e.g., Rivero-Calle et al., 2015; Iglesias-

Rodriguez et al., 2008). 

Research suggests that OA is becoming particularly acute in coastal upwelling 

regions, such as the CCE, due to their low buffering capacity and the natural upwelling 

processes that bring CO2-rich intermediate waters to the ocean surface (e.g. Orr et al., 

2005; Feely et al., 2008, 2016, 2018; Hauri et al., 2009; Gruber et al., 2012; Turi et al 

2016). Models indicates a considerable decline in [CO3
2-] in the CCE and a shoaling of 

the saturation horizons for each of the CaCO3 mineral polymorphs (calcite Ωcal and 

aragonite Ωarg) since the onset of industrial period, reducing the volume of the surface-
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ocean favorable for calcification (Gruber et al., 2012; Hauri et al., 2013; Turi et al., 

2016). Modern sampling has identified malformed and dissolved aragonite-secreting 

pteropods during periods of strong upwelling when the saturation horizon comes very 

close to or even intersects with the sea surface (Bednarsek et al., 2014, 2017; Feely et al., 

2008). 

Initial surveys of the global ocean marine carbonate system only began in the late 

1970’s, well after anthropogenic carbon began altering the marine carbonate system 

(GEOSECS; Takahashi et al., 1982). Specifically within the CEE, in situ sustained 

observations of carbonate system variables are limited to the last decade (California 

Cooperative Oceanic Fisheries Investigations or CalCOFI; 2009-present). While these 

observational records are critically important to our understanding of ocean chemistry, 

they do not provide a sufficiently long historical record of this phenomenon. The lack of 

long-term OA records limits our ability to place recent observations into the context of 

past change and hinders an assessment of natural decadal climate oscillation impacts on 

the marine carbonate system. Model simulations can close the knowledge gap but without 

constraints from in situ and/or proxy measurements, their validity remains unknown, 

especially with regard to their skill in capturing variability. Here, we provide the first 

century-long nearly annually resolved OA proxy record for the central region of the CCE 

and investigate 20th century trends and decadal-scale processes at play. 

Carbonate chemistry and calcification 

A number of studies have demonstrated that the carbonate chemistry of seawater 

strongly influences the calcification of planktonic foraminifera, leaving a distinct imprint 

on the thickness of their shells. This has permitted researchers to use shell weight as a 
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proxy for past surface-ocean [CO3
2-]. However shell weight also inherently reflects shell 

size, which is controlled dominantly by ambient temperature and perhaps other variables 

(Mashiotta et al., 1997; Spero et al., 1997; Bijma et al., 1999; Barker & Elderfield, 2002; 

see Methods for extended discussion). Here, we use a relatively new shell weight 

technique (Marshall et al., 2013) that effectively size-normalizes individual shell weights 

(Methods), called area normalized shell weight (ANSW) that can be used to 

quantitatively assess shell thickness and by extension [CO3
2-]. We apply this technique to 

the ubiquitously occurring surface-mixed layer species, Globigerina bulloides, to 

reconstruct ambient-[CO3
2-] over the past 100 years, building upon a proof of concept for 

this species and method by Osborne et al. 2016 (Methods). Previous research on G. 

bulloides has suggested that the calcification and growth of this species might be also 

influenced by ambient temperature, nutrient concentration or “optimal growth 

conditions” (Aldridge et al., 2012, Beer et al., 2010, de Villers 2003). The Osborne et al. 

(2016) study examined sediment trap collections and a sediment core record of G. 

bulloides shell weight, area and diameter data to closely evaluated these relationships and 

provided robust evidence that ANSW is directly controlled by ambient [CO3
2-], rather 

than temperature or nutrient concentration (R2 0.80, Standard Error of the Estimate ±16 

µmol kg-1) (See Methods for discussion; Extended Data Figure 1). 

Here, the ANSW of nearly 2,000 individual G. bulloides shells were measured 

using 58 sediment samples from a 0.48-meter long box-core collected in an anoxic region 

of the Santa Barbara Basin (SBB; 34˚14’N, 120˚02’W; 580 m water depth: Extended 

Data Figure 2). A radioisotope-based age model was developed for this 100-year 

laminated and unbioturbated sediment core (1898 to 2006 ± 6 years) (See Methods; 
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Osborne et al., 2016). Down core ANSW and shell diameter measurements indicate that 

on average G. bulloides produced 20% thinner and 7% larger shells, respectively, by the 

close of the 20th century relative to those from 1900 (Extended Data Figure 3 and 4). To 

assess if G. bulloides shell thickness and by extension [CO3
2-] has declined significantly 

over the core record, we examine decadal population averages of ANSW (Figure 1). 

These averages indicate that shell thicknesses from the 1990-2000 populations are indeed 

significantly thinner than the 1900-1910 populations (95% confidence). The decline in 

ANSW is further apparent in scanning electron micrographs of shell wall thicknesses of 

G. bulloides from the top and bottom of the sediment core (Figure 1). There is an 

apparent increase in the rate of change that occurs roughly between the first half and the 

second half of the core. This change in slope appears to be associated with a greater 

frequency of low [CO3
2-] events occurring in the more recent portion of the record, 

thereby reducing the overall average [CO3
2-] during the later interval. Several notable 

[CO3
2-] events recorded in our proxy record coincide with low [CO3

2-] outputs in SBB 

model simulations (Turi et al., 2016) and occur in association with the timing of several 

strong El Niño events (1982-83, 1987-88, 1997-97). 

By applying the ANSW-[CO3
2-] relationship presented by Osborne et al. (2016) 

to our downcore ANSW measurements, we estimate that surface ocean [CO3
2-] in the 

SBB decreased by 35% representing a net change of approximately 98 µmol kg-1 ± 16 in 

[CO3
2-] over the 20th century (from 271 ± 16 µmol kg-1 in 1895 to 173 ± 16 µmol kg-1 in 

2000; Figure 2). Recent in situ surface ocean [CO3
2-] measurements from the SBB by 

NOAA’s WCOA data (2011-2013) and by CalCOFI (2009-2015) and are in excellent 

agreement with the forward projected trend of our estimated [CO3
2-] values even though 
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these datasets do not temporally overlap. The time-series slopes, used to determine a 

decadal rate of change, recorded by our proxy reconstruction (-9.992 µmol kg-1dec-1) and 

the integrated CalCOFI and WCOA data (-10.716 µmol kg-1dec-1) are within error of one 

another. An additional comparison to the HOT dataset from the North Pacific (Dore et 

al., 2009) also shows a similar long-term decline (-6.616 µmol kg-1dec-1), albeit with 

significantly higher [CO3
2-] values and a lesser rate of decline, illustrating the inherently 

low [CO3
2-] conditions in the CCE. Hindcast model simulations for the CCE indicate a 

long-term trend (-5.431, -5.397, -4.949 µmol kg-1dec-1 at 0, 30 and 50 m, respectively) 

that is also in agreement with our proxy record, however, simulations indicate overall 

lower rate of change and [CO3
2-] values relative to our ANSW based estimates, which is 

likely a result of negative biases that exist in the employed model configuration (Hauri et 

al., 2013, Turi et al., 2016, see Methods). 

Because the relative concentrations of the dissolved inorganic carbon species in 

seawater (dissolved inorganic carbon (DIC); CO2, HCO3
−, CO3

2-) co-vary in a 

predictable nature, so do the variables of the marine carbonate system (DIC, Total 

Alkalinity (TA), pH, pCO2). We use an empirical salinity-TA relationship derived for the 

CCE coastal zone and sea surface salinity measurements from the Scripps Pier (1916-

present) time-series to estimate TA for our record (Fassbender et al., 2016). For the 

period when no salinity observations exist (1895-1915) a best-fit linear regression is used 

to estimate salinity values. Realizing this approach incorporates a great deal of 

uncertainly, particularly when applied to the paleo record, we use a combination of our 

down core proxy-[CO3
2-] and a salinity-TA estimates to roughly characterize the full 

carbonate system to report how the most commonly used measure of OA, pH, has 
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evolved over the last century in order to compare to other published results (see 

Methods). These estimates indicate that [H+] of seawater has increased by 80%, 

translating into a 0.21 unit decline in pH that exceeds the global average of 0.1 units by 

more than a factor of two (Caldeira & Wickett, 2003). We do not report error on this 

estimate as there are a number of assumptions made for these calculations and a reported 

value would likely underestimate uncertainty. However, our calculated decadal rate of pH 

decline for this region over the last century (-0.021 dec-1) is consistent with the rate of pH 

decline modeled for the entire CCE (-0.020 dec-1; 1979-2012; Turi et al., 2016), and 

larger scale observations for the North Pacific: -0.017 dec-1 from 1991-2006 (Byrne et al., 

2010) and -0.019 dec-1 from 1988-2014 (Bates et al., 2014; Dore et al., 2009). Our results 

are also consistent with large declines in pH resulting from strong upwelling as depicted 

by regional model simulations for the central region of the CCE (Gruber et al., 2012; Turi 

et al., 2016). 

Disentangling drivers of ocean acidification 

The surface ocean carbonate system in our study region is influenced by a 

combination of exposure to atmospheric CO2, local introduction of waters with low 

[CO3
2-] via shifts in upwelling and surface circulation, and local changes in productivity. 

To evaluate the dominating mechanism(s) driving the 20th century changes in the upper 

water column carbonate system, we use the down core foraminiferal stable isotopic 

records as tools to track carbon source and water column structure.  

The δ13C record of G. bulloides and two other foraminifera species 

(Neogloboquadrina incompta and Neogloboquadrina dutertrei) sampled from the core 

show significant (R2 = 0.46, 0.36, and 0.34, respectively p < 0.005) long-term declines in 
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δ13C (Figure 3). The observed increase in the surface ocean inventory of anthropogenic 

carbon sourced from 12C-enriched fossil fuel causes an overall decline in the δ13C of 

seawater; a globally observed phenomenon termed the The Suess Effect (Keeling et al., 

1979, Gruber et al., 1999). Additionally, variability in local productivity and upwelling of 

DIC and 12C-rich intermediate- and deep-water (from respiration and remineralization) 

could also influence surface ocean, and by extension foraminiferal, δ13C. The observed 

long-term decline in δ13C is consistent with an increase in 13C-depleted anthropogenic 

CO2 stemming primarily from the uptake from the atmosphere, strengthened upwelling, a 

decline in productivity, or a combination of these processes. 

A [CO3
2-] effect has been observed on stable isotope signatures recorded by 

foraminifera, whereby elevated [CO3
2-] results in relatively lower δ13C (Spero et al., 

1997). Considering the [CO3
2-] effect on foraminiferal δ13C, we estimate that based on 

the culture derived relationship of Spero et al. (1997) for 13-chambered G. bulloides and 

the change in carbonate ion concentration estimated by our proxy record, that δ13C would 

increase by 0.94‰ from the years 1895 to 2000, rather than the measured decrease of -

0.72‰. This modeled change in the opposite direction is consistent with other similar 

studies and suggests that the magnitude of foraminiferal δ13C depletion may actually be 

much larger when the [CO3
2-] effect is removed (Black et al., 2011). 

Considering the influence of upwelling on our δ13C record, a majority of model 

evidence for the CCE suggests that coastal upwelling will be enhanced in coastal Eastern 

Boundary Upwelling Systems (EBUS) due to climate induced strengthening of along-

shore winds that drive Ekman-upwelling (e.g., Sydeman et al., 2014). However, historical 

observations from the CalCOFI time-series (1950-present) in the SBB report stratifying 
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conditions over the latter half of the 20th century associated with warming sea surface 

temperatures, deepening of the thermocline depth, and declining zooplankton biomass 

(Roemmich and McGowan, 1995; McGowan et al., 2003; Di Lorenzo et al., 2005). Using 

the ∆δ18O-water column structure proxy, we compare δ18O signatures recorded by the 

surface mixed layer species, G. bulloides, to the thermocline to deep-dwelling 

foraminifera species, N. incompta, to infer the depth of the thermocline and stability of 

the mixed layer (Pak and Kennett, 2002). The observed increase in ∆δ18O represents and 

increasing offset in depth habitat and therefore a decline in upwelling strength, providing 

further evidence of 20th century CCE stratification, which would hypothetically result in 

an increase in δ13C over our record rather than the observed decrease (Figure 3). 

Shifts in dinoflagellate cyst assemblages in the SBB also suggest a reduction in upwelling 

and shed light on an overall reduction in seasonal primary productivity throughout the 

20th century (Bringue et al., 2014). While this reduction in productivity is consistent with 

the sign of our δ13C record, we argue that the magnitude of productivity change is not 

great enough to persistently drive the observed δ13C record. Rather, productivity in the 

CCE and other EBUS may be a synergistic factor and important on shorter time-scales. 

Collectively, our records indicate that the increasing surface ocean inventory of 

anthropogenic CO2 is the dominant long-term control on δ13C and by extension [CO3
2-] 

recorded in our proxy record. This is supported by the fact that owing to a relatively 

robust scaling between the 13C Suess effect and the increase in anthropogenic CO2 of 

about -0.017 permil (µmol kg-1)-1  (Sonnerup and Quay, 2012), the long-term decrease in 

δ13C of about 0.72‰ over the 1895 to 2000 period implies an increase in anthropogenic 

CO2 of about 42 µmol kg-1. This is a bit smaller than the expected increase of about 50 
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µmol kg-1 over this period, but supporting our conclusion of a dominant contribution of 

the uptake of anthropogenic CO2 to our reconstructed decrease in the [CO3
2-]. 

Decadal-scale variability 

While we attribute the long-term reduction in [CO3
2-] largely to air-sea exchange 

of anthropogenic CO2, considerable variability exists around the declining trend. In order 

to best visualize this variability, we de-trended the [CO3
2-] record, revealing decadal and 

sub-decadal scale oscillations that are significantly correlated with the PDO index (Hare 

et al., 1996) (R2 = 0.53, p<0.005; Extended Data Figure 5) (Figure 4). During positive 

(warm) phases of PDO the carbonate system shifts to a higher [CO3
2-] state, while 

negative (cool) phases of PDO coincide with overall lower [CO3
2-] values (Figure 4a). 

PDO is associated with decadal time-scale changes in the strength of the Aleutian Low, 

resulting in basin-wide temperature, pressure and wind stress anomalies in the Pacific 

Ocean (Mantua and Hare, 2002). Within the CCE, the positive (warm) phase of PDO 

coincides with weaker Aleutian Low winds, resulting in decreased coastal upwelling, 

warmer sea surface temperatures and reduced productivity. Conversely, the negative 

(cold) phase of PDO produces the opposite set of conditions.  

Since coastal upwelling controls the amount of low pH, CO2-rich waters that 

reach the surface and PDO regulates the strength of upwelling, we hypothesize that this 

mechanism alters the surface carbonate system on decadal time-scales. El Niño and La 

Niña events, typically lasting 6-18 months, produce similar anomalies and have already 

been observed in association with sustained changes in coastal upwelling and acidity of 

surface waters off the continental shelf of California (Nam et al., 2011). 
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We use our de-trended stable isotopic records (δ13C and ∆δ18O) to evaluate 

variability occurring independently of the long-term trend. We find that residual trends in 

δ13C and ∆δ18O clearly co-vary with PDO; positive phases are marked by a higher ∆δ18O 

and δ13C signatures, which represent decreased upwelling/increased stratification and 

warmer temperatures (Figure 4). We also use the individual calcification response to 

assess upwelling variability based on a similar foraminiferal depth habitat premise as the 

∆δ18O proxy. During periods of strengthened upwelling less intra-sample variability is 

expected for a given G. bulloides population since a shoaled thermocline would tighten 

the suitable habitable depth range for this species, above the thermocline to sea surface.  

The opposite would be true for stratified conditions. Using sample population standard 

error as a measure of intra-sample variability, a greater spread in individual ANSW is 

indeed associated with intervals of positive PDO marked by weaker upwelling relative to 

negative PDO when stronger upwelling occurs (R2 = 0.55, p<0.005, Figure 5 and 

Extended Figure 5). These proxy records together corroborate that as upwelling weakens 

in the CCE during positive PDO, higher [CO3
2-] levels occur while during negative 

phases of PDO, strengthened upwelling produces persistently lower [CO3
2-] conditions. 

Implications for future ocean acidification 

Our OA reconstruction indicates a significant long-term 35% decline in [CO3
2-] 

recorded for the central CCE over the 20th century as a result of increasing concentrations 

of anthropogenic CO2 in seawater. Our OA record reveals considerable variability around 

the long-term trend, which we find to be significantly correlated with decadal-scale 

changes in upwelling strength associated with the PDO. This implies that over decadal 

time-scales positive/negative phases of PDO coincide with an overall elevated/reduced 
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264 [CO 2-
3 ] state  as a result of shifts in upwelling strength. The  relationship between PDO  

and OA  means that  the anthropogenic acidification signal will be  both amplified  and 

alleviated  in response to decadal shifts in  the PDO  phase, suggesting that that future  

progression of OA  will be significantly modulated by large-scale climate modes.  While  

projections of [CO 2-
3 ] are important  for  understanding how the system may progress in 

the future, our past record indicates [CO 2-
3 ] will not decline linearly and that by  climatic  

forcing will be important in the coming century.   

265 

266 
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268 
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270 
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272 

273 Figure 1. Decadal population mean  area-normalized shell weight  plotted with 95%  
confidence intervals.  Red circles show the sample averages for the 58 sediment slices  
examined in this study. Decadal time-slice populations  (blue circles)  of  mean  G.  
bulloides  ANSW  show a significant offset in shell  thicknesses measured in 1900-1910 
and 1990-2000. SEM images show (a) a typical  G. bulloides  specimen from the SBB and  
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278 shell wall cross-sections of similarly sized shells from the (b) upper- and (c) lower-most 
samples of the box-core  clearly illustrating the difference in shell wall thickness over the  
past century.  
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281 

282 
283 Figure 2.  20th  Century  proxy [CO 2-3 ] record  based on G. bulloides  area-normalized  

shell weight  (1895-2000).  Horizontal errors  represent age uncertainty (±6 years)  and 
vertical errors (±15.63 µmol kg-1) represent the standard error of the estimate associated  
with the calibration relationship (Osborne et al., 2016). Proxy data are compared to model  
simulations (1979-2012; Turi et al., 2016) and in situ  measurements from the Santa 
Barbara Basin  (Feely et al., 2016) and HOT data from the North Pacific (Dore et al., 
2009). The average modern [CO 2- g-1  

3 ] is 164 µmol k and temperatures is 15°C based on 
2010-2015 in situ  data.  
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Figure 3. Stable isotope tracers of influential processes. A. δ13C record of three 
planktonic foraminifera species, G. bulloides. N. incompta and N. dutertrei (R2 0.46, 
0.36, and 0.34, respectively p < 0.005) showing a long-term decline consistent with an 
increasing anthropogenic CO2 inventory in the surface ocean. B. δ18O records of G. 
bulloides (surface-mixed layer dwelling species) and N. incompta (thermocline-deep 
dwelling species) that are used to trace the relative depth habitats and as a proxy for 
changes in the depth of the thermocline and related thickness and stability of the mixed 
layer (Pak and Kennett, 2002). 
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Figure 4. Linking upwelling strength, Pacific Decadal Oscillation and carbonate 
system state. A. The [CO3

2-] record shown with the long-term anthropogenically-driven 
decline removed (detrended) plotted with the Pacific Decadal Oscillation (PDO) index 
(Hare et al., 1996). An apparent correlation between high/low [CO3

2-] and 
positive/negative PDO phases. Both data sets are shown as 5-year running means. B. The 
detrended ∆δ18O(N. incompta-G. bulloides) and G. bulloides δ13C again to highlight the natural 
variability not associated with anthropogenic ocean acidification plotted again with the 
PDO index indicating a relationship between weakened/strengthened upwelling and 
positive/negative PDO phase. 
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Figure 5. Using Individuals to Trace Habitat Depth and Upwelling Strength. A. 
Time-series showing the sample ANSW standard error plotted with the Pacific Decadal 
Oscillation Index. These time-series show increased variability associated with positive 
(warm) PDO phases that are marked by weakened upwelling strength. B. Individual 
ANSW measurements (gray circles) plotted with sample average ANSW (blue circle) and 
associated sample standard error bars. 
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515 Extended Data 

Extended Data Figure 1. A. Scanning Electron Microscope images of the study  
species,  G. bulloides.  B.  G. bulloides  shell with its final chamber broken showing  a 
cross-sectional view of the shell wall, the key morphometric used in this study to estimate  
[CO 2-

3 ]. Shell wall thickness is indirectly  estimated by measuring area normalized shell 
weight (ANSW: shell weight (μg) / 2-D  surface area (μm2).  
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Extended Data Figure 2. Bathymetric map of the Santa Barbara Basin. The location 
of the box-core (red circle) used for the down-core reconstruction as well as the sediment 
trap (yellow triangle) and hydrographic sampling location (Plumes and Blooms Project 
Station 4; orange square) used in the calibration portion of the study (Osborne et al., 
2016). 
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Extended Data Figure 3. Down core trends in G. bulloides weight (not size-
normalized) and δ18O. The increasing shell weight over the down core record coincides 
with a decline in δ18O (note inverted axis), which represents an increase in temperature. 
This comparison provides a visualization of the importance of using size-normalized 
shell weights to estimate changes in calcification and shell thickness. Results from this 
study show that while overall shell weight and shell size are increasing as a result of 
warming temperatures, shell thickness is declining as a result of reduced [CO3

2-]. 
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Extended Data Figure 4. The long-term shift in G. bulloides shell diameter increases 
in concert with warming sea surface temperatures. B. We compare the relative 
changes that are recorded G. bulloides δ18O to a Northern Hemisphere Temperature 
anomaly for the 1900-2000 period and see a good agreement between temperature trends 
recorded in these records (Jones et al., 2013). C. We also compared G. bulloides δ18O to 
in situ sea surface temperature (SST) measurements made in the Santa Barbara Basin 
(SBB; 1955-Present; Shore Stations Program) and see an excellent agreements between 
sea surface temperature and the δ18O recorded in our G. bulloides shells. 
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Extended Data Figure 5. Time-series correlations between Pacific Decadal 
Oscillation Index and the detrended proxy-[CO32-] and ANSW sample standard 
error. Corresponding values were compared at 5-year time steps due to difference in 
time resolution across records. An independent t-test was conducted to compare both 
detrended proxy-[CO3

2-] and area-normalized shell weight standard area (a measure of 
sample variability) to the Pacific Decadal Oscillation Index. Highly significant 
correlation coefficients exist between PDO and the respective variables p<0.005) and the 
results of a paired t-tests for both records are highly significant (p<0.005), further 
confirming significance of the relationships. 
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Methods 
Area Normalized Shell Weight While several shell weight size-normalization techniques 
used to estimate foraminiferal calcification and shell thickness exist, we chose to use the 
area density method, also known as area-normalizing shell weight (ANSW) that uses 
individual rather than bulk population measurements (Marshall et al., 2013). This method 
is currently the most effective size-normalization technique (compared to measure-based 
weights and sieve-based weights) that best constrains shell thickness (Osborne et al., 2016; 
Marshall et al., 2013). The inability to effectively size-normalize shell weight 
measurements results in datasets that are not only influenced by CO3

2- but also by 
temperature, as temperature results in larger and heavier shells but has no effect on shell 
thickness. See Osborne et al. (2016) for in depth discussion and review of previously 
published results for this species. 

We aimed to pick 40 individual G. bulloides shells from the >150 µm size-fraction 
of each sediment sample for ANSW analyses. On average 35 individuals are included in 
each ANSW data point, (maximum 40 and minimum 17 individuals), representing a total 
of 1,870 analyzed shells included in this dataset. Individual G. bulloides shells with 
abnormally formed shells or that had visible clay and/or organic material were excluded 
from our analyses as these characteristics could effect weight and area measurements. The 
presence of an encrusted cryptic morphospecies of G. bulloides has been documented in 
the Santa Barbara Channel (Sautter and Thunell., 1991, Darling et al., 2000; Bemis et al., 
2002). Further investigation indicated that the less abundant and cool water loving 
“encrusted” morphospecies calcifies and fractionates stable carbon and oxygen isotopes 
differently than the more abundant “normal” morphospecies (Bemis et al., 2002; Osborne 
et al., 2016). Due to the offset in ANSW and the intention to use these G. bulloides shells 
for later stable isotope analyses, morphometric measurements collected during ANSW 
processing are also used to identify and remove encrusted individuals from our sample 
populations (Osborne et al., 2016; Marshall et al., 2015).  The species-specific ANSW 
response of the normal Globigerina bulloides morphospecies to ambient [CO3

2-] has been 
constrained using individuals collected in the Santa Barbara Basin (SBB) by a sediment 
trap time-series (Equation 2). Stable isotope results from this 3.5-year sediment-trap 
analysis indicate that on average G. bulloides calcify in the 40 m depth range, although 
seasonal variability in depth habit does occur in association with upwelling. 

While there can still be a considerable amount of variability within a single 
sediment sample, statistical analyses by Osborne et al. (2016) demonstrate the asymptotic 
nature of the % error as a function of numbers of individuals used in an ANSW 
measurement. These results suggest that a pool of 30-40 individuals represents a high 
degree of confidence when using a mean area density value to represent the population 
mean. Each shell is individually weighed in a copper weigh boat using a high precision 
microbalance (Mettler Toledo XP2U; ±0.43 µg) in an environmentally controlled weigh 
room. Next, each individual is photographed positioned umbilical side up using a binocular 
microscope (Zeiss Stemi 2000-C) fitted with a camera (Point Grey Research Flea3 1394b). 
The microscopic imaging program (Orbicule Macnification 2.0) was used to analyze shells 
photos for length (Feret diameter) and the 2-D surface area or silhouette. The Macnification 
2.0 program uses the RGB images to calculate a region of interest and generates an outline 
of the shell image, which is then used to estimate a pixel 2-D area. Pixel measurements are 
converted to lengths (µm) and areas (µm2) by calibrating an image of a 1 mm microscale 
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taken at the same magnification and working distance as shell photos. Individual shell 
weights were then divided by their corresponding areas and a mean ANSW value was 
calculated for each sample population. These ANSW values were then applied to the 
calibration relation relationship (equation 1) presented by Osborne et al. (2016) to estimate 
[CO3

2-]. 

[CO3
2-] = (ANSW - 4.19*10-5)/ 1.92*10-7 (Equation 1) 

Age Model Development Approximately 2 grams from each sample were freeze dried and 
used for radioisotope measurements. Wet weights, recorded prior to freeze drying, and dry 
weights were used to estimate sample porosity and correct for compaction. Freeze dried 
sediments were ground, loaded into counting vials and sealed with epoxy for 3 weeks prior 
to counting. Each sample was measured (3-5 days) for 210Pb, 214Pb and 137Cs via gamma 
decay counting using a high purity germanium well detector [Moore, 1984]. 

The excess 210Pb (210Pbex), reflective of atmospheric deposition rather than 
supported 210Pb (210Pbsupp) from the decay of 226Ra, was determined by subtracting the 
activity of 214Pb (assumed to be in secular equilibrium with 210Pbsupp; mean 3.7 dpm/g) 
from the activity of 210Pb. The exponential decay of 210Pbex observed in the core sediments 
(Figure 3) used to determine ages for the core using a combination of Constant Initial 
Concentration (CIC) and Constant Rate of 210Pb Supply (CRS) models. An offset of 
approximately ±1 year was observed between models. Using these age constraints an 
average sedimentation rate of 0.43 cm y-1; and an average mass accumulation rate of 5.84 
g cm2 y-1 was determined for the core. The sedimentation rate determined from 
the 210Pbex is relatively uniform over the entire 0.5 m core and is also in good agreement 
with previously determined radioisotope chronologies for the SBB (Koide et 
al., 1972; Krishnaswami et al., 1973, Bruland et al., 1974). The increase in 137Cs activity 
at 19 cm (Figure 3) is used as an independent age marker horizon for the year 1964 and 
represents the peak in radioactive fallout from atmospheric nuclear bomb testing (Carter 
and Moghissi, 1977; Ritchie and McHenry, 1989). The depth of the 137Cs spike was 
shallower than expected using both the CRS and CIC models when assuming a 2012 
collection year as the core top age. We therefore conclude that the upper several 
centimeters of sediments were not preserved when this box-core was collected. As such, 
we applied a 6-year age correction, which is also used as the age error estimate, anchored 
the 19 cm 137Cs spike to a depositional year of 1964. These age constraints indicate that the 
0.5 meter core extends back to ~1895 and the uppermost sediments contained in the core 
represent the year ~2006. 

CCE Marine Carbonate System Model Simulation The model-based estimates of the 
progression of the carbonate ion concentration in the Santa Barbara Basin stem from the 
simulations described in detail by Turi et al. (2016). Annual mean data were extracted from 
the model at the four nearest gridpoints to the location of the core from various depths, i.e., 
0 m, 30m, and 50 m. The model is based on the UCLA-ETH version of the Regional 
Oceanic Modeling System (Shchepetkin and McWilliams 2005), and includes a nitrogen-
based nutrient-phytoplankton zooplankton-detritus model (Gruber et al 2006) that was 
extended with a carbon module (Gruber et al 2012, Hauri et al 2013). The CalCS model 
setup employed here has a horizontal resolution of 5 km and 34 levels in the vertical and 
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spans the entire U.S. coast from about 30° N to 50° N and extends more than 1300 km into 
the Pacific. The hindcast simulation (1979-2012) was forced at the surface with fluxes of 
heat and freshwater from ECMWF’ s ERA-Interim reanalysis (Dee et al 2011). The 
boundary conditions at the lateral boundaries of the model consisted of a combination of 
climatological fields based on observations and time-varying anomaly fields derived from 
a global hindcast simulation with theNCAR CCSM3 model (Graven et al 2012). The 
evaluation of the model simulated pH and saturation state with respect to aragonite, Ωarag 
with observations revealed that the model is capturing the large-scale offshore and depth 
gradients very well, but that it has a slight positive bias in the nearshore regions north of 
Point Conception (Hauri et al., 2013). Owing to the lack of in situ measurements from the 
Santa Barbara Basin, no assessment could be undertaken in this part of the CalCS, but also 
the comparison with the time series records from Santa Monica Bay (Leinweber and 
Gruber, 2013) suggest a slight overestimation of the modeled pH and Ωarag in the upper 
ocean. 

Stable Isotope Measurements At least 100 µg (30-40 individuals) of G. bulloides used for 
ANSW analyses were pooled to measure the stable oxygen (δ18O) and carbon (δ13C) 
isotopic composition. Foraminifera were cleaned for 30 minutes in 3% H2O2 followed by 
a brief sonication and acetone rinse prior to analyses. Stable isotope measurements were 
carried out on an Isoprime isotope ratio mass spectrometer equipped with a carbonate 
preparation system. The long-term standard reproducibility is 0.07‰ for δ18O and 0.06‰ 
for δ13C. Results are reported relative to Vienna Pee Dee Belemnite (V-PDB). 

Marine Carbonate System Calculations Carbonate system variables for the historic record 
were determined using the CO2Sys Program (Version 2.1). Total alkalinity and dissolved 
inorganic carbon were used as master input variables (Equations 2 & 3) and in situ 
measurements of sea surface temperature and salinity as input conditions when data are 
available (Shore Stations Program). Sea surface salinity measurements from the Scripps 
Pier (1916-present) located just south of our study region and sea surface temperature 
measurements from the SBB (1955-present) were used for our calculations. A comparison 
of more recent salinity measurements from the SBB and Scripps Pier indicate that salinity 
values in these two regions are comparable. For the period from 1916-1954 when SST was 
not measured in the SBB but was measured at Scripps Pier, we use an average offset 
between the overlapping periods of these datasets (1955-1900) to extrapolate an SST for 
the SBB. For the period from 1900-1916 when there is no hydrographic data available, we 
use the time-integrated relationship for temperature and salinity to estimate these 
parameters. 

We solve for our input master variables (total alkalinity and dissolved inorganic 
carbon) by coupling proxy [CO3

2-] estimates and a salinity-based estimate of total 
alkalinity (Fassbender et al., 2016). Although this salinity-alkalinity relationship was 
derived using carbonate system measurements for the coastal Oregon CCE, a complication 
of CalCOFI data from the SBB yield a relationship that is within error of the published 
Fassbender et al. (2016) dataset. We also incorporate total boron into our estimate of total 
alkalinity, which was determined using the R program seacarb (Total Boron Package; Lee 
et al., 2010). In order to estimate DIC we sum the estimated [CO3

2-] with the derived 
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[HCO3
-] and assume that any concentration of [CO2] is less than 1% of DIC (Zeebe and 

Wolf-Gladrow, 2001; Equation 3). 

Total Alkalinity = [HCO3
-]+2[CO3

2-]+[B(OH)4
-] (2) 

2-]Dissolved Inorganic Carbon = [HCO3
-]+[CO3 (3) 
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