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Abstract. A predicted consequence of ocean acidification is decreasing coccolithophore-produced, Particulate Inorganic

Carbon (PIC) pools. PIC is thought to enhance he sinking of Particulate Qpganic Carbon (POC) to deeper waters, potentially /| '
[

influencing the depth of organic matter remineralization and,subsurface oxygen levels. To explore hese potential, feedbacks, |

we examined, the relationships between PIC, coccolithophores, carbonate chemistry, and dissolved oxygen in the Southeast I
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Deleted: ed...significantly ...o PIC through the shedding of
coccoliths in surfacethe upper waters ... [5]

levels. Measurements of PIC and coccolithophore abundance from, late-spring 2015 and mid-summer 2018 revealed that |

coccolithophores, particularly Gephyrocapsa (Emiliania) huxleyi, were major contributors, fo PIC through the shedding of /

coccoliths, On average, abouthalf of the PIC was attributed togeliably enumerated coccospheres and detached coccoliths, with

significantly diminished pools,below the euphotic zone, Temperature, oxygen, and pH emerged,as key factors influencing PIC

variability, PIC pools and PIC:POC ratios in both surface and subsurface waters in this naturally low pH/low Op zone are lower /-

than available data from most oceanic regions, with the exception of the Western Arctic. Our findings support the prediction

that in upwelling regions with a shallow oxygen minimum zone, POC production is promoted by phytoplankton other than

PIC-producing coccolithophores due to the injection of nutrient-rich but low-pH water. This process decreases PIC:POC ratios.

suggesting that the role of PIC in POC sedimentation might be decreased under such conditions. We emphasize that comparing

PIC dynamics across diverse upwelling systems will be valuable for understanding how low pH and O conditions influence

its role in POC fluxes,

1 Introduction

The Particulate Inorganic Carbon (PIC) pool is,akey component of marine carbon,cycles and atmospheric reservoirs (Ridgwell

and Zeebe, 2005), It originates from various sources, including land-derived jnputs to coastal margins (Cai, 2011) and

/

cosmopolitan species Gephyrocapsa (Emiliania) huxleyi, significantly contribute, to PIC through coccolith production. /

biological processes such as phytoplankton calcification (Taylor and Brownlee, 2016). Coccolithophores, particularly the
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Loccoliths are thought to enhance the sinking of organic matter (i.c., the ‘ballast effect’), facilitating the export of Particulate . Cl‘ leted: These ¢ )
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2016; Claxton et al., 2022). For example, ocean acidification (OA)-characterized by, decreasing, pH and carbonate ion

concentration-gan impair coccolithophore calcification (Riebesell et al., 2000; Barcelos e Ramos et al., 2010; von Dassow et /
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increasing in the Indian Ocean, the subpolar Pacific, and the Southern Ocean (Balch et al., 2018; Oliver et al., 2023). Early

satellite imagery suggested,that the Pacific hosts relatively lower surface PIC goncentrations compared to the Atlantic (Brown

and Yoder, 1994). However, higher subsurface PIC concentrations—at depths peyond the detection limits of satellites—, have

been linked,to events of higher coccolithophore abundance in remote Southeast Pacific waters (Beaufort et al., 2008; Oliver et

al., 2023). A particularly notable basin-scale coccolithophore feature, the Great Calcite Belt, spans the Southern Ocean,and is

primarily sustained by, G. huxleyi growth (Balch et al., 2016; Balch and Mitchell, 2023). This feature advances southward each

year, peaking, in the austral summer (Hopkins et al., 2019). Temperature, competition with diatoms for nutrients, and Fe
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2. Materials and Methods
2.1 Sampling

The sampling consisted of two cruises conducted in waters off the Southeast Pacific margin, off northern Chile (Fig. 1a). In

spring 2015 (LowpHOx, 1), we vertically screened six stations along an inshore-offshore transect off Iquique (~20° S; sts. T1-

) (Deleted: of
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T6), along with six stations arranged latitudinally between 22° S and 29.5° S (sts. L1-L6). During summer 2018 (LowpHOx,

2), three of the inshore-offshore stations were replicated (sts. T1, T3, T5), along with seven stations sampled southward down
to ~34° S (sts. Lander and Hydro; Fig. 1a). In depth, the sampling crossed both the euphotic zone and OMZ core (Fig. 1b; Fig.
2c-e, Fig. 3 k-0). The predominant oceanographic conditions during these two cruises, as reported and discussed by Vargas et
al., (2021), provide the context for the new data presented here.

At each station, discrete seawater samples were collected, filtered, stored, and moved to the lab for the determination of PIC
(section 2.2) and coccolithophore standing stocks (section 2.3). Due to seawater availability onboard in 2018, sampling for
coccolithophores only reached 100 m, except for station T5, which reached a depth of 2000 m. This contrasts with 2015
sampling reaching equal or greater 350 m depths (max. 1000 m in T3 and T4). Complete PIC measurements and
coccolithophore abundances are provided in the Supplement (Tables S1-S2). As ancillary data, 1-m averaged SST, SSS,
oxygen, and fluorescence continuous profiles, as well as, discrete profiles of Chl-a, nutrients, Particulate Organic Carbon
(POC), and carbonate system were included (see methods in Vargas et al., 2021). These physical and chemical data were
extracted from Vargas et al. (2023a, b, c). The euphotic depth (Zew) was estimated by calculating the depth at which the
Photosynthetically Active Radiation (PAR) is reduced to 1 % of surface levels, using the attenuation coefficients (K4490)
provided by the Bio-Geo-Chemical products based on the Copernicus-GlobColour processor (Copernicus-GlobColour, 2023).
The averaged Kd(490) values (3 x 3 pixels and 3-day average) were converted into Ka(PAR) values following the model of
Morel et al. (2007), and the 4.6 optical depth calculated as In(100)/Ka(PAR) (Morel, 1988). Where available, a good fit was

found between the euphotic zone depth derived from satellite observations and PAR obtained from a sensor attached to the

CTD (Fig. S1). Lastly, the OMZ core,was defined as the water layer where dissolved O was below 20 pmol kg™!, a commonly '
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2.2 Particulate inorganic carbon standing stocks

We produced synoptic maps of satellite-derived PIC in the Southeast Pacific margin (Balch and Mitchell, 2023). Monthly and

weekly PIC climatologies (November-December 2015 and January-February 2018) were obtained from the MODIS-Aqua

mission (NASA Ocean Biology Processing Group, 2023). The data were then converted from mol CaCO3s m~ to ug C L' by
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multiplying by 1,1910.69,and plotted using RStudio.
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For jn situ measurements of PICtow, we followed a slightly modified version of the procedure introduced by Poulton et al.
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(2006). In summary, we filtered between 0.1-1.5 L of seawater (increasing with sampled depth) onto 25 mm polycarbonate

filters with a 0.4 um pore size. Prior to removal from vacuum, filters were immediately rinsed with a squirt of potassium
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tetraborate solution in 2015 and with seawater alkalinized with ammonium in 2018 (to maintain pH > 8.0 while in storage)

and stored in metal-free Falcon tubes at;-20° C until transit to the lab. Subsequently, Ca?" was extracted with nitric acid and

quantified using Inductively Coupled Plasma Atomic Mass Spectrophotometry facilities at the Bigelow Laboratory for Ocean
Sciences. A correction was made to correct for potential excess of Ca?* due to Na* residues that might be left on the filters.

This calculation indicated that residual seawater contributed on average 29.1 % + 25.8 % of total Ca>* in LowpHOx 1 samples

and on average 35.2 % + 21.5 % of total Ca’” in LowpHOx 2 samples. The PIC concentrations, were expressed in pug G L,

Additionally. we examined the association between calcification (PIC) and POC (from Vargas et al., 2021) using PIC:POC

(Deleted: alculations

‘ CDeIeted: mmol

ratios ,PIC:POC ratios were calculated usingboth PICcoceo and PICtotl values recorded in 2015 and 2018, which mostly showed

similar trends, except for a significant discrepancy at,station L4 in 2015, (see Fig. S2), These ratios were then categorized into

two groups:above,and within the OMZ core, to assess the influence of the, OMZ on PIC and POC concentrations.
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Data from this study were compared against those reported for other open ocean or coastal margins (see Balch et al., 2018).

Moreover,

PIC and POC data were,obtained from the SEABASS (Werdell et al., 2003) and BCO-DMO repositories (Balch, 2010), Depth
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intervals were chosen to balance of competing criteria aiming to detect broader ecological patterns robustly. We aimed to be
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coccolithophores are growing) and below the oxycline, where coccolithophores are presumed present entirely due to sinking

from the surface. However, OMZ systems are highly stratified, and eukaryotic phytoplankton growth is excluded from below
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photosynthesis (Wong et al., 2023). In contrast, in non-OMZ systems, the lower limits of growing phytoplankton are less

constrained, and coccolithophores are part of the “shade flora” (Balch, 2018). Therefore, data were binned over 0-100 m depths
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Figure 1: (a) Map of the Southeast Pacific margin showing the study site and stations sampled during late-spring 2015 (circles) and
mid-summer 2018 (crosses). (b) Sampling depth coverage for coccolithophores, highlighting areas crossing,the OMZ core thresholds

of 20 nmol kg ! (dotted, and dashed red,lines), Map produced by Ocean Data View (Schlitzer, 2024), with bathymetry based on the .~

GEBCO chart (GEBCO, 2023).
2.3 Coccospheres and detached coccoliths standing stocks

For enumeration of coccospheres and detached coccoliths, between 0.1 to 1.0 L of seawater (increasing with depth) were

filtered onto 25 mm polycarbonate filters with a 0.8 um pore size, left to dry at room temperature in Petri dishes, and stored

with desiccant until microscopy analyses. Total coccosphere, counts were conducted on filter slide preparations with oil o
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immersion, using, cross-polarized light microscopy (LM Zeiss, Axioscope 5). The analysis of 20 fields of view at 400x -
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magnification covered,5.1 mm? of the filter area, corresponding to a range of 1.9-16.3 mL of seawater analysed. For counts of
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total detached coccoliths, 11 fields of view per filter were screened (224 x 165 um per frame) at 630x magnification (oil
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immersion objective), covering 0.41 mm? of the filter area, corresponding to total volumes of 0.2-1.3 mL of seawater analysed,

On average, 171 + 307 coccospheres (range: 2-2099) and 708 + 664 coccoliths (range: 5-4067) were analyzed per sample. An

issue arose where some filters from inshore-offshore 2015 sampling (20° S; Stations T1-T6) exhibited excessive brightness
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under, LM, for which counts were made through scanning electron microscopy (SEM) analysis (Quanta FEG 250) as described
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in Diaz-Rosas et al. (2021). For the quantification of coccosphere abundances (see equation in Diaz-Rosas et al., 2021),
between 28-48 images taken at 800-1500x magnification were examined per filter, covering from 5 to 6 mm? of the filter area
corresponding to a range of 2.1-18.4 mL of seawater analyzed. For total detached coccolith abundances, between 4-5 images
were examined per filter, covering from 0.6 to 1.0 mm? of the filter area corresponding to a range of 0.2-2.8 mL of seawater

analyzed, On average, 166 = 280 coccospheres (range: 1-1141) and 861 + 879 detached coccoliths (range: 58-3815) were
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counted per sample. Layers of coccoliths detached from G. huxleyi (Fig. S3a-d) were added to the detached-coccolith counts.
Collapsed coccospheres were included when they remained mostly intact, but when more disintegrated could not be accurately
counted, especially as they were often less reflective than intact coccospheres and coccoliths (Fig. S3e-h). In a subset of
samples, collapsed coccospheres were estimated to contribute <21 % (min. = 0 %, average = 7.1 %) of the total number of

coccospheres. As expected, the standard error of the means (among the images obtained from the same sample) drops

hyperbolically with the total number of coccospheres or coccoliths counted, whether with LM or SEM (Fig. S4), but remains

higher in SEM due to the smaller size of SEM images. To check for differences between counts obtained through LM, and

SEM examination, five samples with varying coccolithophore abundances were analyzed with SEM as outlined above,

revealing the slopes were highly linear with R? greater than 0.9, and were not significantly different from 1, while the intercepts .
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from both methods

were close to 0(Fig. S5), allowing for counts from the two methods to be combined,

2.4 Diversity of coccospheres and detached coccoliths

The identification of coccolithophores and detached coccoliths by LM is sometimes limited, which may impact the estimation

of coccolithophore-derived PIC relative to total PIC, as it relies on the estimated PIC quotas of coccospheres and coccoliths.

(Deleted: used for
(Deleted: and
' (Deleted: in2015,
' (Moved (insertion) [1]

* (peleted: o

(Deleted: comparison

To understand this effect, taxonomic classification by SEM was performed on, samples from the LowpHOx 1 cruise (2015)

' Py (Deleted: to

focusing on samples from T1 to T6 as well as selected samples from L1 (at 5 and 25 m), L2 (at 5 and 50 m) and L3 (at 5 m), ;

were examined for

_from 800x to 1500x),

coccosphere, and coccolith, classification, respectively, following the classification in Young et al. (2003). To estimate the /-

j [Moved up [1]: Between 6 to 11 and 4 to 5 images per filter,

absolute abundances of coccospheres and detached coccoliths at the species or genus level, the relative abundance of each

A - (Deleted: per sample

depending on magnification, were examined for coccospheres and
coccoliths classification, respectively.

CDeIeted: s
CDeIeted: s

species or genus was multiplied by the absolute,abundance of coccospheres and coccoliths counted by SEM (see section 2.3), :

Due to limitations in SEM time, it was not always possible to zoomfo higher magnification to differentiate between G. parvula
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the coccoliths is a small bridge present in G. ericsonii and not G. parvula, which would represent a very minor effect on PIC
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the small coccoliths detached from G. parvula/ericsonii might be overlooked (2.0 pm in length), the few coccoliths found in (Deleted: (see above)
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The number of samples tested per category is given in parentheses.

4 Discussion

4.1 Coccolithophore species diversity and dominance off the Southeast Pacific margin

Coccospheres and detached coccoliths of G. huxleyi were dominant in 2018 at 20° S, as well as south of 20° S in both 2015
and 2018. This pattern is shared with other eastern boundary current systems, where G. huxleyi dominates numerically in
waters off the Northeast Pacific (Ziveri et al., 1995; Venrick, 2012) and the Southeast Atlantic margins (Siegel et al., 2007;
Henderiks et al., 2012). However, in addition to G. huxleyi, G. parvula/ericsonii were co-dominant members of the
coccolithophore communities at ~20° S in 2015. The co-dominance of these three species was previously reported in winter
samples from 2013 in the same zone (von Dassow et al., 2018; Diaz-Rosas et al., 2021). Likewise, “small Reticulofenestra

complex” (presumably mostly G. parvula) and “small Gephyrocapsa complex” have been previously reported as important in
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coccolithophores. Additionally, PIC becomes increasingly difficult to measure as it decreases. A classic method is to measure

total particulate carbon before and after acidification to remove PIC, but this method is relatively insensitive and problematic
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matter even after gentle rinsing (the Na+ correction; see Matson et al., 2019_and section 2.2 above). These complexities
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CFormatted: Superscript

' (Deleted: , whether in

; (Deleted: s

(Field Code Changed

i CFormatted: Spanish

y CFormatted: Spanish

4 (Formatted: Subscript

2011), This emphasizes the value of microscopy counts, which have been found to be effective in quantifying PIC due to 4

(Formatted: Subscript

coccolithophores (D’ Amario et al., 2018; Guerreiro et al., 2021; Ziveri et al., 2023; this study),

In the northern Chilean coast, potential lithogenic PIC sources should be negligible. The exceptionally arid Atacama Desert

means fluvial inputs are negligible (Thiel et al., 2007)_and the deep and steep topography of the Atacama Trench acts as a

major depocenter effectively trapping sediments and limiting their resuspension into the upper water column (Xu et al., 2021).
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