
Differential remineralization of major and trace elements in sinking diatoms

Benjamin S. Twining,1,* Scott D. Nodder,2 Andrew L. King,3,a David A. Hutchins,3

Gary R. LeCleir,4 Jennifer M. DeBruyn,5 Elizabeth W. Maas,2 Stefan Vogt,6

Steven W. Wilhelm,4 and Philip W. Boyd 2,7,b

1 Bigelow Laboratory for Ocean Sciences, East Boothbay, Maine
2 National Institute of Water and Atmospheric Research (NIWA) Ltd, Wellington, New Zealand
3 Marine Environmental Biology, Department of Biological Sciences, University of Southern California, Los Angeles, California
4 Department of Microbiology and The Center for Environmental Biotechnology, The University of Tennessee, Knoxville, Tennessee
5 Department of Biosystems Engineering and Soil Science, The University of Tennessee, Knoxville, Tennessee
6 X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois
7 NIWA Centre of Chemical and Physical Oceanography, University of Otago, Dunedin, New Zealand

Abstract

Macronutrients in sinking phytoplankton are typically remineralized at different rates, but less is known about
the fate of micronutrient metals associated with sinking cells. Scavenging, the presence of co-occurring abiotic
particles, and inadvertent contamination limit the utility of bulk analytical approaches to study remineralization
of trace metals in sinking phytoplankton. We used synchrotron x-ray fluorescence mapping to measure
macronutrients (P, S, and Si) and trace metals (Fe, Ni, and Zn) in individual cells of the diatom Asterionellopsis
glacialis during a spring bloom in subtropical waters off New Zealand. P, S, Zn, and Ni were released significantly
faster than Fe and Si from sinking cells in the upper 200 m. Bulk particulate element fluxes to sediment traps
indicated similar trends, but biogenic silica flux was attenuated much faster than Si was lost from intact sinking
cells collected in the traps. The metals were spatially co-located with P and S in upper ocean cells, but this
association with P and S (based on a spatial resolution of 450 nm) was largely absent in sinking cells. In contrast,
Fe retained a weak spatial association with Si, suggesting that remineralized Fe may be re-scavenged onto cell
surfaces. As a result, dissolved Fe : macronutrient stoichiometries in the water column likely underestimate
stoichiometries in sinking cells. We propose linkages between the selective loss of diatom cellular components
(e.g., ribosomes or phospholipid membranes, Zn-finger proteins, and urease) and the observed recycling of
specific elements (P, Zn, and Ni, respectively), which set the stoichiometry of macro- and micronutrient supply to
surface waters.

The growth and subsequent sinking of phytoplankton-
derived biogenic particles mediates the downward vertical
flux of C and other nutrient elements from the surface
ocean. This ‘biological pump’ removes C from the upper
ocean–atmosphere system and hence plays an important
role in Earth’s climate system. Sinking biogenic particles
are degraded by microbial and zooplanktonic activities
(Steinberg et al. 2008) and are also altered by abiotic
dissolution and scavenging processes. The net effect of
these processes at depth is remineralization, which we
define here as the breakdown of biogenic particles,
including microbially mediated enzymatic solubilization.
Deep waters then resupply these released nutrients to
surface waters by processes such as advective upwelling,
convective overturning, and deep winter mixing. Critically,
the depths at which elements are remineralized affects the
rates of their subsequent return to the surface; and changes
in the depths over which elements are remineralized can

thus indirectly influence atmospheric CO2 concentrations
over periods of decades to centuries (Kwon et al. 2009).

Elements are remineralized from sinking cells through
several mechanisms. Laboratory experiments with decom-
posing phytoplankton indicate that remineralization is
often microbially mediated (Lee and Fisher 1992; Bidle
and Azam 1999), and thus remineralization is affected by in
situ temperature and the composition of both particles and
microbial communities. Individual cells or aggregates may
also be consumed by mesozooplankton and associated
elements returned to the dissolved phase via sloppy feeding,
zooplankton excretion, or viral lysis. Sinking cells and
aggregates are also prone to microbial degradation and
subsequent dissolution (Karl et al. 1988). Released elements
diffuse into the water column after enzymatic attack or are
scavenged onto particle surfaces, as seen with some metals
(Lee and Fisher 1993; Frew et al. 2006). Further, the fate
of different types of particles, and their building blocks,
will be determined by their differential labilities. Dense
fecal pellets and larger ballasted phytoplankton aggregates
may sink rapidly and remove elements to deeper depths
prior to remineralization, while individual cells and less
consolidated aggregates may be prone to microbial
degradation and recycling in shallow waters. Information
about the fate of elements in specific particle types is
needed for the accurate modeling of these processes,
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including quantitative estimation of the effect of microbial
community and grazer composition on particle export and
remineralization.

Major bio-elements are known to be remineralized from
sinking plankton at different rates. Dissolved nutrient
profiles typically show N and P to be remineralized at
shallower depths than Si (Broecker and Peng 1982), and N
and P are often released more rapidly than C (Shaffer et al.
1999; Brea et al. 2004). Measurements of sinking particle
fluxes in sediment traps also show decoupling of C, N, and
P remineralization, with P and N lost before C (Schneider
et al. 2003). In some instances, P is also remineralized
before N (Loh and Bauer 2000). Together, these studies
reveal a generalized gradient of remineralization length-
scales of P # N , C , Si (Boyd and Trull 2007).

Less is known about the relative remineralization rates
of trace-metal micronutrients from sinking cells. Several
issues present challenges to this research. Trace metals
occur at much lower concentrations in the ocean than
macronutrients, and metals are more prone to inadvertent
contamination during sampling and analysis. Thus, relative-
ly few studies have attempted the logistically difficult task of
sampling vertical fluxes of trace elements using ‘clean’
techniques and procedural blanks (Frew et al. 2006).
Additionally, abiotic processes such as authigenic mineral
formation and adsorptive scavenging are important for
metals such as Mn, Fe, and Co (Chester 2003; Noble et al.
2012), and these processes may mask biological remineral-
ization processes in the water column. Further, particles of
lithogenic and authigenic origin are often a significant
component of particulate metal pools (Frew et al. 2006;
Lamborg et al. 2008; Barrett et al. 2012), confounding
interpretations of biogenic particle behavior from bulk
geochemical measurements. Although there is some evidence
for decoupled remineralization of biogenic trace metals
(Lamborg et al. 2008; Boyd and Ellwood 2010), in many
instances it is not known whether remineralization of
biogenic trace metals is coupled to that of major elements.
It is also not known to what extent differences in metal
remineralization are due to differences in the behaviors of
the various particle types (i.e., biogenic vs. lithogenic)
compared with differences in the behaviors of the metals
within a given particle type. Critically, the heterogeneous
nature of sinking particle assemblages collected in sediment
traps precludes studying the behavior of individual func-
tional groups with traditional bulk analytical approaches.

Here we use single-cell synchrotron x-ray fluorescence
(SXRF) analysis to analyze individual components of
sinking material collected using trace-metal–clean tech-
niques during a spring bloom in the ocean. With this
approach, we are able to focus analyses on a single taxon
of sinking diatoms that was the dominant species of the
phytoplankton bloom. We report direct evidence of
differential remineralization of bioactive elements—com-
prising both major and trace elements—measured in
suspended and sinking diatoms during a bloom event.
These results suggest that autolysis and/or microbial
degradation, likely followed by selective scavenging, results
in decoupled remineralization of different elements in the
water column.

Methods

Sample collection—Samples were collected as part of the
FeCycle II GEOTRACES process study of trace-metal
biogeochemistry during the annual spring diatom bloom in
subtropical waters 280 km east of the North Island, New
Zealand (Boyd et al. 2012). Waters were sampled within an
anticyclonic eddy centered on 39u209S 178u409W using a
quasi-Lagrangian approach with drogued drifter buoys. All
stations were within 25 km of this location. Cells of the
centric diatom species Asterionellopsis glacialis, as well as
bulk particles . 0.2 mm, were collected from 30 m and 60 m
using Teflon-coated Niskin-X bottles deployed on a trace-
metal–clean rosette. Samples for size-fractionated chloro-
phyll were taken from 5, 30, 60, 100, and 200 m on the same
casts. Sinking cells and particles were collected at 100 m
and 200 m using trace-metal–clean free-drifting, cylindrical
MULTI-sediment traps (7 cm diameter; aspect ratio,
height : diameter 5 8.3 [Martin et al. 1987; Frew et al.
2006]). Sediment traps were deployed for 72 h on four
separate occasions. The second deployment (A2) occurred
from day of the year (DOY) 267–270—corresponding to
the A. glacialis bloom—and synchrotron and bulk data
correspond to this deployment.

Bulk sediment-trap particles were collected in baffled
cylinders back-filled with Chelexed brine solution poisoned
with , 1% trace metal-cleaned chloroform (Frew et al. 2006).
Procedural blanks consisting of sealed tubes were included in
each deployment and confirmed low levels of metal contam-
ination. All traps were screened for zooplankton ‘swimmers’
. 200 mm prior to sampling. Bulk particulate N fluxes were
determined in samples filtered onto pre-combusted HCl-
washed GF/F membranes using a modified Kjeldahl method
(Downes 1978). Bulk biogenic silica fluxes were determined by
NaOH digestion of trap material collected on pre-weighed
25 mm diameter 0.2 mm pore-size polycarbonate membrane
filters (Ragueneau and Tréguer 1994). Particulate material for
inductively coupled plasma mass spectrometry (ICPMS)
analysis was immediately filtered onto acid-washed 47 mm
diameter 0.2 mm pore-size polycarbonate membrane filters
and rinsed with an oxalate and ethylenediaminetetraacetic
acid solution (mixed-layer samples) or 0.2 mm filtered seawater
(trap samples). The oxalate solution was not used on trap
samples because of uncertainty about the effect of this rinse on
potentially degraded sinking cells, because development and
testing of the rinse was previously performed with healthy,
intact phytoplankton (Tovar-Sanchez et al. 2003). Based on
preliminary data, this difference in rinse treatment may result
in , 40% lower particulate Fe concentrations in the mixed-
layer compared with trap samples (see further discussion
below). All ICPMS samples were stored frozen at 220uC until
analysis. Cells for synchrotron analysis were collected from
unpoisoned traps and were immediately preserved with 0.25%
trace-metal–clean glutaraldehyde prior to centrifugation onto
transmission electron microscopy grids using clean techniques
following the protocols of Twining et al. (2003).

SXRF analyses—Individual A. glacialis cells were
analyzed by SXRF microprobe, providing quantitative
measures of element quotas and two-dimensional maps of
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element distribution within each cell (Twining et al. 2003).
Cells were analyzed at beamline 2-ID-E of the Advanced
Photon Source, Argonne National Laboratory. Twenty-six
individual cells were analyzed in total, including 14
collected from the surface mixed-layer and 7 and 5 cells
from the 100 m and 200 m traps, respectively. Each cell was
raster-scanned with a focused 10 keV x-ray beam with a
diameter of , 0.45 mm. Step sizes were 0.4 mm and dwell
time at each pixel was typically 1 s. Fluorescence spectra
from the pixels covering the cell were averaged to calculate
whole-cell quotas, and a fluorescence spectrum from a
neighboring empty section of the grid was subtracted.
Cellular Ka fluorescence intensities for Si, P, S, Fe, Ni, and
Zn were then fit with a modified-Gaussian model using
custom software and peak areas converted to areal element
concentrations using National Bureau of Standards certi-
fied standard reference materials (Twining et al. 2011).

Carbon and N cannot be detected in the cells via SXRF
because of low fluorescence yields, small photo-electric
absorption of the incident 10 keV beam, and significant
fluorescence self-absorption for these elements. Sulfur is
readily detectable and has been used as an alternate proxy
for cell biomass in previous SXRF studies (Twining et al.
2004, 2011). Sulfur associated with dimethylsulfoniopro-
pionate is likely lost from cells prepared for SXRF by
fixation with glutaraldehyde. Therefore the dominant
forms of cellular S detected with SXRF are likely to be
cysteine and methionine amino acids incorporated into
proteins. Proteins are also the major reservoir of N in
phytoplankton (Sterner and Elser 2002). Although the S
content of proteins can vary in response to environmental
factors (Bragg et al. 2006), this would change the
stoichiometry but not the qualitative analogous behavior
of S and N. Sulfur may also be incorporated into sulfolipids
in diatoms, but these are likely to be only a minor
component of lipid membranes under the P-replete
conditions observed during FeCycle II (Boyd et al. 2012).
Thus, S serves as an alternative proxy for organic matter in
phytoplankton that is expected to mimic N more closely
than P.

Element attenuation coefficients were calculated for A.
glacialis cells collected from the various selected depths.
Mean element quotas for cells collected from 60 m were not
significantly different (Wilcoxon test, p . 0.05) from those
of cells from 30 m for any of the elements, and all
suspended cells were grouped together for calculation of
attenuation coefficients. Attenuation coefficients were
calculated by fitting to the data the power law equation:
quota 5 a (Depth)2b, where a and b are constants and
Depth is in meters (Martin et al. 1987; Lutz et al. 2007).

Element co-localization within cells was investigated by
plotting pixel-specific areal concentrations (mg cm22) of
one element against those of another element in the same
pixel; only pixels representing the cell in the two-
dimensional scan were included in the analysis. Linear
regressions of pixel-specific concentrations were used to
assess changes in sub-cellular element spatial correlations
with depth. The calculated coefficients of determination (r2)
for each element pair were averaged over all cells sampled
from a given depth, and a Kruskal–Wallis test (JMP

version 7; SAS Institute) was used to test for significant
changes in the mean coefficients of determination with
depth. Depth changes in relative spatial correlations
between element pairs in individual cells were also
examined. In this case, we took advantage of the single-
cell nature of the data set and performed pair-wise
comparisons of spatial associations within each cell. For
example, the spatial association (i.e., coefficient of deter-
mination, r2) of Fe and P within cell No. 1 was compared
with the association of Fe and Si within cell No. 1. This was
repeated for all cells at the same depth, and the data for
each depth were then grouped and tested for statistically
significant differences in the coefficients of determination
of the two element pairs using a Wilcoxon Signed Rank
Sum Test.

Bulk element ICPMS analyses—Particulate samples for
ICPMS trace-metal and P analysis were thawed and
processed in a trace-metal–clean laboratory using a
complete acid digestion protocol (Eggimann and Betzer
1976) as described by King et al. (2012). Sample and blank
filters were placed in digestion bottles and refluxed in
750 mL ultrapure HCl for 30 min in a 100uC water bath,
then 250 mL ultrapure HNO3 was added and refluxed for
an additional 30 min, then finally 50 mL ultrapure HF was
added and refluxed for 1 h. Samples were cooled for $
30 min between acid additions and all work was performed
in a HEPA-filtered laminar-flow fume hood to minimize
contamination. The final digest solution was diluted (1 : 5
v : v) using ultrapure water and transferred (with filter
remnants) to acid-washed 15 mL low-density polyethylene
bottles.

Elements were quantified with a magnetic sector high
resolution inductively-coupled plasma mass spectrometer
(Element 2; Thermo). The ICPMS was calibrated using a
multi-element standard and calibration checked with the
certified reference material SLRS-4 (National Research
Council, Canada; recovery ranged 94–109%). Prior to
analysis, 150 mL particulate sample digest was added to
850 mL 5% ultrapure HNO3 spiked with a 1 mg : kg 115In
internal standard. Samples were introduced via an auto-
sampler attached to a Teflon nebulizer (PFA-ST nebulizer;
Elemental Scientific) coupled with a PC3 cyclonic spray
chamber (Elemental Scientific). The ICPMS was tuned daily
using a 1 mg : kg 115In solution and mass offsets were corrected
with a 5 mg : kg multi-element standard. Procedural filter
blanks were also subjected to the same storage, digestion,
dilution, and analysis processes, and these blank values were
subtracted from values for sample measurements.

Photoautotroph quantification and classification—Con-
centrations of phytoplankton in the water column were
quantified in several ways. Size-fractionated Chlorophyll a
(Chl a) concentrations were determined for microphyto-
plankton (. 20 mm) by passing samples through 47 mm
diameter polycarbonate filters (GE Osmonics). Chl a was
extracted from the filters in 90% acetone at 4uC overnight.
Concentrations were quantified using a 10-AU fluorometer
(Turner Designs) using the non-acidification protocol
(Welschmeyer 1994). A. glacialis cells were directly counted
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in surface waters (5 m) using manual microscope counts of
Lugol’s-preserved phytoplankton. To complement these
data and place them within the context of the whole
phytoplankton community, the relative abundance of
photoautotrophs deeper in the water column (100 m) was
assessed at different time points using PCR and high-
throughput pyrosequencing of 16S rDNA sequences. DNA
was extracted from particles in water samples collected
onto 0.2 mm polycarbonate filters using the MoBio
ultraclean soil DNA kit (MoBio). Fragments of 16S rRNA
genes (, 580 base pairs, encoding the hyper-variable V3–
V5 regions) were amplified using primers 338F and 926R
(Wang and Qian 2009) and Platinum Taq DNA polymer-
ase (Invitrogen). After the initial Polymerase Chain
Reaction (PCR) amplification (30 cycles), PCR products
were purified with the Qiaquick PCR cleanup kit (Qiagen).
A second round of PCR (6 cycles) was performed on the
individual PCR products to add 454 fusion primers and
multiplex identifiers (MIDs) to each sequence (Hamady
et al. 2008). Individual products were then pooled and once
again cleaned up using the Qiaquick PCR cleanup kit. The
pooled products were prepared for unidirectional pyrose-
quencing using 454 Titanium chemistries according to
manufacturer’s protocols (454 Life Sciences) at the
University of Tennessee – Oak Ridge National Laboratory
Joint Institute for Biological Sciences.

Sequences were processed and trimmed using the
MOTHUR (version 1.19) software package. After prepro-
cessing our sequences for sufficient quality (qaverage 5 25)
and length (minlength 5 450); 7183 sequences remained.
These 7183 sequences were then classified using the
Ribosomal Database Project classifier within MOTHUR.
Sequences for phototrophs, which include those related to
the bacillariophyta, cryptomonadaceae, chlorophyta,
chlorarachniophyceae, streptophyta, or cyanobacteria were
analyzed further. The sum total of these sequences was
considered as the 100% total for phototrophic community
structure, with the contribution of each of the above groups
then considered relative to the total phytoplankton
community. These photoautotrophic sequences were orga-
nized by sample date. Total counts were normalized
between sample dates and each phylogenetic lineage was
then reported as the percentage of reads of photoautrophic
origin within each sample. Using these approaches, we
determined the temporal change in A. glacialis and the
large (. 20 mm) phytoplankton community, as well as the
proportion of the phytoplankton community represented
by A. glacialis.

Results

A full description of the hydrography and biogeochem-
ical setting during FeCycle II is presented elsewhere (Boyd
et al. 2012; Weller et al. 2013). The surface mixed-layer was
initially . 60 m and shoaled rapidly to , 30 m on DOY
267 (Fig. 1B; Weller et al. 2013). Mixed-layer temperature
was , 13uC. Transmissivity, a proxy for particle abun-
dances, revealed a phytoplankton bloom beginning on
DOY 267 and continuing through DOY 270. Chl a
abundance and transmissivity indicated the beginning of

bloom decline at this point, immediately prior to a wind
event on DOY 271–272, which ejected the drogued drifter
buoy from the eddy (Boyd et al. 2012). A more complete
presentation of the chlorophyll data is provided in Weller
et al. (2013).

Fig. 1. (A) Concentration of Asterionellopsis glacialis cells
(filled circles) and percentage of all nano- and microphytoplank-
ton cell counts accounted for by A. glacialis (open circles) in the
mixed-layer (5 m) over the course of the diatom bloom. (B)
Subsurface concentrations (mg L21) of . 20 mm Chl a as a
function of time. The red boxes indicate the time and depth of cell
collection for SXRF analysis. The dotted white line indicates the
base of the mixed-layer. The surface layer cells were collected with
Niskin-X bottles and the 100 m and 200 m cells were collected
with free-drifting sediment traps deployed for 3 d. DOY—day
of the year.
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Both light microscopy and analysis of 16S rDNA
sequences indicate that diatoms comprised a major
component of the microplankton community during the
bloom, with the araphid pennate diatom A. glacialis being
the most abundant diatom (Figs. 1, 2). Concentrations of
A. glacialis dropped rapidly over the course of several days,
and by DOY 271 they were , 10% of the microplankton
community. Sediment traps deployed to 100 m and 200 m
depth from day 267 to day 270 captured abundant A.
glacialis cells (Figs. 1, 3). Both individual cells and bulk
particles were collected from the surface mixed-layer, and
sinking cells and particles were intercepted by free-drifting
sediment traps at 100 m and 200 m within 24 h of the
bloom decline.

Element analyses of individual A. glacialis cells with
SXRF demonstrate markedly differing rates of loss of both
major biomass (P, S, and Si) and trace-metal (Fe, Ni, and
Zn) constituents. Phosphorus and S were rapidly released
from sinking cells, with mean (6 standard error [SE]) P
quotas decreasing from 51 6 8 fmol cell21 in surface
mixed-layer samples to 23 6 8 and 17 6 4 fmol cell21

at 100 m and 200 m, respectively (Fig. 4A). Cellular S
dropped 75% from suspended cells to cells in the 100 m
trap and an additional 32% by 200 m (Fig. 4B). Both

changes were statistically significant (p , 0.05; Table 1). In
contrast, no consistent change in cellular Si was observed
between the different depths (p 5 0.146; Fig. 4C). Trace-
metal remineralization was also decoupled, as cellular Zn
and Ni quotas decreased by 76% and 61%, respectively,
over the upper 200 m (Fig. 4E, F), compared with only a
25% decrease in Fe quotas (Fig. 4D). Of the metals, only
the change in Zn was statistically significant (p , 0.05;
Table 1).

Bulk fluxes measured in the sediment traps also show
notable differences in element remineralization. These
trends qualitatively match the relative trends seen in
individual A. glacialis, with the exception of Si. Between
100 m and 200 m, bulk C and N fluxes decreased 45% and
55%, respectively, compared with a 32% decrease in
cellular S. Bulk P flux decreased by 66%, and cellular P
dropped by 28%. Nickel flux decreased 42% 6 38%, and
bulk Zn flux decreased by 66% 6 31%% (Table 1). Bulk
particulate Fe fluxes decreased only 4% between 100 m and
200 m. However, bulk biogenic Si fluxes decreased to the
greatest extent (85%) between sediment traps at the two
depths, in marked contrast to the Si quotas of A. glacialis,
which did not significantly decrease. These data cannot be
compared with surface values because fluxes were not
measured in the mixed-layer. However, the flux data are
internally consistent and not subject to differences in bulk
particle rinses used in the surface and traps. The bulk flux
data support the individual cell data in showing a
decoupling of remineralization of both major elements
and trace metals. Remineralization of bulk P and Si were
both faster than loss of these elements from sinking cells
captured at the same depths.

Normalization of bulk particulate metals to particulate P
or Si enables comparisons of stoichiometries among all
three collection depths. Phosphorus-normalized Fe and Ni
stoichiometries were notably higher in bulk particles than
in individual A. glacialis cells collected from the same
depth, suggesting that significant amounts of Fe and Ni in
the bulk pool were non-biogenic (Fig. 5). In contrast, bulk
and cellular Zn : P were similar, indicating that particulate
Zn was mostly biogenic. Bulk particles in the mixed-layer
were treated with an oxalate rinse, which could have
removed up to 40% of the Fe. If mixed-layer particulate Fe
values were corrected for this potential 40% loss Fe : P
would be 40% higher, providing even stronger support to
the conclusion that much of the particulate Fe was
lithogenic or at least non-biogenic. Data demonstrating
the effect of oxalate rinsing on particulate Ni and Zn are
not available, but a previous study shows that very little if
any cellular Zn is removed by the oxalate wash (Tang and
Morel 2006), so artifacts are expected to be smaller for Zn
than for Fe.

Changes in bulk stoichiometries with depth qualitatively
match changes in cellular stoichiometries. Bulk Fe : P
increased , four-fold and cellular Fe : P increased , two-
fold (Fig. 5). Correcting surface-bulk Fe for potential 40%
removal via oxalate would result in a 2.6-fold increase in
bulk Fe : P between the mixed-layer and 100 m. Only very
minor changes in Zn : P were seen between the mixed-layer
and 100 m, suggesting that these elements were remineralized

Fig. 2. Abundance of Asterionellopsis 16S rDNA sequences
in samples collected at 100 m over the course of the diatom bloom.
Asterionellopsis abundances are presented as a percentage of all
diatom sequences (grey) and a percentage of all photoautotrophic
sequences (black). The abundance of diatom sequences as a
percent of total sequence reads is presented in white. A clear shift
is evident from pre-bloom conditions (DOY 265) to the peak of
the bloom export (DOY 270).
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together. Cellular Ni : P dropped 53% by 100 m, and bulk
Ni : P dropped 76% by 100 m (Fig. 5). Although the
magnitude of the changes are somewhat different, the
similar direction of changes suggest that the remineralization
processes acting on A. glacialis were occurring on other cells
and particles as well.

The elemental stoichiometries of material lost from
sinking cells provide insights into underlying remineraliza-
tion mechanisms. These were calculated by dividing the
difference in mean metal quotas of cells at the two depths
of interest by the difference in mean biomass element (P, S,
or Si) quotas of cells at the two depths. The Fe : P and Fe : S

stoichiometries of cellular components remineralized from
diatoms in the upper 100 m (0.5 and 0.14 mmol : mol,
respectively) were five- to seven-fold less than those
measured for mixed-layer diatom cells (2.6 and 1.0 mmol :
mol, respectively; Table 2). Thus, the biomolecules most
readily solubilized by microbes from sinking cells—either
passively or actively—appear to be largely non-Fe–con-
taining moieties (e.g., nucleic acids and phospholipids).
In contrast, Zn and Ni stoichiometries of components
remineralized from diatoms in the upper 100 m were
comparable to those of mixed-layer diatom cells, suggesting
that Zn and Ni were lost as intact biomolecules (e.g.,

Fig. 3. Light (differential interference contrast) and epifluorescence (480 nm excitation)
micrographs of A. glacialis cells collected from (A) the surface mixed-layer, (B) 100 m sediment
trap, and (C) 200 m sediment trap. Chlorophyll fluorescence is evident in cells at each depth,
strongly indicative of the presence of intact chloroplasts within cells. The scale bar indicates
40 mm.
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proteins; Lee and Fisher 1993) or in conjunction with P and
S moieties.

Additional information on sub-cellular biochemical
associations and remineralization mechanisms is provided
by analysis of the spatial distributions of the elements
retained within cells. Correlations of elements within
individual diatoms from different depths show that
biogenic elements generally become less spatially correlated
with each other as cells sink (Fig. 6). For example, cellular
regions with higher Fe and S concentrations—indicating
areas with organelles or other sub-cellular features enriched
in these elements—tend to be spatially correlated in cells
from the surface mixed-layer (Fig. 6B). In cells collected
from sediment traps distributions of these elements have
been altered by remineralization processes, and regions
with high element concentrations are less likely to be
spatially co-located (Fig. 6D). Comparisons of mean
coefficients of determination (r2) for element pairs at
different depths demonstrate that, with the exception of
Zn–S, metals became spatially decoupled from the biomass
proxies P and S as cells sank (Table 3). However Fe
maintained its weak spatial association with Si in the
frustule even at 200 m, and Zn and S retained a strong
spatial association (mean r2 5 0.48) even at 200 m.

Pair-wise statistical comparisons of spatial associations
of elements within each cell provide additional evidence of
different behaviors of the three bioactive metals. Because
the coefficients of variation are calculated for individual

cells, the relative correlation of the elements in each cell can
be directly compared. For example, the correlation of Fe
and P in a certain cell can be compared with the correlation
of Fe and Si in the same cell. The relative magnitude of the
coefficients of determination between element pairs in cells
from each depth were then aggregated and tested for
significant difference from no difference in spatial correla-
tion between the element pairs using a non-parametric
Wilcoxon Signed Rank Sum test. The statistical results are
summarized in Table 4. Iron was equally associated with P
and S at all 3 depths; Ni showed the same behavior. In
contrast, Zn was significantly more associated with S than
P at the surface and 100 m. This further supports a unique
association between Zn and S. Iron was significantly more
associated with P and S than with Si at the surface, but this
association was lost at depths below 100 m for P and below
200 m for S, again suggesting movement of Fe from P and
S moieties (e.g., protein) to Si moieties (e.g., frustule) or
maintenance of Fe–Si associations while moieties with Fe,
P and S were degraded. Contrasting this, Zn was more
associated with S than with Si throughout the upper 200 m,
although this difference was only weakly significant at
200 m (p 5 0.063). Iron was somewhat more associated
with Si than was Zn at all depths (p , 0.08). Nickel was
significantly more associated with P (but not with S) than
with Si in the upper 100 m, but this association was lost by
200 m depth, likely as a result of outer membrane
degradation and loss of these elements from the cells.

Fig. 4. Depth profiles of Asterionellopsis glacialis cellular element quotas for (A) P, (B) S, (C) Si, (D) Fe, (E) Zn, and (F) Ni. The
quotas are means 6 SE (n 5 5–14). A power-law function (Flux 5 a(depth)2b) has been fitted to each data set and the resulting
attenuation coefficients (b) for the cells are shown in Table 1. P, S, and Si quotas are presented as fmol cell21, while Fe, Zn, and Ni quotas
are presented as amol cell21.
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Discussion

Analysis of trace metals Fe, Zn, and Ni in individual
sinking diatom cells enables us to avoid operational
definitions of biogenic vs. lithogenic material and focus
unambiguously on sinking cellular material without the
confounding influence of lithogenic particles that often
hinders our understanding of trace element remineraliza-
tion (Frew et al. 2006). Simultaneous bulk measurements of
elements in sinking particles in the same traps allow us to
make direct comparisons with traditional integrated fluxes.
This dual approach reveals that these bioactive metals
are lost from cells at different rates, likely via different
mechanisms, with consequences for their geochemical fate.

Differential remineralization length scales—The data on
cellular quotas and bulk elemental fluxes show that major
elements associated with sinking phytoplankton are re-
leased at different rates and hence at different depths.
Nearly two-thirds of cellular P and S were lost from the
diatoms as they sank through the upper 200 m, while ,
10% of cellular Si was lost. This dramatic difference in the
lability of the major biomass elements in diatoms can be
explained by the presence of Si in opal (SiO2) frustules that
are protected from immediate dissolution by an organic
coating (Bidle and Azam 2001), while P and S (and N) are
associated with organic biochemical moieties in the cells.
Loss of Si from the cells requires prior degradation of the
organic coating, while P- and S-containing molecules may
be lost directly upon mechanical or microbial enzymatic
attack to the cells. Further, bacterial respiration may create
microenvironments of lowered pH that serve to enhance
breakdown of organic molecules while stabilizing amor-
phous SiO2, which is stable at lower pH (Alldredge and
Cohen 1987). Careful leaching experiments with natural
marine plankton assemblages have shown how readily P
can be lost from cells (Collier and Edmond 1984), and the
shallower depth of P remineralization compared with Si
broadly matches vertical profiles of these nutrients in
dissolved form and flux attenuation coefficients (calculated
as the b coefficient with the Martin equation; Martin et al.
1987) measured in upper-water-column sediment traps in
other regions (Table 5).

There is a discrepancy in the Si data, with the single-cell
measurements showing insignificant loss from A. glacialis
in contrast to the bulk flux data showing biogenic silica to
be the most rapidly lost element (85% drop in Si flux
between 100 m and 200 m). One explanation for this
discrepancy may be different behavior of silica in sinking
intact diatom cells compared with that of bulk detrital
biogenic silica, which can comprise the majority of the
biogenic Si (Krause et al. 2010). Silica detritus generated by
zooplankton grazing and degraded by microbial enzymes
can dissolve rapidly in under-saturated surface waters
(Adjou et al. 2011), and roughly 50–75% of sinking
biogenic silica can be solubilized in the upper water column
(Treguer and De La Rocha 2013). In contrast, the intact
diatom cells targeted with SXRF were clearly more
resistant to dissolution, at least in the upper 200 m. Alter-
natively, the discrepancy may be caused by taxon-specific
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differences in dissolution or grazing of diatoms sinking
through the water column. A. glacialis was the most
abundant diatom in the surface mixed-layer at the time
of sampling, but other diatom taxa were also present,
including small centrics and pennates and larger chains of
diatoms such as Guinardia spp. and Leptocylindrus danicus
(data not shown). A. glacialis was well-represented in the
trap material, but Guinardia spp. and Leptocylindrus spp.
were not found in the traps (F. H. Chang pers. comm.),
suggesting that these groups may have been more prone to

dissolution or grazing. There also may have been less
intact A. glacialis cells present in the traps, but these were
not chosen for SXRF analysis.

The cellular trace-metal constituents Fe, Ni, and Zn were
also lost from cells at different rates, with Ni and Zn lost
rapidly (likely in conjunction with P, S, and N) but Fe
retained to a greater depth in the water column. As with the
macronutrients, the bulk-trap flux data generally support
the SXRF data, indicating a decoupling between the
remineralization of Ni and Zn and retention—and poten-
tially scavenging—of Fe. Comparisons of dissolved metal
profiles also suggest that Fe is remineralized deeper than
macronutrients N and P (Johnson et al. 1997; Frew et al.
2006), and dissolved profiles generally indicate that Ni and
Zn are coupled to macronutrient remineralization (Bruland
1980). Ship-board incubations of natural plankton assem-
blages have also showed Ni to be more readily released
than Fe (Collier and Edmond 1984).

There are few published data with which to directly
compare these results. Lamborg et al. (2008) report Fe flux
attenuation coefficients that may not be significantly
different from 0 at Sta. ALOHA, and at Sta. K2 in the
sub-arctic Northwest Pacific Fe fluxes increased with depth
in the upper 500 m (Table 5). Zinc fluxes, when reported,
showed little attenuation with depth. A long-term record of
Fe fluxes to deeper sediment traps (. 500 m) in the
Sargasso Sea also shows increasing Fe fluxes with depth
(Conte et al. 2001). Such observations can be explained
by lateral inputs of lithogenic and detrital particles, and
scavenging of dissolved Fe may also contribute to
particulate Fe fluxes. Such effects likely mask biological
remineralization processes that are occurring in the water
column, highlighting the limitations of bulk sediment-trap
data for studying Fe remineralization.

Indeed, we observe bulk trace-metal fluxes that group
according to broad geochemical classification (Kuss and
Kremling 1999), potentially independent of elemental
behavior in sinking cells. Bulk fluxes of Ni, Cu, Zn, and
Cd attenuated at a rate similar to that of P, and Fe flux
attenuated in step with Al and Ti (Fig. 7). The matching

Fig 5. Phosphorus-normalized Fe, Zn, and Ni stoichiome-
tries for individual cells (SXRF; solid bars) and bulk particulate
material (ICPMS; hashed bars) collected from the surface mixed-
layer (white bars) and the 100 m sediment trap (gray bars).

Table 2. Element stoichiometries (mmol mol21) for A. glacialis, bulk material, and material remineralized from A. glacialis during
trap deployment A2. Data for A. glacialis are mean stoichiometries of cells collected at 30 m (n 5 14), 100 m (n 5 7), and 200 m (n 5 5).
Data for the surface mixed-layer bulk-particle assemblage are from 30 m on day of the year 269. Blank spaces indicate values that were
not calculated because of lack of consistent data across the depths. Dashes indicate negative values.

Fe : P Fe : S Fe : Si Zn : P Zn : S Zn : Si Ni : P Ni : S Ni : Si

Surface mixed-layer

A. glacialis 2.6 1.0 0.47 6.7 2.5 1.21 0.34 0.13 0.062
bulk particles 24 — — 5.0 — — 3.3 — —

100 m trap

A. glacialis 5.1 3.6 0.66 5.7 4.0 0.73 0.16 0.11 0.021
bulk particles 78 — — 10.7 — — 0.84 — —

200 m trap

A. glacialis 6.0 4.4 0.38 5.0 3.7 0.32 0.41 0.30 0.026
bulk particles 327 — — 9.0 — — 1.56 — —

Remineralized material
30–100 m 0.5 0.14 0.14 7.5 2.1 2.05 0.49 0.14 0.13
100–200 m 2.9 1.8 — 7.4 4.6 — — — —
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behavior of Fe, Al, and Ti—despite significant differences
in the concentrations of these metals in phytoplankton—
indicates that Fe fluxes are dominated by lithogenic
particles. This interpretation is supported by particulate
Fe : P ratios that are . 10-fold above those measured in
cells (Table 2), and particulate Fe : Al ratios (0.21 6
0.03 mol : mol across all trap samples) that are very close
to crustal values in Australian dust samples (0.18 mol : mol;
Frew et al. 2006). Lithogenic materials are significantly
more resistant to microbial degradation (Boyd et al. 2010),
so remineralization length-scales will likely vary as a
function of the chemical composition of the sinking
particles. Further, the proportions of lithogenic and
biogenic particles will vary regionally (Boyd et al. 2010).
By teasing apart such fundamental differences in the
breakdown of biogenic and lithogenic particles, we can
better constrain the biogeochemical roles of biogenic and
lithogenic particles in setting the degree of coupling
between minor and major elements in the ocean.

Mechanisms and sequence of remineralization—The light
micrographs and single-cell analyses provide clues to the
mechanisms by which elements are remineralized from sinking
diatoms. If the cells had been grazed by mesozooplankton

Fig. 6. False-color element maps (Si, P, S, Fe, Ni, Zn) and associated scatterplots of pixel-specific Fe and S concentrations for
Asterionellopsis glacialis cells collected from (A, B) 30 m or (C, D) 200 m. Warmer colors indicate higher concentrations, but each map
has a separate absolute scale. The scale bars indicate 10 mm for each cell. For the scatterplots, Fe and S concentrations for each pixel in
the cell were extracted and plotted against each other. A linear regression has been fit to the data, and the resultant coefficient of
determination (r2) is shown on each plot.

Table 3. Mean (6 SE) coefficients of determination and
results of Kruskal–Wallis test for significance of depth effect.
Eight, 7, and 5 samples were analyzed from the surface mixed-
layer, 100 m, and 200 m, respectively. The number of samples
from the surface mixed-layer was reduced by exclusion of cells
analyzed during a synchrotron run in November 2009, when lower
spatial resolution limited our ability to assess subcellular
associations. Values reported for each of the three depths are
means. The final column shows p-values for the test. p-values ,
0.05 indicate statistically significant changes in the spatial
association of the two elements with depth.

Surface 100 m 200 m p-value

Fe–P 0.5660.05 0.3460.09 0.2260.05 0.02
Fe–S 0.6660.07 0.3260.05 0.3260.12 0.02
Fe–Si 0.3160.03 0.1960.04 0.2760.05 0.20
Zn–P 0.4860.08 0.1560.06 0.2760.08 0.03
Zn–S 0.6760.09 0.5060.07 0.4860.15 0.27
Zn–Si 0.1260.01 0.0760.02 0.0660.02 0.01
Ni–P 0.5260.07 0.2360.07 0.1960.08 0.01
Ni–S 0.4360.06 0.1560.07 0.1960.08 0.03
Ni–Si 0.2160.06 0.1460.06 0.0460.08 0.02
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then they would have shown structurally compromised
frustules and non-specific loss of elements. The presence of
intact frustules and intracellular chlorophyll auto-fluores-
cence in the A. glacialis cells collected from 100 m and
200 m, as well as the diversity of elemental attenuation
coefficients, indicate that cellular components were lost via
autolysis or microbial activity rather than mechanical
breakdown. The P- and S-normalized Zn and Ni
stoichiometries in remineralized material were similar to
these stoichiometries in whole cells in the upper water
column, suggesting that Zn and Ni were remineralized as
intact moieties, or at least in similar proportions to their
presence in the cells. However, Fe : P and Fe : S stoichiometries

of remineralized material were only 15–20% of those in live
cells, suggesting that Fe moieties were degraded. Alternatively,
the presence of chlorophyll in the cells in the traps could
indicate that Fe-rich photosystem proteins were preferentially
retained by the cells.

Insight can be gained from a recent proteomic study that
examined the proteome of the model centric diatom
Thalassiosira pseudonana during a 28 d laboratory degra-
dation experiment. Nunn et al. (2010) reported that the
greatest loss of protein diversity occurred during the first 5 d
of incubation after removal from light. Only one-third of
proteins identified during mid-exponential growth could be
detected after 5 d. In addition to microbial degradation,

Table 4. Wilcoxon Signed Rank Sum test for significant differences in spatial correlations within each depth classification. The
values shown are p-values of the test for significant differences between pairs of elements within individual cells. Significant differences
(p , 0.05) are shown in bold. In each case, comparisons are made between pairs of elements that share either a numerator or
a denominator.

Fe–P Fe–S Fe–Si Zn–P Zn–S Zn–Si Ni–P Ni–S Ni–Si

Surface cells
(n58)

Fe–P — 0.109 0.016 0.250 0.742
Fe–S — 0.023 0.844 0.023
Fe–Si — 0.008 0.250
Zn–P — 0.008 0.008 1.000
Zn–S — 0.008 0.023
Zn–Si — 0.641
Ni–P — 0.945 0.008
Ni–S — 0.195

100 m cells
(n57)

Fe–P — 1.000 0.578 0.047 0.578
Fe–S — 0.047 0.078 0.078
Fe–Si — 0.078 0.375
Zn–P — 0.016 0.156 0.813
Zn–S — 0.016 0.016
Zn–Si — 0.938
Ni–P — 0.375 0.016
Ni–S — 0.578

200 m cells
(n55)

Fe–P — 0.438 0.313 0.188 0.313
Fe–S — 0.438 0.125 0.188
Fe–Si — 0.063 0.063
Zn–P — 0.125 0.063 0.188
Zn–S — 0.063 0.125
Zn–Si — 0.313
Ni–P — 1.000 0.063
Ni–S — 0.063

Table 5. Summary of power law exponent (‘b’) values for non-linear fits of Martin flux equation (Martin et al. 1987). A. glacialis
data are from this study, and Lamborg data are for two stations in the Pacific Ocean (ALOHA and K2) and two separate sediment-trap
deployments (1st and 2nd) at each station (Lamborg et al. 2008). nd 5 not determined. nr 5 not reported.

S P Si Ni Fe Zn

Asterionellopsis glacialis 1.0960.60 0.6360.28 0.1260.11 0.9060.76 0.1360.17 0.7760.34
Lamborg ALOHA – 1st nd 0.8860.48 0.6560.22 nd 0.3260.28 nr
Lamborg ALOHA – 2nd nd 1.1760.27 0.5360.19 nd 0.2260.26 nr
Lamborg K2 – 1st nd 0.5560.13 0.3160.24 nd 21.1160.20 0.0260.27
Lamborg K2 – 2nd nd 0.9760.12 0.2060.12 nd 20.4660.27 0.1460.16
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diatoms also produce their own proteases under conditions
of nutrient and light stress, which can enhance loss of
cellular proteins (Berges and Falkowski 1998). During the
28 d incubation of Nunn et al. (2010), genomic DNA was
degraded rapidly, while photosynthetic and related light-
harvesting proteins were preferentially retained by the cells.
After 23 d of microbial degradation, only four proteins
could be identified: fucoxanthin chlorophyll a,c-binding
protein 9, Fe transporter FTR1, proteophosphoglycan, and
Clp-X proteinase (Nunn et al. 2010). The presence of these
four proteins likely reflects their abundance during active
cell growth, but also their protection within multiple
membranes (typical of chloroplast-associated proteins)
and association with lipid bilayers via multiple transmem-
brane domains. Other studies have found diatoms to retain
photosynthetic proteins for prolonged periods of time
(Peters and Thomas 1996), and photosynthetic competency
can also be maintained in diatoms for up to 2 weeks (Berges
and Falkowski 1998).

Spatial associations of Fe with biomass elements provide
additional clues as to its fate during remineralization.
Analysis of the distributions of elements within cells shows
that Fe was less associated with Si than with P or S in live cells
in the upper water column, but that Fe–Si co-localization did

not decrease as the cells sank. The close association
between Fe and S suggests that Fe in live cells was
associated primarily with proteins. As sinking cells were
degraded, Fe proteins associated with the photosystems
were likely preferentially retained relative to other
proteins, explaining some of the decoupling. Additionally,
as S (and protein) was lost from the cells, Fe was mostly
retained (based on whole-cell quotas). The Fe could have
been separated from the proteins within the cell, or the
proteins degraded by extracellular proteases and the Fe
re-scavenged to the frustule upon release. The spatial
elemental analyses support the latter interpretation,
matching the contention of Frew et al. (2006). A greater
propensity of Fe to be scavenged by particles, relative to
Zn and Ni, is supported by published field studies
(Löscher 1999; Boyd and Ellwood 2010).

Analyses of quotas and spatial associations indicate that
Zn had a different fate. Zn : S and Zn : P ratios of
remineralized material matched that of the cells, and Zn
and S showed a spatial association (mean r2 5 0.48) even
at 200 m, supporting stoichiometric evidence for biochem-
ical Zn–protein coupling (Lee and Fisher 1993). Zinc-
finger proteins associated with RNA and DNA transcrip-
tion and repair are likely to be quantitatively the most
abundant Zn proteins in the cells (Dupont et al. 2010),
which helps explain the association of Zn and P, and
SXRF analysis of healthy cells often shows Zn–P spatial
associations (Twining et al. 2004). However Zn and S were
significantly more co-located than Zn and P, and this
difference was maintained at 100 m but lost by 200 m.
Sulfur-containing cysteine moieties are directly bound to
Zn in many of the Zn-finger proteins (Frausto Da Silva
and Williams 2001). Zinc proteins likely remained
somewhat intact at 100 m but became dissociated with
their nuclear substrates.

Interestingly, there was no evidence for a (bio)chemical
connection between Zn and Si in the sinking cells. The
mean coefficient of determination for Zn and Si at 200 m
(r2 5 0.06) was the lowest of any element pair at any depth.
This is in distinct contrast to previous bulk studies that
have observed a connection between Zn and Si remineral-
ization in the water column (Bruland 1980; Löscher 1999).
This contradiction may be explained by different behavior
of sinking intact diatoms vs. more detrital, grazer-damaged
frustules. As noted above, significant remineralization of
biogenic Si was observed in the bulk-trap data. The upper
water column Si–Zn linkage noted in some regions may
therefore be driven by dissolution of detrital diatom
frustules or by the loss of Zn from sinking cells or
aggregates combined with the loss of Si from detrital
frustules. However, because only a few percent of cellular
Zn in diatoms is associated with the frustule (Ellwood and
Hunter 2000), the correlation of Zn and Si in the water
column is likely also to be related to rates of diatom sinking
and the simultaneous release of both elements from
packaged sinking diatoms, for example in fecal pellets.
An additional factor at play is the uptake of remineralized
Zn—but not Si—by microbes working to degrade sinking
diatoms, which might counteract the effects of decoupled
release of the two elements from diatoms.

Fig. 7. Attenuation of bulk particulate element fluxes
between 100 m and 200 m. Bars show mean (6 standard deviation
[SD]) percent decreases in element fluxes over three 72 h sediment-
trap deployments (A2, A3, and A4) at 100 and 200 m. The
elements are shaded according to their reported geochemical
behavior. Fluxes of P, Co, Ni, Cu, Zn, and Cd are primarily
associated with sinking biogenic material (white bars). Al, Ti, and
Fe are likely dominated by lithogenic particles (gray bars). Mn
fluxes increase slightly with depth, likely due to authigenic
formation of Mn oxide particles or scavenging of Mn by particles
(black bar).
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Nickel behavior was intermediate between Zn and Fe,
both in terms of elemental loss rates and spatial associa-
tions. Nickel was lost almost as rapidly as Zn (similar to P),
and like Zn Ni : P and Ni : S, remineralization ratios were
similar to those in the cells. However, bulk Ni : P ratios in
the traps were substantially higher than in cells, indicating
the presence of an abiotic particulate fraction as well. The
particulate Ni is probably not lithogenic material, because
Ni content of upper continental crust is lower than Zn
content (Wedepohl 1995), and Zn particulate stoichiome-
tries were not elevated. However anthropogenic particles
are more likely to be enriched in Ni relative to Zn
(Desboeufs et al. 2005), and these may have been present
in the particle assemblage. Nickel was associated somewhat
more with P and S, and Ni was significantly more
associated with P than with Si. Nickel was less associated
with S than was Zn (Table 4), and this difference may be
due to the secondary importance of S amino acids in urease
and other Ni proteins as compared with their primarily
importance in Zn-finger proteins. Bulk studies have found
a relationship between Ni remineralization and remineral-
ization of both P and Si (Bruland 1980), and a recent SXRF
study also found Ni to be associated with both elements in
diatoms (Twining et al. 2012). However the current study
found no spatial evidence for a Ni–Si association.

Vertical trends in sub-cellular spatial associations of
elements suggest a defined sequence for biochemical
degradation of diatoms. The tight coupling of Zn and S
remineralization likely results from their common incorpo-
ration into Zn metalloproteins such as RNA and DNA
polymerase and carbonic anhydrase (Frausto Da Silva
and Williams 2001; Dupont et al. 2010). Therefore, these
elements are probably lost simultaneously (along with P)
during degradation of nucleic acids and related structures.
Similarly, a fraction of cellular Ni may reside in phospho-
lipid membranes, as is the case with other divalent transition
metals (Horner et al. 2013). This could also result in the
coupled bacterially mediated release of these elements from
sinking cells in the upper 100 m. Although these elemental
maps cannot directly demonstrate plasma membrane
integrity or element associations with specific organelles,
the degradation of internal features may only occur after
external membranes have been broken down. In contrast to
other elements, Fe and Si have much longer remineralization
length-scales, but for different reasons. Silicon shows little
dissolution until removal of the protective organic coating
from the frustule (Bidle and Azam 1999), while Fe is lost but
rapidly re-scavenged onto cells (Frew et al. 2006), suggesting
that not all Fe is released from cells as unreactive organic
complexes (Boyd et al. 2010).

Heterotrophic bacteria play a major role in the elemental
recycling of sinking material, and therefore remineraliza-
tion patterns may reflect both microbial demands for
elemental building-blocks and the relative lability of
structures, molecules and elements within sinking cells.
Studies of bacterial enzymatic activity (Smith et al. 1992)
and, recently, microbial genomics (Delong et al. 2006),
reveal that major and minor elements are required to
synthesize important enzymes. For example, Zn is needed
for phosphatase and several extracellular proteases that are

used to remineralize specific compounds (Smith et al. 1992).
Activities of aminopeptidase, phosphatase, and b-glucosi-
dase, as well as leucine incorporation, were measured in
trap particles and were elevated (on a volume-normalized
basis) relative to water-column rates (data not shown).
Bacteria were present and likely contributing to element
remineralization.

The observed element remineralization trends could also
have been caused by cellular autolysis. Cells may undergo
this process after onset of nutrient limitation. Autolysis in
diatoms has been observed to result in degradation of
internal organelles, while cell membranes appeared to
remain intact (Bidle and Bender 2008). Despite apparently
intact membranes, some cells appeared empty after only a
few days of degradation. Autolysis could explain loss of
internal elements without loss of Si from the frustule.
Pigment fluorescence also degrades during this process, but
at a rate that would still allow the fluorescence observed in
our trap-collected cells.

There are alternative—but not mutually exclusive—expla-
nations for the observed remineralization trends. Trace-metal
loss from sinking cells following microbial degradation or
autolysis may be a function of solubility of the cellular
components rather than specific biochemical pathways of
degradation. Iron moieties such as those in photosystems and
ferritin may be more resistant to dissolution than nucleic acids
and hydrolyzed lipids and proteins. Observed trends may also
be affected by potential localized complexation of metals.
Cordero et al. (2012) concluded that bacteria attached to
sinking particles can actively use Fe solubilized with side-
rophores, whether they synthesize the siderophores or not.
Indeed, phytoplankton Fe that is solubilized by bacterial
activity can be assimilated by attached bacteria in addition to
Fe that is being scavenged. Both processes would serve to
draw the Fe back in to the particulate pool, and we would not
necessarily be able to tell them apart with the spatial and/or
temporal resolution achieved here.

Implications—This study demonstrates that Fe is re-
tained within sinking phytoplankton to a greater extent
than macronutrients such as P and N. Stoichiometries of
dissolved Fe, P, and N in the upper water column will thus
not match the stoichiometries of these cellular components
in sinking cells. Rather, dissolved Fe : N and Fe : P ratios,
as well as ratios of Fe to apparent oxygen utilization, will
underestimate Fe stoichiometries in phytoplankton. This is
an important caveat, because this approach is used to
estimate the Fe quotas of resident phytoplankton in open-
ocean regions (Sunda 1997) and parameterize models
(Moore et al. 2004). Although inter-ocean trends in
phytoplankton Fe quotas may still be observed, care
should be taken in extrapolating dissolved stoichiometries
to cellular stoichiometries (Twining and Baines 2013).
Oceanic phytoplankton likely contain more Fe than
estimated from dissolved nutrient ratios. In contrast,
cellular Zn and Ni quotas are probably accurately
represented by dissolved nutrient data.

Biogenic transformations of sinking material in the
water column have significant implications for global
element cycling and climate (Kwon et al. 2009). However,

Remineralization of metals in diatoms 701



the mechanisms acting on sinking cells remain largely
uncharacterized. Previous efforts to gain insight into these
processes have applied primarily bulk geochemical (Martin
et al. 1987; Lamborg et al. 2008) or, more recently,
biological ‘-omics’ (Delong et al. 2006) techniques. It is
no longer adequate merely to consider metal geochemistry
as being affected by the behavior of metals associated with
‘soft parts’ and ‘hard parts.’ Clearly additional mechanisms
are at play, which influence the resulting geochemical
element distributions. Here, we have attempted to bridge
these approaches through analysis of individual suspended
and sinking cells, demonstrating the differential loss of
elements from intact sinking cells consistent with microbial
enzymatic activity. In this way, remineralization of each
element may be driven by a combination of the location
and lability of cellular components and the degree of
microbial demand for particular elements. Our findings
contribute to an improved mechanistic understanding of
the biogeochemical roles played by specific organismal
groups and classes of particles, as will be necessary to
accurately model the stoichiometry and pathways of trace-
and macro-nutrient resupply to the surface ocean.

Future advances may come from in-depth studies of
microbial communities directly associated with sinking
particles coupled to micro-analytical geochemical measure-
ments. Combining genomic, transcriptomic, and proteomic
information regarding microbial diversity and activity with
elemental measurements of cell and particle composition
should provide the mechanistic understanding of particle
degradation needed to understand variations in the process
across seasons (Lutz et al. 2007) and longer timescales over
which climate conditions may change.
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