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O C E A N O G R A P H Y

Microzooplankton grazing on the coccolithophore 
Emiliania huxleyi and its role in the global calcium 
carbonate cycle
Chloe L. Dean1,2*, Elizabeth L. Harvey3, Matthew D. Johnson4, Adam V. Subhas2

Identifying mechanisms driving the substantial dissolution of biogenic CaCO3 (60 to 80%) in surface and mesope-
lagic waters of the global ocean is critical for constraining the surface ocean’s alkalinity and inorganic carbon 
budgets. We examine microzooplankton grazing on coccolithophores, photosynthetic calcifying algae responsi-
ble for a majority of open-ocean CaCO3 production, as a mechanism driving shallow dissolution. We show that 
microzooplankton grazing dissolves 92 ± 7% of ingested coccolith calcite, which may explain 50 to 100% of the 
observed CaCO3 dissolution in supersaturated surface waters. Microzooplankton grazing on coccolithophores is 
thus a substantial, previously unrecognized biological mechanism affecting the ballasting of organic carbon to 
deeper waters, the ecology and fitness of microzooplankton themselves due to buffering of food vacuole pH, and 
ultimately the continued ability of the surface ocean to take up atmospheric carbon dioxide.

INTRODUCTION
The marine calcium carbonate (CaCO3) cycle is a crucial compo-
nent of the global carbon cycle and ocean carbonate chemistry. It 
involves the production, export, and dissolution of CaCO3, all of 
which can affect the ocean’s ability to uptake atmospheric CO2 
(1). However, uncertainties persist in global production and dis-
solution rates, preventing an accurate quantification of the mag-
nitude of its contribution to the global carbon cycle (2, 3). One 
especially paradoxical aspect is the widespread evidence for shal-
low dissolution of CaCO3 in the upper 1000 m of the ocean water 
column, which is supersaturated with respect to calcium carbon-
ate and should thermodynamically favor precipitation over dis-
solution (1,  2,  4,  5). Despite the growing consensus around the 
necessity of shallow dissolution to explain ocean alkalinity distri-
butions, the processes driving shallow dissolution remain unclear 
(6). A role for microenvironments, such as those that form in 
sinking particles or the acidic guts of zooplankton, has been spec-
ulated upon for decades. Since the idea was first put forth by 
Milliman (1), biologically mediated dissolution of biogenic calcite 
has emerged as a mechanism with promising potential to account 
for much of the observed CaCO3 dissolution in shallow oceanic 
regions (1,  7–9). However, the importance of this mechanism 
globally remains unconstrained.

The biogenic calcite produced by coccolithophores represents 
a prime candidate as a source for biologically mediated dissolu-
tion, as these organisms can be responsible for 50 to 90% of 
pelagic CaCO3 production (10) and also serve as foundational 
primary producers in many marine ecosystems (11). In addition, 
individual coccolithophores sink very slowly out of the surface 
ocean unless they are aggregated through biological processes, 
such as grazing and subsequent fecal pellet packaging (12, 13) or 

transparent exopolymer particle production mediated by stress 
and/or viral lysis (14, 15). Previous studies have demonstrated 
that mesozooplankton (size range, 200 to 2000 μm) grazing on 
coccolithophores can result in up to 73% of ingested calcite dis-
solving during gut passage (7–9). Microzooplankton (MZP) may 
also play a role. These single-cell, heterotrophic protists (size 
range, 20 to 200 μm) are the primary consumers of photosyn-
thetic nanophytoplankton, such as coccolithophores, in nearly all 
ocean provinces (16, 17). MZP consume five times more primary 
production than mesozooplankton and are responsible for ingest-
ing up to 60% of coccolithophore calcite production (16,  18). 
However, because of the small size of waste “minipellets” pro-
duced from MZP grazing, their direct contributions to the verti-
cal flux of carbon are thought to be limited (19, 20). Considering 
MZP’s role as the dominant consumer of marine phytoplankton, 
we investigated the impact of MZP grazing on the cosmopolitan 
coccolithophore Emiliania huxleyi (E. hux) on CaCO3 recycling 
in the surface ocean (3).

Bulk measurements to quantify the ingestion and digestion 
of coccolith calcite by MZP are complicated by the submicromo-
lar amount of carbon transfer associated with these microscale 
predators and prey. We cultured E. hux (CCMP374) in growth 
media containing 13C-labeled dissolved inorganic carbon (DIC) 
and conducted grazing experiments with two model MZP, Oxyrrhis 
marina (O. mar) and Gyrodinium dominans (G. dom). We subse-
quently quantified inorganic carbon transfer at the nanomolar 
level via measurements of 13C tracer in the particulate and dis-
solved phases of the experimental system. Grazing experiments 
were conducted at a set predator-to-prey ratio (data S1), along 
with seawater-, predator-, uncalcified (naked) prey–, and calci-
fied prey–only controls (see the Supplementary Materials for 
additional method details and schematic). We confirmed our 
geochemical carbon tracking results via microscopy using a 
semiquantitative pH-sensitive fluorescent probe. We then con-
textualized our lab-derived estimates of dissolution using global 
calcium carbonate production, export, and dissolution rates 
to reconcile disparities between observed trends of production 
and export.
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RESULTS
Substantial calcite dissolution during MZP grazing
Across all experiments, we observed rapid ingestion of coccolitho-
phores by both MZP, coupled with the dissolution of 92 ± 7% of in-
gested calcite over a 4-hour digestion period (Fig. 1B and data S1). 
Over the grazing period, both O. mar and G. dom populations dem-
onstrated similar ranges in particulate inorganic carbon (PIC) inges-
tion (0.44 ± 0.2; 0.34 ± 0.1 μmol of PIC, respectively; Fig. 1A). O. mar, 
a coastal dinoflagellate, displayed an average 94% (±2%) dissolution 
of ingested coccolith calcite, while G. dom, which is representative of 
open-ocean dinoflagellates, showed an average 87% (±11%) dissolu-
tion (Fig. 1B). Bulk seawater undersaturation–driven dissolution rates 
of coccolithophore calcite in seawater are on the order of fractions of 
a percent per day and can only support supersaturated dissolution 
through the production of metabolic acids in confined microenviron-
ments (5). Comparatively, the MZP-mediated dissolution rates re-
ported here (equivalent to 480%/day) are some of the fastest calcite 
dissolution rates ever measured in seawater and approach the diffu-
sion limit (21, 22).

To account for the mass transfer of PI13C into the dissolved phase, 
we analyzed DI13C at the beginning and end of the grazing experi-
ments (Fig. 1C). Because of complications associated with filtration 
and gas exchange, the DI13C provides a qualitative metric for the re-
lease of total labeled carbon from the particulate to the dissolved 
phase. The addition of the “naked” E. hux grazing treatment allowed 
us to constrain the DI13C associated with MZP respiration of organic 
matter alone, as the naked phenotype of the CCMP374 strain does 
not calcify. Calcified E. hux is characterized by a molar ratio of PIC 
and particulate organic carbon (POC; PIC:POC, also referred to as 
the “rain ratio”) of ~1 (23). The average molar enrichment observed 

in calcified grazing treatments was more than double that of the en-
richment observed in naked grazing treatments (1.97 nmol in calci-
fied versus 0.43 nmol in naked), lending additional confidence that 
our 13C-labeling approach allowed us to disentangle the isotopic en-
richment from digestion of organic and inorganic materials.

We used the pH-dependent LysoSensor probe to visualize pH 
dynamics semiquantitatively during the progression of digestion 
for both calcified and noncalcified prey. Microscopy demonstrates 
active LysoSensor fluorescence within the MZP, colocalized with 
chlorophyll fluorescence from the prey (Fig. 2, A to D). The Lyso-
Sensor pKa [DND-167, pKa = 5 (where Ka is the acid dissociation 
constant)] indicates that these digestive vacuoles are highly acidic 
(pH < 5), well below both ambient seawater pH and the critical pH 
for promoting rapid calcite dissolution (24).

Using the microscopy images, we calculate a corrected total cell 
fluorescence (CTCF; Eq. 5 and data S1C) and compare fluorescence 
intensity, a proxy for vacuole pH, between uncalcified and calcified 
prey. We find a much lower CTCF (higher pH) in the calcified prey 
vacuoles and a higher CTCF (lower pH) in vacuoles filled with non-
calcified prey [t(10) = −4.6, P = 0.0005]. The difference in relative 
pH between these two prey types demonstrates a potential buffering 
effect that increases pH during calcified prey digestion, through the 
production of alkalinity from calcite dissolution (Fig. 2E). This buff-
ering effect has been demonstrated within mesozooplankton grazing 
experiments using Acartia tonsa copepods and the coccolithophore 
Pleurochrysis carterae (9) and has also been hypothesized to occur 
during MZP digestion of coccoliths (25).

Our CTCF data support the hypothesis that coccolith dissolution 
leads to the buffering of MZP food vacuoles, but the consequences 
of a less acidic vacuole remain to be fully elucidated, especially its 
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Fig. 1. MZP digestion promotes dissolution of coccolithophore PIC. (A) PIC (micromoles) ingested and egested (PIC that remained after the digestion period) for each 
MZP. (B) % PIC dissolved based on the difference between PIC ingested and egested. (C) Summary plot of the nanomolar change in DI13C for all grazing experiment treat-
ments, including uncalcified naked controls (purple boxes), prey only (“w/o grazing”; red median line), and grazing treatments (“w/ grazing”; black median line). Zero line 
is drawn on (C) to indicate no change in DI13C, where any points above the zero line signify molar enrichment of 13C and points below the zero line indicate molar deple-
tion of 13C. All calcified and naked prey treatments where grazing occurred fall above the zero line, indicating release of 13C from the digestion of labeled biomaterials. All 
control treatments without grazing fall at or below the zero line.
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relationship to the fitness and digestive efficiency of natural MZP 
communities. A food vacuole with lower acidity might lead to de-
creased efficiency in digesting and assimilating prey, potentially 
providing a mechanism for the diminished fitness and growth ob-
served in MZP grazers when consuming calcified prey versus non-
calcified prey (25).

DISCUSSION
The global importance of MZP grazing on upper ocean 
carbon cycling
Most global models and data syntheses suggest high rates of eupho-
tic CaCO3 production, accompanied by rapid shallow dissolution 
within the euphotic and mesopelagic zones (Table 1 and references 
therein). The very fast dissolution rates measured here suggest a 
plausible mechanism for this rapid dissolution that can be integrat-
ed into current literature estimates of coccolithophore production 
rates and MZP grazing rates

where P_[PIC] is the globally averaged PIC production rate (Gt PIC 
year−1), %coccos is the average proportion of global PIC that is pro-
duced by coccolithophores, %MZP is the average proportion of calcite 
production grazed by MZP, and %Diss is the mean proportion of coc-
colith PIC that dissolves during MZP digestion (Fig. 1B). Calculations 
were performed for the range of literature values reported in Table 1 

using the reported mean production rate, a mean 90% proportion of 
PIC produced by coccolithophores (10, 26), a mean 60% of calcite 
production grazed by MZP (18), and a mean of 92% PIC dissolution 
due to MZP grazing, as determined in this study (Fig. 1B). For the 
remainder of this discussion, any reference to “shallow” or “surface” 
dissolution is constrained to the euphotic zone (~200 m), given that 
the majority of reported production and export values reference the 
base of the photic zone (Table 1).

There now exists a wide range in reported values for global calci-
um carbonate production, with estimates ranging from 0.5 to 3.7 Gt 
C year−e (Table 1). The continuous upward trend in global calcium 
carbonate production estimates can be attributed to several factors, 
including advances in methodologies and technologies that allow for 
more accurate measurements (2, 5, 27) and models (6, 28, 29) of cal-
cium carbonate cycling, as well as an evolving understanding of the 
diversity and distribution of calcium carbonate producing organisms 
(10, 30). The growing global production estimates are also reflected 
in the associated export (0.2 to 1.8 Gt C year−1) and dissolution rates 
(0.3 to 2.9 Gt C year−1), which serve to reinforce the significance of 
the shallow calcium carbonate dissolution flux. Despite these varia-
tions, our extrapolated laboratory dissolution rates (0.3 to 1.8 Gt C 
year−1) generally align well with the reported values of in situ disso-
lution rates, accounting for 50 to 100% of observed shallow dissolution 
rates. Together, these estimates reinforce our findings that MZP-
mediated dissolution is a central driver of the rapid cycling of CaCO3 
in the euphotic zone.

PICDissolved = (P _ [PIC ] × %coccos ) × %MZP × %Diss (1)

Bright �eld Blue �lter UV �lter False-color composite5 µm
G. dom O. mar

0

2

4

6

8

10

12

14

C
T

C
F

×104

Starved

Noncalci�ed prey

Calci�ed prey M
o

re
 a

ci
d

ic
L

es
s 

ac
id

ic

A B DC E
Prey chlorophyll 

�uorescence
LysoSensor probe

�uorescence

Fig. 2. LysoSensor tracks MZP vacuole pH evolution during digestion of calcified and noncalcified prey. (A to D) Image series for O. mar food vacuoles 3 hours after 
ingesting calcified E. hux. (A) Bright-field image showing engulfed prey and free prey. Scale bar, 5 μm. (B) False-color blue light image showing chlorophyll fluorescence of 
ingested and free prey. (C) False-color ultraviolet (UV) light image showing LysoSensor probe fluorescence within MZP vacuoles containing prey. (D) False-color compos-
ite of images (A to C) overlaid to aid in the visualization of colocalized prey and LysoSensor fluorescence. (E) Scatterplot of corrected total cell fluorescence (CTCF); purple 
circles show CTCF for freshly engulfed prey (t = 0 hours), green triangles show ingestion of calcified prey (CCMP374-C) after 3 hours, and tan squares show ingestion of 
noncalcified prey (CCMP1323) after 3 hours.

Table 1. Summary of global ocean CaCO3 production, export, and extrapolated MZP dissolution rates. 

Data source Production rate (Gt 
PIC year−1)

Export rate (Gt PIC 
year−1)

Export depth (m) In situ dissolution rate 
(Gt PIC year−1)

Lab-determined MZP 
dissolution rate (Gt 

PIC year−1)

 Milliman ( 1﻿ ) 0.6 0.2 100 0.4 0.3

 Feely et al. (  40 ) 0.7 0.4 200–1100 0.3 0.4

 Berelson et al. ( 2 ) 0.5–1.6 0.4–1.8 ~200 1.0 0.3–0.8

 Sulpis et al. (  28 ) 1.6 0.5–0.9 300 0.6–1.2 0.8

Liang et al. (  29 ) 1.8–2.0 1.0 279 1.0 0.9–1.0

 Ziveri et al. ( 10 ) 3.7 0.7 100–200 2.9 1.8
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The important role of MZP in the dissolution of upper ocean 
CaCO3 is further reinforced when compared with other recognized 
processes involved in the packaging and processing of biogenic cal-
cite (Fig. 3). Foraminifera and pteropods together likely experience 
minimal shallow dissolution, as they are expected to quickly sink out 
of the euphotic and mesopelagic due to their large size (10, 13). Fish-
produced carbonates are still highly unconstrained in global CaCO3 
production estimates, leaving their contribution to the CaCO3 export 
and shallow dissolution uncertain (31, 32).

Coccolithophores appear to be the dominant producer of open-
ocean calcium carbonate (10, 30). When considering the different 
processes that affect the attenuation of coccolithophore calcite, only 
5% of the calcite ingested by MZP is exported from the euphotic 
zone (Eq. 1, Fig. 1, and Table 1). Similarly, mesozooplankton pro-
cessing results in the export of 7% of coccolithophore calcite, but 

their ultimate contribution to shallow dissolution is likely smaller 
than MZP due to their different trophic role within food webs 
(9, 16, 17). All the remaining coccolithophore production (28%) we 
assume has the potential to aggregate into marine snow particles, 
which are large enough to sink rapidly out of the euphotic zone. It 
is worth noting that this remaining 28% includes the viral loss rate, 
which can also contribute to aggregation and particle formation 
(33) but may also cause coccolith shedding that may or may not 
become entrained in particles, thus hindering a full accounting of 
the fate of CaCO3 associated with these processes.

Alongside MZP grazing, particle-driven dissolution of CaCO3 is 
emerging as another major biological mechanism that controls at-
tenuation of shallow CaCO3. Recent global estimates of dissolution 
occurring in waters, supersaturated with respect to calcite but un-
dersaturated with respect to aragonite, imply a dissolution of 30% of 

Fig. 3. Fate of biogenic calcium carbonate within the euphotic and mesopelagic ocean. Values in boxes represent the upper and lower bounds for global CaCO3 
fluxes. Arrows represent the flux of CaCO3 in percentage, with letters indicating each distinct process. The top dashed line corresponds to the euphotic zone (~200 m), the 
middle dashed line represents the aragonite saturation horizon, and the bottom dashed line represents the calcite saturation horizon (where all forms of calcium carbon-
ate are undersaturated). Shallow CaCO3 production values are taken from (2, 10). (A) Portion of global CaCO3 production attributed to large calcifying organisms (10) which 
sink directly out of the euphotic zone with minimal shallow dissolution. (B) Portion of global CaCO3 production attributed to fish—now unconstrained (32). (C) Portion of 
global CaCO3 production attributed to coccolithophores (10). (D) Portion of coccolithophore production that is not directly grazed and is available for viral lysis and/or 
aggregation into sinking particles (16, 17). (E) Portion of coccolithophore production grazed by mesozooplankton [12%; (16, 17)] and subsequently dissolved [38%; (9)]. 
(F) Portion of coccolithophore production grazed by MZP [60%; (16, 17)] and subsequently dissolved (92%; this study). (G) Estimated extent of dissolution occurring in 
“mid-saturated” waters [where waters are supersaturated with respect to calcite but undersaturated with respect to aragonite; 29%; (6)].
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the euphotic zone flux within mesopelagic waters (6). Respiration 
within sinking particle aggregates may drive the formation of acidic 
microenvironments that could facilitate further dissolution as they 
sink from the euphotic zone (5). It is also possible for protists, fungi, 
fish larvae, and micro- and mesozooplankton to feed on and de-
grade particle aggregates, leading to a now unconstrained dissolu-
tion flux within particles that sink below the euphotic zone and 
deeper in the mesopelagic (34, 35). While particle-driven dissolu-
tion represents an unconstrained aspect of the CaCO3 cycle, our 
study highlights the demonstrative role of MZP ingestion and sub-
sequent dissolution as a fundamental biogeochemical mechanism 
working to rapidly recycle a substantial portion of CaCO3 within the 
supersaturated surface ocean.

In the broader context of ocean ecosystems and carbon trans-
port, MZP grazing–mediated dissolution of coccolithophores may 
reduce the calcite pool available for packaging into heavy, sinking 
particles. The ballasting of sinking particles by calcium carbonate is 
proposed to be an important control on the efficiency of the bio-
logical carbon pump (BCP), which is how photosynthetically fixed 
carbon moves from the surface to deep ocean (11, 36). Our results 
suggest that MZP grazing may reduce the efficiency of the BCP in-
directly by reducing the amount of coccolith calcite available for 
ballasting sinking particles. The modulation of MZP grazing on the 
ballast effect of coccolith calcite within the context of the BCP re-
mains to be tested and should be explored via direct in situ obser-
vations that explicitly measure coccolithophore production, MZP 
grazing, and particulate export fluxes. Field studies of coccolitho-
phore bloom dynamics with a focus on calcite production, grazing 
and viral infection mortality rates, associated particle aggregation, 
and export at various depths would provide a more comprehensive 
understanding of the dynamic mechanisms that control the calci-
um carbonate counter pump and, by extension, the ocean’s ability 
to absorb CO2.

This study identifies MZP grazing as a previously ignored bio-
logical mechanism that contributes to the shallow regeneration of 
alkalinity and, by extension, maintains the buffering capacity of 
the surface ocean (6). The application of 13C labeling in cultures 
can accurately and reliably quantify micro- and nanoscale process-
es involving the transformation and movement of carbon. In addi-
tion, we have demonstrated a potential time-dependent buffering 
effect within the food vacuoles of MZP due to the dissolution of 
ingested calcite materials, which likely affects grazer fitness (25) 
and dynamics of CaCO3 export within natural communities. The 
extrapolation of our lab results to global production and dissolu-
tion rates lends additional confidence in our identification of MZP 
grazing as an essential mechanism that recycles up to 50% of bio-
genic calcite production within the surface and mesopelagic ocean. 
This study highlights the importance of considering biological ac-
tivity and ecological interactions in the recycling of shallow alka-
linity, especially with regard to improving models and predictions 
of the ocean’s ability to absorb atmospheric CO2.

MATERIALS AND METHODS
General culturing procedures
13C-labeled seawater was prepared using sterile filtered seawater 
(FSW; 0.2-μm pore size). DIC and total alkalinity (TA) were com-
pletely removed via HCl addition and aeration and were then restored 
to typical surface values (2000 μmol kg−1 and 2200 μequiv kg−1, 

respectively) using 13C-labeled sodium bicarbonate (NaH13CO3) and 
sodium hydroxide (NaOH). f/2-Si culture medium was prepared ac-
cording to (37) using the 13C-labeled seawater and used to culture 
E. hux (strain CCMP374 from K. Bidle at Rutgers University). Cul-
tures were maintained in exponential growth at 16°C with a light in-
tensity of ~75 μmol photon m−2 s−1 on a 12/12-hour light/dark cycle. 
Cultures were allowed to grow under these conditions until their PIC 
reached a f13C of ~50% before any experiments were performed, with 
the f13C being the ratio of 13C to total inorganic C (13C + 12C). A min-
imum value of 50% for f13C was chosen because it allows for substan-
tial enrichment in the PI13C pool, thus providing a useful tracer for 
the fate of coccolith calcite during grazing.

O. mar and G. dom were obtained from the Phyto Lab in the College 
of Life Sciences and Agriculture at the University of New Hampshire 
and maintained in the Subhas Lab at the Woods Hole Oceanographic 
Institution. Cultures were transferred and fed weekly with Isochrysis 
galbana (CCMP1323) to a final concentration of 10,000 cells ml−1. 
MZP were maintained in an incubator with the same conditions as 
coccolithophore cultures. Before experiments, MZP were starved in 
sterile FSW for 5 days to ensure that their vacuoles were empty.

Organism abundance
During experiments, E. hux cell density was assessed via triplicate 
300-μl aliquots, run on a flow cytometer (Guava, Millipore), with 
optimized settings determined based on chlorophyll a fluorescence, 
side scatter (SSC), and forward scatter. To determine MZP abun-
dance, 2-ml aliquots were preserved using 1% Lugol’s solution and 
counted using a Sedgewick-Rafter chamber and a light microscope.

MZP ingestion tests
Before conducting grazing dissolution experiments, ingestion tests 
were conducted with both MZP to determine the optimal grazing 
density on non–13C-labeled E. hux. Tests were performed using a 
range of prey-to-predator ratios (50 to 1000) to identify which ratio 
allowed for the greatest prey ingestion within a 4-hour ingestion pe-
riod. Prey ingestion was quantified by calculating the change in cell 
density every hour for 6 hours total. It was determined that a prey-
to-predator ratio of ~500 for O. mar and ~200 for G. dom allowed for 
maximum ingestion of E. hux within a 4-hour period, and all subse-
quent grazing experiments were performed at that ratio.

Coccolith dissolution experimental protocol
Experimental bottles were prepared at a set prey:predator ratio, 
along with seawater-, predator-, naked prey–, and calcified prey–
only controls. All bottles were sampled for initial measurements 
(t = 0) of organism abundance, PIC, and DIC and placed in an incu-
bator for the 4-hour ingestion period (fig. S1). Total prey ingestion 
was quantified via flow cytometry by calculating the change in prey 
abundance over the ingestion period (t = 4). MZP were then sepa-
rated and recovered using a series of FSW rinses through a 5-μm 
polycarbonate track-etch membrane filter that allowed for uneaten 
E. hux cells to pass through. Recovered MZP were placed in a clean 
bottle with new FSW and were allowed to digest for another 4-hour 
period. Following MZP recovery, organism abundances were sam-
pled to verify that the majority of uneaten E. hux was removed and 
that >50% of the initial MZP were recovered. At the end of the 
4-hour digestion period (t = 8), final samples were collected for 
organism abundance, PIC, and DIC. Controls were carried through 
the entire experimental setup.
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Corrections for MZP regurgitation of 
ingested coccolithophores
During the digestion periods, it was observed that some coccolitho-
phore cells were “regurgitated” by the MZP. Regurgitation of cells 
was first observed on the microscope when confirming that live 
MZP were recovered following the filtration of uneaten coccolitho-
phores. Within a matter of seconds, an individual MZP was ob-
served to spin rapidly and eject a coccolithophore cell that it had 
ingested. Haunost et al. (38) also observed this phenomenon and 
showed that flow cytometry could be used to quantify the number of 
partially digested cells that had been regurgitated (they defined this 
phenomenon as egestion, but here, we use the term “regurgitation”). 
We inspected the flow cytometry plots and correlated the regurgi-
tated cells to a small population that had a similar SSC value but 
reduced fluorescence compared to the uneaten E. hux (fig. S2). We 
then corrected our “cells ingested” and subsequent “PIC ingested” 
calculations by gating and subtracting the regurgitated cells.

PIC ingestion and dissolution calculations
We related the measured cellular PIC quota (picomol PIC per cell) 
to the number of cells ingested to quantify the amount of PIC in-
gested during MZP grazing. PIC ingestion was then calculated using 
the following equation

where the cell density at the end of the ingestion period 
(

cells

ml f

)

 is 
subtracted from the cell density at the start of the grazing experi-
ment 

(

cells

ml i

)

 and multiplied by the total experimental volume (mlexp) 
and the cellular PIC quota.

The following equations were used to convert the raw signals 
from the Picarro into moles dissolved of 13C during MZP grazing. 
The f13C, which is the ratio of 13C/totC, was determined using the 
following equation

where DI13C is the amount of 13C in the dissolved phase, and DI12C + 
DI13C is the total DIC. Assuming negligible additions of 12C rela-
tive to 13C due to the enrichment of 13C within the coccoliths 
(f13C > 50%), the change in the isotopic abundance from the start 
and end of grazing was converted to a change in moles of 13C added 
to the seawater using the following equation [modified from (39)]

where mi is the mass of seawater at the start of the grazing experi-
ments, and [DIC]f/2,i is the initial DIC of the f/2-Si media control 
in micromoles per kilogram. f 13

sample,f
 is the fractional abundance 

measured at the final time point for the treatment, and f 13
GRZ,f

 is the 
fractional abundance measured at the final time point for the grazing-
only control. Therefore, ΔDI13Cf−i represents the change in moles 
of 13C between the start and end of the grazing experiments. Be-
cause of unpredictable changes in [DIC] from filtration steps in 
the experimental method, we chose to use [DIC]f/2,i because it rep-
resents the true initial [DIC] without any impacts from biology or 
other experimental artifacts.

While the PIC data constrain the high end of coccolith dissolu-
tion due to confounding effects of regurgitation, or “spitting out” 
partially digested materials (fig. S2), the DI13C data represent the 
lower limit of coccolith dissolution due to the potential loss of 
13CO2 due to outgassing during filtration steps. One-way, single-
factor analysis of variance (ANOVA) confirms that the DI13C en-
richment in the calcified grazing bottles was significantly different 
from the enrichment associated with the nongrazing controls 
(P < 0.05; Fig. 1C and data S1). The naked E. hux grazing treat-
ment (374-N) allowed us to constrain the DI13C associated with 
MZP respiration of labeled organic matter and was not statisti-
cally different from the enrichment associated with calcified graz-
ing treatments via one-way ANOVA (P = 0.409).

Analytical techniques
DIC samples were collected via gravity filtration by passing ~20 ml of 
seawater through a combusted 0.45-μm glass fiber filter, and PIC sam-
ples were taken from the same filters used for DIC collection. PIC sam-
ples were dried in an oven at 65°C for a minimum of 4 hours and stored 
in combusted tin foil inside the fridge until analyzed. All samples were 
analyzed using a Picarro Cavity Ring-Down Spectroscopy system, 
allowing simultaneous δ13 C and total PIC or DIC determination.

To account for the mass transfer of PIC into the dissolved phase, we 
also analyzed DI13C at the beginning and end of the grazing experi-
ments (Fig. 1C and fig. S3). Where the PIC data constrain the high end 
of coccolith dissolution, the DI13C data represent the lower limit of 
coccolith dissolution due to the potential loss of 13CO2 due to outgas-
sing during filtration steps. Other controls were incorporated into the 
experimental design to correct for various processes that might affect 
the PI13C and DI13C data. The media-only control served as a con-
straint on any isotope effects due to filtration and methodological arti-
facts. The grazer-only control allowed us to account for any effects 
arising from ambient grazer respiration, which affects [DIC] and ap-
peared to enrich the experiment media in DI12C (e.g., negative values 
in Fig. 1C). The prey-only control served as a constraint on any back-
ground dissolution that occurred on the calcified strains (i.e., from coc-
colith shedding/disintegration, microbially mediated dissolution, etc).

Vacuole pH determination using LysoSensor probe
Using LysoSensor Blue (DND-167), an acidotropic fluorescent probe, 
and an epifluorescence microscope equipped with a camera, we eval-
uated the acidity of food vacuoles during a 3-hour digestion period 
for both I. galbana (noncalcified prey) and E. hux (calcified prey). To 
understand the dynamics of pH evolution as the food vacuole forms 
and prey is digested, MZP were “pulse-fed” with prey, wherein they 
were initially starved, fed with prey (104 cells/ml), and imaged every 
~30 min for 3 hours. Two microliters of the LysoSensor probe was 
added to 1 ml of the MZP cultures (final probe concentration, 2 μM) 
and then incubated in darkness for 10 min at room temperature. After 
incubation, the cultures were anesthetized using 3 μl of NiSO4 per 
1 ml of culture to slow MZP movement to obtain clear images. Images 
were then collected using (i) transmitted light for normal color im-
ages, (ii) blue light for chlorophyll fluorescence of prey, and (iii) ultra-
violet light for LysoSensor probe fluorescence (Fig. 2B). We then 
calculated the CTCF associated with the lysosome as follows

See data S1C for raw data and CTCF calculations. See data S2 for 
all photos collected and used for the CTCF analysis.

pmol PICMZP=
pmol PIC

cell
×

(

cells

ml i
−
cells

ml f

)

×mlexp (2)

f 13 =

(

DI13C

DI12C+DI13C

)

(3)

ΔDI13C(sample,f )−(GRZ,f ) =mi× [DIC]f ∕2,i×
(

f 13
sample,f

− f 13
GRZ,f

)

(4)

CTCF = Integrated density− (Area of lysosome×mean background fluorescence) (5)
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