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Scientiﬁc Signiﬁcance Statement
Phytoplankton require iron, zinc, and other trace metals to grow. These nutrients are in short supply in many open-ocean
regions where small autotrophic ﬂagellates are important members of the ecosystem. Little is known about these cells’ trace
metal contents, despite many studies about the trace metal concentrations in larger phytoplankton. Across four open-ocean
regions with differing levels of nutrients, we found that small, non-diatom eukaryotic phytoplankton maintain relatively low
Fe concentrations, even when Fe is available in excess, a strategy that may give them a competitive advantage against plankton with higher metal demands. In addition, both Fe and Zn concentrations appear to be controlled as much by macronutrient availability as by trace metal availability.

Abstract
Nano- and picophytoplankton are a major component of open-ocean ecosystems and one of the main plankton
functional types in biogeochemical models, yet little is known about their trace metal contents. In cultures of
the picoeukaryote Ostreococcus lucimarinus, iron limitation reduced iron quotas by 68%, a fraction of the plasticity known in diatoms. In contrast, a commonly co-occurring cyanobacterium, Prochlorococcus, showed variable
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iron contents with iron availability in culture. Synchrotron X-ray ﬂuorescence was used to measure single-cell
metal (Mn, Fe, Co, Ni, Zn) quotas of autotrophic ﬂagellates (1.4–16.8-μm diameter) collected from four ocean
regions. Iron quotas were tightly constrained and showed little response to iron availability, similar to cultured
Ostreococcus. Zinc quotas also did not vary with zinc availability but appeared to vary with phosphorus availability. These results suggest that macronutrient and metal availability may be equally important for controlling
metal contents of small eukaryotic open-ocean phytoplankton.

contents of such cells from four open-ocean regions with contrasting nutrient availability. Deckboard incubation experiments provide additional insight into cell nutrient status. This
work helps inform biogeochemical models by constraining
the chemical composition of a dominant phytoplankton
group in open-ocean regions.

Biogeochemical models are crucial for understanding
ocean function and predicting responses to changing environmental conditions. A key component of ocean models is how
they parameterize nutrient uptake and storage (Flynn 2010).
Iron availability controls phytoplankton abundance and community composition in much of the ocean (Moore et al. 2013),
but uncertainties associated with parameters describing biological Fe processes drive large variability in predictions of future
production across trophic levels (Tagliabue et al. 2020).
Leading biogeochemical models represent phytoplankton
communities with three functional types—diatoms, pico-/
nanophytoplankton, and small diazotrophs (Moore et al.
2018; Tagliabue et al. 2020; Stock et al. 2014)—but measurements of micronutrient requirements have typically focused
on diatoms and, to a lesser extent, cyanobacteria. The pico-/
nanophytoplankton, many of which are ﬂagellated and will
be referred to hereafter as “ﬂagellates,” dominate open-ocean
ecosystems (Hirata et al. 2011) and may have unique biogeochemical roles. For example, Phaeocystis plays a key role in
the global sulfur cycle by contributing disproportionately to
DMS production (Wang et al. 2015). These taxa are thought
to efﬁciently compete for scarce dissolved nutrients (Cuvelier
et al. 2010), yet less is known about their metal physiology
than that of diatoms and cyanobacteria.
Data available for open-ocean ﬂagellate strains suggests that
this group may be less responsive to metal gradients than diatoms or dinoﬂagellates. Iron quotas of cultured Pelagomonas
calceolata, a small ﬂagellate isolated from the North Paciﬁc
Ocean, showed limited physiological plasticity (Sunda and
Huntsman 1995), while Fe quotas of diatoms in the same study
varied 100-fold. Iron quotas of small ﬂagellated autotrophs
from the equatorial Indian and Paciﬁc Oceans also showed
muted (ca. twofold) responses to natural and amended dFe gradients, respectively, (Twining et al. 2011, 2019). In the subarctic Paciﬁc, growth rates of small (< 5 μm) phytoplankton are
less restricted by Fe limitation than those of diatoms both in
silico and in the ﬁeld (Zhang et al. 2021). Thus, small ﬂagellate
taxa may gain ecological advantage through effective competition for scarce nutrients rather than through physiological plasticity and nutrient storage capacity.
To address the paucity of data on the response of Fe quota
to Fe limitation in smaller phytoplankton, we cultured a globally abundant picoeukaryote and a commonly co-occurring
prokaryote. We then compared metal quotas of small openocean autotrophs to understand the extent of variation in
chemical composition in natural settings. We report metal

Methods
We determined the metal contents of an isolate of the
picoeukaryote Ostreococcus lucimarinus (CCMP 3630) using ICPMS (full details in Supporting Information S1). Ostreococcus were
grown under trace metal clean conditions (Cohen et al. 2018) in
low-Ni B1 media at 100 μmol photon m2 s1 irradiance under
both Fe-replete (100 nM total Fe, 1.2 nM Fe0 ) and Fe-limited
(7.5 nM total Fe, 86 pM Fe0 ) conditions (see Supporting
Information S1 for culturing details). In addition, two strains of
Prochlorococcus, MED4 (CCMP 2389) and MIT9312 (CCMP
2777), were cultured to compare the responsiveness of Fe quotas
in this picoeukaryote competitor. The cyanobacteria were grown
in the same media and Fe concentrations as Ostreococcus but at
60 and 200 μmol photon m2 s1 irradiance.
Phytoplankton samples were collected at or below the surface
mixed layer (SML) on three cruises of opportunity that covered
a range of Fe, Zn, and macronutrient availability (Fig. 1A). Samples from the Atlantic Ocean were collected aboard the RRS
James Cook (cruise JC150) from 26 June 2017 to 12 August 2017
(details provided by Artigue et al. 2020 and Kunde et al. 2019).
We sampled from 40 m at stations at the western end of an
Fe-dust gradient (22 N, 54 W; Western Atlantic, high dFe, SML
22 m) and the eastern end (22 N, 31 W; Eastern Atlantic, low
dFe, SML 38 m). Samples from a transect of the Indian Ocean
were collected from 20 m aboard the R/V Roger Revelle (cruise
RR1604) during the GO-SHIP IO9N cruise from 22 March 2016
to 24 April 2016, as described previously (Twining et al. 2019).
The Southern Ocean Time Series site (140 E 47 S), located in
sub-Antarctic waters, was sampled at the SML (15, 30, or 40 m)
multiple times from 5 to 18 March 2018 aboard the RV Investigator (cruise IN2018_V02). On each cruise, phytoplankton were
collected for single-cell trace metal analysis using trace metal
clean techniques (Twining et al. 2019; detailed methods in
Supporting Information S1).
Cellular metals were analyzed following published methods
(Twining et al. 2019) at the Advanced Photon Source, Argonne
National Laboratory microprobe beamline 2-ID-E. Cellular elemental concentrations (Fig. S6, Sofen and Twining 2021) were
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Fig. 1. Biogeochemical context. (A) Nutrient regimes. Cells were analyzed from different regions across a range of nutrient concentrations: Nitrate
(background shading), phosphate (0.25 μM contours), dFe (left half-circle), and dZn (right half-circle). (B) Representative cells, light microscope images.
Morphological features were compared to known traits of common nanoplankton classes. (C) Geometric mean cellular Zn quotas as a function of dissolved inorganic phosphorus (DIP) and Zn availability (shading). Indian Ocean DIP was below the detection limit (50 nM) and is plotted at 25 nM.

the Southern Ocean, bottles were amended with Fe or the Fe
chelator desferrioxamine B (DFB) to adjust Fe availability
(Gilbert et al. 2022). Eukaryotic transcript proﬁles were queried
for the Fe stress markers ﬂd (ﬂavodoxin), fea1 (Fe-assimilating
protein), and PETE (plastocyanin), proteins produced by algae
in response to cellular Fe deﬁciency (Roche et al. 1996; Erdner
and Anderson 1999; Peers and Price 2006; Behnke and
LaRoche 2020).

normalized to cellular C contents, which were calculated from
cell volume using the relationship of Menden-Deuer and
Lessard (2000). Light microscope images (Fig. 1B) were compared
to published texts (Tomas 1997; Scott and Marchan 2005) to
conﬁrm that the analyzed cells were consistent with common
nano- and picoeukaryote classes from these regions.
On each cruise, deckboard incubations were conducted to
assess the physiological state of resident phytoplankton. Full
details are available in Supporting Information S1 (Atlantic and
Southern Oceans) and Twining et al. (2019, Indian Ocean). In
the Atlantic and Indian Oceans, bottles were amended with
FeCl3, ZnCl2, nitrate, or a combination of these. In the Atlantic,
community responses in chlorophyll a (Chl a) and alkaline
phosphatase activity (APA) were measured for all incubations,
and cellular metal quotas were measured from select incubations (W. Atlantic: 2 μM nitrate and 2 μM nitrate + 1 nM Zn;
E. Atlantic: unamended control, 0.5 nM Fe, and 0.5 nM Zn). In

Results and discussion
Response of picoplankton Fe quotas to Fe availability in
culture
Although limited data suggest that small phytoplankton
may lack the high plasticity of Fe quotas seen in diatoms and
large ﬂagellates (Table S2; Sunda and Huntsman 1995), the
paucity of quota data for these smaller taxa limits our understanding of how generalizable this trend is. To address this,
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varied 14-fold between regions and was low in the Southern
Ocean (0.15–0.35 nM), Indian Ocean (0.07–0.49 nM), and
Eastern Atlantic (0.23 nM) but high in the Western Atlantic
(0.95 nM). Dissolved Zn was high in the Southern Ocean
(0.24–0.74 nM), moderate in the Indian Ocean (0.15–0.21 nM
at ﬁve stations; 0.72 nM at one station) and Western Atlantic
(0.25 nM), and low in the Eastern Atlantic (0.04 nM).
Cellular Fe quotas of small ﬂagellates from these four regions
were strikingly consistent over the 14-fold range of dFe
(Fig. 2A). Iron quotas did not vary signiﬁcantly between regions
(Tables 1 and S1, p = 0.37) nor with dFe (p = 0.39), similar to
the muted responses of the model species Ostreococcus and
P. calceolata in culture. This contrasts with the large ranges of
quotas previously shown for cultured diatoms and larger ﬂagellates under varying dFe (Sunda and Huntsman 1995). The narrow range of quotas we observed also contrasts with the large
variability in quotas previously observed for similar ﬂagellated
cells across a dFe gradient from coast to open ocean, over which
ﬂagellate community composition likely shifted (Twining
et al. 2021). Quotas measured here match the open-ocean communities from that study (10 μmol Fe mol C1, Fig. 2A) and
from an upwelling zone of the equatorial Paciﬁc (14 μmol Fe
mol C1, Twining et al. 2011), despite much higher dFe at some
of our stations. Measured quotas are smaller and more constrained than another study in the Atlantic: they are less than
half the cellular concentrations previously measured in slightly
larger autotrophic ﬂagellates from GA03 cruise (35  2 μmol Fe
mol C1, Twining et al. 2015). This may also be due to taxonomic differences (cells in the previous study were slightly
larger) or due to seasonal changes in growth rate, as previous
work occurred in the winter when growth rates were likely
lower, potentially lowering metal demand but also growth dilution of Fe quotas. Flagellate quotas in the Atlantic are also lower
than quotas in several co-occurring Synechococcus cells
(30  4 μmol Fe mol C1). In addition, they are lower than the
maximum quota parameter in the biogeochemical model
PISCES-v2 (Fe:Cmax = 40 μmol Fe mol C1) but not far from the
model’s optimal quota (7 μmol Fe mol C1, Aumont
et al. 2015). While the speciﬁc taxonomic groups comprising
these ﬂagellate populations may vary between regions, the consistency shown by this common phytoplankton functional type
is remarkable.
Deckboard incubations and transcriptomic measurements
were used to assess the Fe status of the same open-ocean communities we analyzed for Fe contents, with the goal of
assessing whether the observed low plasticity was due to physiological Fe demand or to Fe availability. We saw little evidence for Fe limitation in the phytoplankton community
from the low-dFe East Atlantic: Chl a concentrations (Fig. S2a)
did not change with Fe addition, nor did Fe quotas (Fig. 2B).
In the Indian Ocean, chlorophyll concentrations did not
change signiﬁcantly even as Fe quotas increased fourfold
upon Fe addition (Twining et al. 2019). We used transcriptomics to evaluate the physiology of Southern Ocean

we investigated the Fe plasticity of a model picoeukaryote in
culture. We measured Fe content of O. lucimarinus grown in
both Fe-replete and Fe-limited media. O. lucimarinus is among
the smallest known eukaryotic phytoplankton and was isolated from the North Paciﬁc. It reduces its cellular Fe contents
under Fe-limitation (Botebol et al. 2017). When grown under
Fe-limited conditions, O. lucimarinus growth was reduced by
33% (0.59  0.01 d1, mean  SD) relative to replete Fe
(0.86  0.08 d1), and its Fe quota was reduced by 68%, from
28  7 to 9  6 μmol Fe mol C1 (Fig. 2C, Table S2). Iron
quotas for the Fe-replete culture were 38% lower than
reported quotas for Emiliania huxleyi in replete media
(45 μmol Fe mol C1), and substantially lower than maximum
quotas in diatoms (68–300 μmol Fe mol C1), while quotas for
the Fe-limited culture were slightly higher than E. huxleyi and
comparable to diatoms in limited media (3 and 10 μmol Fe
mol C1, respectively; Sunda and Huntsman 1995). This further supports that at least some small open-ocean phytoplankton taxa show reduced plasticity of Fe quotas. This may be
due to differences in Fe storage capacity; for example, a related
Ostreococcus strain (Ostreococcus tauri) uses the Fe storage protein ferritin for short-term Fe cycling rather than for longterm storage (Botebol et al. 2017).
Ostreococcus Fe quotas were compared to those of
Prochlorococcus marinus, a cyanobacterium that is abundant in the
low- and mid-latitude open ocean and a competitor to small ﬂagellates. Procholorococcus partitions into distinct ecotypes—with
unique responses to Fe limitation (Rusch et al. 2010)—along environmental gradients. Under moderate irradiance (60 μmol
photon m2 s1), the MED4 strain of Prochlorococcus had similar
Fe concentrations (32 μmol Fe mol C1) to Ostreococcus grown in
replete Fe and showed hardly any variation in Fe:C as a function
of growth rate (Table S2, Fig. S3, detailed discussion in Supporting
Information S1). In contrast, quotas of another Prochlorococcus
strain, MIT9312, were reduced ca. twofold as growth rate was limited by Fe, from 27 to 14 μmol Fe mol C1. Neither strain showed
signiﬁcant differences in Fe quota under high irradiance
(200 μmol photon m2 s1) in replete media. MED4 and another
Prochlorococcus strain, MIT1214, have previously been found to
take up additional iron after Fe repletion was achieved (Shire and
Kustka 2015). This luxury uptake and the variable Fe content in
one strain that we measured (MIT9312) are slightly muted compared to diatoms but much more variable than the consistently
low Fe quotas that we observed in another strain (MED4) and
Ostreococcus in culture. This highlights the surprising lack of plasticity in Ostreococcus, and led us to investigate natural communities of similar taxa to understand whether this response was
generalizable.
Response of Fe quotas to Fe availability in natural
environments
Sampling locations spanned a range of nutrient concentrations (Fig. 1A). The Southern Ocean had high N and P, while
the other three regions had low macronutrients. Dissolved Fe
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Fig. 2. Cellular Fe quotas across natural and artiﬁcial nutrient gradients. (A) Geometric mean ( SE) Fe quotas of small ﬂagellates across open ocean
regions of different dFe concentrations (open symbols) and along a coastal-open ocean gradient in the E. Paciﬁc (ﬁlled symbols, 1.6–16.6 μm cells; Twining et al. 2021). Regressions of each data set (black lines) and 95% CI (gray shading) are shown. (B) Response of ﬂagellate Fe quotas to 2 μM nitrate and
0.5 nM Fe addition (mean  SD, n = 3), E. Atlantic treatments (green) are not statistically different, W. Atlantic treatments (yellow) are different
(p = 0.01). (C) Cultured O. lucimarinus quotas in limited (7.5 nM FeT) and replete (100 nM FeT) culture (mean  SD, n = 3; t(4) = 2.8, p = 0.03).

communities. The expression levels of ﬂd, fea1, and PETE
genes encoding common markers of cellular Fe-stress
(ﬂavodoxin, Fe-assimilating protein, and plastocyanin, respectively), were compared between in situ samples and incubations with added Fe (“high Fe”) or added DFB (“low Fe”).
Expression of PETE by dominant phytoplankton groups did
not vary with Fe availability. Meanwhile, expression of ﬂd and
fea1 show that at least some groups (Haptophyta and
Ochrophyta) were likely experiencing Fe-stress, indicated by
similar elevated expression of ﬂd and fea1 in the low-Fe incubation and in situ surface samples (Fig. 3). However, despite
this apparent Fe stress, quotas of this community approached
the values associated with maximum growth in Fe-replete culture. Notably, the minimum Fe quotas we measured are not as
low as the minimum quotas reported for Southern Ocean diatoms in Fe-limited culture (0.4 μmol Fe mol C1 at
Fe0 = 0.03 pM, Strzepek et al. 2011). It thus appears that there

is little variability in cellular Fe concentration in potentially
Fe-stressed ﬂagellates, like the non-Fe limited ﬂagellates from
the Atlantic. These open-ocean ﬂagellate communities may
gain ecological advantage through effective competition for
low nutrients rather than through physiological plasticity and
nutrient storage.
Response of metal quotas to macronutrient availability in
natural environments
While ﬂagellate quotas showed little response to dFe, we
did observe a response to macronutrients. Eukaryotes require
Fe to assimilate nitrate (Schoffman et al. 2016), so Fe quotas
may increase with higher nitrate assimilation. Picoeukaryotes
in the Sargasso Sea have been shown to use nitrate even at
low concentrations (Fawcett et al. 2011); nonetheless, the
relief of N limitation by addition of excess nitrate could stimulate cells to take up and reduce additional nitrate. Following
358

Metal quotas of small ﬂagellates

Sofen et al.

Table 1. Geometric least squares mean ( 1SE) trace metal quotas in pico- and nanoplankton cells (μmol TM Mol C1) from this
study and others, measured by SXRF.
Location

Cell type

W. Atlantic
W. Atlantic
E. Atlantic
Indian
Indian
Southern
N. Atlantic*
E. Paciﬁc†
N. Atlantic

Nano
Pico
Pico
Nano
Pico
Nano

Syn

Mn:C

n

Fe:C

n

Co:C

n

Ni:C

n

Zn:C

n

2.1  1a,b
3.6  2
2.7  0.7
0.7  0.1a
1.5  0.3
3.1  0.6b
3.2  0.4
74
92

4
7
13
18
16
20

6.2  4
18  5
12  2
5.0  1
8.8  2
6.5  1
35  2
12  5
30  4

4
7
15
18
19
19

1.2  0.5a,b
6.1  2
3.0  0.7
0.6  0.09a
1.2  0.3
1.1  0.2b
0.92  0.11

3
4
8
18
16
15

2.5  1a,b
31
3.9  1
0.51  0.1a
1.3  0.4
1.4  0.4b
1.6  0.3
3.3  0.6
13  5

5
5
14
17
18
19

35  19b
49  17b
27  4.9b
6.8  1.5a
7.6  2.4a
9.1  1.4a
25  3
40  10
64  16

5
7
15
17
18
19

60
8

60
5

58
8

61
8

Phytoplankton cell type is abbreviated nano = nanoeukaryotes, pico = picoeukaryotes, Syn = Synechococcus; n refers to number of individual cells. Superscripted letters indicate signiﬁcantly different groups (post hoc Tukey HSD) within each size class for this study. Iron quotas were not signiﬁcantly different
across regions within either size class. Mn, Ni and Co picoplankton quotas were not signiﬁcantly different across regions.
*Autotrophic ﬂagellates (Twining et al. 2015).
†
Offshore > 2 km (Twining et al. 2021).

Fig. 3. Iron status of Southern Ocean ﬂagellate communities. Comparison of the normalized expression (log2[TPM + 1], transcripts-per-million) of the most
abundant iron stress genes, Flavodoxin and Fea, for each plankton class across low Fe (added DFB), high Fe (added Fe), and in situ surface samples (15 m). Protein
sequences were queried against a database of one Fea and ﬁve Flavodoxin PFAMs; hits with an e-value threshold < 1010 were further ﬁltered to those genes representing > 1% of total transcriptome abundance. Signiﬁcantly different transcript abundances between treatments were found among all taxa except dinoﬂagellates (Kruskal–Wallis p < 0.05), with letters indicating groupings detected by post hoc Dunn’s test.

Indian Ocean were in the lowest regional grouping. Quotas of
Mn, Zn, and Co varied slightly across regions. Like Fe, quotas
of Mn, Ni, and Zn were low and fairly constrained compared to
the known ranges of other groups (Twining and Baines 2013).
Quotas in a limited number of co-occurring Synechococcus that
we analyzed were higher than the ﬂagellates (Table 1).
Our samples spanned a range of dZn (Fig. 1), and we also
examined relationships of Zn quotas with dZn, region, and
macronutrient availability. As for Fe, we saw little evidence for
Zn limitation: Chl a concentrations increased with N, N + Zn,
or N + Fe addition, but not with Zn addition alone (Fig. S2a).
Zinc quotas were not directly related to Zn concentration
(p = 0.34) but were higher at stations with greater Zn availability in Indian Ocean, where dissolved inorganic phosphorus (DIP) concentrations were low (Fig. 1C). In regions of low
DIP, plankton access dissolved organic phosphorus using

nitrate addition to the high-Fe, oligotrophic W. Atlantic,
Fe quotas doubled from 13  1 to 25  1 μmol Fe mol C1
(Fig. 2B, p = 0.01) and bulk Chl a concentrations increased
(Fig. S2). This region has sufﬁcient dFe available for cells to
take up more Fe when needed, and cells may maintain a lower
Fe quota when not meeting the demand of high nitrate assimilation. Macronutrients may thus be as important as trace
metal availability for controlling the metal contents of small
autotrophic ﬂagellates, within the context of low physiological plasticity.
In addition to Fe, we measured other biogenic metals in
small ﬂagellates (Table 1). The quotas of other trace elements
were more similar than Fe to quotas previously measured
in small ﬂagellates in the North Atlantic during a winter
study (Twining et al. 2015) and in the equatorial Paciﬁc
(Twining et al. 2011; Fig. S4). For all metals, quotas in the
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et al. 2021). We found a weak negative relationship between
Fe quota and cell volume (log(Fe:C) = 1.1–0.14log[volume]),
but cell volume could only explain 4% of the variability in
quotas (R2 = 0.04, p = 0.03). These trends are also true of
three other biologically active trace metals: Mn, Ni, and Co
are twice as high in picoeukaryotes as nanoeukaryotes, a
difference that is statistically signiﬁcant (p = 0.01, 0.03, and
0.0003, respectively) yet small relative to the variance within
each group (Table S3). Zinc quotas were not statistically different between sizes (17  6 [pico] and 15  6 [nano] μmol Zn
mol C1, p = 0.6). Considering these size classes as one group
for our analysis afforded us greater statistical power than using
unbalanced size-segregated data to compare across regions.
The metal contents of these size classes are more similar to
one another than to other groups, justifying their representation by one functional type while also presenting opportunities for further studies to resolve taxonomic differences.
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Implications
The relatively narrow ranges of quotas found for small ﬂagellates across a broad range of dFe suggest that physiological
and ecological traits of small autotrophic ﬂagellates are distinct
from cyanobacteria, diatoms, and even larger ﬂagellated phototrophs. In natural plankton assemblages and in culture, small
ﬂagellates operated at the lower range of Fe quotas typically
observed for diatoms. This is an important distinction since
our current understanding of phytoplankton metal physiology
comes mostly from work with diatoms, but smaller taxa also
play a key role in the ecology and chemistry of these regions.
Remaining questions regarding speciﬁc physiological adaptations of different taxa within this diverse group of small ﬂagellates, as well as further ﬁeld studies of single-cell diazotroph
responses to metal availability, will require new methods that
can pair biological classiﬁcation and chemical measurements.
These ﬁndings can be used to update parameters in biogeochemical models to reﬂect the distinct physiology of pico-/
nanophytoplankton to better constrain predictions of future
productivity under changing environmental conditions.

Fig. 4. Iron quotas in pico- and nanoeukaryotes. (A) Cell quotas of small
autotrophic ﬂagellates across a transect from coastal ecosystems to open
ocean in the East Paciﬁc (EPZT) as reported by Twining et al. (2021). (B)
Geometric mean ( SD) cell quotas of O. lucimarinus cultured in limited
(triangle) and replete (circle) Fe media (n = 3). (C) Cell quotas of picoand nanoeukaryotes from four open ocean regions (histograms, geometric means as dashed lines).
alkaline phosphatases (Duhamel et al. 2021), which incorporate Zn, Co, or in the case of bacteria, Fe. Previous studies
have shown limited responses of APA to metal addition in
communities that are limited by both DIP and the cofactor
metal (Mahaffey et al. 2014; Browning et al. 2017). In our
work, whole community APA at either terminus of the Fe-dust
gradient showed no signiﬁcant response to Zn or Fe addition
(Fig. S2b), and cellular Fe and Zn quotas of small ﬂagellates in
these treatments also did not increase above the control (Figs. S6,
2B), consistent both with previous phosphatase studies
(Mahaffey et al. 2014; Browning et al. 2017) and with other evidence (Chl a and quota responses) that these trace metals were
not limiting. Thus, like nitrate, phosphate availability may inﬂuence metal quotas along with metal availability.
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