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Processes and patterns of oceanic
nutrient limitation

Many of the essential biological elements exist in multiple physico-chemical
forms within the marine environment. However, the different nutrient species of a
required element may not be equally available for biological uptake, either to the
whole community/assemblage or for specific members of the biota. For example,
sulphate is unavailable to some major clades of marine bacteria' and the use of N, gas
to satisfy cellular N demand is restricted to certain prokaryotic groups®, while some of
the minerals contributing to atmospheric deposition of Fe to the ocean likely
contribute little to pelagic biological uptake®”. Although the term bioavailability is
sometimes assumed to correspond to a measure of the absolute availability of a given
nutrient to the biota, under many circumstances the bioavailability of a chemical
species or complexed element may be better described in terms of the community
uptake rate’. Consequently bioavailability reflects a combined characteristic of both
the chemical form of a nutrient and the capabilities of the extant biological
community.

An example of the importance of bioavailability concerns the dissolved
organic nutrient pools in the upper ocean. The terms dissolved organic nitrogen and
phosphorous (DON and DOP) are operationally used to describe the whole range of
organic N or P containing compounds”®. However, the DON and DOP pools are
neither completely available nor unavailable. Rather both pools constitute a complex
mixture of compounds whose biological rates of uptake will vary both for individual
organisms and between organisms® . Consequently, over timescales comparable to
the residence time of the upper (inorganic nutrient depleted) ocean, only a proportion
of the DON and DOP pools can be accessed. Hence, although there is a large DON
pool in the N limited low latitude systems, only a small proportion of this is available
for uptake over biologically relevant timescales. Indeed, the observed accumulation of
DON in systems exhibiting good evidence of N limitation (Fig. 3) is itself suggestive
of low bioavailability for much of the DON pool”'>""7. Overall the integrated
bioavailability and/or chemical lability of the DOP pool appears to be higher than that
for the DON p00115’16’18’19.

Treatment of nutrient limitation within large scale models.
As reviewed in detail elsewhere?®*!, within the majority of large-scale
numerical ocean biogeochemical general circulation models, phytoplankton growth
has traditionally been assumed to be proportional to the external nutrient
concentration assuming balanced growth within a Monod type model**, with nutrient
uptake parameterised as a saturating function of external nutrient concentrations using
a Michaelis-Menten functional form>**>. Within multi-element models, constant
stoichiometry is also generally assumed”'. Co-limitation by different nutrients then
typically conforms to the simple minimum-type concept where growth is dictated by
the smallest of all the individual Michaelis-Menten terms for different nutrients.
Although such models are simple to implement, microbial growth rates are actually
more likely to be related to the intracellular rather than extracellular nutrient
concentrations” %, Moreover, intracellular stoichiometric variability is intimately
linked to nutrient limitation®'*>,
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Although a wide range of more physiologically realistic growth models exist*"
33 there is arguably a lack of data for rigorously selecting between individual
parameterisations and implementation of many of these models may currently be
computationally prohibitive’>*'. Some large-scale biogeochemical models have
employed a degree of stoichometric plasticity, particularly with regards to the
micronutrients®>*. However these implementations often employ simplified
parameterisations rather than fully mechanistic physiological models. The non-
mechanistic physiological parameterisations used in the majority of large-scale
models can potentially have a significant influence on overall dynamics®'. For
example, the typical fixed-stoichiometry external nutrient growth models may amplify
regional differences in productivity and limiting nutrients, while cell quota type
models can decouple nutrient uptake and growth, leading to differences in response to
limiting nutrients™.

Past changes in upper ocean nutrient cycling.

In addition to the major redox transitions which occurred in ancient oceans*”
*  the potential for significant changes in nutrient limitation in an ocean closely
resembling the modern condition is illustrated by the paleo-oceanographic record of
recent glacial-interglacial cycles. Variations in both the total oceanic inventory and
absolute and relative fluxes of nutrients to the euphotic zone likely played a central
role in modulating atmospheric CO, over these cycles**. Proxies of lowered export
production®”* concurrent with N isotope records indicating more complete NO3”
utilization*”*" suggest that both polar high-nitrate low-chlorophyll regions moved
towards macronutrient limitation during peak glacial periods. Restricted nutrient
supply to surface waters in these regions may have resulted from reduced upward
transport of macronutrient-rich subsurface waters, increased stratification® and
weakening of the Atlantic meridional overturning’'. Additionally, aerosol Fe
deposition also increased 2-4 fold during cold climate intervals®>>>, potentially
alleviating Fe limitation. The latter process may have resulted in a direct increase in
export production in subantarctic waters of the glacial Southern Ocean®, while a
combination of reduced vertical fluxes and increased Fe inputs could have driven
enhanced macronutrient depletion further south*’”’. Given the Southern Ocean’s role
in ventilating the deep ocean and hence the partitioning of nutrients between the
remineralised and preformed pools (see main text and below), enhanced surface water
macronutrient depletion likely had a significant influence on the carbon cycle,
irrespective of any changes in absolute productivity or export™~>.

Changes in the total nutrient inventory are more equivocal. On both glacial-
interglacial and sub-millennial timescales’'~**’ the volume of oxygen-minimum
zones responded to variations in remineralisation rates of sinking organic matter’® and
thermocline ventilation®. Water-column denitrification appears to decrease during
cold intervals of greater thermocline oxygenation, reducing the global rate of fixed N
loss, potentially allowing the N inventory to grow. However, the ecological
competition between diazotrophs and other plankton®”°' may have buffered large
changes in the N inventory””%?, a supposition supported by N isotope measurements
from tropical Atlantic sediments®. Indeed models of sedimentary N isotope records
suggest at most a 30% increase in the fixed N inventory during glacial periods®. In
parallel, changes in water column oxygenation and organic matter sedimentation may
have decreased sedimentary P burial, potentially increasing the P inventory®**>%,
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Biological carbon storage: preformed, remineralised and ultimate limiting
nutrients

Primary production in the upper ocean consumes both nutrients and dissolved
inorganic carbon (DIC) to produce organic material which can subsequently sink®’
and be remineralised back to DIC at depth. The resulting downward flux of C is
termed the “biological (soft-tissue) pump’®®. The biological pump removes
phototrophically derived organic matter from the upper ocean and stores the
associated C (DICso5) out of contact from the atmosphere in the deep ocean. The
removal of this C from the upper ocean decreases surface water pCO, and draws CO,
from the atmosphere into the ocean, thereby lowering atmospheric pCO,. However, at
steady state, the downward flux of organic carbon and nutrients must be balanced by a
physical return flux of both DICen and inorganic nutrients back to the surface
(Supplementary Fig. S4).

The efficiency of the biological pump can be conceptually understood in terms
of the relative fraction of nutrients within the ocean interior which result from either
remineralisation of organic material or which are transported to depth through
physical processes” ' The former, termed ‘remineralised nutrients’ (Nut,emin) will be
associated with a flux of carbon through the biological pump (Supplementary Fig.
S4), while the latter, termed ‘preformed nutrients’ > (Nut,r) are not associated with
any biological carbon flux. The existence of preformed (physically transported)
nutrients within the ocean interior represents an inefficiency in the biological
pump®®7! i.e. if these nutrients had instead arrived in the interior via a biological
pathway they would be associated with biological C and hence the storage of DICx
in the deep ocean would be increased.

Vertical physical transports of water, nutrients and carbon within the ocean are
controlled by the large scale ‘overturning’ circulation. The interior of the modern
ocean is filled with dense so called ‘deep’ waters, formed through buoyancy loss
either in the high latitude North Atlantic, or the Southern Ocean (Supplementary Fig.
S4). Within the modern ocean, (macro-)nutrient drawdown in surface waters is near
complete throughout the majority of the low latitudes, whereas surface macro-
nutrients remain high in the Southern Ocean (Fig. 3). Consequently, the deep waters
formed in the North Atlantic (NADW), which are fed by waters passing through the
low latitudes, have a lower concentration of (macro-)Nut,,. than those formed in the
Southern Ocean. Although a simplification, the nutrient biogeochemistry of the
modern ocean can be conceptually separated into two loops, a low-latitude ‘northern’
pathway, with a high biological pump efficiency, and a southern pathway with low
efficiency®’" (Supplementary Fig. S4). Perturbations to surface nutrient cycling and
their impact on ocean C storage and atmospheric pCO; can then be interpreted in
terms of their influence on these two pathways’""”>. For example, an increase in
nutrient utilization in the (low biological efficiency) Antarctic will drawdown
atmospheric pCO;, more effectively than equivalent surface nutrient changes in the
Subantarctic, at low latitudes or the North Atlantic’*".

The strength of the biological pump is directly related to the stoichiometry
with which C is coupled to the nutrients in sinking organic material (Supplementary
Fig. S4). The conceptual model described above is easily understood in an ocean with
only one nutrient, or equivalently where all nutrients are cycled through the entire
system in a strictly conserved stoichiometry (i.e. in this scenario ‘N’ in
Supplementary Fig. S4, might be considered to be ‘any Nutrient’*®). However the
reality is clearly more complex, with phytoplankton capable of taking up nutrients and
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hence forming organic matter with variable stoichiometries. The cellular ratio of Fe:C
for example varies over 2 orders of magnitude (Fig. 1a, Supplementary Fig. S1). The
remineralisation process may also alter the stoichiometry of organic material'>'®'®",
Additionally, deep ocean cycling and transport of many of the trace metal nutrients,
including Fe, is highly influenced by processes other than those associated with
organic matter production and remineralisation, including binding to organic ligands
and scavenging onto colloids and larger particles®’®. Indeed the short residence times
of the scavenged elements (e.g. Fe, Mn, Co) (Fig. 1a, Supplementary Table 1) result
in the total oceanic pool being lower than what might be maintained from
remineralisation of ‘typical’ organic material produced in the surface at steady state
(Supplementary Table 1), seriously complicating the preformed/remineralised concept
for these nutrients.

Partitioning into preformed and remineralised pools is also only a useful
indicator of the efficiency of the biological pump when considering those elements for
which biological activity has a significant role to play in their distribution and whose
availability potentially limits the production of organic material in the surface ocean.
For example, the distribution of S, K, Mg and Ca is influenced little by biological
activity, with <<0.1% of the total inventory of these nutrients being in the
remineralised pool (Fig. 1a, Supplementary Table 1). Consequently the concept of
preformed and remineralised nutrients is primarily useful when considering the
macronutrients N and P.

Due to the longer residence time (Fig. 1a) and lack of major biological
source/sinks to the ocean, the total P inventory is often considered to set an upper
bound on oceanic productivity®*®" which, over suitable timescales*®, might best be
described in terms of the oceanic storage of carbon by the biological pump. However
there are several reasons why this upper bound may not be reached. As discussed
above, incomplete consumption of macronutrients in high-nitrate low-chlorophyll
regions (Fig. 3) and in particular the Southern Ocean, currently results in biological
carbon storage falling well short (by ~half) of what could be supported by the total P
inventory, i.e. the preformed P pool (Pp.) is ~50% of the total (Pw)”"®. Additionally,
N is currently more fully depleted”” and more limiting than P (Fig. 3) in the majority
of the low latitude regions constituting the high efficiency ‘loop’ (Supplementary Fig.
S4). Subsequently we might expect that the preformed N inventory would be lower
than the stoichiometrically equivalent preformed P inventory (Supplementary Table
1). Although estimated ratios of Ppre/Pioal and Npre/Niotal Support this suggestion
(Supplementary Table 1), it should be noted that the calculations are themselves
dependent on: the ratios of O, consumption during N and P remineralisation being
stoichiometrically conserved®”®', the amount of remineralisation which occurs
anaerobically, and an assumption of complete oxygen saturation at the sea surface.
The potential for differences between Ppre/Piotal and Npre/Niorat Will reflect factors
influencing the efficiency of the feedbacks which are thought to couple the N and P
cycles*™®% including, for example, the potential for Fe limitation of diazotrophy™**™"
% Finally the C:N ratio appears to be less flexible than the C:P ratio®® (Fig. 1,
Supplementary Fig. S1), with the consequence that biological carbon storage would
be expected to be more tightly coupled to the biological cycling of N than P.

A number of implications follow from the proceeding arguments. Firstly, if
the C:N ratio of organic matter production remains constant, the remineralised N
inventory should represent both the principal control on, and best indicator of, the
capacity for oceanic biological carbon storage. Secondly, carbon storage is likely to
be most sensitive to changes in the C:Nutrient ratio of organic matter for the most
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limiting nutrient(s), which for the modern ocean appear to be N in the efficient low
latitude loop and Fe in the inefficient high latitude loop (Fig. 3). Consequently,
potential changes in the average C:N ratio of low latitude organic matter production
and/or subsequent processing can have a significant influence on air-sea CO,
partitioning®™®’. Finally, rather than discussing the identity of an ultimate limiting
nutrient®**>% it may be more useful to consider how processes interact to shift
control of the oceanic carbon storage from one element to another over variable time
and space scales. For example, no single elemental inventory appears to set a realised
upper bound on biological carbon storage in the modern ocean. Rather the influence
of oceanic biota on the carbon cycle is dependent on interactions and feedbacks
between the cycles of different nutrients in the context of large-scale circulation
patterns, which will themselves be variable over geological time.

Derivation of Equation 1, Box 2.

Diffusive flux is governed by Ficks law:

J=-DVS, (1)
where J is flux of a substance per unit area down the concentration gradient VS, and D
is the diffusion constant for the substance in seawater.

Assuming a spherical cell of radius 7,, the flux F integrated over any concentric
sphere at distance 7 = r, will be
F=42°D% 2).
or
At steady state, F will be independent of 7 and integration from » = r, to 7= gives:

F =4aDr (S, -S,), (3)

where S. is the concentration at infinite distance from the cell (= bulk concentration).
In the limiting case when the diffusive transport is slow relative to the biological
uptake into the cell, the cell can capture all molecules reaching the cell wall, and S, =
0. The diffusive transport to the cell under diffusion limitation is therefore:

F =47Dr.S.,. (4)

Since we are considering nutrient uptake to be the growth-limiting process, the
specific growth rate p of the organism will be the uptake (= F) divided by the
minimum requirement of the limiting element to form a new cell Omin:

_ 41Dr g 5)

0
Qm in

The specific affinity o is defined as the slope of the specific uptake rate as a function
of external nutrient at low external nutrient concentrations. Under steady state growth
specific uptake rate = specific growth rate so we also have:

u=as,. (6)

Comparing (5) and (6) gives:

© 2013 Macmillan Publishers Limited. All rights reserved.



47Dr
Qmin

Defining o as the content of limiting element per unit cell volume we have:

. (7)

4 . .
O = —717/030. Insertion into (7) gives:

3

o< 3_12 (8).
or

o

Which is the form often used to argue that efficient osmotrophs should be small. This
is because Eqn. 8 suggests that competitive ability under permanently low external

nutrient concentration scales with size as ro‘z.

Note that « is conceptually equivalent to a clearance rate: It is the volume of fluid
cleared of the limiting nutrient per unit consumer per unit time. Note also that « is
equivalent to biomass-specific turnover rate for the free nutrient. This can be derived
as follows:

Turnover-time 7 for the free nutrient is the ratio between concentration S. and uptake
rate V' = aS.B where B is the biomass of consumers. This gives:

S -1
T=——ora=—-. 9)

aS_ B B
For limiting elements with a convenient radioactive isotope (e.g. >*P), turnover-time is
often easily determined and has been used as an indicator of limitation. As shown by
Eqn. 9, a can be used instead as an indicator normalized to consumer biomass and
therefore has advantages when comparing nutrient limitation in samples of different
biomass.

Calculation of altered external nutrient inputs

Estimates for the magnitudes of altered external fluxes of iron, nitrogen and
phosphorus, as shown in Table 1 are described here. Many of these are driven by
changes in dust deposition, and therefore these are presented first. Additional input or
inventory changes, including the potential influence of expanding oxygen minimum
zones® on Fe mobilisation from sediments’’, remain difficult to estimate.

Desert dust

Desert dust deposition for the historical period (1870-2000) is estimated’’,
where the world is divided into 7 different source areas: North Africa, Middle
East/Central Asia, East Asia, North America, Australia, South America and South
Africa. We use paleo-observations to deduce the time series for each of the source
areas, assigning each paleo-observation to one or more source areas, based on a
combination of model and observational data for each of the paleo-observations’.
The only change is to add the observational data for the North African source from a
recent study’”, which allows us to better constrain the most important source (North
Africa), and extend this source strength back to 1870. Thus, based on the paleo-data,
we have estimates for desert dust deposition at 1870 (preindustrial) and current
climate. These are normalized, by the average over the 1980-2000 time period, so that
these are a ratio of the source strength relative to the recent climate. The uncertainty
in these estimates is estimated to be 40%’".
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For climate in the future, there is obviously less ability to project accurately,
partly because it is unclear what is driving the observed increase across the 20™
century. Only a few studies have looked at climate change impacts on dust sources
between preindustrial to current, and these suggest either an increase or decrease in
dust, depending on the relative roles of land use, carbon dioxide fertilization of
terrestrial vegetation and climate change’*”. For the future, estimates based on
climate change only indicate large possible increases’® to small increases’ to
decreases™. A study looking at desert area changes predicted from the BIOME4
equilibrium vegetation model™ driven by multiple models from the Climate Model
Intercomparison project (CMIP3) archive suggests that models show a wide range of
estimates of future projections, and that the mean of the models for future desert area
depends on the size of the carbon dioxide fertilization effect. If carbon dioxide
fertilization does indeed allow desert plants to be more able to deal with water stress
(e.g. ref 99), then the future will have less desert area (-1.6% in 2080-2100).
However, if not, the future will have more desert area by about 8% in 2080-2010. In
addition, the impact of land use could be adding 0-50% more dust (e.g. refs 97,100-
102). Because of the uncertainties in future estimates described above, we currently
assume a constant dust deposition into the future.

Iron deposition estimates

For this study, we assume that iron comprises 3.5% of dust. Assuming
heterogenous amounts of iron in soils, and looking at the impact on deposition
suggests that variable iron content is only important near Australia, and can be
neglected'”. Because direct emissions of iron from combustion is much smaller than
dust, we can ignore this fraction in calculation of the total iron flux'®*.

Estimates of soluble iron are difficult to make, because of the uncertainties in
exactly what is defined as soluble'”>'*. It is thought that iron can become more
soluble in the atmosphere due to atmospheric processing, especially under acidic
environments' """, There is also mounting evidence for higher solubility of
anthropogenic combustion sources of iron'**''2. We assume here that soluble iron is
Fe(II), and use the model simulations from'* and'"? to estimate the soluble iron
fraction. Since these studies include only simulations of preindustrial and current
climate estimates of both atmospheric processing and combustion sources of soluble
iron, we propose to use the global average rate of change of sulfur dioxide and black
carbon to scale these changes to 1870. Soluble iron for preindustrial and current
climates are estimated using a model' > In addition, combustion iron sources'*,
are scaled using historical estimates of black carbon''".

The uncertainties in the soluble iron deposition changes are larger than in the
dust changes, due to unknowns including the sources of soluble iron and the relative
roles of atmospheric processing and emissions. The mineralogy of iron sources is
likely to be important'"”, but is neglected here, because there are not yet simulations
including these processes. The degree of uncertainty in the temporal evolution of iron
deposition should be similar to the uncertainties in dust (40% for past changes, and
100% for future changes).

Phosphorus deposition estimates

Phosphorus deposition is also dominated by dust, with other natural sources
(primary biogenic particles, sea-salts, volcanoes)''® included in the calculation. In
addition emissions of combustion sources of phosphorus are likely to have increased
with anthropogenic activity. We estimate the changes from preindustrial to current of
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phosphorus deposition from combustion sources scaled by black carbon emissions in

preindustrial compared to current' .
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Supplementary Figure S1. Observed range of variability in cellular elemental quotas
(normalised to C) as a function of a representative (‘typical’) quota''''® (see Table
S1 for data and references). Quota variability will not only depend on the availability
of the nutrient in question, but in many cases the availability of other nutrients and a
range of further environmental conditions including irradiance and temperature.
Currently available data also necessitates compilation across multiple taxa. Despite
such caveats, the broad pattern of increasing observable variability in quota with
decreasing cellular requirement currently appears robust. For example, the
relationship is similar if the ‘typical’ quota''"''® is replaced by the average of the

observed upper and lower values (Table S1).
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Supplementary Figure S2. Intercellular nutrient quotas (normalised to C) versus
dissolved seawater concentrations (normalised to mean ocean NOs") for five oceanic
regions, with data for all available elements indicated and horizontal bars indicating
the observed range of quotas (see Fig. 1 and Supplementary Table 1). Data for
dissolved nutrients are collated from multiple sources for the South Atlantic

gyre® 1% (<20°S, 25°W), the vicinity of the Hawaii Ocean Time Series' >
(HOTS, ~22°N, 158°W), the Bermuda Atlantic Time Series'>**!''*12>12¢ (BATS,
~32°N, 64°W), the Antarctic Circumpolar Current region of the Southern Ocean''*'?”
32 (ACC, S. Ocean, ~66°S) and the Subantarctic Zone of the Southern Ocean''”'*"13?
(SAZ, S. Ocean ~54°S). Data in panels a-e are for the surface layer. For each region
the nutrient typically found to promote the primary increase in phytoplankton biomass
and/or productivity is indicated in red, with the solid red, dashed and dotted diagonal
lines delineating elements which are equally depleted and 10 and 100 fold more
replete respectively. For comparison, data are also included from the upper
thermocline (~200m) at BATS indicating decoupling between the most deficient
nutrients according to dissolved ratios in sub-surface pools (f) and the most deficient
and proximal limiting nutrients in surface waters (c), likely due to a combination of
additional surface inputs'>*"**!** and biogeochemical stoichiometric variability'*'**,
The indicated dissolved seawater concentrations for N and P also do not include

significant dissolved organic pools, which will be variably bioavailable®"”.
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Supplementary Figure S3. In situ responses of microbial groups to dust additions.
Symbols indicate locations of enrichment bioassay experiments that displayed
positive biological responses to dust amendment superimposed on global total soil
dust deposition (mg m™)"**, with colour indicating the biological group(s) that
responded: phytoplankton (black), bacteria (red), diazotrophs , phytoplankton and
bacteria (green), phytoplankton and diazotrophs , bacteria and diazotrophs
(cyan), phytoplankton, bacteria, and diazotrophs (purple), no response (white). Not all
groups were tested in all experiments.
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Supplementary Figure S4. Influence of large scale circulation on the biological
pump. a) Schematic circulation diagram showing nutrient transports in the high
efficiency (northern) loop (red) and the low efficiency (southern) loop (blue).
Nutrients and biologically derived dissolved inorganic carbon (DIC 45) are
transported to the surface in the Southern ocean, releasing biologically sequestered
CO; back to the atmosphere. Surface waters within the Southern Ocean then follow
one of two paths’. Waters within the low efficiency loop (blue) sink back into the
interior near the Antarctic continent following little (macro-)nutrient drawdown.
Waters within the high efficiency loop are transported northwards through low
latitude systems supporting significant downward organic carbon and nutrient fluxes,
before sinking into the interior within the high latitude Atlantic. The imprint of these
large scale circulation patterns can be observed in depth profiles of macronutrients
which can be decomposed into the remineralised (Nremin) and preformed (Npy.) pools
using the apparent degree of oxygen utilisation (b and ¢)’*. Lower concentrations of
total and in particular remineralised nutrients are observed close to where sinking
occurs in the low latitude loop (profile b, North Atlantic) than in the regions nearer
the end of this conceptual circulation pathway. Perhaps counter-intuitively, the 3
dimensional circulation of the ocean results in the end of the high efficiency loop
corresponding to the North Pacific (¢)*.
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Supplementary Table S1. Elemental quotas and oceanic concentrations

Element Phytoplankton Observed Observed Mean ocean Residence Estimated

quota® maximum minimum concentration® time° % in

(mol:mol C) phytoEIankton phytoEIankton (pmol kg'1) (years) preformed

quota quota pool
mol:mol mol:mo
(o I:mol C)
c 1 1 1 2247 130000
H 2.12
N 0.129 0.169 5x 107 30 3300 52
o 0.339
P 8.07 x 102 2.58 x 1072 1.29x 10 2.0 53000 55
S 1.05x 107 28010 8700000 >99.99
K 1.37 x 107 10205 12000000 >99.98
Mg 452x10° 52664 13000000 >99.99
Ca 4.03x10° 10279 1000000 >99.99
Sr 4.03x10° 89.0 5100000 >99.99
Fe 6.05x 10° 2.58 x 10™ 2.13x10° 5.37 x 10™ 350 <0*
Mn 2.26 x 10° 3x10° 9x10” 3.64 x 10™ 60 <0*
Ni 8.06 x 10° 3.05x10° 1.86 x 107 8.17 x 107 6000 99
Zn 6.45x 10° 1.1x10™ 1.74x 107 5.35x 107 51000 87
Cu 3.06 x 10° 1.04 x 10™ 2.18 x 107 2.36 x 107 5000 86
cd 1.69x 10° 3.35x10™ 1.6x10° 6.23 x 10™ 50000 70
Co 1.53x10° 2.56 x 10° 47x10™" 2.04 x10° 340 <0*
Mo 2.42 x 107 0.104 800000 >99.97
Si 0.129 1.01 0.08 99.7 20000
Notes:

a) Phytoplankton quotas representative of means across a range of taxa*"''"''® The
observed composition will depend on the characteristics of the culture media,
particularly for trace metals. Further nutrient elements include: Li, B, F, Na, Cl, V, Cr,
Se and I.

b) Maximum and minimum observed elemental quotas across different growth
conditions and taxa, the latter representing a more restricted set than (a). Maximum
and minimum values will typically correspond to nutrient replete or limited cultures
respectively and ranges could potentially be extended through observations of other
taxa and growth conditions. References are: N ref 28, P refs 25,136, Fe refs 137,138,
Mn ref 139, Ni ref 140, Zn refs 141,142, Cu ref 143, Cd refs 141,142, Co ref 144, Si
refs 145,146 (diatoms only).

¢) Mean ocean concentrations and residence times''”'*""'*’_ Global surveys of trace
elements (e.g. GEOTRACES"") should considerably improve these estimates.

d) Values for preformed P were calculated from the difference between the mean
concentration and the oceanic mean Apparent Oxygen Ultilisation scaled by a Redfield
ratio for remineralisation®’. For the other elements, the remineralised pool is
calculated by scaling the value for remineralised P to quotas (a) for the organic
material in comparison to mean oceanic concentrations. For N and P a consistent
alternative calculation can be performed by assuming the deep ocean is composed of
an approximate 50:50 mix of NADW and AABW’®, then comparing end-member
preformed N and P concentrations calculated for these water masses with the mean
deep ocean concentration. *calculated values for scavenged elements are negative as
the pool size which would result from remineralisation of organic matter would be
greater than the total ocean inventory.
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Supplementary Table S2. Nutrient addition studies (both in situ and bottle experiments)
used to produce Fig. 3. Shown are the location and nutrients primarily and secondarily limiting
chlorophyll @ accumulation and/or carbon fixation increases in the indicated studies.

Primary

Limiting Secondary
Study °N °E Nutrient Limiting Nutrient
Al-Qutob et al. 2002"" 29.0 -34.0 N P
Berg et al. 2011"%, Hoffmann et al. 20
2006' 500 7 Fe
Bertrand et al. 2007"** 743 -179.2 Fe B>
Bertrand et al. 2007">* 746 -173.2 Fe
Bertrand et al. 2007"* -76.4 -168.6 Fe B>
Blain et al. 2004 40.0 -18.0 Fe
Blain et al. 2004 41.8 -19.4 Fe
Bonnet et al. 2008 9.0 -136.0 Fe
Bonnet et al. 2008 26.0 -114.0 N
Bonnet et al. 2008 320 -91.0 Fe,N
Boyd et al. 2000"’ 61.0 -140.0 Fe
Boyd et al. 2001"® -47.0  38.0 Fe
Boyd et al. 2005"° 50.0 -145.0 Fe
Buessler et al. 2004'%° -66.0 172.0 Fe
Coale et al. 1996'°"! 5.0 -107.0 Fe
Coale et al. 2004 -56.0 172.0 Fe
Crawford et al. 2003'% 50.0 165.0 Fe,Zn Fe
Davey et al. 2008'** 100  -49.0 N P
Davey et al. 2008'%* 50  -26.0 N P
Davey et al. 2008'%* 6.0 -16.0 N P
Davey et al. 2008'* Mills et al. 2004'®  10.0  -34.0 N P
Davey et al. 2008'**, Mills et al. 2004'® 4.0 -23.0 N Fe,P
Davey et al. 2008'%, Mills et al. 2004'®  11.0  -17.0 N Fe,P
Gervais et al. 2002 48.0 -21.0 Fe
Hutchins et al. 1998'¢” 36.0 -122.0 Fe
Hutchins et al. 1998'¢” 359 -122.6 Fe
Hutchins et al. 2001'%® 46.7 -142.0 Fe Si
Hutchins et al. 2002'% 23 -875 Fe
Hutchins et al. 2002'%° 9.7 -81.4 Fe
Martin et al. 1989'"° 450 -142.9 Fe Co
Martin et al. 1989'"° 50  -145.0 Fe Co
Martin et al. 1989'"° 555 -147.5 Fe Co
Martin et al. 1993'"! 47.0 -20.0 Fe
Martin et al. 1993'"! 59.5 -20.8 Fe
Martin et al. 1994'7 5.0 -90.0 Fe
Moisander et al. 20117 149.8 -17.7 N
Moisander et al. 2011'7 155.8  -17.5 N
Moisander et al. 20117 1583 -25.0 N
Moisander et al. 2011'" 166.2 -23.1 N P,Fe
Moisander et al. 2011'" 170.0 -15.0 N,Fe
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Moore et al 2007'"*
Moore et al 2007'7*
Moore et al 2007'"*
Moore et al 2007'7*
Moore et al 2007'7*
Moore et al. 2006'"
Moore et al. 2006'"
Moore et al. 20087
Moore et al. 20087
Moore et al. 20087
Moore et al. 20087
Moore et al. 20087
Moore et al. 2009**
Moore et al. 2009**
Moore et al. 2009**
Moore et al. 2009**
Moore et al. 2009**
Moore et al. 2009**
Nielsdottir et al. 2009'"’
Nielsdottir et al. 2009'"’
Nielsdottir et al. 2009'"’
Nielsdottir et al. 2009'"’
Saito et al. 2005'7®
Saito et al. unpubl

Saito et al. unpubl
Sedwick et al. 2002'"
Sedwick et al. 2002'"
Sedwick et al. 2002'"
Suggett et al. 2009'*
Suzuki et al. 20028
Tsuda et al. 2003'**
Tsuda et al. 2007'%3
Tanaka et al. 20113
Tanaka et al. 20113
Tanaka et al. 20113

-50.0
-52.0
-50.5
-53.0
-52.0
42.0
31.0
21.0
28.0
29.0
32.0
1.0
44.0
36.0
28.0
-17.4
-23.0
-28.5
59.2
58.9
62.9
59.7
8.7
-13.3
-13.3
-46.0
-44.2
-43.3
29.0
50.0
49.0
48.0
39.1
34.1
33.6

44.0
46.0
44.5
48.0
46.0
-42.0
-27.0
-62.0
-64.0
-53.0
-44.0
-27.0
-32.0
-46.0
-27.0
-25.0
-17.1
-5.5
-19.9
-20.4
-19.6
-18.8
-90.6
0.0
0.0
65.0
63.3
62.5
34.0
145.0
165.0
166.0
54
18.5
32.7

U YT U YT iy
(¢]

o "o

Co

N,P

o U
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Supplementary Table S3. Dust bioassay studies used to produce Fig. S3. Shown are the locations and
microbial groups that responded to nutrient additions. +, -, and 0 indicate positive, negative, or no

responses were detected respectively. Where +/- are listed together both positive and negative responses to
that microbial group were detected.

Study

Blain et al. 2004'>
Bonnet et al. 2005'*
Bonnet et al. 2008"°
Bonnet et al. 2008"°
Davey et al. 2008'%*
Davey et al. 2008'%*
Davey et al. 2008'%*
Herut et al. 2005'%
Laghdass et al. 2011"%7,
Guieu et al. 2010
Marafion et al. 2010'*’
Marafion et al. 2010'*’
Marafion et al. 2010'*’
Marafién et al. 2010'*’
Marafién et al. 2010'*’
Marafién et al. 2010'*’
Marafién et al. 2010'*’
Marafioén et al. 2010'*’
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills and Moore, unpubl
Mills et al. 2004

Mills et al. 2004

Mills et al. 2004'%

Pulido-Villena et al. 2008

Ternon et al. 2011™!
Ternon et al. 2011"™!
Ternon et al. 2011"™!
Ternon et al. 2011"™!

°N
42
43
-26
-32
10
5
6
33

42
26
14

18

34

16
‘1
14
29
44
36
28

17

23

29
21
28
29
31
32
36
35
42
10

4
11

43
34
34
37
39

°E
-19
8
-114
-90
-49
-26
-16
32

9
35
28
29
38
29
29
29
28
32
46
27
25
17
-6
62
64
.53
27
44
24
-56
42
35
24
-18
8
18
33
20
5

Phytoplankton

t++++ototo++++++o++ ++ o0
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_|._
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