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Abstract

Phosphorus is essential for all living organisms, being a component of DNA and RNA and the
energy carrier ATP. Phosphogenesis is a main sink of reactive phosphorus in the oceans. The
present study reports the presence of intracellular dissolved inorganic phosphate (DIP) in benthic
foraminifera from the Peruvian oxygen minimum zone (OMZ). The mean intracellular DIP
concentration was 28 + 3 mM; two to three orders-of-magnitude higher than in the ambient pore
waters. The biological implications of the high intracellular phosphate enrichment may be related
to the synthesis of polyphosphates or phospholipids for cell-membranes. The comparative
genomics analysis of multiple species of foraminifera from different environments reveals that
foraminifers encode the genes required for both phospholipid and polyphosphate metabolism.
Rapid phosphogenesis and phosphorite formation associated with foraminiferal tests is
hypothesized due to the pre-concentration of intracellular phosphate in these organisms. The
results indicate that foraminifera may play a key and previously overlooked role in the global

phosphorus cycle.

1 Introduction

Phosphorus (P) is essential for all living organisms. It is a fundamental component of nucleic acids
(DNA, RNA), phospholipids, phosphoproteins, and in the transmission of chemical energy
through the utilization of energy-rich phosphate bonds (Lehninger et al., 1993; Lipmann, 2006;
Paytan and McLaughlin, 2007). The main sources of P to the oceans are continental weathering
and atmospheric deposition through aerosols, volcanic ash, and mineral dust (Benitez-Nelson,
2000; Wallmann, 2010). The main oceanic P-sink is burial in marine sediments as authigenic

minerals such as finely dispersed carbonate fluorapatite (CFA) or in the form of organic P (Porg)
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(Froelich et al., 1988; Delaney, 1998; Ingall, 2010; Wallmann, 2010). The process of authigenic
precipitation of P-bearing minerals, largely in the form of CFA, is called phosphogenesis
(Filippelli and Delaney, 1992; Filippelli, 2011). Another less quantified sink for oceanic P is
microbially-mediated phosphogenesis in the upper few cm of the sediments within oxygen
minimum zones (OMZs), leading to the formation of phosphorite precursors (Paytan and
McLaughlin, 2007). Phosphorites are defined as phosphatic rocks with a P content of 10-20%

(Blatt et al., 1996; Filippelli, 2011).

Intracellular total dissolved inorganic phosphate (DIP) concentrations ([ DIP];, where i denotes an
intracellular reservoir) can vary depending on the cell function. For example, [DIP];i can range
between 0.5 and 0.8 mM in human erythrocytes and between 10 to 50 mM in the bacterium
Streptococcus bovis JB1 (Bevington et al., 1986; Bond and Russell, 1998). Polyphosphates (Ppoly)
are an additional intracellular P-pool in a wide range of organisms, from prokaryotes to mammals,
and can have various biological functions (Kornberg et al., 1999). Yeast cells store Pyoly in vacuoles
to remobilize DIP in times of DIP starvation (Thomas and O’Shea, 2005). Large sulfur oxidizing
bacteria, such as Beggiatoa sp., are also able to store Pyoly granules intracellularly. These bacteria
synthesize Ppoly under oxic or nitrogenous conditions, whereupon it can be later hydrolysed and
remobilized under anoxic conditions to provide energy (Sannigrahi and Ingall, 2005; Schulz and
Schulz, 2005). This process can have a strong feedback on the benthic fluxes of DIP to the water
column and the removal of DIP by phosphogenesis (Ingall and Jahnke, 1994; Goldhammer et al.,
2010; Lomnitz et al., 2016; Dale et al., 2016a). Other studies have, however, shown that DIP
release from microbial Ppoy hydrolysis does not necessarily mediate phosphogenesis (Sulu-

Gambuari et al., 2016).
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In-situ benthic flux measurements and sediment analyses on the Peruvian margin showed that
benthic DIP release from sediments at the upper boundary of the OMZ is closely balanced by P
inputs, whereas sediments at the lower OMZ boundary act as a P-sink due to massive phosphorite
crust formation (Lomnitz et al., 2016). Within the core of the Peruvian OMZ, benthic DIP release
is higher than P-input, indicating an additional source of DIP within the sediments (Lomnitz et al.,
2016). This source is likely an intracellular DIP-pool, stored within microbes: Sediments subjected
to repeated freezing and thawing released large amounts of DIP to sediment pore waters, leading
to the hypothesis that nitrate-storing bacteria and benthic foraminifera might be responsible for the
hidden DIP pool (Lomnitz et al., 2016). Risgaard-Petersen et al. (2006) made a similar observation
on nitrate (NOj3") extracted from centrifuged Swedish fjord sediments and speculated that the NO3”
mainly originated from cell lysis of benthic foraminifera. Several benthic foraminiferal species
store NO3™ within their cells as an alternative electron acceptor in times of Oz depletion (Risgaard-
Petersen et al., 2006; Pifia-Ochoa et al., 2010; Woehle et al., 2018; Glock et al., 2019). These
foraminifera account for a substantial hidden NO3™ pool within sediments of the Peruvian OMZ
(Glock et al., 2013; Dale et al., 2016b), yet their internal DIP pool has received less attention.
These diverse results highlight the need to improve our understanding of P cycling in marine

sedimentary environments.

Here, we present measurements of intracellular DIP content for five different benthic foraminiferal
species from the Peruvian OMZ. We further examine the correlation between intracellular DIP
and the foraminiferal cell volume to extrapolate our findings to other species not investigated here.
Observed foraminiferal abundances are used to estimate the total benthic foraminiferal DIP

reservoir in the Peruvian OMZ. Results of our study reveal a large hidden DIP pool stored within
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benthic foraminifera. We suggest that this DIP reservoir has a strong impact on benthic P-cycling

and might initiate phosphogenesis and ultimately contribute to the formation of phosphorites.

2 Methods

2.1 Sampling of living foraminifera

Fifteen short sediment cores from the Peruvian OMZ were retrieved during RV Meteor cruise
M137 (May 2017) using a video-guided multiple corer (MUC). The inner diameter of the coring
tubes was 10 cm. Three additional push-cores (diameter 10 cm) were taken from sediment
retrieved inside a benthic incubation chamber after measuring solutes fluxes at the seafloor for ca.
36 h (Table 1, fig.1). Dissolved O, was below detection limit (3 pM) inside the benthic flux
chambers throughout the incubation at these three stations. Immediately after core retrieval, the
supernatant water was carefully removed. The top three cm of the core were sliced at one cm
intervals for the analyses of the intracellular nutrient content. The sediment core slices were
immediately sieved through a 63-um mesh using surface seawater. The 63 to 2,000 um residue
was collected in 60 ml polypropylene beakers. Living foraminiferal specimens were identified
under the binocular microscope by their colored chamber filling, hence the presence of cytoplasm,
as well as by their pseudopodial activity. The most relevant species for this study are shown in

Figure 2. Taxonomic references are given in Appendix 1.

For the analyses of the living foraminiferal fauna, the top three cm of another core from the same
MUC cast or BIGO chamber were collected as a single slice, or as three 1-cm slices that were
analysed separately. If sediment was needed for other analyses, the top three cm were collected

with a cut off 50 ml syringe. The sediment was transferred to PVC bottles, stained and preserved
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with a solution of two grams of rose Bengal L ethanol (Schonfeld, 2012). The foraminiferal
assemblages of these samples were analysed by applying standard protocols (Schonfeld et al.,
2013; Libbers and Schonfeld, 2018). Selected calcareous species of the Peruvian foraminiferal
fauna retrieved during M 137 were described by Erdem et al., (2019). In addition, we compared the
new assemblage data from M137 to assemblages that were retrieved during an earlier Meteor
cruise (M77-1; November 2008). The sampling procedure during M77-1 was documented in Glock
et al. (2013). The complete faunal census data from M137 surface samples are given in the
appendix (Tab. A1). The species assemblages from M77-1 samples are listed in detail in Glock et
al. (2013). Faunal references for the most important species considered in the present study are

given in Appendix 1. In summary, the following methods were applied to samples from M77:

- Determination of foraminiferal abundances

- Photo-documentation of phosphatized foraminifera (described below)
The following methods were applied to samples from M137:

- Determination of foraminiferal abundances
- Analyses of intracellular DIP and NOs™ content (described below)

- Determination of foraminiferal biovolume (described below)
2.2 Cleaning, extraction and analytical procedure

Depending on the size of the foraminiferal species and, thus, the amount of extracted DIP from a
single specimen, 8 to 138 specimens were picked for each replicate into a clean petri-dish with
nitrate- and phosphate-free artificial seawater prepared from Red Sea salt and gently cleaned with
a brush. They were then rinsed three times with artificial seawater and transferred into a pre-

cleaned polyethylene-beaker filled with 3 mL of reverse osmosis water (ROW) with a conductivity
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of 0.055 uS cm™!. Of the 25 samples containing living foraminifera, 16 were crushed (i.e. broken
into small shards) within the beaker using a pre-cleaned polyethylene pipette tip. For every sample
batch, a blank was carried through the same procedure without foraminiferal specimens (9 blanks
in total). Three additional samples were taken consisting of dead, empty foraminiferal tests without
any visible cytoplasm. These negative controls were crushed as well. All samples were frozen at
— 20°C for at least two hours, and thawed afterwards. Freeze-thaw injuries damage plasma
membranes and increase their permeability (Burke et al., 1976; Steponkus, 1984). This procedure
was repeated three times. Subsequently, samples were filtered through sterile 0.2 pm cellulose-
acetate filters. The influence of the filter size was not tested in detail and we cannot exclude
possible contamination by organic or inorganic colloids. The filtered samples were analysed for
NO3=+NO;" and total dissolved phosphate (DIP) on board using a QuAAtro autoanalyzer
(SealAnalytical) and standard analytical methods (Grasshoff et al., 1999). NO3™ was determined
after subtracting NO;". Detection limits based on the lowest calibration standards were 50 nM for
NOs™ and 35 nM for DIP. Analytical precision of NO3™ and DIP determinations, based on repeated
analysis of a certified seawater standard, was 2 % and 1 %, respectively. The analyzed sample

volume was ~2.5 mL.

The procedural blanks showed an elevated concentration of 0.7 to 1.5 umol/kg NO3™ (1.0 £ 0.3
umol/kg; 1sd; n = 9) but only lightly elevated concentrations of 0.05 to 0.11 pmol/kg DIP (0.06 +
0.03 umol/kg; 1sd; n = 9; sd = standard deviation). All specimen samples were blank-corrected
with the procedural blank determined from the same batch on the same day. Surprisingly, the
empty tests contained 17.9 (£9.3) % (1 sd; N = 3; absolute uncertainty) of NO3 and 4.7 (£1.6) %
(1 sd; N = 3; absolute uncertainty), respectively, of the NOs"and DIP per biovolume unit measured

in the living specimens of the same species and samples of the same batches.
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2.3 Biovolume determination

Total foraminiferal cell volume of each species was estimated following Geslin et al. (2011) using
the best-resembling geometric shape (Tab. 2). We assumed that the internal test volume
corresponds to 75% of the total test volume and was completely filled with cytoplasm (Hannah et
al, 1994). The shell size parameters (length, width, and height) of each specimen were measured
using a Sentech™ STC-MC202USB-camera mounted on the ocular of a Leica™ M50 stereo
microscope. Photographs of each sample were taken before transfer into the PE-beaker filled with
ROW. The height of the specimens was required to estimate the volume of Bolivina spissa (flat
cone) and Cassidulina limbata (tri-axial ellipsoid) but was not determined for specimens that were
analyzed for the intracellular nutrient content. The height of B. spissa specimens was estimated by
measuring the mean height of the species (133 £ 7 um; 151 N = 3). The height of C. limbata
specimens was estimated by correlating length (1) and height (h) determined on empty tests of this

species from the same samples (h = 0.481 - 28.9; R> = 0.73; N = 10).
2.4 Comparison of extraction methods (crushed vs uncrushed)

For crushed samples (i.e. samples where foraminiferal tests were broken before analysis), the mean
intracellular NO3™ concentration ([NOs3];) was 115 + 19 mM (1 standard error of the mean (SEM);
n = 16) while the mean [DIP]; was 28 £ 3 mM (1 SEM; n = 16). The uncrushed samples had
significantly lower [NO3]; (25 = 8 mM; 1SEM; n = 8§; P = 0.0003) but similar [DIP]; (21 £ 6 mM;
ISEM; n = 8; P = 0.29; two-sided heteroskedastic Student’s T-Test). This indicated that
intracellularly-stored nutrient was not extracted quantitatively in the uncrushed foraminiferal

specimens and that the DIP extraction was more efficient than the NOs3™ extraction. The extraction
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was also more efficient for the smaller species when specimens were not crushed (Fig. 3), whereas

B. costata showed the same [NOs7]; and [DIP]; for the crushed and the uncrushed treatment.
2.5 Photographs of phosphatized foraminifera

Photographs for documentation of the phosphatized foraminifera, shown in figure 4, were taken
either with a MPX2050 CCD-camera from AOS™ coupled with a Navitar™ 6.5x zoom or with a
Sentech™ STC-MC202USB-camera mounted on the ocular of a Leica™ M50 stereo microscope.
The specimens were collected during M77-1 at 11°S off Peru between 640 and 928 m water depth
at the sampling locations M77-1-565/MUC-60, M77-1-604/MUC-74 and M77-1-445/MUC-15.

Foraminifera were picked from the surface interval (0-1 cm) of the sediment cores.
2.6 Calculation of benthic DIP stored in foraminifera

Using the composition of the benthic foraminiferal assemblages and the DIP; for each species (Tab.
3), the benthic foraminiferal DIP pool in the sediment column (EDIP; sed. in mmol m?; depth

intervals: 0-1 cm during M77 and 0-3 cm during M137) was calculated according to Eql

Eql: IDIP, soq = X A, - DIP, , X 1077

where A4, is the abundance (living) of the foraminiferal species n in ind m? (ind. refers to
individuals) and DIP; , is the mean intracellular DIP content of the species # in pmol ind!'.The

factor 10 was used to transform pmol to mmol.

The sedimentary intracellular [DIP] ([DIP]; sea in pmol L' of wet sediment) was calculated

according to Eq2

Eq2: [DIP]; seq = % PD,, X DIP,, X 1076
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where PD, is the population density (living) of the foraminiferal species 7 in ind! L of wet
sediment and DIP; , is the mean intracellular DIP content of the species 7 in pmol ind™'. The factor

107 was used to transform pmol to mmol.

Since DIP; data were not available for every species, we considered the proportions of these species

to the total biomass to scale-up the calculations to the total sediment according to Eq3 and Eq4:

XDIPj geq

Eq3: 2DIP, sed tot = Apiri/
Atot

where ZTPO; seq tot 18 the total benthic foraminiferal DIP pool in the sediment column in mmol
m>, App; is the abundance of foraminifera with known DIP; in ind m?, and A, is the total

foraminiferal abundance in ind m?,

[DIP];
Eq4: [TDP];sed tot = W
PDtot

[TPO4]i sed tot i the total sedimentary intracellular [DIP] in pmol L™ of wet sediment, PDp;p; is
the population density of foraminifera with known DIP; in ind cm, and PDy is the total

foraminiferal population density in ind cm™.

Thus, if 90% of all foraminifera belong to species for which DIP; were available, the total pool is
10% higher. This is the same approach as used by Glock et al. (2013). The percentages of species
at each sampling location with known DIP; are shown in Table 4. A detailed propagation of
uncertainty was applied to estimate the error in the calculated DIP stored within foraminifera (for

details see Appendix 2).

2.7 Phosphate metabolism in the genomes of foraminifera

10
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Protein sequences of homolog proteins of lipid metabolism enzymes encoded in the foraminifera
Reticulomyxa filosa (downloaded from the National Center for Biotechnology Information, NCBI,
accession: GCA 000512085.1 Reti_assembly1.0, (Glockner et al., 2014) and the transcriptome
of the foraminifera Globobulimina spp. (NCBI accession: GGCD00000000.1) (Woehle et al.,
2018) were identified using the emapper tool (Version 1.0.3, Parameter ‘-m diamond (--translate)’,
Huerta-Cepas et al., 2016) and obtained as KEGG Orthology annotations. The following protein
types were identified to be associated with phosphate metabolism in the foraminifera datasets:
PO,* transporter (KO number: KO08176), glycerol-3-phosphate dehydrogenases (K00006,
KO00111), glycerol kinases (K00864), manganese-dependent ADP-ribose/CDP-alcohol

diphosphatases (K01517) and exopolyphosphatases (K01514, K01524).

3 Results

3.1 Intracellular DIP storage in foraminifera in relation to cell volume

We determined the intracellular DIP contents of Bolivina costata, Bolivina interjuncta, Bolivina
seminuda, C. limbata, and Valvulineria inflata (Tab.5). One thousand foraminiferal specimens
were used for the analyses. The mean intracellular DIP concentration ([DIP];) was 28 + 3 mM
(1SEM; n = 16). Individual DIP storage significantly increased with cell volume (Fig. 5; R?=0.97;
p <0.0001). The correlation between cell volume and DIP storage (DIP; in pmol ind!) (Fig. 5) can

be described as a power function according to Eq5:

Eq5: In(DIPi) = 0.82(£0.03) x In(Veen) - 7.65 (£0.52)
or
Eq6: DIPi = 4.76 x 10-4X Vel 0-82(+0.03)

11
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where Veen is the cell volume in pm?. Note that, due to the non-linearity of the power regressions
the positive error of the constant 4.76x10* is different from the negative error (+0.33x10* and -
0.19x10™). Uncrushed samples of B. costata were also included in the power regression above,
since the results were not different between the crushed and the uncrushed samples for this small

species (Fig. 3).

3.2 Intracellular NOs" storage in foraminifera in relation to cell volume

Intracellular NO3™ storage determined for Bolivina costata, Bolivina interjuncta, Bolivina
seminuda, C. limbata, and Valvulineria inflata are listed in Tab. 5. The individual NO3™ storage

significantly increased with the cell volume (Fig. 6; R?> = 0.90; p < 0.0001) and follows a power

function :
Eq7: In(NO3) = 1.06(£0.09) x In(Vcen) - 10.29 (£1.43)
or
Eq8: NO3i= 3.39 X 10-5X Vel 1-06(+0.09)

where NOs’i is the individual NO;3™ storage. Note that due to the non-linearity of the power
regression the positive error of the constant 3.39x107 is different from the negative error
(+10.79x107 and -2.59x107). As for DIP;, uncrushed samples of B. costata were also included in
the power regression since the results were not different between the crushed and the uncrushed

samples (Fig. 3).
3.3 Total benthic DIP storage in sediments at the Peruvian OMZ

Mean biovolumes were determined for five additional foraminifera species from the Peruvian

OMZ for which the intracellular nutrient content was not measured (Tab. 6). Their DIP; was

12
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calculated using Eq 5. The total benthic foraminiferal DIP pool in the upper 3 cm of sediment
(EDIP; sed tor. in mmol m?) was then calculated according to Eql and Eq3, using the benthic
foraminiferal assemblages in the Peruvian OMZ and the DIP; for each species (Tab. 3). The total
sedimentary intracellular [DIP] ([DIP]; sed tot in pmol L' of wet sediment) was calculated according
to Eq2. and Eq4. The results from two sampling transects (11°S from RV Meteor cruise M77 and
12°S from cruise M137) across the Peruvian margin were compared (Tab. 7). Our results show
that ZDIP; sed 1ot reached up to 3.48 mmol m? (Tab. 7; Fig. 7) along the 12°S transect. [DIP]; sed tot
in the top 3 cm of the sediments varied between 1 and 135 umol L' of wet sediment. Along the
11°S transect, we only estimated the intracellular DIP concentration in the uppermost cm. Since
most of the foraminifera in the Peruvian OMZ live in the top cm (Glock et al., 2013), it is
reasonable to assume that the [DIP]; sed ot 1S up to three times higher in the first cm of the sediments

along the 12°S transect (i.e. > 300 pmol I'') where the average in the top 3 cm was determined.

3.4 Enzymes involved in phosphate metabolism in foraminifera

The above results prompted us to investigate the genetic constituents of the foraminiferal DIP
transport and metabolism. According to foraminiferal genomics databases, the genomes of
Reticulomyxa filosa and Globobulimina spp. include genes encoding for a PO4> transporter (e.g.,
the NCBI accessions: ET028643.1, GGCD01019871.1). The function of these transporters in
foraminifers likely enables active accumulation of DIP; in the cell. With regard to enzymes of the
phosphate metabolism pathway, both foraminifers encode homologs of glycerol-3-phosphate
dehydrogenases (e.g., accessions: ET022554.1, GGCDO01001980.1), glycerol kinases (e.g.,
ETO32070.1, GGCDO01026888.1), and manganese-dependent ADP-ribose/CDP-alcohol
diphosphatase (e.g., ETO09651.1, GGCD01006605.1). These enzymes facilitate the production of

sn-glycero-3-phosphate. In addition, we identified homologs of exopolyphosphatases (accessions:

13
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ETO01067.1, GGCDO01048558.1) that catalyze the hydrolysis of Ppoy in eukaryotes. The
comparative genomics results thus support the notion that foraminifera possess the molecular

machinery for DIP-import and -metabolism, including the capacity for Pyo1y metabolism.

4 Discussion

Although the respiration of NOs37; by denitrifying foraminifera under anaerobic conditions is well-
documented (Risgaard-Petersen et al., 2006), the function of the high intracellular DIP; enrichment
is unknown. The slope of the power function Eq.7 is close to 1 (Fig. 6), indicating a nearly linear
relationship of NO37 with cell volume, which means that NOs’ is independent from the cell
volume. Contrastingly, the slope of eq. 5 (Fig. 5) indicates a nearly sublinear (slope close to 0.75)
relationship between DIP; and the cell volume. Thus, larger foraminifera store a lower amount of
DIP; normalized to the cell volume than smaller individuals, indicating that larger foraminifera
cannot efficiently sustain their demand for DIP;. This might be related to local DIP oversaturation,
due to the high amount of DIP; in larger cells (see discussion below regarding intracelular CFA

nucleation).

4.1 Source and function of foraminiferal DIP;

Orthophosphate can be used for a wide range of biological functions including the synthesis of the
cellular energy carrier ATP (Lipmann, 2006). The average ATP concentration in the cytoplasm of
living benthic foraminifera has been shown to be ~0.8 mM (Bernhard, 1992). The DIP; that we
measured may therefore partly originate from hydrolysed ATP extracted from the foraminifera,
but the latter is likely to be a minor component of the measured [DIP]i. A DIP; source from the
remineralization of organic matter by respiration or denitrification of the foraminifers can also be

excluded. This is supported by the denitrification and respiration rates published by Glock et al.

14
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(2019) and a stoichiometry of 1 mole of PO4* released during the denitrification of 104 moles of
NOs3" or the respiration 150 moles of O». The largest species in our study, V. inflata, would need
120 days to accumulate its DIP; pool by denitrification and 450 days by O: respiration. The
smallest species, B. costata, would require 163 days (denitrification) and 20 days (O- respiration).
Other sources and mechanisms of DIP; storage include the synthesis of Ppoly, compounds that are
present in every living cell (Kornberg et al., 1999) as well as the synthesis of phospholipids,
constituents of the foraminifera plasma membrane (Langer and Bell, 1995). A precursor of all
biological membrane phospholipids is sn-glycero-3-phosphate (Raetz, 1978). Foraminifera
continuously change their surface to volume ratio by extrusion and intrusion of their pseudopodial
network and by the inclusion of vacuoles within their cytoplasm. Thus, cellular membranes have
to be continuously synthesized and broken down and the elevated intracellular DIP levels could

serve as a reservoir for this process.

The speciation of DIP; stored within the foraminiferal cells is unknown. Previous studies focused
on fossil foraminiferal tests and reported that P is mainly located within Fe- and Mn-rich coatings
rather than the carbonate matrix (Sherwood et al., 1987). We can exclude coatings as a source of
the DIP; extracted from living foraminifera since diagenetic overgrowth on tests is generally absent
in Recent samples from the Peruvian OMZ (Glock et al., 2012). Furthermore, foraminifera
discriminate against P during synthesis of tests (Palmer, 1985; Sherwood et al., 1987; Boyle,
2006). Thus, partial dissolution of the calcitic foraminiferal tests can be excluded as a source for
the extracted DIP. In addition, the intracellular storage of Pyoly has been documented for a wide
range of organisms, including microorganisms, animals and plants (Kulaev and Kulakovskaya,

2000).
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Cells are usually stained with OsQOs, prior to transmission electron microscopic (TEM)
examination, to assure a good image contrast, since OsOy is electron-rich and, thus, the electron
beam will not transmit through the stained regions (Palade, 1952). Most foraminiferal species have
cell organelles of an unknown function inside their cytoplasm that appear as “electron-dense
bodies” in TEM images, (Nomaki et al., 2016; Koho et al., 2018; LeKieffre et al., 2018). Similar
electron-dense bodies have been observed in the green algae Cosmarium sp. and a parallel
emergence of Ppoly within their cells has led to the hypothesis that these granules are compact Ppory
aggregates (Elgavish et al., 1980). These Ppoly aggregates are stored together with calcium within
acidocalcisomes (Elgavish et al., 1980). Acidocalcisomes are the only organelles present in both
prokaryotic and eukaryotic organisms (Docampo et al., 2005). They have various functions,
including storage of cations and phosphorus, polyphosphate metabolism, calcium homeostasis,
maintenance of intracellular pH homeostasis and osmoregulation. The formation of Ppoly within
acidocalcisomes inhibits the intracellular precipitation of apatite (Kulakovskaya, 2014). The
electron-dense bodies have also been observed in the pseudopodial network of some foraminifera
(Travis and Bowser, 1991). It remains to be shown whether some of the electron-dense bodies
observed in foraminifera are related to phospholipid precursors, Ppory or acidocalcisomes. Our
findings on DIP metabolism in the genomes of foraminifera indicate the existence of enzymes for
DIP import and metabolism, the capacity for a Ppoly metabolism and the production of sn-glycero-

3-phosphate, covering the metabolic pathways discussed above.

4.2 The role of foraminifers in benthic P-cycling and phosphogenesis

If Pyoy is synthesized to prevent intracellular apatite formation, it may be released into the
extracellular medium (i.e. the ambient porewater) after cell death and hydrolyzed by phosphatases.

We speculate that post-mortem phosphogenesis might be initiated by the consequent local
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oversaturation, as suggested for other microorganisms (Schulz and Schulz, 2005; Kulakovskaya,

2014).

Incubations using the radiotracer **Ca revealed that the planktic foraminifer Globigerinoides
sacculifer has a dissolved intracellular calcium pool of ~80 mM (Anderson and Faber, 1984),
which can even be higher in the benthic species Amphestegina lobifera (Erez, 2003). Our
experiments revealed that foraminifers from the Peruvian OMZ have an average intracellular DIP
pool of 28+3 mM. Several experiments have revealed that the precipitation of CFA can occur
under different seawater conditions when Ca and DIP concentrations are one to three orders-of-
magnitude lower (Gulbrandsen et al., 1984; Van Cappellen and Berner, 1991; Gunnars et al.,
2004). The time required for CFA to form in these experiments varied from several hours to several
years. It is difficult to predict the formation of different apatite phases under seawater conditions,
since many factors such as pH, Mg?**, F~ and dissolved organic compound concentrations affect
the kinetics of apatite precipitation (Van Cappelen and Berner, 1991 and references therein). One
of the main factors known to kinetically hamper marine CFA precipitation is the presence of Mg>".
Furthermore, the formation of CFA under seawater conditions most likely proceeds via a precursor
pathway, involving octacalcium phosphate (OCP) rather than direct nucleation (Gunnars et al.,
2004). The formation of OCP appears to be inhibited under elevated Mg-concentrations and the
precipitation of OCP provides a kinetic boundary for the formation of apatite in natural seawater
(Gunnars et al., 2004). In addition, previous studies showed that calcite is the preferred substrate
for CFA precipitation under marine conditions (Lucas and Prévét, 1985) and hydroxyapatite can
grow directly on calcite seed crystals even under a low degree of supersaturation and possibly
without the formation of precursor phases (Koutsoukos and Nancollas, 1981). Most calcitic

foraminiferal species (except milliolids) discriminate against Mg?" incorporation into their test

17



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

calcite, and it has been suggested that they actively remove Mg?* from their seawater vacuoles
(Erez, 2003; Bentov and Erez, 2006; de Nooijer et al., 2009). Thus, given that (i) the intracellular
Ca’?" and DIP concentrations are elevated by several orders of magnitude while Mg?" is likely
depleted compared to the surrounding pore water, and (ii) that the calcite tests provide a preferred
substrate for CFA precipitation, the intratestular microenvironment post mortem may be optimum

for the precipitation of CFA.

The high DIP; enrichment in benthic foraminifera, in combination with their high abundance, in
sediments from the Peruvian OMZ, underlines their possible relevance for benthic P-cycling. In
some locations, DIP; sed tot Was >3 mmol m™ and the [DIP]i sed ot Within the upper cm of the
sediment was >100 umol L' (Tab. 7). This is the same order-of-magnitude as the [DIP] released
into the pore waters from freeze-thawed sediments from the Peruvian OMZ, possibly indicating
that a major part of the released DIP was stored in benthic foraminifera (Lomnitz et al., 2016). The
imbalance of benthic DIP fluxes and P inputs in sediments in the centre of the Peruvian OMZ may
be explained by a hidden (i.e. not yet specified) sedimentary DIP reservoir (Lomnitz et al., 2016).
Benthic DIP fluxes off Peru vary between 0.1 and 2.0 mmol m™ day!, which is far higher than the
average global flux in pelagic sediments of 0.02 mmol m™? day! (Wallmann, 2010; Noffke et al.,
2012; Lomnitz et al., 2016). The turnover time of the DIP; sed tot pool can be as little as a few days
off Peru, compared to more than one year if the pelagic mean flux is assumed. Thus, the

foraminiferal DIP pool constitutes an important mobile reservoir on the Peruvian margin.

The highest foraminiferal DIP reservoir was observed between 400 and 500 m water depth at 12°S.
Negative benthic DIP fluxes at these depths indicate that the sediments are a P-sink and a site for
ongoing active phosphogenesis and phosphorite formation (Lomnitz et al., 2016). Dating of

phosphorite nodules from the Peruvian margin by uranium-series methods revealed that

18



390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

contemporary phosphorite formation is ongoing (Veeh et al., 1973). We propose that the
intracellular phosphate reservoir in benthic foraminifera triggers phosphogenesis and facilitates
phosphorite formation under favourable environmental conditions, e.g. low sedimentation rates or
strong erosion (Manheim et al., 1975). Several studies have emphasized the role of microbiota in
phosphogenesis in environments where sediment chemistry is not kinetically favourable (Schulz
and Schulz, 2005; Diaz et al., 2008; Goldhammer et al., 2010). For instance, intracellular
assimilation of P by bacteria might facilitate phosphogenesis because phosphorites on the eastern
Australian continental margin contain bacteria that have been phosphatized (O’Brien et al., 1981).
The phosphogenesis likely occurred rapidly post-mortem since the shape of the bacteria was well
preserved. Similarly, several studies documented numerous granular phosphorites containing
phosphorite grains nucleated in or around foraminiferal tests (Slansky, 1986; Lamboy, 1993). An
additional study on the upper continental slope of the Peruvian margin reported high inorganic P
content in phosphorites within foraminifera that were all Holocene benthic species (Manheim et
al., 1975). These benthic foraminiferal phosphorite pellets showed transitional stages from plain
foraminiferal tests to featureless phosphorite grains with the original shape of a foraminifer. It was
suggested that phosphogenesis started within the foraminiferal test and had no direct link to the
carbonate of the original test which started to dissolve after the initial authigenic phase formed
(Lamboy, 1993). Similar phosphatized foraminifera were frequent in our samples (Fig. 4) and also
larger phosphorite nodules from the Peruvian OMZ were characterized by numerous encrusted

foraminifera (Resig and Glenn, 1997).

This evidence supports our hypothesis that DIP stored within benthic foraminifera plays a role in
phosphogenesis and the formation of recent phosphorites at the lower boundary of the Peruvian

OMZ. Nevertheless, phosphorite formation also takes place at the upper OMZ boundary (~150 m)
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(Resig and Glenn, 1997). Both environments are strongly erosive due to vigorous bottom currents
at the upper boundary (Resig and Glenn, 1997) and internal waves at the lower boundary (Mosch
et al., 2012; Erdem et al., 2016). Whereas Ppoly enrichments in sulphur oxidizing bacterial mats
and possibly foraminifera facilitate phosphogenesis at the upper OMZ boundary, bacterial mats
are absent at the lower boundary (Mosch et al., 2012; Lomnitz et al., 2016). Net fluxes of 0.07
mmol mm? P d! into the sediment have been reported at a station from 403 m depth at 12°S
(Lomnitz et al., 2016) where phosphorite formation is ongoing and phosphorite deposits are found.
We found a mean EDIP; sed 1ot of 1.81 + 1.55 (1sd) mmol m between 400 and 500 m depth. This
result can be used as a rough estimate of the contribution of benthic foraminifers to the benthic
DIP-burial, considering their mortality and lifespan. A study on staining with the vital dye cell-
tracker green revealed that about 50% of benthic foraminifera containing cytoplasm might be dead
(Bernhard et al., 2006). The lifespan of benthic foraminifers is species-dependant and can vary
between two weeks and >1 year (Boltovskoy and Wright, 1976). If we consider this range, we can
assume that 50% of the XDIP; sed tot 1s released within 14 to 365 days following the death of
foraminifera and channeled into phosphogenesis. This leads to a maximum burial of 0.002 to 0.064
mmol DIP m? day™! by phosphogenesis, initiated post-mortem in foraminifers, which is equal to 3

to 91% of the total net DIP flux.

In a previous model to explain the presence of phosphatized microbial mats within phosphatic
rocks, it was suggested that phosphogenesis is initiated by the rapid burial of living microbes
during early diagenesis (Reimers et al., 1990). These authors hypothesized that the associated DIP
release from the sediments, originating from the remineralization of P-accumulating organisms,
can be capped by the DIP accumulation of a new generation of living, P-accumulating microbes

within the top centimeters of the sediments, leading to hotspots of sedimentary P-accumulation.
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However, such a mechanism requires repeated cycles of catastrophic burial events by displacement
of sand or deposition of organic mud followed by winnowing events to re-expose the phosphatized
microbes (Follmi, 1990; Follmi et al., 2005). Whether the structures that have been described as
phosphatized microbial mats are fossilized microbes or authigenic phosphate minerals that
coincidentally have the shape of microbial mats is still under debate (Van Cappellen and Berner,
1991; Follmi et al., 2005). Nevertheless, a similar “capping mechanism” can be assumed for DIP-
accumulating foraminifera, preventing the sedimentary DIP release from remineralization or
dissolution of phosphatic minerals. Thus, foraminifera may play a key role in the P-cycling within

the Peruvian OMZ and possibly other habitats with similarly high foraminiferal abundance.
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Figure captions:

Figure 1: Map with sampling locations. Crosses and circles indicate MUC and BIGO
deployments, respectively. Sampling locations from Meteor cruise M137 are marked in black,
while sampling locations from Meteor cruise M77 are marked in purple.

Figure 2: Living (rose-Bengal stained) benthic foraminifera form the Peruvian OMZ. 1: Bolivina
interjuncta (M137 - 788). 2: Bolivina seminuda (M137 - 681). 3: Bolivina costata (M137 - 681).
4: Bolivina plicata (M137 - 608). 5: Globobulimina pacifica (M137 - 670). 6: Nonionella auris
(M137 - 641). 7: Uvigerina striata (M137 - 735). 8: Cassidulina limbata (M137 - 608). 9:
Valvulineria inflata (M137 - 735). 10: Cancris carmenensis (M137 - 608). The images were
taken with a Keyence VHX-700 FD digital microscope at the Institute of Geosciences, Kiel
University, Germany.

Figure 3: Comparison of nutrients extracted from benthic foraminifera, depending on whether
the individuals were crushed or not before analysis. [DIP]; and [NO3]; refer to the concentration
of nutrients within the cytoplasm.

Figure 4: Examples of phosphatizing foraminifera in different stages between 640 and 928 m
water observed at 11°S off Peru. A: Cassidulina limbata B: Globobulimina pacifica C&D:
Abundant phosphorite grains in phosphoritic sands with the size and shape of foraminifera (grain
size fraction 250-325 um). E: Examples of various stages of foraminiferal phosphatization. The
tests of the specimens are completely filled with phosphorites, as shown on similar samples from
the same region (Manheim et al., 1975).

Figure 5: Log-log plot and power regression of DIP; against cell volume of benthic foraminifera
from the Peruvian OMZ. Error bars for the cell volumes are the standard error of the mean (1
SEM). Precision of the DIP; measurements was 1%. Uncrushed samples of B. costata were also
included, since the results were not different between the crushed and the uncrushed samples for
this small species (see also figure 1).

Figure 6: Log-log plot and power regression of NO37j against cell volume of benthic foraminifera
from the Peruvian OMZ. Error bars for the cell volumes are the standard error of the mean (1
SEM). Precision of the NO3™ measurements was 1%. Uncrushed samples of B. costata were also
included, since the results were not different between the crushed and the uncrushed samples for
this small species (see also figure 1).

Figure 7: The total benthic foraminiferal DIP pool in the sediment column in the Peruvian OMZ
at 11°S (RV Meteor cruise M77) and 12°S (cruise M137). Error bars are 1sd and were calculated
using propagation of uncertainty (for details see appendix 2). The grey area indicates water
depths where abundant phosphorites with encrusted foraminifera have been reported (Resig and
Glenn, 1997).

28



694  Table 1: Sampling sites. “BIGO” indicates that the sediment was retrieved with a benthic lander
695  after in situ incubation of the sediment for ~ 36 h (e.g. Sommer et al., 2016). At all other sites the
696  sediment was retrieved with a video guided multiple-corer (MUC).

Station Latitude (S) Longitude (W)  Depth (m)
M137 - 642 BIGO2-2 12°14.89' 77°12.70' 102
M137 - 656 BIGO1-2 12°16'37' 77°14.95' 128
M137 - 696 BIGO1-3 12°21.51 77°21.71 193
M137 - 608 MUC 4 12°23.26' 77°24.28' 244
M137 - 641 MUC 7 12°16.68' 77°14.99' 128
M137 - 670 MUC 12 12°31.36' 77°35.00' 752
M137 - 681 MUC 13 12°13.51" 77°10.77' 74
M137 - 695 MUC 17 12°16.78' 77°14.98' 130
M137 - 735 MUC 24 12°38.14' 77°20.74' 489
M137 - 756 MUC 27 12°23.25' 77°24.27 242
M137 - 776 MUC 32 12°24.90' 77°26.29' 303
M137 - 788 MUC 34 12°27.20' 77°29.30' 413
M137 - 813 MUC 27 12°23.29' 77°24.27 242
M137 - 825 MUC 38 12°21.50' 77°21.71" 193
M137 - 826 MUC 39 12°24.90' 77°26.28' 301
M137 - 838 MUC 41 12°13.47' 77°10.86' 75
M137 - 841 MUC 44 12°17.01" 77°14.70' 130
M137 - 858 MUC 46 12°27.20' 77°29.51" 410
697
698
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699  Table 2: Best resembling shapes for the biovolume determination of foraminiferal species used
700 in this study.

Species Shape

Bolivina costata Cone

Bolivina plicata Cone

Bolivina interjuncta Cone

Bolivina seminuda Cone

Bolivina spissa Cone with elliptic base
Cancris carmenensis Prolate spheroid
Cassidulina limbata Tri-axial elipsoid

Globobulimina pacifica  Prolate spheroid

Nonionella auris Prolate spheroid
Uvigerina striata Prolate spheroid
Valvulineria inflata Prolate spheroid
701
702
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703  Table 3: Mean individual intracellular DIP content for five foraminiferal species from the
704  Peruvian OMZ.

Species mean DIP; (pmol ind ") Isd
B. costata 33 4
B. interjuncta 321 45
B. seminuda 69 25
C. limbata 290 7
V. inflata 2603 684

705

706
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707  Table 4: Number of individuals of foraminiferal species with known intracellular DIP content or
708 intracellular DIP estimated from the average biovolume of the species in relation to the total
709  foraminiferal abundances at the station.

# individuals from species
with known intracellular DIP

Station (%)
M137 - 681 MUC 13 98
M137 - 641 MUC 7 75
M137 - 695 MUC 17 82
M137 - 608 MUC 4 68
M137 - 776 MUC 32 49
M137 - 788 MUC 34 24
M137 - 735 MUC 24 71
M137 - 670 MUC 12 8
M77/1-540 MUC-49 75
M77/1-583 MUC-65 95
M77/1-473 MUC-32 98
M77-1-449 MUC-19 89
M77/1-456 MUC-22 75
M77/1-459 MUC-25 19

710

711

712

713

714

715

716

717

718

719
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720
721
722
723
724
725

726

727

Table 5: Mean biovolumes and intracellular nutrient content in benthic foraminifera from the
Peruvian OMZ determined during M137. Intracellular DIP and NOs -contents are reported as
individual specific (total content per individual, pmol ind') and volume specific (intracellular
content, mmol L!). ¢ # Ind.’ refers to the number of specimens used for each analysis. Samples
marked with an asterisk (*) were not crushed before analysis. SEM is the standard error of the

mean.
Water Mean cell DIP NO;5 [NOs;
depth  # volume (pmol (pmol [DIP]; (mmol
Station Species (m) Ind. (um?) Isem ind™") ind™")  (mmol L) L
642 B. seminuda* 102 42 1.71'10°  6.73E+04 32 nd 19 n.d.
642 B. seminuda* 102 g5 1.68:10° 4.87E+04 34 28 20 17
642 B. costata* 102 43 760105 3.28E+04 37 27 48 36
642 B. costata* 102 g0  8.1810° 2.29E+04 31 42 38 51
656 B. seminuda* 128 40  1.6510° 4.58E+04 8 57 5 34
696 C. limbata* 193 21 1.14107 1.02E+06 7 nd 1 n.d.
696 B. seminuda* 193 64  13010° 6.07E+04 13 7 10 6
756 C. limbata 242 2p 1.80107 9.02E+05 294 2275 16 127
756 C. limbata 242 20 2.12107 1.14E+06 285 1949 13 92
756 B. seminuda 242 130 1.4010°  4.02E+04 55 395 39 282
788 V. inflata 413 21 1.42:108 1.43E+07 2516 24447 18 172
788 V. inflata 413 21 1.50108 1.24E+07 2294 24247 15 162
788 B. interjuncta 413 20 1.62:107  1.20E+06 285 717 18 44
788 B.interjuncta 413 18 1.60107 1.18E+06 371 1403 23 88
813 B. seminuda™® 242 40  1.5410° 7.81E+04 38 82 25 53
813 B. seminuda 242 40 1.5410°  6.63E+04 37 89 24 58
825 B. seminuda 193 35 1.6710° 7.46E+04 79 417 47 250
825 B. seminuda 193 46 1.52:10° 7.08E+04 65 255 43 168
826 V. inflata 301 12 8.78107 1.09E+07 2019 2013 23 23
826 B. seminuda 301 40  2.4810° 9.32E+04 113 110 46 44
838 B. costata 7594 7.9910° 1.83E+04 30 34 37 43
841 B. seminuda 130 33 1.5510° 7.35E+04 65 97 42 63
858 V. inflata 410 8 1.62:108  1.93E+07 3582 19957 22 123
858 B. interjuncta 410 20 1.47-10" 1.06E+06 308 1598 21 109
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728  Table 6: Mean cell volumes of six additional benthic foraminiferal species from the Peruvian OMZ for which intracellular nutrient
729  content was not measured. DIP; for these species were calculated from the mean cell volumes using eq. 5. The error in DIP; (opypi,)

730  was calculated using propagation of uncertainty. Positive and negative sds differ due to non-linearity of the power correlation. See
731 Appendix 2 for a detailed definition of opp;, and details about the propagation of uncertainty.

DIP;
(pmol ind ") ODIPig
mean cell volume calc. with Isd
Species ind. (um?) Isem Eq.5 In(opypi,) (pmol ind ')
B. plicata 24 4.20E+06  3.48E+05 128 0.70 +129/-64
B. spissa 38 4.62E+06  2.18E+05 139 0.70 +140/-70
C. carmenensis 13 4.96E+07 8.44E+06 973 0.76 +1100/-516
G. pacifica 2 1.12E+08  2.19E+07 1900 0.78 +2230/-1030
N. auris 25 2.66E+06 2.97E+05 88 0.69 +88/-44
U. striata 22 2.68E+07 2.44E+06 587 0.73 +636/-305
732
733
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734  Table 7: Estimated total benthic foraminiferal DIP storage at different sampling sites from two different transects in the Peruvian
735  OMZ. IDIPised ot is the total DIP in the sediment column stored in foraminifera (in mmol m™2). [DIP]; sed 1ot is the total sedimentary
736 intracellular [DIP], and [DIP]; sed tot are mean values for the top 3 cm of sediment (M137) or the first cm of sediment (M77).

737  Foraminiferal abundances are also listed. Abundances from M77 were taken from (Glock et al., 2013). The errors opip; sed tot and
738 O [DIPjised tot WeTE calculated using propagation of uncertainty. Positive and negative sds differ due to non-linearity of the power

739  correlation. See Appendix 2 for details about the propagation of uncertainty.

O [DIP]i sed tot
[DIP]1 sed tot (l,lmOl 1_1

Water Foraminiferal GDIPi sed tot (umol I! of wet
depth  Longitude  Latitude abundance YDIPisdtor  (mmol m?) of wet sediment)
Station (m) (°W) (°S) (ind cm?) (mmol m) 1sd sediment) 1sd

M137 - 681 MUC 13 74 77°10.77"  12°13.51" 1455.9 0.55  +0.09/-0.07 21 +3/-3
M137 - 641 MUC 7 128 77°14.99' 12°16.68' 569.9 040 +0.17/-0.16 20 +8/-8
M137 - 695 MUC 17 130 77°14.98' 12°16.78' 644.6 048  +0.18/-0.18 18 +7/-7
M137 - 608 MUC 4 244 77°24.28' 12°23.26' 10.4 0.01  +0.01/-0.00 1 +0/-0
M137 - 776 MUC 32 303 77°26.29" 12°24.90' 410.2 0.53  +0.27/-0.24 20 +10/-9
M137 — 788 MUC 34 413 77°29.30" 12°24.90' 1061.7 348  +2.25/-2.14 137 +89/-85
M137 -735 MUC 24 489 77°20.74'  12°24.90' 372.0 1.52  +0.91/-0.61 78 +47/-31
M137 - 670 MUC 12 752 77°35.00' 12°24.90' 25.4 0.14  +0.11/-0.10 5 +4/-4
M77/1-540 MUC 49 79 77°47.40" 11°00.01' 343.7 0.10  +0.03/-0.03 7 +3/-3
M77/1-583 MUC 65 248 78°03.06' 11°06.86' 616.2 046  +0.17/-0.16 43 +15/-15
M77/1-473 MUC 32 317 78°09.94' 11°00.01" 522.5 0.60  +0.17/-0.12 119 +34/-25
M77-1-449 MUC 19 319 78°09.97" 11°00.01" 262.4 047  +0.21/-0.13 94 +42/-27
M77/1-456 MUC 22 465 78°19.23'  11°00.01" 61.3 025  +0.23/-0.23 25 +8/-7
M77/1-459 MUC 25 697 78°25.60' 11°00.03' 12.7 0.03  +0.03/-0.02 3 +3/-2

740
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Appendix 1: Taxonomic references

Benthic foraminiferal species from the Peruvian OMZ were determined using recent literature
from the study area (Mallon, 2011, Erdem, 2016, Figueora et al., 2005), and earlier, regional
studies from the western Pacific (Uchio 1960, Boltovskoy and Theyer, 1970, Ingle et al., 1980,
Resig 1981, 1990). The taxonomy was cross-checked with the type figures and references retrieved
from the Ellis and Messina (1940-2014) catalogue. The validity of the genera was assessed after
Loeblich and Tappan (1988). Specimen images on Plate 1 are given in square brackets.

Bolivina costata d’Orbigny 1839, p. 62, pl. 8, figs. 8-9 [fig. 3].

Bolivina interjuncta Cushman 1926 = Bolivina costata d'Orbigny var. interjuncta Cushman, p. 41,
pl. 6, fig. 3 [fig. 1].

Bolivina plicata d’Orbigny 1839, p. 62, pl. 8, figs. 4-7 [fig. 4].

Bolivina seminuda Cushman 1911, p. 34, fig. 55 [fig. 2]. Note: the flush sutures, the smooth
surface, and the numerous pores in the lower half of each chamber, giving the lower part of
the chamber wall a frothy appearance, are characteristic features of this species.

Bolivina spissa Cushman 1926 = Bolivina subadvena Cushman var. spissa Cushman, p. 45, pl. 6,
fig. 8.

Cancris carmenensis Natland 1950, p. 32, pl. 9, fig. 1 [fig, 10]. Note: broad, inflated chambers,
depressed sutures, and a knob formed by the early chambers in the centre of the spiral side are
distinctive features of this species. The youngest chambers of small specimens may be rather
high, successive in arrangement rather than over-arching, and their margin may be slightly
acute. They were also observed gathering long silica spicules in the detritus cyst before their
aperture, probably to stabilize their pseudopodial network (Lutze and Altenbach 1988). Such
specimens have been determined as C. auriculus or Valvulina oblonga (Figueroa et al., 2005;
Mallon, 2011; Erdem, 2016), even though the Peruvian Margin morphotypes do not show a
distinct keel and their chamber wall is much thicker as compared to the genuine C. auriculus
from the northern Atlantic.

Cassidulina limbata Cushman and Hughes 1925, p. 12, pl. 2, fig. 2 [fig, 8]. Note: The "pinched-
in" narrowing in the middle part of the chambers are unique to this species. The closely related
C. auka Boltovskoy and Theyer 1970 differs from C. /imbata by its higher number of
chambers per whorl, the marked sutural ridges, the elevated umbilical boss, and the triangular
apertural aspect.

Globobulimina pacifica Cushman 1927, p. 67, pl. 14, fig. 12 [fig. 5].

Nonionella auris (d’Orbigny 1839) = Valvulina auris d'Orbigny, p. 47, pl. 2, figs. 15-17 [fig. 6].
Note: numerous chambers, a lobate outline, and the very thin and sigmoidal extension of the
last chamber covering the umbilicus are diagnostic features of this species.
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Uvigerina striata d'Orbigny 1839, p. 53, pl. 7, fig. 16 [fig. 7].
Valvulineria inflata (d'Orbigny 1839) = Valvulina inflata d'Orbigny, p. 48, pl. 7, figs. 7-9 [fig. 9].

Appendix 2: Propagation of uncertainty for the sedimentary DIP stored in foraminifera

For the calculation of the errors for XDIP; sed tor and [DIP]; sed ot @ complete error propagation has
been applied including three different kinds of error. The first error is the 1sd we have for the DIP;
for the five species directly measured (see Tab. 3). This error is defined as oppia in pmol ind™!.

The second type of error concerns the species for which we determined the mean biovolume (Tab.
6) and the DIP; estimated using Eq.6. We define this error as opipj, It includes the error for the
mean cell volumes (1SEM; see tab. 6). This error is defined as 6veen. Eq.6 in the main manuscript
is given in the form of:

Eq. Al In(DIP;) = a *In(V,e) + b

A propagation of uncertainty on Eq.A1, results in the following equation:

2

2 2
apIP;\2 aDIP;\?2 ADIP;\ 2
Fq. A n(biei,) = j(T) o +(5) ron +(Gr) ovean

Solution of the derivatives in Eq. A2 and the use of errors and constants of Eq.6 results in

2
1

2
Eq A3: ln(UDIPiB) = \/ln(VceU)z ' 0032 + 0522 + (082 ' l) " Oycell

cel

Note that this results in different positive and negative values for opip;, after transformation of
In(opipi,) due to the non-linearity of the power function. The positive error is defined according to
Eq.A4:

Eq. A4 opipi, (positive) = exp M (PIPO+In(oDIRy,) _ prp,
The negative error is defined according to Eq.AS
In(DIP;)—In(opipi,)

Eq. A5 opipi,(negative) = DIP; — exp

A propagation of uncertainty of these factors applied to Eq.1 of the main manuscript results in the
following equation for Gzppi sed.(in mmol m™):

Eq. A6 O3DIPi sed = 10_9\/2(‘471(1)2 ’ (O-DIPL'an)2 + Z(Anﬁ)z ) (GDIPiﬁ’n)2
Where Ayq is the abundance of the foraminiferal species n for which we measured mean

intracellular DIP; and Ay, is the abundance of the foraminiferal species n for which we calculated
DIP;, using their mean cell volume according to Eq. 5 of the main manuscript. 0p;pian and op;pign
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are the corresponding op;p;q and op;pigfor the species n. Note that the factor of 10” has to be
applied to convert pmol to mmol.

In the same way a propagation of uncertainty applied to Eq.2 of the main manuscript results in the
following equation for o[ppjised (in mmol L' of wet sediment):

Eq- A7 O[DIP]ised = 10_9\/Z(PDna)2 '(O-DIPiO:n)2 + Z(PDnﬁ)Z ) (GDIPiBn)Z

where PDyq is the population density of the foraminiferal species n for which we measured mean
intracellular DIP; and PDy, is the abundance of the foraminiferal species n for which we calculated
DIP;, using their mean cell volume according to Eq. 5 of the main manuscript.

Negative and positive errors have to be calculated separately for Eq. A6 and Eq. A7 according to
equations Eq. A4 and Eq. A5 due to the non-linearities.

Note that the errors of abundances and population densities have to be neglected within this error
propagation because these are not known, since no replicates were done for the determination of
the living foraminiferal assemblages, according to the high workload related to this task. Previous
studies showed that population densities of sample replicates, which have been picked dry by a
single investigator had an accuracy (10) of £2 % (Schonfeld et al., 2013). This should be negligible
in comparison to the other errors within this propagation of uncertainty.

The largest uncertainty in IDIP; seqtot (Eq.3 main manuscript) and [TDP];seqtor (Eq. 4 main
manuscript) arises from the percentage of the species for which neither cell volume nor DIP; was
measured. These species are now defined as species ny. We do not know this factor but assume
that the relative uncertainty can be up to ~+75%. Thus the higher the proportion of the species ny
is, the higher is the total uncertainty of the of the DIP; reservoir in the sediments. Therefore, for

the uncertainties gspyp, ., . the following term was added to ozpipi sed:

Eq. A8 0.75 * (XDIP; geq tot — ZDIP; geq)

and accordingly for the uncertainties of ojrpp the following term was added to G[pipji sed:

ised tot

Eq. A9 0.75- ([TDP]isedtot - [TDP]ised)

Thus, if a proportion of 50% belonged to species ny, an error of £50 - 0.75 = £37.5% would be
added. For a hypothetic total benthic foraminiferal DIP pool in the sediment column (£DIP; ¢eq tot)
of 1 mmol m? with a proportion of 50% belonging to species ny within the assemblages, an
uncertainty of £ 0.375 mmol m™ was added to osppj seq from Eq. A6.

This exercise demonstrates that knowledge about sedimentary intracellular stored DIP can be
improved with more measurements on foraminiferal cell volume or, preferably, species specific
DIP; in foraminiferal assemblages.
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Table Al: Population densities and abundances of living benthic foraminifera.

Station M137 - 681 M137 - 641 M137 - 695 M137 - 608 M137-776 M137 - 788 M137 - 735 M137 - 670
Sampling date 12.05.2017 09.05.2017 13.05.2017 07.05.2017 19.05.2017 20.05.2017 16.05.2017 11.05.2017
Time (UTC) 17:36 19:45 18:42 14:53 19:10 15:50 14:23 23:22
Depth (m) 74 128 130 244 303 413 489 752
0-3 cm 0-3 cm
Sample 0-3 cm (composite) 0-3 cm (composite) 0-3 cm 0-3 cm 0-3 cm 0-3 cm

Alabaminella weddellensis 4
Alliatina primitiva 9.1 6 1 20
Ammodiscus minutissimus 1 1
Ammomarginulina catenulata 17
Anomalinoides minimus 1
Arenoparella oceanica 1 1 1 3
Bathysiphon capillare 1
Bolivina alata 4
Bolivina costata 650 49.2 40 2.1 1
Bolivina interjuncta 42
Bolivina pacifica 1 26.7 16 59.9 17 3 2
Bolivina plicata 6 10.1 36 27 40 1
Bolivina seminuda 56 387.6 277 236.8 86 15 52 2
Bolivina spissa 3 6
Bolivina subadvena 5
Bolivinita minuta 4 17
Buccella peruviana 4
Buliminella curta 7 5 7 37
Buliminella elegantissima 4 6.1 5 9.1 17
Buliminella tenuata 1 4
Cancris carmenensis 8.3 1 4 42 3
Cassidulina crassa 7
Cassidulina laevigata 18
Cassidulina limbata 5 2 34.8 27 3 16
Chilostomella ovoidea 1
Cribrostomoides crassimargo 1
Eggerella humboldti 2
Eggerella pusilla 2
Eggerella scrippsi 1 5.6 3
Eggerelloides scaber 1
Epistominella afueraensis 41.1 17 9.3 5 1

48




Epistominella obesa
Fursenkoina cornuta
Fursenkoina glabra
Globobulimina pacifica
Globocassidulina subglobosa
Gyroidina soldanii
Haplophragmoides evoluta
Hoeglundina elegans
Leptohalysis gracilis
Nonionella auris
Nonionella turgida
Nonionides grateloupi
Reophax bilocularis
Reophax calcareus
Spiroplectammina biformis
Suggrunda eckisi
Suggrunda kleinpelli
Suggrunda porosa
Trifarina angulosa
Portatrochammina pacifica
Pseudolachlanella slitella
Quinqueloculina seminulum
Uvigerina peregrina
Uvigerina striata
Valvulineria glabra
Valvulineria inflata

others

34

88.3

37 32

0.5

2.6
5.1
1.1

31

30
14
17

60

29
19
58

— NN A

24

27

O N = = W

Total

Species number

Surface area (cm?)

Volume (cm?)

Split (n)

Population density (Ind./1 cm®)
Total abundance (Ind./ 1 cm?)

Fisher's alpha

754

6.7
18
0.0773
542
1456
1.1

648.7
11
78.5
153
0.0145
292
570
1.9

409 429.4

6.7 78.5
18 96
0.0947 0.5276

240 8
645 10
1.6 3.8
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307
21
6.7
18
0.1117
153
410
5.1

244
19

6.7
17

0.0343

418

1062

4.8

317
26

6.7
13

0.1272

192
372
6.7

170
28
6.7
19

.0000

25
9.5




