
Calcification of the planktonic foraminifera Globigerina
bulloides and carbonate ion concentration: Results
from the Santa Barbara Basin
Emily B. Osborne1, Robert C. Thunell1, Brittney J. Marshall1, Jessica A. Holm1, Eric J. Tappa1,
Claudia Benitez-Nelson1, Wei-Jun Cai2, and Baoshan Chen2

1School of the Earth, Ocean, and Environment, University of South Carolina, Columbia, South Carolina, USA, 2College of
Earth, Ocean, and Environment, University of Delaware, Newark, Delaware, USA

Abstract Planktonic foraminiferal calcification intensity, reflected by shell wall thickness, has been
hypothesized to covary with the carbonate chemistry of seawater. Here we use both sediment trap and
box core samples from the Santa Barbara Basin to evaluate the relationship between the calcification
intensity of the planktonic foraminifera species Globigerina bulloides, measured by area density (μg/μm2), and
the carbonate ion concentration of seawater ([CO3

2�]). We also evaluate the influence of both temperature
andnutrient concentration ([PO4

3�]) on foraminiferal calcification andgrowth. Thepresenceof twoG. bulloides
morphospecies with systematically different calcification properties and offset stable isotopic compositions
was identified within sampling populations using distinguishing morphometric characteristics. The
calcification temperature and by extension calcification depth of the more abundant “normal” G. bulloides
morphospecies was determined using δ18O temperature estimates. Calcification depths vary seasonally with
upwelling and were used to select the appropriate [CO3

2�], temperature, and [PO4
3�] depth measurements

for comparison with area density. Seasonal upwelling in the study region also results in collinearity between
independent variables complicating a straightforward statistical analysis. To address this issue, we use
additional statistical diagnostics and a down core record to disentangle the respective roles of each
parameter on G. bulloides calcification. Our results indicate that [CO3

2�] is the primary variable controlling
calcification intensity while temperature influences shell size. We report a modern calibration for the normal
G. bulloides morphospecies that can be used in down core studies of well-preserved sediments to estimate
past [CO3

2�].

1. Introduction

Planktonic foraminifera are ubiquitous microzooplankton that secrete calcium carbonate (CaCO3) shells that
comprise up to 80% of the calcite preserved in seafloor sediments [Schiebel, 2002]. Fossil shells of foraminifera
preserved in marine sediments have been used for a wide variety of paleoclimate applications that have
greatly enhanced our understanding of past oceanic and climatic conditions. Due to the relatively short life
span of planktonic foraminifera (~1month), their shells represent a brief snapshot of surface ocean condi-
tions during their time of calcification [Bé, 1977]. It is generally accepted that surface ocean carbonate ion
concentration ([CO3

2�]) plays a key role in the calcification of planktonic foraminifera with the level of
response varying among species [e.g., Spero et al., 1997; Bijma et al., 1999, 2002; Barker and Elderfield, 2002;
Mekik and Raterink, 2008; Moy et al., 2009; Marshall et al., 2013]. The calcification intensity of planktonic
foraminifera, or the amount of calcite deposited relative to shell size, reflects both the efficiency (effort to
precipitate calcite under varying environmental conditions) and the rate (how much calcite is added over
time) of calcification during an individual’s lifespan [Weinkauf et al., 2016]. Calcification intensity of fossil
foraminiferal shells can be estimated using morphometric characteristics such as weight, size, and area.

Initial morphometric observations of shells grown in culture and their relationship to carbonate chemistry
indicate that the species Orbulina universa produced a 37% higher shell mass at elevated [CO3

2�]
(600μmol kg�1) relative to that of individuals grown in ambient seawater [CO3

2�] (170μmol kg�1) [Spero
et al., 1997; Bijma et al., 1999, 2002]. Subsequently, Barker and Elderfield [2002] found that the size-normalized
shell weights (SNSW), which are more reflective of shell thickness rather than size, from a series of core-top
samples varied systematically with latitude. The authors found that SNSW decreased with increasing latitude
due to increased CO2 solubility and declining [CO3

2�] associated with decreasing temperature [Barker and
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Elderfield, 2002]. A down core study in the Southern Ocean observed that SNSW of postindustrial age forami-
niferal shells from surface sediments were 35% lower than Holocene age shells and attributed this difference
to increasing anthropogenic CO2 and declining [CO3

2�] during the last two centuries [Moy et al., 2009]. A
recent sediment trap study highlighted the importance of the shell weight size-normalization technique
and described a new size-normalization method, area density, which resulted in a highly significant
relationship with [CO3

2�] for two species of tropical planktonic foraminifera [Marshall et al., 2013].

While considerable effort has gone into developing foraminiferal geochemical proxies for carbonate system
variables [e.g., Sanyal et al., 1996; Yu et al., 2007; Foster, 2008; Henehan et al., 2013; Rae et al., 2011; Allen et al.,
2011, 2012], relatively less emphasis has been placed on developing morphometric-based techniques [e.g.,
Spero et al., 1997; Bijma et al., 1999, 2002; Barker and Elderfield, 2002; Marshall et al., 2013]. In this regard,
SNSW estimates of foraminiferal calcification intensity have great potential for serving as a quantitative
measure for past [CO3

2�]. SNSW analyses also require minimal analytical instrumentation and therefore
can easily be measured in many laboratories. Because SNSWmeasurements are nondestructive, foraminifera
used for this purpose can be used for geochemical analyses, thus providing tandem proxy records on a single
sample population.

The development of proxy methods for estimating carbonate system parameters is needed since observa-
tional records are limited to the last 20–30 years [e.g., Takahashi et al., 1982; Bates et al., 2014]. Such
methods could provide an indirect means for estimating how marine calcifiers and the marine carbonate
system have responded to carbon perturbations on both short (decadal to century) and long time scales
(millennial). These records would be instrumental in understanding how the marine carbonate system will
respond to future increases in ocean acidification associated with various projected CO2 scenarios. This
study establishes a means to reconstruct past [CO3

2�] by providing an empirical relationship between
Globigerina bulloides calcification intensity and ambient [CO3

2�] that can be applied to well-preserved
marine sediments.

1.1. Variables Influencing Foraminiferal Growth and Calcification

The calcification and growth of planktonic foraminifera have been linked not only to seawater [CO3
2�] but

also to variables such as temperature and nutrient concentration [e.g., Bé et al., 1973; Spero et al., 1997;
Aldridge et al., 2012]. It has been suggested that a unique combination of these factors comprises a
species-specific set of “optimal growth” conditions that result in a stress-induced, reduced calcification
response when these environmental conditions are not satisfied [de Villiers, 2004]. However, several tests
of the optimal growth hypothesis failed to find a link between either the absolute abundance of a given spe-
cies, which would hypothetically occur under that species’ optimal growth conditions, or the calcification
intensity of those individuals [Beer et al., 2010a; Weinkauf et al., 2013, 2016]. Rather, a study using
Mediterranean sediment samples indicated that the calcification of four species of planktonic foraminifera
responded passively to changes in seawater properties, such as [CO3

2�], as opposed to a physiologic
response brought about by stress from unfavorable conditions [Weinkauf et al., 2013]. Despite being unable
to identify the specific environmental factors that controlled calcification response for each of these species,
the results of this work were consistent with carbonate chemistry being the primary control on calcification
[Weinkauf et al., 2013]. Furthermore, another study evaluated foraminiferal calcification change over a
deglaciation (Marine Isotope Stages 6-7) and noted that Globigerinoides ruber and G. bulloides showed very
similar calcification responses despite having very different ecological requirements and therefore optimal
growth conditions. Rather, these changes were linked to pCO2 and the carbonate saturation of seawater
[Gonzalez-Mora et al., 2008].

Temperature has been cited as a control of foraminiferal shell size, with larger shells growing in warmer
waters [Bé et al., 1973; Hecht, 1976; Schmidt et al., 2004; Lombard et al., 2009], where [CO3

2�] is also generally
high. In order to differentiate the influence of these variables, a culture study by Lombard et al. [2010] main-
tained constant temperature and varied [CO3

2�] and observed that foraminifera (Orbulina universa and
Globigerinoides sacculifer) had a significant increase in shell weight with no significant change in shell size
in response to elevated [CO3

2�]. This result corroborated earlier observations of lower SNSW associated with
the Holocene relative to SNSW during the Last Glacial Maximumwhen temperatures were colder and [CO3

2�]
was higher [Barker and Elderfield, 2002]. While previous results indicate that [CO3

2�] is the predominant factor
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controlling calcification intensity, some research has suggested that temperature does perhaps play an
important role in calcification rate, which is inherently related to calcification intensity. A study of eight mod-
ern planktonic foraminifera species found that increased temperature resulted in an increase in calcification
rate across all species [Lombard et al., 2009]. de Villiers [2004] also concluded that optimum temperatures
were an important factor in foraminiferal calcification rates measured by SNSW. Contrary results from a cul-
turing study by Manno et al. [2012] indicated that increased temperature resulted in no net change in
Neogloboquadrina pachyderma (sinistral) calcification rate. Rather, this study found that a decline in pH and
by extension [CO3

2�] resulted in a significant decline in calcification rate even in cultures where temperature
was elevated simultaneously.

Due to the fact that previous results indicate that shell size is influenced by temperature, size normalization of
shell weights is essential for creating a metric that best constrains calcification intensity [e.g., Barker and
Elderfield, 2002; Lombard et al., 2010; Beer et al., 2010a]. Sieve-based weights (SBW), measurement-based
weights (MBW), and area density (AD) are examples of such methods. SBWmeasurements are made on a nar-
row size range (~50μm) by sieving and measuring the mean weight of a pool of individuals to calculate an
average weight for the sample population [Broecker and Clark, 2001]. MBW more effectively account for shell
size by normalizing sieve-based weights with a mean diameter or silhouette area parameter [Barker and
Elderfield, 2002]. However, both of these size-normalizing methods are confined to examination of a narrow
size fraction of sediments, thereby potentially limiting the number of individuals available for analysis (see
Marshall et al. [2013] for a review). Area density overcomes this limitation by using an individual rather than
a population approach, allowing for a broad size fraction to be used and maximizing the number of indivi-
duals available per sample [Marshall et al., 2013]. The area density method uses an individual weight and sil-
houette area measured for each shell and normalizes individual weights prior to taking the population mean.
Although time consuming, the area density method effectively captures the intrinsic natural variability of bio-
logical samples, particularly at the individual level that would otherwise be lost when measuring bulk
weights. Furthermore, since there is no size-fraction restriction for the AD method, a larger number of indivi-
duals are typically available for analysis, thus generating a more robust estimate of the sample population.
Importantly, the area density method has also proven to be the most effective size-normalization technique,
which is important in calcification intensity studies such as this one [Beer et al., 2010b; Marshall et al., 2013].

While temperature and [CO3
2�] have been the primary variables considered in foraminiferal calcification stu-

dies, some research indicates that nutrient concentration may also influence foraminiferal calcification. A
North Atlantic study of the species G. bulloides suggests that high concentrations of nitrate (NO3

�) and phos-
phate (PO4

3�) have adverse effects on calcification of this species [Aldridge et al., 2012]. Previous research on
corals and coccolithophores has observed a decline in calcification as a result of high nutrient concentrations,
which is attributed to adsorption of calcium hydrogen phosphate (CaHPO4) onto the calcite surface blocking
growth cites for crystallization [Kinsey and Davies, 1979; Paasche and Brubank, 1994; Lin and Singer, 2006].
Conversely, the results of a sediment trap study in the Cariaco Basin (Venezuela) indicate that nutrients are
not a key factor controlling calcification intensity of two planktonic foraminiferal species (G. ruber and G. sac-
culifer) and that covariation between [CO3

2�] and nutrient concentrations can result in spurious correlations
between foraminiferal calcification intensity and nutrient concentration [Marshall et al., 2013].

2. Regional Setting: The Santa Barbara Basin

This study utilizes G. bulloides shells preserved in marine sediments (both sediment trap and sediment core)
and hydrographic data collected off the California Margin in the Santa Barbara Basin (SBB). Globigerina
bulloides is a species that often dominates the foraminiferal flux in the SBB [Kincaid et al., 2000] and has been
used commonly in down core paleoceanographic reconstructions for this basin [e.g., Hendy and Kennett,
1999; Friddell et al., 2003; Pak et al., 2004, 2012]. It is a symbiont-barren spinose foraminifera found in transi-
tional to subpolar waters and is frequently found in association with upwelling regimes [Bé, 1977; Hemleben
et al., 1989].

The SBB is an approximately 100 km long, ~600m deep east-west trending basin extending from Point
Conception to the greater Los Angeles area (Figure 1). There are north and south bounding continental
shelves, with the Channel Islands forming the southern bound of the basin. Sills at the eastern and western
mouths of the basin (200m and 400m, respectively) restrict water exchange between the basin and the open
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ocean. Limited influx of oxygenated water coupled with high productivity rates result in anoxic conditions in
the deepest part of the basin producing ideal conditions for the preservation of annually laminated or varved
sediments [Reimers et al., 1990; Thunell et al., 1995]. Prevailing southward winds result in Ekman-induced
upwelling in the basin that typically peaks during the spring to early summer months and relaxes during
the fall and winter [Hendershott and Winant, 1996]. Seasonal upwelling produces a wide range of [CO3

2�],
temperature, and nutrient values, making this an ideal setting for examining the influence of each of these
variables on calcification (Figure S1 in the supporting information).

3. Materials and Methods
3.1. Sediment Trap and Sediment Core Samples

The University of South Carolina has maintained a sediment trap time series in the deepest portion of the SBB
(34°14′N, 120°02′W, ~580m water depth; Figure 1) from 1993 up to present [Thunell et al., 1995, 2007; Thunell,
1998]. McLeanMark VII-W automated sediment traps equipped with 0.5m2 funnel openings are deployed for
6month periods and samples are collected continuously on a biweekly basis. Sample bottles are buffered
and poisoned with a sodium azide solution prior to deployment. Sediment samples are split using a
McLean four-head rotary splitter and usually refrigerated in sodium borate buffered deionized water to
prevent dissolution of carbonates prior to sample use. This study utilizes sediment trap material collected
from 2007 to 2010, a period when water column carbonate system variables were measured on water sam-
ples collected near the SBB sediment trap mooring by the Plumes and Blooms Program.

Additionally, a 0.5m box core collected in 2012 near the sediment trap mooring (34°13′N, 119°58′W, 580m
water depth; Figure 1) was used to supplement our sediment trap observations. Radiogenic isotopes of
lead (210Pb) and cesium (137Cs) were used to develop an age model for the box core (Texts 1 in the sup-
porting information) using a high-purity germanium well detector [Moore, 1984]. Radioisotope activities
indicate an average sedimentation rate of 0.43 cmyr�1; and an average mass accumulation rate of
5.84 g cm2 yr�1 (Figure S2 in the supporting information). Using these age constrains, we estimate that
the 0.5m core extends back to ~1895 and the uppermost sediments contained in the core represent the
year ~2006.

Figure 1. Bathymetry of the Santa Barbara Basin with the location of the sediment trap mooring (yellow triangle), Plumes
and Blooms Station 4 (orange square), and box core (red circle).
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A 1/16 split of each sediment trap sample and roughly 3 g of box core sediment were used for foraminiferal
analyses; if insufficient material was available from the sediment trap sample, an additional 1/16 split was
used. Despite the high organic matter content typically found in sediment trap samples, previous tests
demonstrated that an oxidative treatment of the samples (buffered 30% H2O2 for 45min) yielded statistically
identical area density values to that of untreated samples [Marshall et al., 2013]. Therefore, it was deemed
unnecessary to oxidatively clean sediment trap samples prior to area density analysis. Both trap and core
sediments were washed using borate buffered deionized water through a 125μm sieve and dried in a 40°C
oven prior to analyses.

3.2. Hydrographic Measurements

Monthly hydrographic measurements are made along a transect in the SBB by the Plumes and Blooms
Program (http://www.icess.ucsb.edu/PnB/PnB.html), with one of the sampling stations (Station 4; 34°15′N,
119°54′W) located adjacent to the sediment trap mooring (Figure 1). From 2007 to 2010 total alkalinity (TA)
and total dissolved inorganic carbon (DIC) measurements were also made at Station 4 on 25monthly cruises
that took place over a 40month period (Text S2 in the supporting information). Water samples used for TA
and DIC analyses were collected at depths of 0, 5, 10, 20, 30, 50, 75, 100, 150, and 200m.

The CO2Sys program (version 2.1) originally by Lewis and Wallace [1998] (CO2SYS.BAS) and modified by
Pierrot et al. [2006] was used to estimate unknown seawater marine carbonate system variables. This program
uses two “master” carbonate system variables (TA, DIC, pH, and pCO2) to estimate the remaining unknown
variables at a set of given input conditions (e.g., temperature, salinity, and pressure). For the time period asso-
ciated with the sediment trap samples (2007–2010), [CO3

2�] is estimated using in situ measurements of TA
and DIC from the SBB. Supplementary CTD and bottle data from Plumes and Blooms Station 4 including sali-
nity, temperature, pressure, phosphate concentration ([PO4]), and silicate concentration ([SiO4]) are used as
input conditions for these calculations. For the sediment core portion of the study, pCO2 and TA are used as
mater variables. We assume a constant TA of 2250μmol kg�1 based on the mean measured surface TA mea-
sured in the SBB from 2007 to 2010. Seawater pCO2 is derived according to Henry’s Law using atmospheric
CO2 measurements from the Mauna Loa time series (1960 up to present; http://www.esrl.noaa.gov/gmd/
ccgg/trends/) and temperature-, salinity-, and pressure-dependent solubility coefficients (K0) following the
formulation of Weiss [1974]. Measured sea surface temperature from the SBB (1955 up to present; 34°24.2′N,
119°41.6′W″) and salinity from the Scripps Pier (1916 up to present; 32°52.0′N, 117°15.5′W) measured as a part
of the Shore Stations Program (http://shorestations.ucsd.edu/shore-stations-data/) were used to determine
time-specific K0 values and as input conditions for our down core calculations. The dissociation constants (K1
and K2) determined byMehrbach et al. [1973] and refit to the seawater scale by Dickson and Millero [1987] were
used as constants for our CO2Sys carbonate system calculations. The HSO4 and B(OH)3 dissociation constant
(KSO4 and KB, respectively) according to Dickson [1990] and the boron concentration and chlorinity relationship
determined by Lee et al. [2010] were used for our calculations.

3.3. Area-Normalized Shell Weights: The Area Density Method

A total of 82 sediment samples (39 sediment trap and 43 sediment core) are included in our area density ana-
lysis. We use a combination of upper and lower sediment trap samples (n= 32) that coincide with the 25 TA
and DIC sampling periods (2007–2010) for our modern area density sediment trap calibration. Lower trap
samples (~450m depth) were available for 22 of the 25 carbonate chemistry sampling periods, while upper
trap samples (~150m depth) were available for 10 of these periods. The upper sediment trap was added to
the SBB sediment trap mooring in 2009 allowing for both upper and lower sediment trap samples to be ana-
lyzed for eight of the TA and DIC sampling periods. An additional seven sediment trap samples from months
when no water column carbonate chemistry data are available were analyzed to produce a full annual cycle
of area density measurements from December 2009 to December 2010.

Globigerina bulloides shells were systematically picked from the >125μm size fraction of each sediment
sample using a gridded tray. The >125μm size fraction was chosen because G. bulloides smaller than this
range likely represent individuals that have not reached the adult stage [Berger, 1971; Peeters et al., 1999].
On average shell diameters from sediment trap and core samples range from 200 to 400μm in size.
Atypical G. bulloides shells with abnormally large and thin final chambers or individuals with oversized aper-
tures where the final chamber is not fully sutured to the test were excluded from our analyses due to the
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effect these morphologic features have on shell area. Careful attention was paid to selecting individuals that
were free of visible clay particles or organic matter that could potentially bias shell weights.

SNSW were measured using the area density method described in detail by Marshall et al. [2013]. Following
this method, individual shells were weighed in a copper weigh boat using a high-precision microbalance
(Mettler Toledo XP2U; ±0.43μg) in an environmentally controlled weigh room and then photographed umbi-
lical side up using a binocular microscope (Zeiss Stemi 2000-C) fitted with a camera (Point Grey Research
Flea3 1394b). Photos were uploaded to a microscopic imaging program (Orbicule Macnification 2.0) to mea-
sure the length of the longest shell diameter (Feret diameter) and the 2-D surface area or silhouette area of
each shell. This program uses RGB images to calculate a region of interest by outlining the imaged shell to
estimate a pixel 2-D area. Pixel measurements are converted to lengths (μm) and areas (μm2) by calibrating
an image of a 1mm microscale taken at the same magnification and working distance as shell photos.
Individual weights were then divided by their corresponding areas, and the mean area density value was
calculated for each sample population (equation (1)). Mean area density values are most representative of
the population calcification intensity and by extension ambient calcification conditions and were the focus
of our calibration and statistical analyses. Ideally, 40 individuals were included in each sample population
in order to minimize measurement standard error (SE= σ/√n). Due to the asymptotic nature of area density
standard error, we would argue that a sample size of 30–40 individuals represents a high level of confidence
(Figure S3 in the supporting information).

area density μg=μm2
� � ¼ individual weight μgð Þ=individual area μm2

� �
(1)

3.4. Stable Isotope Analysis

Approximately 70μg (15–30 individuals) of G. bulloides from each sample used for area density analyses were
pooled to measure δ18O. The foraminifera were cleaned for 30min in 3% H2O2 followed by a brief sonication
and acetone rinse. Isotopic analyses 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.
Results are reported relative to Vienna Pee Dee Belemnite (V-PDB). Because the δ18O of foraminifera reflects
both seawater temperature and the δ18O of seawater (δ18Ow), accounting for any variations in δ18Ow, is
essential to properly estimating temperature. The δ18Ow varies as a function of salinity, and therefore, a
δ18O:salinity relationship typically is used to determine δ18Ow; here we use a δ18O:salinity relationship that
was determined specifically for the Southern California Bight (equation (2)). Measured sea surface salinity
from Plumes and Blooms (Station 4) and the SIO Pier time series (1916 up to present) are used, respectively,
for sediment trap and sediment core estimates of δ18Ow. The use of measured surface salinity as opposed to
assuming constant salinity for the down core record was particularly important in calculating δ18Ow and the
resulting temperature estimates. Scaling to V-PDB from standard mean ocean water (SMOW) of estimated
δ18Ow was done by subtracting 0.27‰ [Hut, 1987]. δ18O calcification temperatures were calculated using a
culture-derived temperature relationship (equation (3)) developed within the Southern California Bight
region for G. bulloides (12-chambered shells) [Bemis et al., 1998].

δ18Owater ¼ 0:39* salinityð Þ–13:23 (2)

T °Cð Þ ¼ 13:2–4:89* δ18Ocalcite � δ18Owater
� �

(3)

4. Results and Discussion
4.1. Comparison of Sediment Trap and Sediment Core Area Density Measurements

Assessing the potential for dissolution of foraminiferal shells within the water column and on the seafloor
is of utmost importance when using foraminiferal shell weights as a water column proxy. For a total of
eight sampling periods from 2009 to 2010, samples from both trap depths were available for area density
analysis and are used to assess similarities and differences of area density and morphometric measure-
ments recorded at each sampling depth. A comparison of measurements from each depth was used to
determine if dissolution impacts foraminiferal shells as they settle through the water column, and a
comparison of sediment trap and sediment core measurements is used to assess the potential for
seafloor dissolution.
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ObservationsbyMillimanetal. [1999] suggest that60–80%ofCaCO3particlesdissolve in theupper500–1000m
of the water column despite being well above the lysocline. Themechanism driving water column dissolution
is not well understood and has not been replicated by either in situ [Thunell et al., 1981] or modeling studies
[Jansen et al., 2002]. Estimates for the Pacific Ocean north of 20°N indicate that the depth of the calcite satura-
tion horizon can range from 200 to 1000mwith amean of 600mwater depth [Feely et al., 2004]. Water column
measurements of TA and DIC from 2007 to 2010 in the SBB were used to assess calcite saturation. Although
water column measurements are limited to 0–400m, these data indicate supersaturated values (1.25) at
400m and suggest that supersaturation also exists at the basin bottom (600m water depth; Figure S4 in the
supporting information). The preservation of unfragmented assemblages of foraminifera and the occasional
presence of aragonite thecosome pteropods that are highly susceptible to dissolution are physical evidence
that preservation of calcite in the SBB is not an issue. Shell features that are typically used as indicators of
dissolution, such as reduced spine bases and formation of cracks [Dittert and Henrich, 2000], are not observed
in trap or core sediments.

For the eight sampling periods where both upper and lower trap samples were measured, the mean area
density values determined for each depth are within two standard errors of each other (Figure 2).
Independent t tests indicate that there is no significant difference in the area density population means for
six of eight sampling periods (p 2 tail> 0.05), while there is a moderately different sample mean recorded
for a single sampling period (p 2 tail = 0.02; 25 September 2009) and a significant different sample mean
for one sampling period (p 2 tail< 0.001; 8 October 2010). These results indicate that generally there is no dif-
ference in area density between the two sampling depths suggesting that there is no significant dissolution
occurring within the SBB water column.

We also compare shell weights, diameters, and area densities between the sediment trap and the seafloor
sediments to assess postdepositional dissolution. If significant dissolution is occurring on the seafloor in
SBB, we would expect to see differences in shell morphometric characteristics in the sediment trap samples
versus the seafloor samples. While the lack of temporal overlap between sediment trap (2007 to 2010) and
down core measurements (1985–2005) is not ideal for such a comparison, measurements from each of these
populations indicate a similar range in weight and size. Independent t tests were conducted to statistically
determine if the weight, diameter, and area density of shells collected by the trap and in the core are signifi-
cantly different. These results indicate there is no significant difference in shell size preserved in trap and

Figure 2. Discontinuous time series of normal G. bulloidesmean area density from upper (triangles) and lower (diamonds)
sediment trap samples and the spread of the individual measurements included in each sample mean (circles). Error
bars represent two standard errors of the sample means. Hydrographic sampling of TA and DIC are indicated by “crosses”
on the x axis.
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seafloor sediments (p> 0.05). However, there is a moderately significant difference in shell weight (p> 0.01)
and highly significant difference in area density (p< 0.001). The results of this comparison indicate that
overall higher weights and area density values are observed in core sediments relative to trap sediments.
We attribute these offsets to higher [CO3

2�] and increased calcification intensity over the 100 year down core
sampling period relative to the more recent sediment trap sampling period (See section 4.6 for discussion on
[CO3

2�] change over this interval).

4.2. Globigerina bulloides Morphospecies

Studies of G. bulloides small subunit ribosomal RNA (SSU rRNA) indicate high cryptic diversity with a total of
seven distinct genotypes [Darling and Wade, 2008]. Genetic studies of G. bulloides from the SBB and the
greater Southern California Bight have identified the presence of two of these genotypes that represent
two distinct morphospecies [Darling et al., 2000]. The most dominant genotype, IId, is found in abundance
throughout the year, while a rare genotype, IIa, which is found commonly at high latitudes, is present during
cool periods in the SBB [Darling et al., 1999, 2000, 2003]. It was speculated that the IIa individuals were a heav-
ily calcified G. bulloides morphotype that has previously been observed in the Southern California Bight
[Darling et al., 2003]. Sautter and Thunell [1991a] first identified a heavily calcified “encrusted” morphotype
of G. bulloides that is enriched in 18O during peak upwelling (April) in the San Pedro Basin, located just south
of the SBB. Hendy and Kennett [2000] also identified an abundant small and thickly calcified G. bulloidesmor-
photype in glacial sediments from the SBB. Bemis et al. [2002] applied a δ18O temperature relationship
derived for normal G. bulloides to these encrusted glacial specimens and found that they yielded unreason-
ably cold temperature estimates.

Due to the fact that species- and morphospecies-specific calcification responses have been documented in
foraminifera, it is important to determine if more than one G. bulloides morphospecies exists in our sample
populations and if these morphospecies calcify differently. Since both genetic observations and isotopic
analyses of G. bulloides morphospecies within the SBB indicate two distinct forms, it is likely that these mor-
phospecies also calcify differently [Bemis et al., 2002; Darling et al., 2003]. To assess if calcification varies
between encrusted (IIa) and “normal” G. bulloides (IId), we examined weight-area and area density-diameter
relationships of individuals included in our study. Marshall et al. [2015] demonstrated that cryptic species of
Orbulina universa can be identified using this technique and highlighted significant differences in calcifica-
tion between morphospecies in the Cariaco Basin, Venezuela.

If the calcification differs between morphospecies, we would expect the slopes and intercepts of their
weight-area regressions to be different. We would also expect to see a distinct grouping of morphotype
populations when area density is regressed against shell diameter with the encrusted individuals likely plot-
ting in the higher-area density range. This assessment indicates that the encrusted G. bulloidesmorphotype is
present in our samples and does in fact calcify differently from the normal morphotype. The weight-area rela-
tionship of the less abundant encrusted morphotype has a slightly higher intercept and a steeper slope
(Figure S5 in the supporting information). Encrusted individuals identified by our weight-area analyses were
also identified using area density-diameter relationships, with the encrusted individuals plotting in the upper
area density range. Accordingly, these morphometric relationships were used to identify encrusted indivi-
duals, and we exclude them from our normal sample populations.

The normal G. bulloides morphospecies dominates all sample populations with typically fewer than two
encrusted individuals in each sample. However, during winter and peak upwelling periods the abundances
of encrusted individuals increase and comprise as much as 15–25% of the G. bulloides population. The asso-
ciation of the encrusted G. bulloideswith cooler conditions is not surprising due to the fact that this genotype
is found typically in polar regions [Darling et al., 2003]. For a limited number of samples there were enough
individuals of the encrusted form to compare mean area densities between the two morphospecies. The dif-
ference between normal and encrusted populations is illustrated by plotting mean area density versus mean
size-normalized shell weight (mean sample weight/mean sample diameter) (Figure 3). The encrusted mor-
phospecies consistently have a higher weight and area density range due to themore heavily calcified nature
of their shells.

It is important to note that not all encrusted individuals identified by our weight-area analyses were visually
distinct using a light microscope. A closer evaluation of surface texture and pore density of the two
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morphotypes using a scanning electron microscope (SEM) reveals a decreased pore density and more rigid
surface structure of encrusted compared to normal G. bulloides (Figure 4). While previous studies have sug-
gested that encrusted G. bulloides are rare in the Southern California Bight, possibly due to the difficulty of
visual distinction between themorphospecies, our results indicate that this morphospecies is more abundant

Figure 4. SEM images of (top row) normal and (bottom row) visually distinct encrusted whole shells, external surface
textures, and pore density imaged from the inner shell wall.

Figure 3. Comparison of area density-SNSW of the normal and encrusted morphospecies included in our study. SNSW
were determined for each sample by taking the mean sample weight and dividing by mean sample diameter. Error bars
represent the two standard errors of each sample population (SE = 2σ/√n).
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than previously thought. Frequency distributions of individual morphometric measurements (shell diameter,
weight, 2-D area, and area density) from the entire sediment trap data set for normal (n= 1108) and encrusted
(n= 77) G. bulloides were used to identify characteristic features of each morphospecies (Figure S6 in the
supporting information). These data indicate that the morphospecies are similarly sized, although encrusted
individuals are slightly smaller in terms of diameter and 2-D area and are typically heavier although the
ranges in weights betweenmorphospecies overlapmaking this a nondiagnostic characteristic. The difference
in area density distributions between morphospecies is the most diagnostic feature for differentiating the
normal and encrusted morphospecies. Based on this assessment, the combination of a weight and size
measurement is the best morphological means to confidently differentiate between normal and encrusted
G. bulloides. This method, as opposed to SEM analyses that require sample coating, is particularly useful if
individuals will be used later for geochemical analyses.

4.3. δ18O-Derived Calcification Depths

Previous sediment trap and plankton tow studies have verified that the δ18O of G. bulloides is a reliable indi-
cator of the seawater temperature at which individuals calcified [Curry and Matthews, 1981; Ganssen and
Sarnthein, 1983; Kroon and Ganssen, 1988; Sautter and Thunell, 1991b; Thunell et al., 1999]. While we assume
that the δ18O value for multiple shells represents the mean temperature and depth at which each population
of individuals calcified, there are limitations to this assumption. Single-specimen δ18O results have shown
that a considerable range of δ18O can exist within a single sample population and this variability has been
attributed to differences in depth habitats, bioturbation of sedimentary sequences, and possibly vital effects
[Killingley et al., 1981; Ganssen et al., 2011]. A statistical assessment by Schiffelbein and Hills [1984] examined
the relationship between the number of specimens used in a δ18O analysis and measurement precision and
recommended 20+ individuals for high confidence in bulk δ18O measurements [Schiffelbein and Hills, 1984].
We used on average 20 individuals per δ18O analysis in order to maximize confidence in our δ18O values while
preserving enough material to duplicate measurements. Another important consideration when using δ18O
to estimate calcification depth is that the δ18O signature of foraminiferal calcite is a composite representation
of various depth/calcification habitats throughout the life cycle of that individual. Although the exact depth
habitats and timing of ontogenic stages are not well constrained, it is generally thought that juvenile
planktonic foraminifera calcify in shallower water depths and that the majority of foraminiferal calcite is
formed at greater depths within the water column during the final adult and terminal life stages [e.g.,
Hemleben et al., 1989]. Lastly and perhaps most importantly for our study, bulk isotopic analyses may also
include cryptic morphospecies. In our case the inclusion of encrusted G. bulloides that have a documented
offset in their stable isotopic composition from the normal morphospecies can result in a δ18O measurement
that is a mixture of significantly different δ18O end member values.

The oxygen isotopic composition of 15–30 individuals of G. bulloides was used to determine a mean calcifica-
tion temperature (equation (3)) and by extension a mean calcification depth for each sediment trap sample.
Thedepthof calcificationwasdeterminedby comparing eachpopulationmean δ18O calcification temperature
to a time equivalent CTD temperature profile to determine the depth of that temperature. Anomalously high
δ18O (>0.80‰) from several winter and peak upwelling sampling periods were the first indication that 18O-
enriched encrusted individuals were included in some samples. A subsequent examination of weight-area
relationships of the G. bulloides populations included in our initial stable isotope analyses supported this
hypothesis. Duplicate measurements were made on sample populations that excluded encrusted individuals
that were identified bymorphometric analyses. For example, a stable isotopemeasurement on a sample from
an upwelling period that included encrusted individuals had a δ18O value of 0.66‰, equating to a calcification
temperature of 8.2°C and anunreasonable calcification depth of greater than 200m. Aduplicatemeasurement
made on a strictly normal population from the same sample yielded a δ18O of �0.58‰, equating to a 14.3°C
calcification temperature and a 20m calcification depth. Morphometric analyses were used to identify and
exclude initial δ18O results from samples that included encrusted individuals. Duplicate δ18O measurements
where then made on strictly normal populations of G. bulloides from these samples. The stable isotope results
indicate that normalG. bulloides calcifies over a range of temperatures anddepths over the course of the 3 year
time series (n=45). δ18O values range from 0.4 to�0.9‰, with a mean of �0.20‰.

Normal G. bulloides δ18O temperatures estimated using equation (2) indicate a mean calcification tempera-
ture for G. bulloides of 12.5°C, with a range of 10–16°C. This range is in good agreement with the previously
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established preferred temperature range (11–16°C) for G. bulloides in this region [Sautter and Thunell, 1991a].
These results indicate that G. bulloides calcifies over a broad range of water depths (0–75m), with a mean
calcification depth of 40m during the study period that loosely follows the 12.5°C isotherm. The range in cal-
cification temperatures and depths is not surprising due to the fact that G. bulloides is a surface-mixed layer
species whose depth habitat is influenced by seasonal upwelling and vertical migration of the thermocline
and chlorophyll maximum [Prell and Curry, 1981; Hemleben et al., 1989; Sautter and Thunell, 1991a, 1991b].
Previous studies in upwelling regions have found G. bulloides at depths ranging from near the sea surface
[Thiede, 1983; Kroon and Ganssen, 1988] to below the thermocline [Fairbanks et al., 1982]. Low δ18O during
upwelling suggests shoaling of the G. bulloides depth habitat during these periods. Generally, depth habitats
and calcification temperatures tend to be deeper and cooler, respectively, prior to upwelling with a shift to
shallower depths and warmer temperatures at the onset of upwelling (Figure 5).

Due to the range of δ18O-determined calcification depths and the large surface to depth change in [CO3
2�],

temperature, and [PO4
3�], the water column measurements were carefully selected to best reflect in situ cal-

cification conditions before pairing with area density measurements. We use the δ18O-derived calcification
depth to select the applicable water depth measurement (0, 5, 10, 20, 30, 50, and 75m). For three samples
from an unusually strong upwelling period in early 2008, the very small sample sizes (smaller shells and lower
abundances) did not allow for duplicate measurements to exclude encrusted individuals. Original δ18O values
indicate calcification temperatures less than 9°C and calcification depths well over 100m. Encrusted indivi-
duals were identified using morphometric analyses and removed from the mean area density value for each
of these samples, and the depth of the 12.5°C isotherm (mean calcification temperature) was instead used to
assign a calcification depth.

4.4. Area Density Annual Cycle

Due to the discontinuous nature of the available carbonate chemistry data and the sediment trap samples
selected for the area density:[CO3

2�] calibration, seven additional sediment trap samples were measured
to complete one full annual cycle of area density measurements from December 2009 to December 2010.
Fourteen sediment trap samples were used to generate this continuous annual cycle of normal G. bulloides
area density. Nine out of 14 samples had more than one encrusted individual; these individuals were
removed from the normal population and are examined separately in our time series analysis. The Pacific
Fisheries Upwelling Index (PFEL; http://www.pfeg.noaa.gov/products/PFEL; 33°N, 119°W), which is based
on sea surface windstress, is used as an indicator of upwelling strength in SBB.

The highest area density values for both the normal and encrusted G. bulloides occur during winter months,
when upwelling is weakest, and the lowest area density values generally occur during spring through early
summer, when upwelling is strongest (Figure 6). We attribute the inverse relationship observed between
G. bulloides area density and upwelling strength to the introduction of low [CO3

2�] deep waters to the sea
surface during periods of increased upwelling. The exact timing of changes in upwelling recorded by the
PFEL index are reflective of sea surface conditions, while G. bulloides is responding to changes in upwelling

Figure 5. G. bulloides δ18O derived calcification depths (red circles) plotted here with contoured measured temperatures
(0–100m) with the 12.5°C isotherm (dashed red) highlighted as themean calcification temperature determined for this
time series. This data set excludes three 18O enriched samples from the strong upwelling period in 2008. The dates of coin-
ciding hydrographic data aremarked on the upper x axis as crosseswith the three excluded samplesmarked by a “plus sign”.
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that occur at varying depths within the water column. Generally, the δ18O-derived calcification depth of nor-
mal G. bulloides remains around 40–50m with the exception of upwelling. During peak upwelling in March
the calcification depth shoals to the surface mixed layer, and when upwelling weakens in April the calcifica-
tion depth deepens to 25m. Because TA and DIC measurements were not made continuously over this inter-
val, we use measured temperature and oxygen concentration from the Plumes and Blooms and CalCOFI data
sets to estimate [CO3

2�] using an empirical relationship relating these two variables [Alin et al., 2012].
Changes in [CO3

2�] agree well with the seasonal trends observed in both normal and encrusted area densi-
ties (Figure 6). SEM images of final chamber shell wall cross sections taken of similarly sized individuals from a
peak upwelling and nonupwelling period clearly illustrate differences in shell wall thickness associated with
low and high [CO3

2�] conditions, respectively (Figures 6a and 6b).

We also evaluated how abundances of encrusted and normal G. bulloides vary in relation to seasonal
hydrographic changes in the SBB. The number of encrusted and normal individuals was determined for a
1/16 split of each sample, with the maximum number of individuals picked from any sample being 40
(Figure 6). Four consecutive sediment trap samples extending from late April to late June had fewer than
40 normal G. bulloides in a split, with the lowest number of individuals (13) occurring in April, coinciding with
the lowest temperatures and strongest upwelling (Figure 6). Interestingly, the timing of the lowest normal G.
bulloides abundances does not coincide with the lowest area densities. Several other studies have also indi-
cated that calcification intensity and abundance of G. bulloides are not always linked, weakening the optimal
growth hypothesis proposed by de Villiers [2004] Beer et al. [2010a];Weinkauf et al. [2013]. The lack of synchro-
neity between lowest abundance, which would hypothetically coincide with the species’ nonoptimal growth
conditions, and lowest calcification intensity instead suggests that G. bulloides calcification is responding
abiotically to changes in its calcification environment as proposed byWeinkauf et al. [2013], while abundance
is responding to favorable ecological conditions.

While G. bulloides has generally been identified as an “upwelling indicator,” peak abundances of the normal
morphospecies in the SBB are inversely related to upwelling strength. These observations suggest that nor-
mal G. bulloides thrive when the mixed layer is deep, the water column is well stratified, and there is a well-
defined chlorophyll maximum. Such conditions exist during the nonupwelling periods in the fall and winter
months in the SBB. Like normal G. bulloides, the encrusted formwas not only found in highest abundance dur-
ing winter months but also reappears briefly during peak upwelling in late May. Peak abundances of the
encrustedmorphospecies also occur during nonupwelling periods, but there is also a considerable secondary
pulse of encrusted individuals that coincides with peak upwelling, indicating that this morphospecies thrives
in low-temperature conditions.

Figure 6. Normal and encrusted area density time series and 1/16th split abundance counts. The Pacific Fisheries
Environmental Laboratory (PFEL) upwelling index is plotted as an indicator of upwelling strength, and estimates of in
situ [CO3

2�] determined from measured temperature and oxygen indicate shifts in [CO3
2�]; SEM images illustrate the

difference in shell wall thickness from a (a) nonupwelling sample and an (b) upwelling sample.
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There were enough encrusted individuals to evaluate the stable oxygen and carbon isotopic composition of
this morphospecies from four samples used in the area density time series. Encrusted samples are consis-
tently enriched in both 13C and 18O relative to values determined for time-equivalent normal individuals.
Our analyses indicate that on average there is a 0.5‰ and a 1.0‰ offset between the δ18O and δ13C, respec-
tively. However, there is considerable variability in offsets, particularly for δ18O. Therefore, due to the limited
number of observations (n= 4) these average offsets should be considered with caution. When the normal
δ18O-temperature calibration is applied to encrusted samples, the resulting temperature estimates are up
to 2°C colder than those for the normal individuals, resulting in calcification depth estimates that differ by
nearly 100m.

4.5. Regression Analysis

A series of regression analyses (simple, multiple, and hierarchical) were conducted using SPSS statistical soft-
ware (IBM) to test the correlations between water column variables (in situ [CO3

2�], temperature and [PO4
3�])

and normal G. bulloides mean shell area density (Text S3 in the supporting information). Statistical analyses
were also used to evaluate covariance among the independent variables themselves and to weigh the
influence of each predictor variable on calcification intensity. Values for each independent variable were
determined using the δ18O-derived calcification depths for each sample (described in section 4.3).

Simple linear regressions (SLR) indicate that G. bulloides area density correlates significantly with all three of
the predictor variables ([CO3

2�] R2 = 0.80, temperature R2 = 0.70, and [PO4
3�] R2 = 0.54); with the highest-

correlation coefficients observed between area density and [CO3
2�] and temperature (Table S1 in the

supporting information). SLR between the independent variables themselves also indicate that significant
correlations exist between the variables; temperature is positively correlated with [CO3

2�], and [PO4
3�] is

negatively correlated with [CO3
2�] and temperature (Figure S7 in the supporting information). Because the

SBB is influenced by seasonal upwelling, it is not surprising that the predictor variables covary, thus
complicating a straightforward SLR approach. During early spring and summer months upwelling results in
low-temperature waters depleted in [CO3

2�] and enriched in nutrients being brought to the surface, resulting
in collinearity among these environmental variables (Table S2 in the supporting information). In fact, multiple
linear regression (MLR) statistics were used to quantify further the redundancy between the collinear
independent variables using a stepwise multiple regression. By using a variable that is unrelated to the
dependent variable, in this case, mean shell area, the shared variance between two independent variables,
can be estimated. Using this method, we estimate that temperature and [CO3

2�] are 86% redundant, while
[PO4

3�] and [CO3
2�] are 65% redundant in our data set (Table S3 in the supporting information).

Due to the strong collinearity that exists between the independent variables used in this study, a number of
statistical tests were conducted in attempt to disentangle these relationships. The issue of collinearity can be
resolved by replacing measured values with calculated residual values. This approach was used in a series of
stepwise hierarchal regressions analyses to model the influence of each predictor variable (Table S4 in the
supporting information). The results of the four models indicate that [PO4

3�] is not an important predictor
variable while temperature and [CO3

2�] are excellent predictors of area density. Although the results of
our tests consistently suggest that [CO3

2�] is more significantly related to area density than temperature,
the tight collinearity that exists between these two independent variables (86% shared variance) resulted
in very similar outcomes of our statistical tests. The covarying nature of temperature and [CO3

2�] during
our study period makes it nearly impossible to confidently distinguish their respective influences using only
statistical tests. This highlights the need for an alternative approach to decouple the respective roles of these
variables on G. bulloides calcification intensity.

4.6. Decoupling Temperature and [CO3
2�]

We chose to further evaluate the influence of temperature and [CO3
2�] on G. bulloides calcification intensity

using a down core sediment record. As a result of increasing atmospheric CO2 during the last 100 years, sur-
face water [CO3

2�] has been declining as a result of ocean acidification [e.g., Gruber et al., 2012], while tem-
perature has been increasing as a result of the greenhouse effect [e.g., Field et al., 2006]. Thus, long-term
trends in temperature and [CO3

2�] are effectively decoupled during the last century as opposed to being
tightly positively correlated as in our sediment trap study period. We use sea surface temperature data from
the SBB (1955 up to present; 34°24.2′N, 119°41.6′W), sea surface salinity data from the Scripps Pier (1916 up to
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present; 32°52.0′N, 117°15.5′W), measured atmospheric CO2 (1958 up to present; Mauna Loa), and assume a
constant total alkalinity (2250μmol kg�1) to quantitatively estimate how [CO3

2�] has changed over the last
century in our study region (Text S4 in the supporting information). The inverse trends between temperature
and [CO3

2�] over this interval in our study region provide an opportunity to independently evaluate the influ-
ences of these variables on the calcification of G. bulloides (Figure 7).

Area density, shell diameter, and δ18O measured on normal G. bulloides from the SBB box core are compared
to the hydrographic time series of temperature and [CO3

2�] (Figure 7). Globigerina bulloides δ18O decreases
over the sediment core and indicates roughly a 2°C warming, which is in good agreement with in situ mea-
surements of temperature from the SBB (Figure S8 in the supporting information). Shell diameter increases
while area density decreases over the 100 year down core data set. There is a significant and positive correla-
tion between δ18O-derived temperature and mean shell diameter (R2 = 0.40, p< 0.001). More importantly,
there is an insignificant and negative correlation between temperature and area density (R2 = 0.11,
p= 0.03). The correlation between temperature and diameter supports previous observations that shell size
is predominantly controlled by ambient temperature [e.g., Schmidt et al., 2004; Lombard et al., 2010]. The
anticorrelation between temperature and area density indicates that correlations in our sediment trap obser-
vations are due simply to the collinearity between temperature and [CO3

2�] during that study interval.

We use the linear regression between area density and [CO3
2�] from our sediment trap observations

(Figure 9) to estimate [CO3
2�] from the down core area density values. A comparison of area

density-[CO3
2�] estimates to calculated surface [CO3

2�] (1960–2005) indicates considerable agreement

Figure 7. (left) Measured in situ sea surface temperature and estimates of surface [CO3
2�] from the SBB (1955–2005). (right) Down core shell diameter and area

density over the last century.

Figure 8. Comparison of calculated and area density-estimated [CO3
2�]. Error bars on area density-[CO3

2�] represent the
standard error of the estimate from our sediment trap regression.
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between these records (Figure 8). Overall, both data sets indicate a similar long term declining trend although
the [CO3

2�] estimated from area density measurements are generally lower, which is likely due to the fact
that G. bulloides is not recording sea surface conditions. The increased variability observed in the proxy record
is likely a product of calculated [CO3

2�] values not appropriately accounting for shifts in upwelling (Figure S9
in the supporting information). The proxy [CO3

2�] error represents the standard error of the estimate
associated with our regression relationship and is typically within error of the calculated [CO3

2�].

4.7. Final Results and Comparison to Previous Work

While both temperature and [PO4
3�] could play some mediating role in calcification intensity, our hierarch-

ical regression models and down core results indicate that these variables are secondary to [CO3
2�]. In

particular, the down core data indicate that calcification temperature affects shell size while [CO3
2�] is the

dominant control on calcification intensity of G. bulloides. Based on our sediment trap observations, the rela-
tionships that exists between area density and [CO3

2�] for the normal and encrusted G. bulloidesmorphospe-
cies are best described by linear relationships (Table 1 and Figure 9). The regression for encrusted G. bulloides
is based on a limited number of observations and therefore has a low level of certainty. Due to the significant
offset observed between G. bulloides morphospecies calcification intensity observed in this study, these
calibration equations should be applied with caution to other G. bulloides morphospecies. While the normal

Table 1. Calibration Equations for the Normal and Encrusted G. bulloides Morphotypes Derived From our Sediment Trap Study

Final Calibration Equations
Y = a + b(X)

Data Y X a b R2 p
Standard Error Estimate

(Area Density)
Standard Error Estimate

([CO3
2�] μmol kg�1)

Normal (n = 32) Area density [CO3
2�] 4.19E�5 1.92E�7 0.80 <0.001 3.00E�6 15.63

Encrusted (n = 11) Area density [CO3
2�] 7.73E�5 1.58E�7 0.66 0.002 4.00E�6 25.40

Figure 9. The linear relationship observed between normal and encrusted G. bulloides area density and [CO3
2�] from our

sediment trap analyses. Error bars represent two standard errors (SE = 2σ/√n).
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G. bulloides (genotype IIb) occurs over a range of sea surface temperatures (10–19°C) during both upwelling
and nonupwelling periods it has not yet been observed in the Atlantic Ocean [Darling et al., 2003]. Therefore,
our normal G. bulloides area density calibration may not be suitable for Atlantic morphotypes [Stewart, 2000;
Kucera and Darling, 2002].

The results of our work agreewell with several previous studies that have cited [CO3
2�] as the dominant factor

influencingG. bulloides calcification [Barker and Elderfield, 2002;Gonzalez-Mora et al., 2008;Moy et al., 2009]. The
commonality among these previous studies is that theywere all conductedusing sediment core-top anddown
core records,making this thefirst sediment trap study todirectly assess the relationshipbetween in situ [CO3

2�]
and G. bulloides calcification. Another recent sediment trap study in the North Atlantic (Madeira Basin), where
there are negligible changes in [CO3

2�], evaluated the response of G. bulloides calcification intensity to tem-
perature and productivity and also observed no significant response of SNSW to these variables [Weinkauf
et al., 2016]. A laboratory culture that exposed G. bulloides to varying [CO3

2�] found no conclusive influence
on shell weight, but this is likely due to the fact that these weight measurements were not size normalized
and that calcite added during culturing cannot be separated from precultured calcite [Spero et al., 1997].

While our results agree with much of the previous work on G. bulloides calcification, they also contrast with
two studies that link G. bulloides calcification to nutrient concentration. Results from an Arabian Sea plankton
tow (0–60m) study suggested that the relationship observed between G. bulloides MBW and [CO3

2�]
(R2= 0.4) was not the product of a causal relationship and recommended investigating the influence of
other environmental variables on calcification [Beer et al., 2010a]. In a follow up study, both SBW and MBW
of G. bulloides (150–200μm and 200–250μm) from a North Atlantic plankton tow indicated a significant
negative correlation with nutrient concentration leading the authors to suggest that increased nutrient con-
tent of seawater inhibits G. bulloides calcification [Aldridge et al., 2012]. As in the SBB, nutrient concentration
([PO4

3� and [NO3
�]) and [CO3

2�] are closely linked in the North Atlantic (R2= 0.72 and 0.82, respectively)
[Aldridge et al., 2012] making it difficult to determine the extent to which each variable affects calcification

Figure 10. Comparison of area density calibrations for G. bulloides (normal and encrusted) (this study) and G. ruber and G.
sacculifer [Marshall et al., 2013].
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intensity. It is also important to note that surface plankton tows (0–60m) were used to collect the individuals
used in both of these studies and therefore possibly contain a range of preadult ontogenic stages that would
complicate shell weight analysis. Specifically, the authors indicate that some individuals from this study had
not completed calcification of their final chamber [Aldridge et al., 2012]. Further, our work highlights the
importance of pairing SNSW with ambient calcification conditions rather than simply surface conditions.
This is particularly important for G. bulloides as its depth of calcification appears to be strongly related to
the depth of the thermocline, which can vary significantly seasonally.

Several species-specific area density calibrations have been developed for tropical species using sediment
trap samples from the Cariaco Basin [Marshall et al., 2013] providing a direct comparison to our area density
results. Despite the differences in [CO3

2�] ranges between studies, this comparison clearly indicates that
strong interspecies differences exist and highlights the considerable offset even between G. bulloides mor-
phospecies (Figure 10). The slopes of the symbiont-bearing species (G. sacculifer and G. ruber) are notably
steeper than those recorded for symbiont-barren G. bulloides morphospecies. Some studies have suggested
that the calcification in symbiont and nonsymbiont bearing species may respond differently to changes in
carbonate chemistry. Species that harbor photosynthetic symbionts such as G. ruber and G. sacculifer have
the ability to convert HCO3

� to CO3
2� via pH regulation thereby increasing ambient [CO3

2�] and enhancing
a microenvironment for calcification [Jørgensen et al., 1985; Rink et al., 1998]. For this reason Aldridge et al.
[2012] suggested that due to a lack of symbionts, G. bulloides exhibit a larger change in shell weights
[Barker and Elderfield, 2002] as compared to G. ruber [de Moel et al., 2009] since the Last Glacial Maximum.
The interspecies comparison of area density calibrations suggests the opposite; symbiont-bearing species
respond more dramatically to changes in [CO3

2�] relative to the nonsymbiont bearing species. In order to
fully assess the differences between the calcification intensity of symbiont-bearing and symbiont-barren
foraminifera and [CO3

2�], calibrations should be developed for additional foraminifera species.

5. Conclusions

Our results indicate that the calcification intensity of the planktonic foraminifera G. bulloides is significantly
related to the ambient [CO3

2�] making it an ideal species for reconstructions of surface ocean [CO3
2�] from

well-preserved sediments. The nondestructive nature of the area density method allows for [CO3
2�]

estimates to be directly coupled with geochemical measurements from a single sample population, which
is an exciting prospect for developing multiproxy climate records. We also identify two cryptic morphospe-
cies of G. bulloides that have been previously found in our study region using a combination of morphometric
measurements. Due to the significant difference in calcification and offset in the stable isotopes observed
between these morphospecies, we suggest using this morphometric technique as a means to identify cryptic
species when generating paleoreconstructions using G. bulloides.
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