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Introduction
Life in the sea is dependent on fixation of carbon and nitrogen by unicellular algae, converting these elements from gases dissolved
in seawater into carbohydrates, proteins, and other cell components. These so-called phytoplankton consist of eukaryotic algae,
which photosynthetically fix carbon into organic matter, and photosynthetic bacteria (cyanobacteria) that carry out both carbon
and dinitrogen (N2) fixation. Until recently, phytoplankton productivity in the ocean was thought to be primarily limited by
available fixed nitrogen (nitrate, nitrite, ammonia, and various organic nitrogen compounds) and to a lesser extent phosphorus
(orthophosphate and organic phosphorus compounds). However, in the past 20 years, enrichment experiments in bottles and in
mesoscale patches of surface water have shown that iron regulates the productivity and species composition of planktonic
communities in major regions of the world ocean, including the Southern Ocean, the equatorial and subarctic Pacific, and some
coastal upwelling systems. In addition, it now appears that iron limits N2 fixation by cyanobacteria in large regions of the
subtropical and tropical ocean, and thus may control oceanic inventories of biologically available fixed nitrogen. Several other
micronutrient metals (zinc, cobalt, and copper) have also been shown to stimulate phytoplankton growth in ocean waters, but their
effect is usually much less than that of iron. However, these metals may play an important role in regulating the composition of
phytoplankton communities because of large differences in trace metal requirements among species.
In this article, interactions between trace element nutrients and phytoplankton in seawater are discussed. Specifically, we discuss
iron, zinc, cobalt, cadmium, copper, and nickel (Fe, Zn, Co, Cd, Cu, and Ni), all of which have known biological functions in
phytoplankton and whose distributions in the oceans are affected by biological processes. Other transition metals including
manganese, selenium, molybdenum, vanadium, and chromium (Mn, Se, Mo, V, and Cr) can also be biological micronutrients,
though their biological cycling is generally less studied. In these interactions, not only do the trace nutrients affect the growth and
species composition of phytoplankton communities, but the phytoplankton and other biota (e.g., heterotrophic bacteria and
zooplankton) have a profound influence on the distributions, chemistry, and biological availability of these elements (Fig. 1).

Distribution in Seawater
Knowledge of the distribution of trace element nutrients in the oceans is essential to understanding the influence of these
micronutrients on the productivity and species diversity of marine planktonic communities, yet measuring trace-metal concentrations in seawater is extraordinarily challenging. A ton of seawater from the deep ocean would contain about 40 mg Fe, 400 mg Zn,
3 mg Co, 60 mg Cd, 200 mg Cu, and 400 mg Ni, or a total weight equivalent to that of a few eyelashes for all of the metals combined.
Concentrations of these elements in surface waters of the open ocean are even lower (0.001–1 nM). Accurately measuring the
concentration of these metals in seawater is therefore quite challenging. In fact, even collecting seawater samples without
contaminating them for metals is challenging at such low concentrations. Even a single speck of dust too small to see with the
naked eye might contain more Fe than a typical liter of seawater.
With proper techniques, however, it is possible to accurately measure metals even at such low concentrations. Water samples
must be collected with special sampling systems which avoid the use of steel, for example many designs use plastic samplers
attached to a titanium frame. Water samples must be filtered and processed under cleanroom conditions where the air is filtered to
remove dust, and they must be stored in acid-cleaned plastic bottles. Analytical methods must be used which can measure tiny
amounts of metal purified from seawater, for example many techniques use metal-binding resins to extract elements from seawater,
and metals are often measured by high-sensitivity instruments such as inductively coupled plasma mass spectrometers (ICPMS).
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Fig. 1 Conceptual diagram of the mutual interactions between trace element nutrients (Fe, Zn, Co, Cd, Cu, and Ni) and phytoplankton in the sea. In these
interactions, the chemistry of trace element nutrients, in terms of their concentrations, chemical speciation, and redox cycling, regulates the productivity and species
composition of marine phytoplankton communities. These communities in turn regulate the chemistry and cycling of trace element nutrients through cellular uptake
and assimilation, vertical transport of biogenic particles (intact cells and fecal pellets), grazer and bacterially mediated regeneration processes, production of organic
chelators, and biological mediation of trace element redox transformations.

Using such techniques, the first accurate measurements of trace-metals in seawater were performed in the 1970s. Over
subsequent decades, trace-metal concentrations were measured in all of the major oceans both in surface waters and deep in the
ocean interior, though such efforts were typically led by individual scientists and therefore left significant gaps in our understanding
of global metal nutrient distributions. More recently, a new program called GEOTRACES has taken a systematic approach to
mapping the global distribution of metals in the oceans (Fig. 2). GEOTRACES cruises typically collect seawater from many profiles
on a long cruise track, and for each water sample, multiple trace metals are measured. As a result of the GEOTRACES program, the
total amount of trace-metal data has increased by orders of magnitude over the past decade.
Concentrations of trace element nutrients typically increase with depth in the ocean, similar to increases observed for major
nutrients nitrate, phosphate, and silicic acid (N, P, and Si). The reason for this is that both major nutrients and trace element
nutrients are removed from surface ocean waters by growing phytoplankton. Much of these assimilated nutrients are recycled within
the euphotic zone by the coupled processes of zooplankton grazing and excretion, viral lysis of cells, and bacterial degradation of
organic materials. However, a portion of the assimilated nutrients is continuously lost from the euphotic zone by vertical settling of
intact algal cells or zooplankton fecal pellets. The macro- and micronutrients contained within these settling biogenic particles are
then returned to solution at depth in the ocean via bacterial degradation processes. Ultimately the uptake, settling, and regeneration
processes deplete nutrients within the euphotic zone to low levels while concentrations at depth are increased. This process also
transfers CO2 to the deep sea and is often referred to as the biological CO2 pump. The cycle is completed when the nutrient and CO2
reservoirs at depth are returned to the surface via vertical advection (upwelling) and mixing processes.
The deep-water concentrations of both major nutrient elements (N, P, and Si) and many micronutrients (Zn, Cd, Ni, and Cu) are
much higher in the Pacific than the Atlantic because of large-scale ocean circulation patterns, in which deep waters are formed via
subduction at high latitudes in the North Atlantic and are returned to the surface via upwelling in the northern regions of the North
Pacific and Indian Oceans. Because of these patterns, the deep North Pacific contains waters that have resided at the bottom for
much longer (1000 years) than the deep Atlantic waters and thus have had a much longer time to accumulate major nutrient and
micronutrient elements from biological regeneration processes.
Both Zn and Cd are extremely depleted in the surface ocean, especially in warm tropical waters where phytoplankton growth is
most intense, often being several orders of magnitude lower in surface waters compared to their concentrations in the deep ocean.
Cu, and Ni are also depleted in the surface ocean, though typically not too much less than half of their deep-water concentrations.
Cobalt has a more complex profile, reflecting a variety of processes including biological uptake in the surface ocean, remineralization and sedimentary inputs at mid-depths, and scavenging of Co in the deep ocean. Fe concentrations are typically elevated in the
surface ocean where Fe is deposited with dust, near hydrothermal vents where high-Fe hydrothermal fluids mix with seawater, and
near the seafloor where Fe is released from sediments into seawater (Fig. 3).
Stable isotopes of the trace-metals provide a unique window into the cycling of these elements. Every elements is defined by the
number of protons in its nucleus, which in turn affects the configurations of electrons which orbit that nucleus. The chemical
reactivity of an element is therefore controlled mostly by its protons and electrons. However, different isotopes of the same element
vary depending on the number of neutrons in the nucleus which has a small, but measurable, effect on chemical activity. Recent
developments in multicollector ICPMS, as well as methods to purify metals from seawater, have made it possible to measure
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Fig. 2 The GEOTRACES program has sent research vessels across the globe collecting seawater samples to measure the concentration of trace metals. A map of
completed (yellow and black) and planned (red) GEOTRACES cruise transects demonstrates the global reach of this program.

variations in the stable isotope composition of Fe, Zn, Cd, Cu, and Ni in seawater (Co has only one stable isotope) (Fig. 4). Stable
isotope ratios (signified d56Fe, d66Zn, d114Cd, d65Cu, and d66Zn, and d60Ni) have been used in many different ways. Iron delivered
from dust, hydrothermal vents, and seafloor sediments each have a different ratio of the stable isotopes, meaning that d56Fe can be
used to “fingerprint” the source of Fe to the oceans. Cadmium stable isotopes record a slight biological preference for the uptake of
the lighter cadmium isotopes, causing an increase in d114Cd towards the surface ocean where Cd concentrations decrease, and
therefore d114Cd can be used to better understand when and where phytoplankton are growing and taking up cadmium.
Phytoplankton grown in laboratory culture have also been shown to preferentially take up lighter Zn isotopes. However, in the
ocean d66Zn decreases towards the surface, suggesting that biological uptake is not the only process which affects zinc and zinc
isotopes in the oceans. This observation has been used to suggest that zinc is also passively adsorbed onto sinking biological
material. Copper and nickel stable isotopes have also been measured in the oceans, and while a full understanding of the processes
which fractionate these isotopes has not yet been achieved, they suggest great promise for future insight into the biological and
geological cycling of these elements.

Chemical Speciation
Trace element nutrients exist as a variety of chemical species in the sea, which strongly influences their chemical behavior and
biological availability. Most trace metal nutrients occur as cationic metal ions that are complexed (bound) to varying degrees by
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Fig. 3 Composite depth profiles for the major nutrients (nitrate, phosphate, and silicate) and trace element nutrients (iron, zinc, cobalt, cadmium, copper, and
nickel) in the North Atlantic and North Pacific oceans. Data is taken from the GEOTRACES 2017 Intermediate Data Product and averaged over the entire basin within
the temperate latitudes (35 N–65.6 N). The shaded region illustrates the standard deviation of all analyses made at each depth, which is to say that it represents
the real variability in the metal concentrations rather than analytical error. Trace metal concentrations are generally lower in the surface ocean where they are taken
out of seawater by growing phytoplankton, and higher in the deep ocean where they are released back into the ocean from decaying cells. Concentrations are also
generally higher in the deep Pacific, where seawater is older and has had more time to accumulate nutrients.

inorganic and organic ligands (complexing agents) or are adsorbed onto or bound within particles. Many elements (including iron,
copper, manganese, and cobalt) cycle between different oxidation states, which have quite different kinetic labilities (reaction rates),
solubilities, binding strengths with organic ligands, and biological availabilities.
Nickel, zinc, and cadmium exist in normal oxygenated seawater as highly soluble divalent cations that are complexed to varying
degrees by inorganic ligands (Cl, OH, and CO3 2 ) and/or organic chelators. Nickel is bound to only a small extent (0%–30%) by
organic ligands. By contrast,  99% of the zinc ions and 70% of the cadmium are heavily complexed by unidentified strong organic
ligands present at low concentrations in surface waters of the North Pacific. The strong chelation of zinc reduces the concentration of
dissolved inorganic zinc to  1 pM in surface seawater, sufficiently low to limit the growth of many algal species.
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Fig. 4 Composite depth profiles for the stable isotope ratios of iron, zinc, and cadmium from the temperate North Atlantic and subtropical South Pacific. Data is
taken from the GEOTRACES 2017 Intermediate Data Product. Shaded regions represent the standard deviation of all measurements. Iron isotopes are highly variable,
reflecting the variety of different iron sources to the ocean. d66Zn decreases in the upper ocean, meaning that some process must be preferentially removing the
heavier isotopes, perhaps adsorption of zinc onto sinking particles. Cadmium isotopes increase in the upper ocean, reflecting the fact that phytoplankton
preferentially take up the lighter isotopes.

Iron is the most biologically important trace metal nutrient, and its chemical behavior is perhaps the most complex. Its stable
oxidation state in oxygen-containing waters is Fe(III), which forms sparingly soluble iron hydroxide and oxide precipitates. This
oxide formation and the tendency of ferric ions to adsorb onto particle surfaces results in the scavenging of iron from seawater via
particulate aggregation and settling processes. This removal results in short residence times for iron in deep-ocean waters
(50–100 years) and low concentrations (0.4–0.8 nM) despite the high crustal abundance of iron (it is the fourth most abundant
element by weight). Most (>99%) of the dissolved ferric iron in seawater is bound to organic ligands which minimizes iron
adsorption and precipitation, and thus reduces the removal of iron from seawater by particulate scavenging processes. Some of these
organic ligands may be strong ferric chelators (siderophores) produced by bacteria to solubilize iron and facilitate intracellular iron
uptake. Ferric iron can be reduced in seawater to highly soluble Fe(II) (ferrous iron) by a number of processes including
photoreduction of organic chelates in surface waters, biological reduction of iron at cell surfaces, and reduction by chemical
reducing agents. Because ferrous iron binds much more weakly to organic chelators than ferric iron, the photoreduction or
biological reduction of iron in ferric chelates often results in the dissociation of iron from the chelates, which increases iron
availability for biological uptake (see below). The released ferrous ions are unstable in oxygenated seawater, and are reoxidized to
soluble ferric hydrolysis species, and recomplexed by organic ligands on timescales of minutes. Thus iron undergoes a dynamic
redox cycling in surface seawater, which can greatly enhance its biological availability to phytoplankton.
Other micronutrient metals such as copper and cobalt also exist in multiple oxidation states and are heavily complexed by
organic chelators. Copper can exist in seawater as thermodynamically stable copper(II), or as copper(I). Most (>99%) of the copper
in near-surface seawater is heavily chelated by strong organic ligands present at low concentrations (2–3 nM in ocean waters). This
chelation decreases free cupric (copper II) ion concentrations to very low levels (0.1–1 pM). Copper(II) can be reduced to copper(I)
by photochemical and biological processes or by reaction with chemical reducing agents, such as sulfur-containing organic ligands.
The resultant copper(I) can be reoxidized by reaction with molecular oxygen, but the effect of this redox cycling on the biological
availability of copper is currently unknown.
The chemistry of cobalt is also highly complex. Cobalt exists in seawater as soluble cobalt(II) or as cobalt(III), which forms
insoluble oxides at the pH of seawater. The formation of these oxides appears to be microbially mediated and is largely responsible
for the removal of cobalt from deep-ocean waters and for the resultant low deep-ocean concentrations. Much of the dissolved cobalt
in seawater is strongly bound to organic ligands, and recent evidence suggests that this cobalt exists as kinetically inert cobalt(III)
chelates. There is also evidence that these cobalt(III)-binding ligands are produced by marine cyanobacteria and that these ligands
may facilitate microbial uptake of cobalt.

Biological Uptake
All trace elements are taken up intracellularly by specialized transport proteins (enzymes) on the outer membrane of plankton cells.
Consequently, uptake rates generally follow Michaelis–Menten enzyme kinetics:
Uptake rate ¼ Vmax S=ðKs þ SÞ
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Vmax is the maximum uptake rate, S is the concentration of the pool of chemical species that react with receptor sites on the
transport protein, and Ks is concentration of the substrate pool at which half of the transport protein is bound, and the uptake rate is
half of Vmax. Virtually all of these proteins act as pumps and require energy for intracellular uptake. Each transport system reacts with
a single chemical species or group of related chemical species and thus chemical speciation is extremely important in regulating
cellular uptake. Uptake systems range from simple to highly complex depending on the chemical speciation of the nutrient element
and its biological demand (requirement) relative to its external availability.
Zinc, cadmium, cobalt(II), and copper(II) are all taken up by more than one transporter. The phytoplankton species examined to
date have at least two separate zinc transport systems: a low-affinity system whose Vmax is relatively constant and an inducible highaffinity system. The low-affinity system has high Vmax and high Ks values and transports zinc at high zinc ion concentrations. The
high-affinity system is responsible for zinc uptake at low zinc ion concentrations, and has low Ks, and variable Vmax values that are
under negative feedback regulation. At sufficiently low concentrations of dissolved inorganic zinc species (10 pM), the cellular
uptake approaches limiting rates for the diffusion of labile inorganic zinc species to the cell surface. The existence of high- and lowaffinity transport systems results in sigmoidal relationships between zinc uptake rates (and cellular Zn:C ratios) and concentrations
of dissolved inorganic zinc species as seen in Fig. 5 for an oceanic diatom.
Cobalt and sometimes cadmium can metabolically substitute for zinc in many metalloenzymes. To facilitate this substitution,
the uptake of these divalent metals is increased by over 100-fold in diatoms with decreasing dissolved inorganic zinc concentrations
and resulting decreases in cellular zinc uptake rates (Fig. 5). Uptake of Cd by this inducible transport system is repressed at high
intracellular zinc levels, and under these conditions, cadmium leaks into the cell through the cell’s Mn(II) transport system. Thus
cellular uptake of cadmium in the ocean is regulated by complex interactions among dissolved inorganic concentrations of Cd, Zn,
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Fig. 5 Cellular uptake rates for zinc, cobalt, and cadmium (normalized per mol of cell carbon) for the oceanic diatom Thalassiosira oceanica plotted as a function of
the log10 of the molar concentration of dissolved inorganic zinc species (Zn0 , aquated zinc ions plus inorganic zinc complexes). Dissolved inorganic cobalt and
cadmium species in the seawater medium were held constant at concentrations of 1.5 and 2.7 pM (1012 M), respectively. Uptake rates for cadmium and cobalt
increase by at least 2 orders of magnitude when Zn0 concentrations decrease below 1010 M. The large increase in uptake rates reflects the induction of highaffinity cellular transport systems for Cd and Co in response to declining intracellular Zn concentrations. Data are from Sunda and Huntsman (2000). Effect of Zn, Mn,
and Fe on Cd accumulation in phytoplankton: Implications for oceanic Cd cycling. Limnology and Oceanography 45, 1501–1516.
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Fig. 6 Plots of filterable zinc and cobalt concentrations vs. phosphate at two stations in the subarctic Pacific (Station T-5, 39.6 N, 140.8 W and Station T-6,
45.0 N, 142.9 W, Aug. 1987). The decrease in zinc with decreasing phosphate is caused by the simultaneous removal of both metals via cellular uptake and
assimilation by phytoplankton. Cobalt becomes depleted by phytoplankton uptake only after zinc concentrations drop to very low levels (<0.2 nmol kg1). This
pattern is consistent with metabolic replacement of cobalt for zinc, as observed in phytoplankton cultures (see Fig. 5). Data plots after Sunda and Huntsman (1995).
Cobalt and zinc interreplacement in marine phytoplankton: Biological and geochemical implications. Limnology and Oceanography 40, 1404–1417.

and Mn. Likewise, since cobalt uptake is repressed at high zinc ion concentrations, biological depletion of cobalt often does not
occur until after zinc is depleted, as observed in the subarctic Pacific (Fig. 6). The binding and subsequent intracellular uptake of the
above divalent metals (Zn2þ, Mn2þ, Cd2þ, Co2þ, and Cu2þ) by the various intracellular uptake systems are regulated by the
concentration of dissolved inorganic metal species (free aquated ions and inorganic complexes with chloride ions, hydroxide ions,
etc.). Organic complexation of these metals reduces their uptake by decreasing the concentration of dissolved inorganic metal
species. This effect can be substantial in cases such as zinc, where up to 99% or more of the metal is bound to organic ligands in
surface seawater.
Since iron is the most limiting of the trace element nutrients and its chemistry the most complex, it is perhaps not surprising that
the transport systems for iron are the most varied and complex. Iron is highly bound as ferric oxides and organic chelates and
prokaryotic and eukaryotic plankton cells have evolved different strategies to access these bound forms of iron. Prokaryotic cells
(cyanobacteria and heterotrophic bacteria) have evolved high-affinity uptake systems that are induced under iron deficiency. These
systems involve the biosynthesis and extracellular release of a variety of high-affinity iron chelators (siderophores) that strongly
bind iron(III) in the surrounding seawater. The siderophore chelates are then actively taken up into the cells by transport proteins on
the outer cell membrane. The siderophore chelates have different chemical structures, and different outer membrane siderophore
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transport proteins are needed to take up structurally distinct siderophores or groups of siderophores with similar chemical
structures. Bacteria often take up not only their own siderophores, but those produced by other bacteria, resulting in complex
ecological interactions among bacteria.
Eukaryotic phytoplankton do not appear to produce siderophores and there is little evidence for direct cellular uptake of ferric
siderophore chelates. Instead there is mounting evidence for the utilization of a high-affinity transport system that accesses ferric
complexes via their reduction at the cell surface and subsequent dissociation of the resulting ferrous–ligand complexes. The released
ferrous ions bind to iron(II) receptors on iron transport proteins located on the outer cell membrane, which transport the iron into
the cell. This intracellular transport involves the reoxidation of bound iron(II) to iron(III) by a copper protein, and thus copper is
required for cellular iron uptake. The availability of iron to this transport system is dependent on the reduction potential of the ferric
complexes; consequently, readily reducible ferric species such as dissolved inorganic ferric hydroxide complexes are accessed much
more readily by this system than are strongly bound ferric siderophore chelates. Thus, iron uptake by this system is highly
dependent on the chemical speciation of iron in seawater. Photoreductive dissociation of ferric chelates increases iron availability
to this system, since the released ferrous ions can directly react with the membrane transport protein and the reoxidized ferric
hydrolysis species are readily reduced and taken up.

Metabolic Requirements and Their Relation to Other Limiting Resources
Trace element micronutrients are essential for the growth and metabolism of all marine algae and bacteria. They play critical roles in
photosynthesis, respiration, and the assimilation and transformation of essential macronutrients (nitrogen, phosphorus, and silicic
acid). Thus trace metal requirements can be influenced by the availability of light, CO2, and major nutrients and the cycles of major
nutrient elements are influenced by trace element nutrients. Of the micronutrient metals, iron is needed in the greatest amount and
is the metal that most frequently limits algal growth. Iron serves essential metabolic functions in photosynthetic electron transport,
respiration, nitrate assimilation, N2 fixation, and detoxification of reactive oxygen species (e.g., superoxide radicals and hydrogen
peroxide). Because of its heavy involvement in photosynthetic electron transport, cellular iron requirements increase with
decreasing light intensity and photoperiod. Such effects can lead to iron-light colimitation in low-light environments such as
regions where the depth of the surface wind mixed layer greatly exceeds the depth of light penetration (as often occurs in the
Southern Ocean and at high latitudes during the winter) or in the deep chlorophyll maximum at the bottom of the euphotic zone
(the sunlit layer) in thermally stratified surface waters.
Iron also occurs in the enzymes (nitrate and nitrite reductases) involved in the reduction of nitrate to ammonium in
phytoplankton and the enzyme complex (nitrogenase) that fixes nitrogen (reduces dinitrogen molecules to ammonia) in cyanobacteria. Both processes require cellular energy (in the form of ATP molecules) and reductant molecules (NADPH), and iron is also
needed in high amounts for the photosynthetic production of the needed ATP and NADPH. Algal cells growing on nitrate need
50% more iron to support a given growth rate than cells growing on ammonium. Consequently, iron can be especially limiting in
oceanic upwelling systems (such as the equatorial and subarctic Pacific) where waters containing high nitrate concentrations, but
low iron, are advected to the surface. Even higher amounts of iron (up to five times as much) are needed for diazotrophic growth
(growth on N2) than for equivalent growth on ammonium due to high energetic (ATP) cost for nitrogen fixation and the large
amount of iron in the nitrogenase enzyme complex. As a result, iron appears to limit N2 fixation in large regions of the ocean and is
thought to control oceanic inventories of fixed nitrogen. Nitrogen is therefore the primary limiting major nutrient in most ocean
waters, while in lakes, where iron concentrations are much higher, phosphate is the primary limiting nutrient. Due to iron limitation
of C fixation and N2 fixation in major regions of the ocean, iron plays a significant role in regulating carbon and nitrogen cycles in
the ocean. It thus helps regulate the biological CO2 pump discussed earlier, which through transport of carbon to the deep ocean,
controls the ocean/atm CO2 balance and CO2-linked greenhouse warming. There is evidence that climatically driven variations in
the input of iron-rich continental dust to the ocean has played an important role in regulating glacial–interglacial climate cycles.
Zinc also serves a variety of metabolic. It occurs in carbonic anhydrase (CA), an enzyme critical to intracellular CO2 transport and
fixation. Higher amounts of this enzyme are needed at low CO2 concentrations, leading to potential colimitation by zinc and CO2
in the ocean. However, the 35% increase in CO2 in the atmosphere and surface ocean waters from the burning of fossil fuels
makes Zn–CO2 colimitation less likely in the modern ocean than in preindustrial times. Zinc also occurs in zinc finger proteins,
involved in DNA transcription, and in alkaline phosphatase, needed to acquire phosphorus from organic phosphate esters, which
dominate phosphate pools in low-phosphate ocean waters. Consequently, Zn and P may colimit algal growth in regions where both
nutrients occur at low concentrations such as the central gyre of the North Atlantic.
Cobalt, and sometimes cadmium, can substitute for zinc in many zinc enzymes such as CA, leading to complex interactions
among the three metals in marine algae (Fig. 5). The presence of cadmium in CA may even explain its nutrient-like distribution in
ocean waters, though the biological uses of Cd are not fully understood. Cobalt also occurs in vitamin B12, an essential vitamin
required for growth of many eukaryotic algal species. This vitamin is synthesized only by bacteria, resulting in potential interactions
between B12-producing bacteria and B12-requiring eukaryotic algae in the ocean. A specific requirement for cobalt not involving B12
is seen in marine cyanobacteria and bloom-forming prymnesiophytes (including Emiliania huxleyi), but the biochemical basis for
this is not known. Both zinc and cobalt additions have been shown to stimulate phytoplankton growth in bottle incubation
experiments in the subarctic Pacific and in some coastal upwelling regimes along the eastern margin of the Pacific, but the effects
were modest relative to those for added iron. However, zinc addition had a large effect on algal species composition, and
preferentially stimulated the growth of coccolithophores, an algal group largely responsible for calcium carbonate formation in
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the ocean. Biogenic CaCO3 formation helps regulate the alkalinity (acid–base balance) of ocean water, which in turn affects oceanic
CO2 concentrations, and air–sea flux of this important greenhouse gas. By influencing the growth of coccolithophores, zinc could
indirectly affect atmospheric CO2 levels and global climate.
Copper occurs in cytochrome oxidase, a key protein in respiratory electron transport, and in plastocyanin, which substitutes for
the iron protein cytochrome c6 in photosynthetic electron transport in oceanic phytoplankton. It is also an essential component of
the high-affinity iron transport system of many eukaryotic algae. Because copper is needed for iron uptake and can metabolically
substitute for iron, colimitations can occur for Cu and Fe, as observed in some diatoms.
Nickel, like iron, plays important roles in nitrogen assimilation. Nickel occurs in the enzyme urease, and thus is required by
phytoplankton grown on urea as a nitrogen source. It also occurs in Ni-superoxide dismutase found in many marine cyanobacteria,
which, like the Mn and Fe forms of the enzyme, removes harmful superoxide radicals from cells. Little is currently known about the
potential for nickel limitation in the ocean.

Biological Feedback on Seawater Chemistry
Trace elements not only influence the productivity and species composition of planktonic communities, but the plankton have a
profound effect on the chemistry and cycling of these elements on a variety of temporal and spatial scales (Fig. 1). The most obvious
example is the effect of algal uptake, particulate settling, and regeneration cycles on the vertical distribution and interocean transfer
of trace element nutrients. There is evidence that the organic ligands that strongly bind iron, copper, zinc, and cobalt are produced
either directly or indirectly by the biota. In the North Pacific, the organic ligands that strongly bind copper occur at highest levels at
the depth of maximum productivity, and decrease below the euphotic zone. Ligands having the same copper-binding strength are
produced by Synechococcus, an abundant group of oceanic cyanobacteria. There is evidence that these organisms produce the
chelators to detoxify copper by decreasing free cupric ion concentrations. The organic ligands that strongly bind iron(III), cobalt,
and zinc also have a beneficial effect. The iron ligands tightly bind ferric ions in soluble chelates and thereby minimize the abiotic
removal of iron from seawater via the formation of insoluble ferric oxides or ferric ion adsorption onto particulate surfaces. Without
such chelating ligands, iron concentrations would likely be much lower, and the productivity of the ocean would be greatly reduced.
The Co(III)-binding ligands serve a similar function in limiting the formation of insoluble Co(III) oxides, a major mechanism for
removal of cobalt from seawater. Recent culture experiments and seawater incubation experiments suggest that these ligands are
produced by the cyanobacterial genus Synechococcus, whose growth may be limited by cobalt in some regions of the ocean.
Zinc chelators also serve a beneficial function, not only by minimizing abiotic scavenging of zinc in surface waters, but also by
preventing the extremely efficient uptake systems of eukaryotic phytoplankton from completely depleting this essential micronutrient element from surface ocean waters.
Thus trace element nutrients and marine plankton comprise an interactive system in the ocean in which each exerts a controlling
influence on the composition and dynamics of the other. On longer geological timescales, the feedback interactions between the
biota and trace metal chemistry and availability have been profound. Currently, the air we breathe and virtually the entire ocean,
with the exception of a few isolated anoxic basins (e.g., the Black Sea), contain free dioxygen molecules (O2), generated over billions
of years from its release as a byproduct of oxygenic photosynthesis. The presence of free O2 sets the redox state of modern ocean
towards oxidizing conditions, which as noted previously, limits the solubility of essential transition metals (Fe, Co, and Mn) whose
stable oxidation states under these conditions are insoluble Co(III) and Mn(IV) oxides or sparingly soluble Fe(III) oxides. However,
prior to the advent of oxygenic photosynthesis c. 3 billion years ago, the chemistry of the ocean was far different from that which
exists today. There was no free oxygen and the entire ocean and Earth’s surface was much more reducing. Under these conditions,
the stable redox state of Fe, Mn, and Co was soluble Fe(II), Mn(II), and Co(II), and that of copper was Cu(I). Furthermore, the stable
redox form of sulfur was sulfide (2 oxidation state), rather sulfate (þ6 oxidation state), which occurs in present-day seawater at a
relatively high concentration (28 mM). The presence of moderate to high levels of sulfide greatly restricted the availability of zinc,
copper, molybdenum, and cadmium, which form insoluble sulfide precipitates; but it had a much lesser impact on other metals
(Mn2þ, Fe2þ, Co2þ, and Ni2þ) whose sulfides are much more soluble. Thus, early life in the ocean evolved in an environment of
high availability of Fe, Mn, Co, and Ni and low availabilities of Zn, Mo, Cu, and Cd, contrasting the situation in the modern ocean.
Given the utility of Fe as a redox catalyst and its relative abundance in the Earth’s crust and ancient ocean, it is perhaps not surprising
that this metal was utilized in the evolution of the major redox catalysts of life. It occurs in high amounts in the redox centers of
nitrogenase responsible for dinitrogen fixation and in the various proteins and protein complexes involved in oxygenic photosynthesis (photosystem I, photosystem II, cytochrome b6/f complex, ferredoxin, and cytochrome c). In addition, the abundant soluble
manganese in the early ocean was utilized in the water-oxidizing centers of photosystem II. The combined action of these iron- and
manganese-containing biological redox catalysts provided for efficient fixation of N2 and CO2 needed for production of proteins
and other biological compounds. The concomitant release of O2 from photosynthesis and sequestration of organic carbon in
marine sediments and sedimentary rocks, slowly (over 1–2 billion years) oxidized ferrous iron to ferric oxides and sulfide species to
soluble sulfate, ultimately resulting in the buildup of free O2 first in the surface ocean and atmosphere, and gradually in the ocean as
a whole. The precipitation of ferric oxides from the sea has resulted in the chronic Fe limitation of carbon fixation and N2 fixation
that we currently observe in the ocean. However, this negative effect is more than balanced by the usefulness of molecular oxygen in
highly efficient oxygen-dependent respiration utilized by all present-day aerobic microbes, plants, and animals. Furthermore, the
release of zinc, copper, molybdenum, and cadmium from insoluble sulfides allowed for the subsequent evolution of numerous new
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enzymes utilizing these metals, which appear to have evolved following the appearance of free O2. Thus, evolution has involved a
continuous feedback between biological systems and the surrounding chemical environment, with biological trace metal catalysts
playing a central mediating role in this process.
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