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1. Introduction
Marine environmental conditions are changing in oceans globally in response to recent climate change, 
and among these changes, decreasing seawater dissolved O2 concentrations ([O2]) have particularly severe 
implications for marine ecosystems (e.g., Halpern et al., 2008; Keeling & Garcia, 2002; Rhein et al., 2013). 
While these developments are recent and largely caused by current anthropogenic activity (e.g., Levin & 
Breitburg, 2015), comparable events have occurred in the past and can provide valuable analogs for mod-
ern-day and potential future changes. For this reason, the reduction of uncertainties in reconstructions of 
past environmental and oceanographic variations has become increasingly important in climate research 
(e.g., Koho et al., 2017; Lenz et al., 2015).

Progress has been made in the development of proxies for past oxygenation conditions—in particular the 
use of redox-sensitive trace elements (TE), such as benthic foraminiferal Mn/Ca (e.g., Barras et al., 2018; 
Glock et al., 2012; Groeneveld & Filipsson, 2013; Klinkhammer et al., 2009; Koho et al., 2015, 2017; McK-
ay et al., 2015; Ní Fhlaithearta et al., 2010; Reichart et al., 2003), has gained much attention (see review 
by Tribovillard et al., 2006). Explorations of foraminiferal Mn/Ca under a range of hydrographic condi-
tions, coastal low-oxygen regions (Groeneveld & Filipsson, 2013; Guo et al., 2019; Petersen et al., 2018), 
well oxygenated areas (Ní Fhlaithearta et al., 2018) and oxygen-minimum zones (Glock et al., 2012; Koho 
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from low-oxygen sites, provided proxies, such as the manganese (Mn) to calcium (Ca) ratio in benthic 
foraminiferal calcite, are available and well calibrated. Here we report a modern geochemical data set 
from three hypoxic sites within the Santa Barbara Basin (SBB), USA, where we study the response of 
Mn/Caforam in the benthic foraminifer Nonionella stella to variations in sedimentary redox conditions 
(Mn, Fe) and bottom-water dissolved [O2]. We combine molecular species identification by small subunit 
rDNA sequencing with morphological characterization and assign the SBB N. stella used here to a new 
phylotype (T6). Synchrotron-based scanning X-ray fluorescence (XRF) imaging and Secondary Ion Mass 
Spectrometry (SIMS) show low Mn incorporation (partition coefficient DMn < 0.05) and limited proxy 
sensitivity of N. stella, at least within the range of dissolved [O2] (2.7–9.6 μmol/l) and Mnpore-water gradients 
(2.12–21.59 μmol/l). Notably, even though intra- and interspecimen Mn/Ca variability (33% and 58%, 
respectively) was only partially controlled by the environment, Mn/Caforam significantly correlated with 
both pore-water Mn and bottom-water [O2]. However, the prevalent suboxic bottom-water conditions and 
limited dissolved [O2] range complicate the interpretation of trace-elemental trends. Additional work 
involving other oxygenation proxies and samples from a wider oxygen gradient should be pursued to 
further develop foraminiferal Mn/Ca as an indicator for hypoxic conditions.
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et al., 2015, 2017; Reichart et al., 2003), indicate that the proxy's relationship to bottom-water oxygen (BWO) 
is most robust under hypoxic conditions ([O2] < 63 μmol/l). However, difficulties persist in the interpreta-
tion of environment-proxy links, highlighting the need for a sound understanding of the regional geochem-
ical regime, extensive calibrations, and validation of empirically established proxy relationships in modern 
marine sediments affected by hypoxia.

In situ microanalyses, such as ion probe with Secondary Ion Mass Spectrometry (SIMS), have been shown 
to be especially precise in proxy calibration studies of foraminifera (e.g., Balestra et  al.,  2020; Glock 
et al., 2012, 2019; Livsey et al., 2020; Remmelzwaal et al., 2019). By targeting selected spots of successive 
chambers individually, a temporal archive of TE concentrations from their calcareous tests and associated 
environmental variability can be generated in high resolution. The geochemical composition of foraminif-
eral tests is governed by both external environmental parameters (e.g., Epstein et al., 1951; Murray, 2014; 
Nürnberg et al., 1996; Pearson, 2012) and internal factors, such as microhabitat preferences, seasonality, 
ontogeny, ecology and biomineralization processes (e.g., Barras et  al.,  2018; Koho et  al.,  2017; van Dijk 
et al., 2019; Zeebe et al., 2008). While the empirical proxy relationship of foraminiferal Mn/Ca and ambi-
ent Mn availability is generally supported by both field and culture studies (e.g., Barras et al., 2018; Koho 
et  al.,  2017; Munsel et  al.,  2010), the pathways of Mn uptake and incorporation to the site of calcifica-
tion during biomineralization, specifically remain a topic of active discussion (e.g., Barras et al., 2018; van 
Dijk et al., 2019, 2020). Difficulties in reaching a consensus between putative biomineralization models 
might partly be related to species-specific controls on calcification processes (e.g., de Nooijer et al., 2014), 
making an accurate identification of taxa essential for the reliable application of proxies. Morphological 
characters alone are not always sufficient to accurately identify foraminifera taxonomically (e.g., Deldicq 
et al., 2019; Pawlowski & Holzmann, 2014). However, taxonomic uncertainties can be avoided by combining 
morphological with genetic species characterizations (e.g., Bird et al., 2020; Darling et al., 2016; Hayward 
et al., 2004; Pawlowski & Holzmann, 2014; Roberts et al., 2016; Schweizer et al., 2005).

Here, we focus on Nonionella stella (Cushman & Moyer, 1930), a typical morphospecies of the Santa Barbara 
Basin (SBB) off southern California, USA, and neighboring basins of the California borderland. To confirm 
its taxonomic affinity, we present a molecular-morphological characterization based on DNA barcoding 
together with SEM imaging for detailed resolution of morphological features. N. stella is well established 
as indicator taxon for low-oxygen conditions (e.g., Bernhard et al., 1997). Nevertheless, it has been rarely 
used for geochemistry-based paleoceanographic reconstructions (Altenbach et al., 2012; Kawahata, 2019) 
and its TE composition has not previously been studied. Here we pair in a multi-technique approach SIMS 
in situ TE analyses, to determine the concentration of Mn, Mg and Sr, with state-of-the-art synchrotron 
radiation-based scanning XRF (X-ray fluorescence) multilength scale imaging, to map the Mn and Ca dis-
tribution in selected foraminiferal tests in high resolution.

The SBB, a hypoxic basin with a long history of paleoceanographic research, presents a promising set-
ting to observe foraminiferal proxy responses to bottom- and pore-water redox processes. Investigating the 
impact of present-day hypoxia in the SBB will provide a modern analog for future paleoreconstructions 
of the Southern California margin and context for near-shore low-oxygen settings in general. This study 
documents TE information for N. stella for the first time, contributes to a more complete understanding of 
the proxy relationship of benthic foraminifera and redox environments on a larger scale, and also critically 
assesses the limitations in proxy applications.

2. Regional Setting
The SBB (Figure 1a; continental Southern California Borderland; USA; Eastern Pacific) is an underwater 
plane confined by tectonic sills, the Santa Barbara coastline, and Channel Islands (Figure 1). At depths 
below the sills (westward 475 m, eastward 230 m), the dissolved [O2] decreases rapidly (Bograd et al., 2002; 
Komada et al., 2016; Reimers et al., 1990), due to restricted bottom-water (BW) circulation, influence of 
the eastern North Pacific oxygen minimum zone (OMZ), and high primary productivity (e.g., Emmer & 
Thunell,  2000; Kienast et al.,  2002; Reimers et al.,  1996; van Geen et al.,  2003). The seasonally variable 
influence of the California Current System on the SBB, predominantly equatorward circulation during 
spring, poleward from summer to winter (Harms & Winant, 1998; Lynn & Simpson, 1987), drives the water 
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exchange dynamics between the basin and open ocean. Renewal of deep- and bottom-waters through epi-
sodic upwelling introduces cold, more-oxygenated waters (Bray et al., 1999; Reimers et al., 1990). Neverthe-
less, deep basin waters (> 530 m) usually have [O2] < 3 μmol/l (e.g., Bernhard et al., 1997; Bernhard, Habu-
ra, Bowser, 2006). Over the past five decades, the California Cooperative Oceanic Fisheries Investigations 
(CalCOFI) Program has routinely collected quarterly hydrographic data (CalCOFI,  2015–2019) showing 
depletion and replenishment cycles of intermediate to bottom-water [O2] (Figure 1b for data of 2015–2019) 
and inter-annually relatively constant temperature (6°C) and salinity (34.25) (Figure 1c, Bograd et al., 2002; 
Komada et al., 2016).

3. Material and Methods
3.1. Study Sites and Sample Collection

The SBB was sampled in May 2018 (cruise SP1811, R/V Robert Gordon Sproul) at above sill-level site 1 
(430 m; 34° 18.6’N, 119° 54.0’W) and deeper sites 2 (505 m; 34° 20.8’N, 119° 59.0’W) and 3 (567 m; 34° 
19.2’N, 120° 03.4’W) (Figure 1a).

At each site, a 12-Niskin-bottle sampling rosette equipped with CTDO2 was deployed to record water-col-
umn salinity (reported using the practical salinity scale), temperature, and dissolved [O2], and sample BW. 

Figure 1. (a) Location of the Santa Barbara Basin (SBB) off the west coast of Southern California, USA, and bathymetric overview of the SBB. Map modified 
after Bograd et al. (2002). (b and c) Quarterly hydrographic measurements compiled from CalCOFI station ‘081.8 046.9’ (CalCOFI, 2015–2019) and CTDO2 data 
of this study (Bernhard, 2018): (b) dissolved [O2] from ∼440, 500, and 560 m water depth and (c) salinity (straight line) and temperature (dashed line) of bottom 
waters (< 560 m). Positions of study sites indicated in (a) (site 1, 420 m, 34°18.6′N, 119°54.0′W; site 2, 505 m, 34°20.8′N, 119°59.0′W; site 3, 562 m, 34°19.2′N, 
120°03.4′W).
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Duplicate cores were collected for core-tops (Ocean Instruments MC800 multicorer; 10-cm core tube inner 
diameter) and processed for respective analyses and sample collection immediately after retrieval. One core 
per site was transferred to a temperature-controlled van onboard the vessel (6°C) and dissolved [O2] meas-
ured via micro-profiling at the sediment-water interface (SWI) and in pore waters (until [O2] was undetect-
able; Unisense O2 Microsensor OX-500, 200). Afterward, the top two cm of the profiled core were sliced in 
0.5 cm sections as samples for foraminiferal analyses (‘0–0.5 cm’, ‘0.5–1.0 cm’, ‘1.0–1.5 cm’, and ‘1.5–2.0 cm’). 
At site 1, an additional ∼3 mm thick layer of loose organic material, present above the SWI of the core, was 
sampled (“fluff”). Each 0.5-cm sediment slice was placed into an HDPE (High Density Polyethylene) bottle 
with roughly equal amounts of ambient BW. CellHunt Green (CHG) with CMFDA (5-Chloromethylfluo-
rescein Diacetate) and dimethyl sulfoxide (DMSO) (all Saterah Biotech, Oregon, USA) was added to reach 
a final CHG concentration of 1 μM in the samples. The samples were incubated at 6°C for 10 h to allow 
living cells to take up the CHG epifluorescent tracer for later observation (Bernhard et al., 2004; Bernhard, 
Ostermann, Williams, & Blanks, 2006), and thereafter preserved by adding ethanol. The second core per site 
was sampled for pore-water TE analysis (dissolved Mn and Fe concentrations; [Mn] and [Fe]). To extract 
the pore water, cores were rapidly sectioned on deck (10 min processing time) in the sediment intervals 
0.0–0.5 cm, 0.5–1.0 cm, 1–2 cm, 2–3 cm, and 3–4 cm, and then immediately centrifuged for 15 min. The 
supernatant from centrifuging (i.e., pore water) was filtered in a N2-purged glove bag into new 3 mL conical 
tubes for each total dissolved Mn and Fe.

3.2. Geochemical Analysis of Pore-Water Samples

Total dissolved Mn in pore waters was measured using the porphyrin addition method (after Madison 
et al., 2011; modified by Oldham et al., 2017). First, the filtered sample was reduced with hydroxylamine 
hydrochloride (final concentration 20 μM), then the resulting Mn(II) was reacted with an added porphyrin 
reagent to form an Mn-porphyrin complex that absorbs at 468 nm, which was measured using a 1 cm cell 
coupled to a flame-mini UV-vis spectrophotometer (Ocean Optics) on the ship. The detection limit for this 
method is 50  nM, with an average reproducibility better than 2%. For dissolved Fe, pore-water samples 
were analyzed using the ferrozine method of Stookey (1970). This reaction forms a purple complex with a 
measurable absorbance at 562 nm, which was measured in a spectrophotometric microplate reader (Mo-
lecular Devices SpectraMax M3) on the ship. The detection limit for this method is 100 nM with an average 
reproducibility better than 4%.

3.3. DNA Barcoding and Taxonomic Identification of Nonionella stella

About 20 g of the surface-sediment from site 3 was sent refrigerated with BW by courier to the Laboratory 
of Planetology and Geosciences (LPG), University of Angers, France. There, the sediment was sieved over 
a 100-μm sieve and live specimens of Nonionella collected in seawater under a stereomicroscope. Four live 
specimens, distinguished by brownish dark green cytoplasm color and ability to gather fine sediment when 
left overnight (Schweizer et al., 2005), were selected, cleaned with a fine brush and air dried. Specimens 
were imaged with a Scanning Electron Microscope (SEM, EVOLS10, ZEISS, Germany) under low vacuum 
at the Service Commun d'Imageries et d'Analyses Microscopiques (SCIAM), University of Angers. Thereaf-
ter, specimens were individually placed in tubes with 60 μl deoxycholate (DOC) buffer (Pawlowski, 2000) to 
extract DNA. Foraminiferal DNA was amplified with a hot start (2 min at 95°C) PCR in a volume of 25 μl 
with 40 cycles of 30 s at 95°C, 30 s at 50°C, and 2 min at 72°C, followed by 10 min at 72°C for final extension 
with primers s14F3 and J2 for the first PCR and 30 cycles and an annealing temperature of 52°C (other pa-
rameters unchanged) for the nested PCR with primers s14F1 and N6 (Darling et al., 2016; Pawlowski, 2000). 
Positive amplifications were Sanger-sequenced directly at Eurofins Genomics (Cologne, Germany). DNA 
sequences were automatically aligned with available sequences of nonionids from GenBank with MUSCLE 
implemented in SeaView 4 (Gouy et al., 2010) and corrected manually to obtain an alignment of 512 sites. 
Among these sites, 316 did not show any polymorphism (61.7%). A maximum likelihood analysis was per-
formed by PhyML implemented in Seaview under the GTR + G (General Time Reversible) evolutionary 
model with non-parametric bootstrapping (1,000 replicates). In addition, BioNJ (Neighbor Joining) analysis 
was run with Seaview under the Kimura's two parameter evolution model with non-parametric bootstrap-
ping (1,000 replicates).
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3.4. Foraminiferal Sample Preparation for Geochemical Analyses

CHG-labeled N. stella specimens were picked from wet samples (> 100 μm) under an epifluorescence mi-
croscope (Nikon SMZ 1500 with Nikon Intensilight C-HGFI) and subsequently dried at room tempera-
ture. Three specimens (A–C) from site 1, 1.0–1.5 cm sediment depth, were selected for synchrotron radia-
tion-based XRF imaging, and 127 specimens were selected for SIMS TE analysis (Table 1).

The specimens were treated with NaOCl (5%) for 2–5 h to remove cytoplasm (e.g., Lea et al., 1999; Mashiotta 
et al., 1999), rinsed three times with MilliQ water and stored in acetone overnight until epoxy-embedding. 
Prior to mounting, all tests were filled with epoxy involving several treatments with an acetone-epoxy-mix-
ture in decreasing ratios. Epoxy-filled tests were embedded (EPO-TEK® 301) under vacuum in molds of 
1 cm (synchrotron samples) or 2.5 cm diameter (SIMS samples) and dried at room temperature for 48 h. To 
expose central cross-sections of specimens, the epoxy mount surface was ground down (Struers LaboSystem 
with a LaboPol-60 and LaboForce-Mi specimen mover head, DiaDuo diamond emulsion 9 μm grain size) at 
the Department of Geology, Lund University, Sweden. Samples for synchrotron analysis were further abrad-
ed from the backside to a thickness of less than 1 mm to decrease scattering-effects of the epoxy on the XRF 
spectra, and the surface polished using a diamond emulsion of increasing fineness (6, 3, and 1 μm grain size; 
DiaDuo). SEM images were taken in low vacuum without coating (Tescan Mira3 High Resolution Schottky 
Field Emission SEM) at the Department of Geology in Lund to identify areas of interest. Samples for SIMS 
analysis were prepared with a mount thickness of 5 mm. The surface was polished at the NordSIMS labo-
ratory, Natural History Museum, Stockholm, Sweden, using a Struers Rotopol-2 with Struers Pedemat (150 
RPM, 5 N pressure) and polycrystalline diamond emulsion (9, 3, and 1 μm grain size; Akasel Aka-Spray 
Poly) combined with lubricant solution. Between polishing steps, mounts were cleaned with ethanol and 
quality of polishing assessed (Olympus BX60 microscope). The polished mounts were cleaned in an ethanol 
bath with sonication (Branson S800), coated with 5 nm of high-purity gold (BAL-TEC SCD 005 Sputter 
Coater) and SEM-imaged (Backscatter; TM4000Plus Hitachi). Prior to SIMS analysis the mounts were coat-
ed with an additional 20-nm high-purity gold layer to prevent surface charge development.

3.5. Synchrotron Scanning XRF Imaging

To investigate the spatial distribution of Ca and Mn across tests of N. stella, XRF imaging was performed 
at the NANOSCOPIUM hard X-ray nanoprobe beamline (150 nm beam size; Somogyi et al., 2015) hosted 
at the 2.75-GeV high-brilliance third-generation Synchrotron SOLEIL facility (Saint-Aubin, France). The 
samples were mounted vertically with an angle of 90° to the incident beam (11.2-keV X-ray energy) and the 
XRF spectra were collected by two SDD XRF detectors positioned at 20° to the reflecting sample surface. 
Elemental concentrations and distributions were mapped using the Flyscan continuous sample scanning 
technique (Medjoubi et al., 2013). Fast maps of entire specimens were acquired with 1 μm spatial resolution 
and 20 ms dwell time per pixel to guide the selection of regions of interest for higher resolution and longer 
dwell time zoom-in mapping (150 nm, 200 ms/pixel). The detection limit of [Mn] per pixel was in the ppm 
range for these high-resolution maps. The information depth was several tens of μm.

The PyMca software was used to fit the XRF sum-spectra to identify the elements present in the sample 
and possible spectral overlapping (Solé et al., 2007). The “zoom-in” maps of specimens A and C were ac-
quired by three successive scans and rebound into single maps after dedicated image realignment. The ele-
mental distribution maps were reconstructed by a homemade Matlab-code including dead-time correction, 

Site 1 Site 2 Site 3
Total number 
of analyzed 
specimensFluff

0.0–
0.5

0.5–
1.0

1.0–
1.5

1.5–
2.0

0.0–
0.5

0.5–
1.0

1.0–
1.5

1.5–
2.0

0.0– 
0.5

0.5–
1.0

1.0–
1.5

1.5–
2.0

SIMS 9 8 10 11 11 10 11 10 10 10 7 9 11 127

μXRF 3 3

DNA 4 (0–1 cm) 4

Table 1 
Tabulation of Number of Specimens for Each Analysis Technique, Per Site, and Sediment Interval (cm)
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showing intensities above the detection limit (95% confidence limit). Moreover, for each scan a sample 
mask was defined from the background corrected Ca intensity maps. All further image analyses described 
below used the Fiji distribution of ImageJ (Rueden et al., 2017; Schindelin et al., 2012). First, profiles per-
pendicular to selected test walls were drawn from XRF intensity maps to compare Mn and Ca intensity 
distributions (Figure S1) and tested for correlation (Pearson linear correlation) using the software package 
PAST 3.20 (Hammer et al., 2001). The Mn and Ca distribution maps were merged into color-coordinated 
composite images illustrating the co-localization of the elements. Second, the Mn to Ca ratio maps were 
created within the sample masks (see above). The relative intensity ratios could be converted to semi-quan-
titative concentration ratios (percentage mass and molar mass) by taking the measurement geometry, the 
XRF yields and detection efficiencies of the XRF spectral lines into account and assuming a calcite sam-
ple matrix (Jenkins, 1995). The ratios were reported as Mn/CaXRF to distinguish them from quantitative, 
SIMS-derived data.

3.6. SIMS Trace Element Analysis

Trace element concentrations of test walls were analyzed using a CAMECA ims1280 ion microprobe 
(NordSIMS Laboratory, Sweden). An in-house OKA calcite crystal served as reference material, as well 
as UWC-3 as secondary reference (provided by John W. Walley and Mike Spicuzza, Department of Geo-
science, University of Wisconsin, USA) (Kozdon et al., 2009; Orland et al., 2014). The TE concentrations 
(55Mn, 24Mg, 88Sr) in OKA were determined by laser-ablation ICP-MS analyses at the Department of Ge-
ology in Lund using a Bruker Aurora Elite (quadrupole) ICP-MS and a 193 nm Cetac Analyte G2 excimer 
laser installed with a two volume HelEx2 sample cell, giving Mn = 2327 ± 71 ppm, Mg = 662 ± 22 ppm, 
Sr = 11285 ± 303 ppm (mean values and standard deviations of 18 spots over three calcite grains for Mn 
and 24 spots on four grains for Mg and Sr). The analytical session (Table S1 for details) was setup to run 
automatically with standard-sample-standard bracketing. Each analysis was done with 300 shots at 10 Hz 
and a fluence of 3 J/cm2 for the NIST glass and 2 J/cm2 for the carbonate matrix materials (Table S1 for 
details). Baseline compositions were measured for 30 s before each measurement. U.S. National Institute 
of Standards and Technology SRM NIST610 was used as external calibration material (composition values 
as in GeoReM [Jochum et  al.,  2005] via http://georem.mpch-mainz.gwdg.de). Data reduction was done 
using Iolite software build within the Wavemetrics IgorPro using the X_Trace_Elements_IS data reduction 
scheme (Paton et al., 2011; Woodhead et al., 2007).

For each specimen, locations for three spots (if all areas of interest were exposed for analysis), one each 
on the final (n), penultimate (n-1), and antepenultimate (n-2) chamber walls, were preselected based on 
SEM images. The measurements were programmed manually to avoid stage reproducibility problems as 
the wall thickness is typically only double the instrument specification. Exact target areas within the thin 
walls were determined using scanning ion imaging of the 44Ca signal with 1 nA 16

2OE  from the Hyperion 
H201 RF plasma source rastered over a 10 × 10 μm area. The dynamic transfer optical system (DTOS), a 
synchronized raster in the secondary ion beam, generated the ion image in real time. This step also served 
to remove the gold coating and any potential surface contamination in preparation for analysis. Once the 
target area had been centered in the ion image, the primary beam was set to 300 pA, primary beam raster 
was reduced to 5 × 5 μm, the field aperture in the secondary beam was closed to limit the field of view on 
the sample to an effective 3 × 3 μm square and the DTOS was deactivated. Fine adjustments to positioning 
were then made using 1-μm steps in x and/or y to maximize the 43Ca signal, as required. For standards, the 
surface was presputtered over a rastered 10 × 10 μm area for 90 s to remove the gold with the 1 nA beam, 
after which analytical settings were the same as for the target foraminifera. Prior to data acquisition, the 
secondary ion beam was automatically centered in the field aperture, the sample high voltage adjusted to 
maximize the signal transmitted through the 45 eV energy window and the mass calibration adjusted, all 
steps utilizing the 44Ca signal. Each analysis then comprised 16 cycles through the species 24Mg in the axial 
electron multiplier at mass resolution (M/ΔM) ∼ 6000 (EM-ax; 2 s/cycle integration), 44Ca in both EM-ax 
and an off-axis electron multiplier (M/ΔM) ∼ 2500 (C; 0.5 s for both), 55Mn in EM-ax (2 s), 40Ca42Ca in C 
(2 s), and 88Sr+44Ca2 in C (2 s). The 88Sr signal was then corrected by subtracting the calculated 44Ca2 from 
the combined 88Sr + 44Ca2 signal. All element species were normalized to 44Ca and concentrations deter-
mined relative to regularly interspersed measurements of the OKA reference material made under identical 
conditions using the concentration in OKA determined by laser-ablation ICP-MS analyses. The detection 

http://georem.mpch-mainz.gwdg.de/
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limit was below 0.2 ppm for Mn, 0.07 ppm for Mg, and 0.02 ppm for Sr and the reproducibility derived from 
the OKA standard (n = 38) was 2.7% for Mn, 7.0% for Mg, and 4.0% for Sr concentrations (average relative 
standard deviations, RSD), which translates directly to the reproducibility on TE ratios to Ca. The samples' 
TE ratios (Mn/Ca, Mg/Ca, Sr/Ca) were derived from the concentrations assuming a Ca concentration of 
511700 μg/g (Chen & Simonetti, 2013).

To exclude potentially contaminated spots, the Mn/Ca data was paired with measurements of Mg/Ca and 
Sr/Ca and their correlations tested (Spearman's rank correlation coefficient). As the Mn/Ca data was non-
normally distributed (Shapiro-Wilk's test), and in parts comprised variable specimen or sample numbers 
(heteroscedastic data), statistical analyses suitable for such datasets were used: Welch ANOVA or two-way 
PERMANOVA (Anderson, 2017; McDonald, 2014) for testing differences between chambers, sediment in-
tervals and sites and Kruskal-Wallis and associated Mann-Whitney post-hoc tests for pairwise comparisons. 
Relationships between two variables were tested with the Pearson correlation coefficient (e.g., Mn/Caforam 
and BWO concentration). All statistical analyses were performed with PAST 3.20 (Hammer et al., 2001), and 
a p-value of < 0.05 was considered significant.

4. Results
4.1. Environmental Parameters

At all sites, both water-column temperature and [O2] decreased from surface to bottom (by 6.5°C and 225–
230 μmol/l, respectively; Figure S2; Bernhard, 2018), whereas salinity increased slightly (0.6; Figure S2; 
Bernhard,  2018). The halocline was at around 100  m water depth, after which temperature and salini-
ty remained relatively uniform (BW  =  6.52–6.87°C and 34.3–34.4). Dissolved [O2] shifted several times 
throughout the water-column (site 1 at 100 and 250 m; site 2 at 195 m; site 3 at 75 m, 200 and 540 m). Most 
notable was a positive excursion in the deep-waters of site 3, increasing dissolved [O2] from a minimum of 
0.37–2.27 μmol/l (495–530 m) to a deep-water maximum of 8.89 μmol/l at 540 m depth (Figure S2). At the 
sampling date, BWO was 2.66 μmol/l at site 2, 6.57 μmol/l at site 3, and 9.63 μmol/l at site 1.

The oxygen concentration declined most steeply from the bottom- to pore-waters in sites 1 and 3 (Figure 2a), 
although [O2] became non-detectable at approximately the same depth for all sites (∼2 mm; Figure 2a).

Figure 2. Profiles of physical and chemical conditions in sediment cores taken from the study sites. (a) Microprofiles of bottom- and pore-water dissolved 
[O2] (200-μm steps for site 2; 500 μm for sites 1 and 3). Values of BWO acquired via CTD are indicated at graph top (Bernhard, 2018). (b and c) Pore-water TE 
concentrations across top 4 cm of sediment (b) Mn concentration, (c) Fe concentration. Note difference in unit for sediment depths of (a) and (b), and (c).
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At sites 1 and 3, the pore-water dissolved [Mn] were relatively consistent throughout the upper four cm of 
the sediment (6.6–12.7 and 5.08–9.4 μmol/l, respectively; Figure 2b). However, site 2 showed a dissolved Mn 
range of 2.12–21.59 μmol/l and included the highest measured dissolved Mn values of all sites, suggesting 
that this site contained an active Mn redox gradient (Figure 2b). To be able to compare the pore-water [Mn] 
(measured from 0.0–0.5 cm, 0.5–1.0 cm, 1–2 cm, 2–3 cm, and 3–4 cm) to foraminiferal TE concentrations 
(measured at 0.0–0.5 cm, 0.5–1.0 cm, 1.0–1.5, and 1.5–2.0 cm), we interpolated the pore-water [Mn] data 
to obtain additional approximate data points for the depth intervals 1.0–1.5 and 1.5–2.0 cm. Based on this 
interpolation we calculated 7.56 and 7.87 μmol/l Mn (site 1), 19.05 and 17.50 μmol/l (site 2), and 7.30 and 
6.73 μmol/l (site 3) for the intervals 1.0–1.5 and 1.5–2.0 cm, respectively. Average Mnpore-water of the top 2 cm 
did not correlate with ambient BWO. At site 1, the pore-water dissolved [Fe] increased with depth and had 
the comparatively largest change in values (19.4–96.6  μmol) (Figure  2c). Conversely, dissolved [Fe] de-
creased down-core in sites 2 (after a subsurface peak at 1.5 cm depth) and 3. Site 3 had the lowest dissolved 
[Fe], by a factor of four to five.

4.2. Morphological Characterization and DNA Barcoding of Nonionella stella

The tests of the four specimens selected for molecular characterization were smooth with a trochospiral 
chamber arrangement and a rounded periphery. Larger tests were slightly elongated, as each newly added 
chamber was larger than the previous (Figure 3a). On the spiral side, the coiling was partially evolute (Fig-
ure 3a, SB064), whereas it was involute on the umbilical side (Figure 3a, SB063, SB065, SB066). The um-
bilicus was covered by a star-like extension of the chambers, with four to five points, and the last chamber 
extension covered the extensions of older chambers. The last whorl had seven to eight chambers. Sutures 
were curved backward and depressed with increasing depth from periphery to center. Pores were small and 
aggregated in groups (Figure 3b).

Two new DNA sequences were obtained (GenBank accession numbers MT591587–MT591588). Sequences 
were identical to each other and 99.8% similar to a sequence from GenBank identified as the morphospecies 
N. stella (AY818727; Bernhard, Habura, Bowser, 2006), also from SBB. The new sequences were aligned with 
a selection of other nonionid sequences retrieved from GenBank. Neighbor Joining and Maximum Likeli-
hood gave the same phylogenetic tree topology (Figure 3c and S3). The nonionid sequences were grouped 
in six clades interpreted as different phylotypes (T1–T6). T1–T5 have been previously described in Deldicq 
et al. (2019), whereas T6 originated from the split of T4 into two clades and accordingly is here described as 
a new phylotype. The variation between phylotypes was mainly concentrated in three variable regions and 
38.3% of the 512 sites showed polymorphism. The six phylotypes had a medium to very high statistical sup-
port (> 55/73) and relatively long branches. The trees were rooted on phylotype T5, as analyses with a wider 
data set (see Deldicq et al., 2019) placed this clade at the root of the nonionids studied here. The statistical 
support for grouping the phylotypes together was low (37/69 for the group T1 + T2 + T3) to medium (45/78 
for the group T4 + T6), which was at least partially due to the low number of phylogenetically informative 
sites (196) available for analysis.

4.3. Distribution of Ca and Mn by Scanning XRF Imaging

Three specimens of N. stella were investigated for Ca and Mn distributions by synchrotron radiation-based 
scanning XRF nano-imaging (Figure 4). The Ca-fluorescence intensity maps distinctly showed the location 
of calcium-carbonate test material with a 1.5–2.0 μm wide zone of high intensity Ca signals, which is the 
CaCO3 test wall. The Ca signal persisted, albeit weaker, in the inner test area, as the XRF signal was averaged 
through several tens of micrometers sample thickness, causing a projection image of the test parts within 
the epoxy. The Ca distribution was homogenous within test walls. On inner wall surfaces Ca appeared to 
be heterogeneously distributed in relatively regular patterns, potentially indicating the presence of pore 
spaces.

The Mn intensity was above detection limit only in some pixels of the fast 1 μm resolution overview images. 
In order to get a better insight into Mn distribution trends within whole specimens, the Mn and Ca images 
were binned (by 3 × 3 pixels) to create RGB distribution maps for choosing representative areas for high 
resolution mapping. The high-resolution images revealed that Mn generally followed the distribution of Ca 
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(Pearson linear correlation coefficient ρMn/Ca = 89–97) opposed to being present as a discrete phase. Within 
the calcite walls, Mn was heterogeneously distributed but showed no particular pattern at 150 nm scale. The 
semi-quantitative average Mn/CaXRF signals per investigated test area were 60 ± 17 μmol/mol (specimen 
A), 25 ± 25 μmol/mol (B), and 62 ± 17 μmol/mol (C). Mn/CaXRF varied by 28% and 27% (average RSD) in 
the selected areas of specimens A and C, respectively. Specimen B, having the lowest Mn content, showed 
a distinctly higher variation (100%), related to the high uncertainty of the Mn/CaXRF values with numerous 
pixels having low Mn content, close to the detection limit. Excluding pixels of Mn/CaXRF < 5 μmol/mol 
lowered its RSD to 60% (average Mn/CaXRF 38 ± 23 μmol/mol). Due to the semi-quantitative nature of the 
XRF-derived data, interpretations will be limited to the distribution and association of the analyzed TEs.

Figure 3. Morphological and genetic representation of Nonionella stella. (a) SEM images of N. stella from the Santa 
Barbara Basin. SB063, SB065, SB066: umbilical side, SB064: spiral side. Specimens in bold (SB065, SB066) gave DNA 
sequences. Scale bar 100 μm. (b) Close up of test surface with pores. Scale bar 50 μm. (c) Santa Barbara Basin N. stella 
in context of molecular phylogeny of sequenced nonionids based on partial SSU rDNA sequences inferred using ML 
method with the GTR + G model. The tree is rooted on the phylotype T5 and support values (BioNJ and ML) are 
indicated at the main nodes.
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4.4. In Situ Elemental Concentrations Determined by SIMS

The in situ spot TE measurements performed on chamber walls of 127 N. stella specimens (Table 1) gave 
a total range of < 0.4–1596 μmol/mol for Mn/Ca, 0.6–43.5 mmol/mol Mg/Ca and 0.9–1.3 mmol/mol Sr/
Ca. Mn/Ca signals were generally well below the empirically established ratio used in other studies to 
indicate the presence of (Mn-rich) diagenetic coatings (0.05 mmol/mol to ∼0.15 mmol/mol; Boyle, 1983; 
Boyle & Keigwin, 1985; Delaney et al., 1985; Glock et al., 2012; Ohkouchi et al., 1994), as expected for live 
(CHG-labeled) specimens. Spots producing values distinctly outside this range (i.e., > 0.15 mmol/mol Mn/
Ca) were excluded (three spots in total, 0.5–2.0 mmol/mol). In most chambers, TE ratios did not correlate 
(Spearman ranks r <  -0.6 and > 0.6) or correlation was driven by a single spot, which accordingly was 

Figure 4. (a) Epoxy-embedded and polished specimens A, B, and C imaged with SEM. (b and c) “Zoom-in” X-ray fluorescence (XRF) elemental maps of 
selected regions of specimens A, B and C (position in respective tests indicated by white rectangle in a): (b) merged composite maps showing TE distribution of 
Ca (magenta) and Mn (green) (brighter colors indicate higher trace metal concentration; white to gray shades indicate colocation of Ca and Mn; black indicates 
concentrations below detection limit [95% confidence limit]); (c) semi-quantitative Mn/Ca maps (in μmol/mol) within sample masks based on Ca intensity 
(corresponding to test wall). Color scale bar corresponds to all specimens. Scale bars = 100 μm in (a), = 5 μm in (b and c). Note difference in length of imaged 
area of specimens A and C compared to B (i.e., white box in a and scale bars in b).
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excluded from further analyses (one analysis: n-2 chamber, 1.5–2.0  cm, site 2; Mg/Ca  =  7.8  mmol/mol 
vs. average = 1.9 mmol/mol). Finally, Mn/Ca averages were 15.9 ± 13.4 μmol/mol (site 1; RSD = 41.4%), 
10.2 ± 4.5 (site 2; RSD = 26.2%), and 12.0 ± 6.9 (site 3; RSD = 31.5%) (Figure 5, Table S2). Mg/Ca and Sr/
Ca values are given in Table S3. SIMS, (quantitative) and scanning XRF-derived (semi-quantitative) Mn/Ca 
data differed on average by a factor of up to three to four. This was likely related to (a) the difference in Mn 
detection limits of the two methods, with the smallest [Mn] detected by SIMS having been below the XRF 
detection limit, and (b) methodological differences (e.g., measured spots per sample, different lateral spatial 

Figure 5. Box and whisker plots of the Secondary Ion Mass Spectrometry measurements of Mn/Ca (μmol/mol), average inter-specimen relative standard 
deviation (RSD %) per investigated site, sediment interval and chamber (n = white, n-1 = gray, n-2 = black) and number of analyzed specimens (#). The range 
of values per sample is visualized by boxes (interquartile range) and whiskers (extreme observations), with the vertical lines within boxes representing their 
median. Outliers are defined as values 1.5 times above the interquartile range and represented by dots. If no whiskers are visible the lowest and/or highest 
observations fall within the interquartile range.
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resolution, different signal penetration depth). The SIMS data forms 
the basis of the interpretations of Mn/Ca regarding proxy responses to 
pore-water [Mn] and BWO.

4.4.1. Inter- and Intrasite Variability

The Mn/Ca data showed variance (p  =  0.0004; Welch ANOVA), with 
observably different RSDs for the investigated chambers, specimens, 
sediment intervals and sites (Figure 5). Mn/Ca from site 1 was different 
from site 2 (41.4 vs. 26.2% RSD; p < 0.001; Mann-Whitney pairwise). In 
site 1, variance of Mn/Ca was caused by differences between sediment 
intervals, specifically the difference between sample medians of the 
n-chamber from the “fluff” layer compared to underlying sediment in-
tervals (p < 0.001; Mann-Whitney pairwise). Site 2, overall, showed no 
variance in Mn/Ca, but n-2-chambers differed (p < 0.05; Welch ANOVA) 
in 1.5–2.0 cm versus 0.0–0.5 cm and 0.5–1.0 cm sediment intervals. In site 
3, both depth intervals and chambers caused variance (p < 0.01; Welch 
ANOVA).

4.4.2. Inter- and Intraspecimen Heterogeneity

Overall, the inter- and intra-specimen variability of Mn/Ca was relatively 
equal between all sites. Populations of one sediment interval generally 
showed higher variation (average RSDinter = 58%) than successive cham-
bers of individuals (average RSDintra = 33%). Still, successive chambers 
differed (psite1 = 0.008, psite2 = 0.001, psite3 = 0.030; Kruskal-Wallis) (Fig-
ure 5), at least for selected sediment intervals and in most cases between 
n to n-1- and/or n-2-chambers (Mann-Whitney pairwise; p < 0.05). The 
“fluff” interval of site 1 showed distinctly higher intraspecimen variabili-
ty compared to deeper sediment layers.

4.4.3. Correlation of Mn/Caforam to [O2] and [Mn]pore-water

To test for correlations of Mn/Caforam with environmental variables, only 
ratios of n-chambers were considered on the assumption of precipitation 
of most recent chambers (n) and environmental parameters measured 
during sampling being time-equivalent. Mn/Caforam was uncorrelat-

ed with in situ pore-water [O2]. Conversely, Mn/Caforam (i.e., all specimens, one analysis per specimen on 
n-chamber; r = −0.29, p = 0.002) and averages of Mn/Caforam per investigated sediment interval (r = −0.67, 
p = 0.02) correlated inversely with in situ pore-water Mn (Figure 6a). Both individual Mn/Caforam values 
(r = 0.31, p = 0.001) and their average values per sediment interval (r = 0.63, p = 0.02) correlated positively 
with ambient BWO concentrations of each site, although the standard deviations are very high (Figure 6b).

5. Discussion
5.1. Influence of BWO Conditions on Mn and Fe Pore-Water Geochemistry

The water-column [O2] profiles document the transport of oxygen-depleted waters into the basin and 
suboxic ([O2] < 10 μmol/l) BW for all investigated sites (Figure S2). Site 3 appears to have recently received 
an input of slightly more-oxygenated waters, leaving its BWO, while still within the suboxic range, mark-
edly higher than usual for site 3 (0.1–3 μmol/l vs. 6.6 μmol/l; e.g., Bernhard et al., 2003, 2010; Reimers 
et al., 1990, 1996).

Pore-water [Mn] measured in May 2018 are within the typical range for SBB surface sediments (10 μmol/l 
[Mn] at < 18 μmol/l [O2]; Ivanochko & Pedersen, 2004; Reimers et al., 1996) and also OMZs (< 10–20 μM 
[Mn] at < 22 μmol/l [O2]; e.g., Koho et al., 2017; Law et al., 2009; van der Weijden et al., 1999). Usually, 
under hypoxic BW conditions, microbial reduction of redox-sensitive elements causes steep redox gradients 
below the SWI (e.g., Aller et al., 1990; Burdige, 1993; Thamdrup, 2000), and dissolved [Mn] can reach up 

Figure 6. Individual Mn/Caforam of n-chambers (gray) and their average 
with standard deviation per sediment interval (black) plotted against (a) 
pore-water [Mn] of respective sediment intervals (excl. “fluff”) and (b) 
BW dissolved [O2] per site (sediment intervals 0–2 cm from left to right, 
respectively; site 1 incl. “fluff”). Regression lines indicated for average Mn/
Caforam per sediment interval.
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to 500 μmol/l in surface sediments of coastal marine settings (e.g., Goldberg et al., 2012; Sulu-Gambari 
et  al.,  2017). This leads to an inverse correlation of pore-water dissolved Mn in surface sediments with 
BWO, as Mn is increasingly reduced during anaerobic bacterial respiration as oxygen depletes in surface 
sediments (e.g., Aller et al., 1990; Burdige, 1993; Thamdrup, 2000). This same inverse correlation is also 
assumed between foraminiferal Mn/Ca and BWO (e.g., Koho et  al.,  2015); hence its proxy potential. In 
the SBB, the situation is different, with BW dissolved [O2] routinely below 10 μmol/l (see Figure 1b) and 
shallow oxygen penetration into the sediment (< 2 mm; Figure 2a). Under these conditions, mechanisms 
leading to depletion rather than accumulation of dissolved Mn dominate in surface sediments (e.g., Law 
et al., 2009; Sulu-Gambari et al., 2017; van der Weijden et al., 1999), resulting in very low concentrations of 
dissolved Mnpore-water (< 25 μmol; Figure 2b).

The dissolved [Fe] at site 1 (Figure 2c) matches typical values of the SBB's surface sediment pore-waters 
at comparable BWO conditions (60–120 μmol/l [Fe] at BWO < 15 μmol/l; Kuwabara et al., 1999; Zheng 
et al., 2000). With decreasing BWO, dissolved Fe becomes less abundant in surface sediments, as exem-
plified by site 2 and 3 (Figure 2c) and previous studies ([Fe] 40–60 μmol/l at BWO < 5 μmol/l [Reimers 
et al., 1996; Zheng et al., 2000]). As re-equilibration of sediment redox states to changes in [O2] requires time 
(e.g., Burdige & Gieskes, 1983; Reimers et al., 1996), low dissolved [Fe] of site 3 (< 5 μmol/l) may represent 
an imprint of recent BWO concentrations of < 5 μmol/l, as suggested above.

5.2. Mn/Caforam as Proxy of Environmental Conditions

5.2.1. Response of Mn/Caforam to Pore-Water Mn Availability

The XRF maps of N. stella cross-sections show Mn hosted in the calcite lattice, as indicated by the coloca-
tion of Mn and Ca signals within the test wall (Figure 4b), although rare, localized spots of discrete Mn do 
appear (Figure 4c, specimen C). Mn occurring within the foraminiferal calcium-carbonate tests is a prereq-
uisite for the proxy application, indicating direct incorporation of Mn as opposed to precipitation as discrete 
phases such as Mn (oxyhydr)oxide or carbonate coatings. It further suggests that the SIMS-derived Mn/
Caforam values reliably represent the composition of the test wall.

Mn uptake into tests is generally assumed to positively relate to Mn bioavailability in the sedimentary (micro-)
environment, which in turn is largely controlled by BWO (e.g., Guo et al., 2019; Jorissen et al., 1998, 2007; 
Mackensen et al., 2000; McCorkle et al., 1990; Ní Fhlaithearta et al., 2018; Tachikawa & Elderfield, 2002). 
This positive correlation has been validated for benthic foraminifera in controlled laboratory experiments 
with varying ambient dissolved [Mn] (Barras et al., 2018). Contrary to these results, our data show a slightly 
inverse correlation between Mn/Caforam and Mnpore-water (Figure 6a). Although statistically significant, the 
high standard deviation in the foraminiferal Mn/Ca per sediment interval and the narrow range of Mn-

pore-water encountered in our study area could explain the absence of the expected positive correlation. These 
uncertainties limit interpretations of the observed relationship in this study's data.

Another potential explanation could be a contribution of Mn(II) and Mn(III) in varying degrees to the total 
dissolved [Mn], as obtained in this study. While both soluble Mn(II) and Mn(III) are potentially bioavailable 
(e.g., Madison et al., 2011; Oldham et al., 2015; Trouwborst et al., 2006), foraminifera would incorporate 
only Mn(II) (van Dijk et al., 2019). A recent culturing study on large benthic foraminifera hypothesized 
sea-water carbonate chemistry as a potential factor in Mn speciation and foraminiferal incorporation (van 
Dijk et  al.,  2020). However, the significance of this effect versus differences in pore-water [Mn] driving 
foraminiferal Mn/Ca remains to be determined. Considering the extreme oxygenation and redox environ-
ment of SBB, we assume changes in the carbonate system, if present, to be a negligible factor to explain the 
observed Mn/Ca trends.

The observed inverse relation between Mn/Caforam and Mnpore-water may also hint at a spatial and/or temporal 
offset between measured pore-water Mn and ambient conditions during test biomineralization (see e.g., for 
[Fe] in Glock et al., 2012). This concerns both pore-water dissolved element concentrations being highly 
dynamic on small spatial and temporal scales, as well as biological factors causing uncertainties in the 
effective Mn pore-water concentrations during chamber precipitation. Small-scale migration of specimens 
within the sediment can blur distinct trends between pore-water and foraminiferal signals, particularly 
in dynamic redox environments (e.g., Ní Fhlaithearta et al., 2018; Petersen et al., 2018). Further, chamber 
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formation, which typically occurs within a few hours (Keul et al., 2013; de Nooijer et al., 2009, 2014), cannot 
unambiguously be assigned to a specific point in time. Although N. stella tests grow rapidly over a relatively 
restricted period (a few months; Bernhard & Reimers, 1991; Corliss & Silva, 1993), benthic foraminifera in 
general live for several months after reaching maturity, with life spans of up to two years (Murray, 2014), 
and biomineralization processes may be halted under unfavorable conditions. By extension, these effects 
can also influence the establishment of a proxy relationship between Mn/Caforam and BWO and cause intra- 
and inter-specimen variability within samples.

5.2.2. Response of Mn/Caforam to Bottom-Water Oxygenation

In SBB, Mn/Caforam show a positive trend with BWO (Figure 6b), comparable to previous observations of 
Mn/Ca in tests of Bolivina spissa from the OMZ off Peru (2–37 μmol/l [O2]; Glock et al., 2012). In SBB, as 
in OMZ areas, suboxic conditions prevail and seasonal variations are within a small range of [O2]. In this 
case, dissolved [Mn] in surface sediments are low despite reducing conditions, as particulate Mn fluxes to 
the sediment are low (see discussion Section 5.1). Only with slightly rising oxygen conditions Mn becomes 
available again for re-mobilization, as it is oxidized and precipitates at the sediment surface. Thus, within 
this limited oxygen gradient at the low end of hypoxia, the relation between Mn/Caforam and BWO seems to 
be positive (see also Glock et al., 2012), opposite to the trend expected in hypoxic conditions (i.e., inverse 
correlation).

While all sites remained within the suboxic range in the months preceding sampling (Figure 1b), given the 
narrow [O2] gradient even small deviations between measured and effective BWO require consideration 
(compare Section 5.2.1). Discrepancies are conceivable for site 3 if n-chamber precipitation occurred prior 
to the recent introduction of more-oxygenated waters (see Results Section 4.1 and Discussion Section 5.1). 
However, the inferred positive trend in the proxy relationship under suboxic conditions remains supported 
even assuming lower BWO for site 3, when considering the Mn/Caforam variability (r = 0.18–0.25, p = 0.006–
0.04, testing individual Mn/Caforam and BWO of 0.1, 1, 2, 3  μmol/l [O2], respectively; not significant for 
average Mn/Caforam).

Our results highlight the fact that in the development and calibration of Mn/Ca as proxy of BWO concentra-
tions the overall oxygenation regime of the study area (i.e., sub- vs. hypoxia) should be considered, and that 
the proxy sensitivity might be limited under suboxic conditions and/or over narrow oxygenation gradients. 
Using other redox proxies in tandem could aid in paleoenvironmental applications.

5.2.3. Potential Effects of Environmental Variability on Mn/Caforam

The previous sections suggest that averaging Mn/Ca over several specimens within one sample (i.e., the-
oretically time-equivalent), and over depth intervals, makes trends in relation to BWO more evident by 
evening out Mn/Ca variability. Still, this variability in itself can be highly informative about seasonal or 
local environmental driving factors (e.g., Petersen et al., 2019).

A substantial difference in Mn/Caforam variability is evident between the sites (41.4 vs. 26.2% RSD in site 1 
and 2, respectively), presumably driven by their different oxygenation regime. Lower BWO, as prevalent in 
sites 2 and 3 (Figure 1b), potentially produces a more stable sedimentary Mn geochemistry even over longer 
time spans (RSDintra < 36% vs. > 36% at site 1), as redox processes may dominantly take place in the water 
column (e.g., Law et al., 2009). The recent injection of more-oxygenated waters could explain the slightly 
elevated inter-specimen variability in site 3 (32% RSDsite). It thereby forms a gradient to the highest variabil-
ity observed in the shallower site 1 (41% RSDsite), which is characterized by more frequent BWO variability 
(Figure 1b). Further, Glock et al. (2012) proposed that under higher BWO, foraminifera may more readily 
migrate vertically in the sediment, exposing them to a wider range of pore-water [Mn].

Even higher variability is observable in the “fluff” layer of site 1 (Figure 5), indicating highly dynamic redox 
cycling. We attribute this to higher organic matter content, porosity, and associated oxygen permeability, 
and/or denitrification activity (incl. potentially by N. stella itself; Bernhard et al., 2012; de Villiers, 2005 
and references therein) within the ‘fluff’. The coupling of Mn oxidation with denitrification (e.g., Luther 
et al., 1997; Vandenabeele et al., 1995) and rapid metabolic reactions to fluxes in N and Mn may cause high-
er micro-scale variability in Mn bioavailability, which is registered by Mn/Caforam. This effect seems to only 
concern n- and n-1 chambers, potentially indicating a distinct shift in environmental conditions after the 
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biomineralization of n-2 chambers. This could be linked to the formation of the “fluff” itself and active or 
passive migration of the foraminifera into this surficial layer.

Next to environmental changes, it is well documented for benthic (and planktonic) foraminifera that 
intrinsic factors can cause variation in TE signals (e.g., Davis et al., 2020; Petersen et al., 2018; Sadekov 
et al., 2008). Such factors are generally attributed to vital or ontogenetic effects, as well as genetic differenc-
es within species that influence physiological mechanisms of biomineralization (e.g., Barras et al., 2018; 
Diz et al., 2012; Elderfield et al., 1996, 2002; Erez, 2003; Filipsson et al., 2010; Hintz et al., 2006; Raitzsch 
et al., 2010). To identify intrinsically driven variability, precise taxonomic identifications, and the consider-
ation of species-specific impacts on biomineralization are vital.

5.3. Mn Incorporation in N. stella

5.3.1. Taxonomic Assignment

Several Nonionella morphospecies, bearing a star-like extension of the chambers covering the umbilicus, 
are described, such as Nonionella digitata Nørvang  (1945), Nonionella opima Cushman  (1947) or Non-
ionella stella Cushman and Moyer (1930). Nonionella digitata is restricted to the Arctic region (Hayward 
et al., 2020), whereas N. opima is identified in the Gulf of Mexico, the Mediterranean and the Bay of Biscay 
(Hayward et al., 2020) and N. stella is considered a cosmopolitan species (Asteman & Schönfeld, 2016). 
However, a recent molecular study shows specimens identified as N. stella in the Skagerrak, NE Atlantic, 
forming a separate clade from N. stella identified off California (Deldicq et al., 2019), and should be named 
differently. Therefore, the star-like extension is not a sufficient morphological criterion to define the species 
and the distribution of the morphospecies N. stella needs to be reconsidered.

Among the other clades presented in Deldicq et al. (2019), the phylotype T4 harbors a specimen from the 
SBB morphologically identified as N. stella (Bernhard, Habura, et al., 2006) and other genetically closely 
related specimens sampled in Namibia (accession numbers FM999902–3) and the Adriatic Sea (Holzmann 
& Pawlowski, 2017), unfortunately with no published image of the test. As previously suspected (Deldicq 
et al., 2019), T4 is now split into two phylotypes, T4 with the unidentified nonionids from Namibia and the 
Adriatic Sea, and T6, newly defined in this article, for the SBB individuals.

The morphospecies N. stella is defined after specimens collected in the San Pedro Basin, off California 
(Cushman & Moyer, 1930). As the SBB individuals (Nonionella sp. T6) share similar morphological criteria 
(star-like umbilical extension, depressed sutures and elongated shape) and were collected only 200 km away 
from the holotype locality, their assignment as N. stella seems logical. Nevertheless, sequencing of topotypic 
material would be desirable to confirm this taxonomic identification (following Bird et al., 2020; Darling 
et al., 2016; Roberts et al., 2016).

5.3.2. Intrinsic Mn/Ca Variability in N. stella

Overall, the intra-specimen Mn/Ca variability of N. stella is comparable to previously reported values for 
field-collected benthic foraminifera (30%–50%; Glock et al.,  2012; Koho et al.,  2017; McKay et al.,  2015; 
Ní Fhlaithearta et al., 2018; Petersen et al., 2018). Estimates of the contribution of intrinsic and extrinsic 
factors are only possible with laboratory calibration studies characterized by constant physico-chemical 
parameters. Barras et al. (2018) document intrinsic variability for Ammonia tepida (25%–85%) and Bulimina 
marginata (12%–14%) under geochemical conditions comparable to those encountered in the SBB ([Mn]

seawater = 2.4 and 11.5 μmol/l). For A. tepida, ontogenetic effects contribute up to 57% to the variability, par-
ticularly at low ambient [Mn] (Barras et al., 2018). Additionally it has been shown that European represent-
atives of the morphospecies A. tepida belong to several genetically distinct species (Hayward et al., 2004; 
Richirt et al., 2019), potentially explaining the large variability encountered in this taxon. Nonionella stella 
shows overall no significant chamber-specific difference in Mn/Ca, suggesting ontogeny-independent Mn 
uptake at least in the most recent chambers. The range of specimen-specific variability for previously inves-
tigated species also corresponds relatively well to the Mn/Ca heterogeneity observed in the XRF ratio maps 
(27%–28%, specimens A and C; Figure 4c).

Intrinsic factors may superimpose on environmentally controlled signals, and their contribution to the total 
variability must be considered in the interpretation of observed Mn/Ca trends with regards to BWO history. 
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Still, intrinsic variability does not limit the application of foraminiferal Mn/Ca as paleo-proxy, if calibrated 
successfully and on the species-level.

5.3.3. Species-Specific Control on Mn Partitioning by N. stella

As this is the first report of the TE composition of N. stella (average Mn/Ca = 13.81–26.56 μmol/mol; Fig-
ure 5, Table S2), related taxa N. turgida and Nonionellina labradorica (see Figure 3c, T3 linked to N. tur-
gida and T5 to N. labradorica) are consulted as points of reference to compare the general Mn content of 
this group. Specimens collected from the western Baltic Sea (BWO = 104–193 μmol/l; Mnbottom-water = 0.1–
0.2 μmol/l; Groeneveld et al., 2018) have distinctly higher Mn/Ca ratios by a factor of 100 (1.3–2.9 mmol/
mol for N. labradorica and 1.1 mmol/mol for N. turgida). However, the pore-water [Mn] was not measured 
by Groeneveld et al. (2018) and might be higher than in SBB. Indeed this area of the Baltic Sea is only sub-
ject to seasonally hypoxic conditions (BWO > 40 μmol/l; see Groeneveld et al., 2018 and references therein), 
which may facilitate steeper redox gradients in surficial sediments, and associated higher dissolved Mn 
availability, opposed to the severely oxygen-depleted SBB environment (see discussion Section 5.1). On the 
other hand, N. labradorica from the NE Japan margin (BWO = 33–112 μmol/l; Mnpore-water < 5 μmol/l; Koho 
et al., 2017) produces calcite with lower Mn/Ca values with 23–276 μmol/mol (91.6 μmol/mol average). 
Still, the average is higher than N. stella's by a factor of at least three, despite the higher ambient pore-water 
[Mn] in SBB (5–25 μmol/l), suggesting a difference in element fractionation during biomineralization be-
tween these two species.

Element fractionation in coprecipitation with calcite is described by partition coefficients (also distribution 
coefficient or DMn), expressed by the ratio of foraminiferal-test and pore-water TE/Ca. The SBB's Ca system 
is spatially uniform and in steady-state (Berelson et al., 2005; Komada et al., 2016), with an average pore-wa-
ter Ca of 10.2 mmol/kg, as measured within the top two cm of SBB sediments in August 2012 at a site with 
comparable environmental conditions (590 m water depth, [O2] = 2 μmol/kg, 6°C; Komada et al., 2016) and 
in close proximity to the sites in this study. Assuming the same pore-water Ca2+ for the time of sampling, 
we can estimate Mn/Capore-water (0.5–2 mmol/mol) and establish DMn for N. stella (0.02 ± 0.01; Table S4). The 
estimated DMn of N. stella is substantially lower than of N. labradorica (DMn = 1.24; Koho et al., 2017) and 
remains at the lower end of previously reported values also compared to other benthic (0.09–0.62 in Barras 
et al., 2018; ∼1 in Glock et al., 2012, Koho et al., 2015; 0.02–1.77 in Koho et al., 2017; 2.6–10 in Munsel 
et al., 2010) and planktonic foraminifera (0.2–2; Steinhardt et al., 2014).

Previous studies indicated that Mn fractionation in foraminifera might depend on ambient Mn availability, 
with increasing DMn towards low Mn/Casea-water (Barras et al., 2018). The same trend is present in our data 
of N. stella, with its DMn depending on ambient pore-water Mn/Ca (p < 0.0002; Welch test) in inverse cor-
relation (based on individual Mn/Caforam: r = −0.53, p < 0.0001; based on average Mn/Caforam: r = −0.90, 
p = 0.0009; linear fit; Figure S4). Assuming N. stella follows the same exponential trend as observed for A. 
tepida in Barras et al. (2018; see Appendix 4 therein), its DMn might stabilize around 0.01 at higher pore-wa-
ter [Mn].

We note that our interpretation of N. stella's DMn is limited by the facts that in situ pore-water [Mn] and 
Mn/Caforam may not be precisely coupled (see also discussion Section 5.2), the Mnpore-water range is restricted 
(i.e., < 15 μmol/l), and the assumed pore-water [Ca] may not be consistent with actual [Ca] of our study 
sites. Further studies under controlled conditions and/or time-series measurements of pore-water [Mn] 
during the growth of chambers are needed to resolve the exact relationship between Mn availability and 
uptake by N. stella. Nevertheless, a species-specific control on Mn partitioning for N. stella is evident, which 
again highlights the need for species-specific proxy calibrations.

6. Conclusions
Through a multidisciplinary approach combining molecular and morphological taxonomic characteriza-
tion and ion beam- and synchrotron-based techniques we explored the low-oxygen proxy-potential of No-
nionella stella in a modern field-study in the SBB. Based on both morphological and genetic criteria, we 
assigned N. stella specimens of the SBB to a new phylotype, T6. Due to comparably low incorporation of 
Mn, we conclude that N. stella/N. sp. T6 is not ideal as a Mn/Ca proxy, at least under BWO < 10 μmol/l (i.e., 
suboxic) and low pore-water dissolved [Mn] (< 25 μmol/l) as encountered in the SBB.
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Distribution mapping and in situ analysis of Mn/Ca show high inter- and intra-specimen Mn/Ca hetero-
geneity, that must be explained by both environment-driven and intrinsic variability. This highlights the 
need for species-specific proxy calibrations and a robust understanding of the average test geochemistry. 
Uncertainties in the interpretation of foraminiferal Mn/Ca trends may be reduced through multiple meas-
urements per specimen and use of several specimens per sample.

Investigations of paired hydrographic and geochemical parameters of the SBB underline the complexity of 
sedimentary and biogenic processes in TE cycling and uptake. Our data show that average pore-water Mn 
is uncorrelated with BWO, and the relationship to foraminiferal Mn/Ca counters theoretical expectations 
(these would predict that increasing availability of dissolved Mn causes increased uptake). We conclude that 
under suboxic conditions, the sensitivity of the Mn/Ca low-oxygen proxy appears reduced and its interpre-
tation is not straightforward without considerations of local and regional redox dynamics and oxygenation 
regimes. Still, the correlation of Mn uptake with bottom-water oxygenation changes suggests potential of 
the foraminiferal Mn/Ca proxy in general. Additional calibration studies over wide oxygen gradients rep-
resentative of coastal marine settings are required for the further development of the foraminiferal Mn/Ca 
proxy and to pave the way for robust paleo-reconstructions of severely oxygen-depleted conditions.

Data Availability Statement
Open Research: The data generated during this study is archived at the Swedish National Data Service 
(SND) and available under https://doi.org/10.5878/x6sa-jy16.
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