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16.1 Introduction

Trace metals influence phytoplankton both as limiting nutrients and as toxi-
cants. Until recently, phytoplankton productivity in the ocean was thought to
be primarily limited by major nutrients (N, P, and Si). However, enrichment
experiments in bottles and in mesoscale patches of surface water have shown
that iron limits algal growth in major regions of the ocean (Coale et al. 1996;
Tsuda et al. 2003; Boyd et al. 2000; Coale et al. 2004), and some coastal
upwelling systems (Hutchins et al. 1998, 2002). In addition, it now appears that
iron limits N2-fixation by cyanobacteria in the ocean, and thus may control
oceanic nitrogen inventories (Rueter 1983; Falkowski 1997; Kustka et al. 2003;
Mills et al. 2004). Several other micronutrient metals (Zn, Co, Mn, and Cu)
have also been shown to stimulate phytoplankton growth in ocean waters, but
their effect is usually less than that of iron (Coale 1991; Crawford et al. 2003;
Franck et al. 2003). However, these metals may play an important role in regu-
lating the composition of phytoplankton communities because of large differ-
ences in trace metal requirements among species (Brand et al. 1983; Coale
1991; Sunda and Huntsman 1995a). For example, the addition of zinc to sur-
face waters of the subarctic Pacific stimulated the growth of coccolithophores
over that of diatoms, while the addition of iron preferentially favored the
growth of large diatoms (Crawford et al. 2003). In general, iron can have a crit-
ical influence on the composition and structure of algal communities because
of differences in requirements among species, particularly coastal and
oceanic ones (Brand et al. 1983; Sunda and Huntsman 1995b) and large-celled
and small-celled species (Price et al. 1994; Sunda and Huntsman 1997). Trace
metals are believed to be less important in limiting algal growth in most
coastal and freshwater systems. An important issue in the influence of trace
metals on harmful blooms is the relative sensitivity of HAB species to trace
metal limitation or toxicity relative to that of competing non-HAB algae.
Although such differences are likely, they are as yet largely unknown.
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16.2 Chemistry and Availability of Metals

The availability of trace metals varies widely in natural waters due to large
variations in total metal concentrations and chemical speciation. Like major
nutrients, surface concentrations of many bioactive trace metals (Fe, Zn, Co,
Cu, Cd, and Ni) in the ocean and in lakes are often depleted substantially rel-
ative to concentrations in deeper waters because of biological uptake in sunlit
surface waters and regeneration at depth, as occurs for major nutrients (Bru-
land 1980; Martin et al. 1989). This efficient removal by phytoplankton results
in extremely low dissolved (i.e., filterable) concentrations of iron
(0.02–0.5 nM), Zn (0.06–0.2), and Cu (0.4–1.4 nM) in surface ocean waters.
Concentrations of these metals increase substantially in transects from
oceanic to coastal and estuarine waters because of inputs from continental
sources, including rivers, ground water, aeolian dust, and coastal sediments.
Filterable iron concentrations can approach 10–20 µM in rivers, orders-of-
magnitude higher than surface ocean values (Boyle et al. 1977). This filterable
iron occurs largely as hydrous iron oxide-organic colloids, which are rapidly
lost from estuarine and coastal waters via salt-induced coagulation and par-
ticulate settling (Boyle et al. 1977). Because of this efficient removal, very little
of the iron in rivers reaches the sea, and most of the iron in ocean waters is
derived from the deposition of mineral dust blown on the wind from arid
regions of the continents (Duce and Tindale 1991). These aeolian inputs
change seasonally with variations in prevailing winds and are highest in
waters downwind of large arid regions such as North Africa and Central Asia.

Trace metals exist as a variety of chemical species in natural waters, which
strongly influences their chemical behavior, cycling, and availability to phyto-
plankton. Most occur as cations that are complexed to varying degrees by
inorganic and organic ligands or are adsorbed onto, or bound within parti-
cles. Many biologically active metals (Fe, Cu, Mn, and Co) cycle between dif-
ferent oxidation states, which have quite different kinetic lability, solubility,
and reactivity toward complex formation.

Iron is the most biologically important metal, and its chemical behavior is
also the most complex. Its stable oxidation state in oxygen-containing waters,
Fe(III), undergoes substantial hydrolysis and polymerization, which results in
the formation of sparingly soluble hydrous iron oxides (Lui and Millero 2002).
This oxide formation and the tendency of ferric ions to adsorb onto particle
surfaces results in the particulate removal of iron from seawater and conse-
quent low iron concentrations in ocean waters (Johnson et al. 1997). Most
(>99 %) of the dissolved ferric iron in seawater is bound to organic ligands,
which minimizes iron adsorption or precipitation, and thus minimizes the
particulate scavenging of iron from seawater (Rue and Bruland 1995; Wu and
Luther III 1995). Some of these organic complexes may be siderophores pro-
duced by cyanobacteria and heterotrophic bacteria to facilitate intracellular
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iron uptake. These ferric chelates do not appear to be taken up by eukaryotic
algae; however, the iron in these chelates is released for cellular uptake by cell-
surface reductase systems (Maldonado and Price 2001) and by photolytic
reactions, which reductively dissociate ferric chelates (Barbeau et al. 2001).
The released ferrous ions are unstable in seawater, and are re-oxidized to sol-
uble ferric hydrolysis species on time scales of minutes (Sunda 2001).

Other bioactive metals such as copper and zinc are also heavily chelated
(generally >99 %) in marine waters by unidentified organic ligands of likely
biological origin (Sunda and Hanson 1987; Bruland 1989; Coale and Bruland
1990; Moffett et al. 1997). Available evidence indicates that organic complexes
of zinc and copper are not directly available to phytoplankton, and that
uptake of these metals is instead controlled by the concentration of free
aquated metal ions or that of kinetically labile dissolved inorganic species
(Sunda and Guillard 1976; Anderson et al. 1978). By lowering free metal ion
concentrations, these organic ligands act to buffer free metal ion concentra-
tions, and to minimize algal removal of these metals with algal growth in nat-
ural waters.

16.3 Trace Metals as Limiting Nutrients

Trace metal micronutrients (Fe, Mn, Zn, Co, Cu, Ni, and Mo) are essential for
the growth and metabolism of all aquatic algae. They play critical roles in
photosynthesis and the assimilation of essential macronutrients (N, P, and Si);
thus trace metal requirements can be influenced by the availability of light,
CO2, and major 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 (superoxide radicals and hydrogen peroxide). Because of its
heavy involvement in photosynthetic electron transport, cellular iron require-
ments increase with decreasing light intensity (Raven 1990; Sunda and Hunts-
man 1997). Such effects could increase iron requirements during dense algal
blooms where light is attenuated to low levels. Because of the high metabolic
cost for iron in nitrate reduction, iron requirements are higher for cells grown
on nitrate than on ammonium; consequently, iron can limit nitrate assimila-
tion during blooms (Raven 1988; Price et al. 1994; Maldonado and Price 1996).
Because of the even higher iron requirement for N2-fixation, iron is needed in
much greater amounts by cyanobacteria growing diazotrophically (i.e., grow-
ing on N2) than those growing on ammonia (Berman-Frank et al. 2001; Kustka
et al. 2003). Iron can thus limit the development of blooms of diazotrophic
cyanobacteria in both the ocean (Kustka et al. 2003) and some lakes (Wurts-
baugh and Horne 1983; Evans and Prepas 1997).
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Manganese, like iron, is essential for photosynthesis and thus is needed in
higher amounts for growth at low light intensities (Sunda and Huntsman
1998). Mn also occurs in superoxide dismutase, an enzyme that removes toxic
superoxide radicals (Peers and Price 2004). Because it has fewer metabolic
functions, its requirement for growth is much less than that of iron (Raven
1990; Sunda 2000).

Zinc has a variety of metabolic functions and has a cellular requirement
similar to that for Mn (Sunda 2000). It occurs in carbonic anhydrase (CA), an
enzyme critical to CO2 transport and fixation (Badger and Price 1994). Higher
amounts of this enzyme are needed under CO2-limiting conditions, and the
cellular requirement for zinc increases at low CO2 (Morel et al. 1994; Lane and
Morel 2000; Sunda and Hunstman 2005). Thus, cells may become co-limited
by CO2 and zinc during blooms when CO2 is consumed to low levels by high
levels of C-fixation (Sunda and Hunstman 2005). In Lake Kinneret, Israel
spring blooms of the dinoflagellate Peridinium gatunense caused a ten-fold
decrease in CO2, and an accompanying up to 100-fold increase in CA activity
per dinoflagellate cell (Berman-Frank et al. 1994). Whether this large increase
in CA resulted in a Zn-CO2 co-limitation, however, is not known.

Zinc also occurs in zinc finger proteins, involved in DNA transcription, and
in alkaline phosphatase, needed to acquire phosphorus from organic phos-
phate esters, which dominate phosphate pools under P-limitation. Conse-
quently, Zn and P may co-limit algal growth in regions where both nutrients
occur at low concentrations such as the Sargasso Sea (Wu et al. 2000). 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 (Morel et al. 1994; Sunda and Huntsman 1995a; Lane and Morel 2000).
Cobalt has a unique requirement in vitamin B12, but the need for this cofactor
is usually quite low in phytoplankton (Sunda and Huntsman 1995a).A specific
requirement for cobalt is seen in marine cyanobacteria and bloom-forming
prymnesiophytes (Chrysochromulina polylepis and Emiliania huxleyi), but
the biochemical basis for this is not known (Granéli and Risinger 1994; Sunda
and Huntsman 1995a; Saito et al. 2002). Leaching of Co from acidified soils
has been suggested to have played a role in the 1988 C. polylepsis bloom in
Scandinavian coastal waters (Granéli and Haraldsson 1993).

Copper occurs in cytochrome oxidase, a key protein in respiratory electron
transport, and in plastocyanin, which can substitute for the iron protein
cytochrome c6 in photosynthetic electron transport (Raven et al. 1999). It is
also an essential component of the high-affinity iron transport system of
many eukaryotic algae (LaFontaine et al. 2002; Peers et al. 2005). Because cop-
per is needed for iron uptake and can metabolically substitute for iron, co-
limitations can occur for Cu and Fe, as observed in centric diatoms (Maldon-
ado unpubl. data) and toxic species of Pseudo-nitzschia (Wells et al. 2005).

Nickel and molybdenum, like iron, play important roles in nitrogen assim-
ilation. Ni occurs in the enzyme urease, and thus is required by phytoplankton
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grown on urea (Price and Morel 1991). Mo occurs with iron in nitrate reduc-
tase and nitrogenase, and thus is needed for nitrate assimilation and N2 fixa-
tion (Raven 1988). It occurs in natural waters primarily as the oxyanion
molybdate (MoO4

2–). Because of its high concentration in seawater
(~100 nM), Mo should not limit algal growth in marine and estuarine envi-
ronments.

16.4 Trace Metal Toxicity

Many reactive nutrient metals, such as Cu, Zn, Ni, and Cd, are toxic at high
concentrations (Brand et al. 1986). For these metals, optimal growth occurs at
intermediate concentrations, below which growth rate is limited, and above
which growth is inhibited.

Toxic metals often are taken up into cells via the transport systems of
nutrient metals such as Mn and Zn (Sunda 2000). In addition, a common
mode of toxic action is interference with nutrient metal uptake and metabo-
lism (Harrison and Morel 1983; Sunda and Huntsman 1996). As a conse-
quence, antagonistic interactions occur between toxic and nutrient metals,
which can influence algal growth. A good example is the interaction between
toxic levels of Cu, Cd, or Zn and the nutrient metal Mn (Sunda and Huntsman
1996; Sunda and Huntsman 1998). In these interactions, growth rate inhibi-
tion by these metals is related to an inhibition of cellular Mn uptake and the
induction of Mn-deficiency. The deficiency is alleviated either by increasing
the concentration of Mn ions or by decreasing that of the toxic metal.

Large differences exist in algal sensitivity to toxic metals. In a survey of 38
clones, wide variations were observed in growth inhibition by Cu both within
and between algal groups (Brand et al. 1986). Isolates of the cyanobacterium
Synechococcus were the most sensitive to Cu, and showed a 50 % growth rate
inhibition at an average free cupric ion concentration of 50 pM, a level that
had little effect on the growth of diatoms, the least-sensitive algal group. Thus
Cu pollution in coastal estuaries could influence the species composition of
algal communities by selectively inhibiting the growth of more sensitive
species. This prediction was confirmed in a study of coastal bays in Cape Cod,
Massachusetts. In this study, very low Synechococcus cell abundances were
found in bays contaminated with copper (Eel Pond and Falmouth Harbor)
where free cupric ion concentrations (~100 pM) exceeded toxic levels for this
genus (Moffett et al. 1997). In contrast, much higher Synechococcus cell con-
centrations were seen in adjacent bays where there was no measurable Cu
contamination and free Cu ion concentrations were <0.1 pM, well below the
toxic range.

Although trace metals can inhibit algal growth, algal grazers such as cope-
pods (Sunda et al. 1987) and ciliates (Stoecker et al. 1986) often are more sen-
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sitive to toxic metals (e.g., Cu and Zn) than most phytoplankton. Conse-
quently, heavy metal pollution may promote algal blooms by inhibiting algal
grazers and thereby decreasing grazing pressure (Sunda et al. 1987). This
effect was observed in a mesocosm study in Saanich Inlet, British Columbia,
where the addition of 79 nM Cu resulted in a ten-fold increase in chl-a relative
to a no-addition control owing to a preferential poisoning of algal grazers
(Thomas et al. 1977).

16.5 Trace Metal Effects on HABs: Domoic Acid Production
in Pseudo-nitzschia

Because trace metal concentrations are much higher in rivers and estuaries
than in the ocean, they are much less likely to limit algal growth and influence
algal species composition in these waters than in the ocean. This should also
be true of HAB species whose emergence in blooms is determined by their
ability to outcompete non-HAB species under prevailing conditions. Biogeo-
chemical models indicate that carbon fixation in ~40 % of the ocean’s surface
is limited by an insufficient supply of iron (Moore et al. 2002). Most of these
regions are oceanic upwelling systems, in which deep waters rich in major
nutrients (N, P, and Si), but with insufficient iron to support maximal algal
growth, are advected to the surface. These low-iron upwelling regions occur in
the subarctic and equatorial Pacific and most of the Southern Ocean. They
also occur in many coastal upwelling systems, as found off the west coasts of
North and South America (Hutchins et al. 1998, 2002). In upwelling waters off
California, high nitrate concentrations (15–35 µM) can support diatom
blooms with chl-a values of up to 10–35 µg L–1, but for this to occur the
upwelling ocean water must be supplemented with iron from external
sources, such as rivers or continental margin sediments (Bruland et al. 2001).
Off California there is little river input during the upwelling season, and the
major external iron source is from shelf sediments. Regions with broad conti-
nental shelves generally receive sufficient iron to support substantial diatom
blooms, while upwelling waters in areas with narrow shelves, such as the Big
Sur region, receive little additional iron, which curtails bloom development.
Because of these differences in iron inputs, iron limitation in these waters is
spatially and temporally quite variable (Bruland et al. 2001). A similar situa-
tion is found in other upwelling regions along the western margins of North
and South America and in New Zealand where there are coastal mountain
ranges and associated narrow continental shelves.

The diatom blooms in upwelling waters off the west coast of North Amer-
ica frequently contain toxic species of the diatom genus Pseudo-nitzschia (see
Bates and Trainer, Chap. 7). These algae produce the neurotoxin domoic acid,
which has caused poisoning in marine mammals, seabirds, and humans
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(Bates et al. 1998; Scholin et al. 2000; Trainer et al. 2002). Not all species of this
genus produce domoic acid, and at present 11 are confirmed to produce the
toxin (Bates and Trainer, Chap. 7). But even within toxic species, domoic acid
production can vary substantially with a number of environmental variables,
including limitation by Si, P, and trace metals (Fe and Cu) (Bates 1998; Mal-
donado et al. 2002; Wells et al. 2005). The genus appears to be widespread in
iron-limited oceanic upwelling systems and its growth was stimulated by
iron-addition in mesoscale iron fertilization experiments in the eastern equa-
torial Pacific (Coale et al. 1996), the western subarctic Pacific (Tsuda et al.
2003) and the subantarctic ocean (Coale et al. 2004). Stimulation of Pseudo-
nitzschia growth by iron addition has also been observed in shipboard bottle-
incubation experiments conducted in upwelling systems off Big Sur, Califor-
nia (Hutchins et al. 1998) and the Juan de Fuca Eddy off Washington (Wells et
al. 2005). In the latter experiment, the addition of a non-marine siderophore,
ferrichrome (which strongly chelates iron and reduces its uptake by eukary-
otic algae), reduced cellular iron uptake rates by >80 % and reduced Pseudo-
nitzschia cell concentrations by 33 % after 2 days of incubation. Interestingly,
the ferrichrome addition also increased the average domoic acid content of
Pseudo-nitzschia cells by 3.4-fold and increased the total cellular domoic acid
concentration in the seawater by over two-fold (Wells et al. 2005). Thus,
although increased iron concentrations may stimulate blooms of Pseudo-
nitzschia, the effect of iron on cellular domoic acid concentrations, and thus
toxin transfer to higher trophic levels (including humans) is not so easily pre-
dicted.

It now appears that at least part of the variation in domoic acid production
with changes in iron availability may be related to a role of this molecule in
cellular iron uptake. Rue and Bruland (2001) noted that domoic acid has a
chemical structure similar to that of the siderophore mugineic acid, which is
produced by some terrestrial plants to complex iron and facilitate its uptake
from soils. They demonstrated that domoic acid chelates both iron and cop-
per and suggested that it may be released by Pseudo-nitzschia cells to either
facilitate iron uptake or detoxify copper. This hypothesis has since been con-
firmed in both laboratory and field experiments. In culture experiments with
P. multiseries and P. australis, isolated from Monterey Bay, California, iron lim-
itation of growth increased the rate of extracellular release of domoic acid by
five- to ten-fold and the addition of domoic acid increased iron uptake rates
in P. multiseries by three-fold (Maldonado et al. 2002). Moreover, in the deck-
incubation experiments described above in the Juan de Fuca Eddy, the addi-
tion of domoic acid increased iron uptake rates by the algal community and
had a similar stimulatory effect on the growth of the Pseudo-nitzschia-domi-
nated algal community as the addition of iron (Wells et al. 2005). Thus, by pro-
moting iron uptake, domoic acid production could convey a competitive
advantage to toxigenic Pseudo-nitzschia species in iron-limited oceanic and
coastal upwelling systems.
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Copper toxicity also increased the rate of extracellular production of
domoic acid by over ten-fold in P. multiseries cultures, and the addition of an
excess of domoic acid alleviated copper toxicity (Maldonado et al. 2002). Thus
another physiological function of domoic acid may be copper detoxification.
Copper toxicity could be particularly problematic in freshly upwelled seawa-
ter due to very high ratios of free Cu to Mn ions in some upwelling source
waters, and to a physiological antagonism between Cu toxicity and Mn limita-
tion in diatoms (Sunda 1988/89).

Paradoxically, while Cu toxicity promoted domoic acid production, Cu lim-
itation of P. australis caused an equally large increase in intracellular and
extracellular domoic acid concentrations (Wells et al. 2005). As noted earlier,
copper is needed for intracellular transport of iron by a high-affinity trans-
port system; thus copper limitation may give rise to iron limitation, and
thereby trigger domoic acid production. Alternatively, as suggested by Wells
et al. (2005), domoic acid may be involved in facilitating copper uptake by
Pseudo-nitzschia by a yet-unidentified mechanism. Such an effect could be
important given the high level of copper complexation by natural chelators,
and the resultant low free cupric ion concentrations in surface seawater
(Coale and Bruland 1990).

It is clear that iron and copper can have important direct effects on domoic
acid production. However, iron may also indirectly influence cellular domoic
acid concentrations through its effect on silicification in diatoms. In both lab-
oratory and field experiments, iron limitation was shown to increase Si:N
ratios in diatoms by up to three-fold (Hutchins and Bruland 1998; Takeda
1998).As a result, there is a higher depletion of silica relative to nitrate in iron-
limited ocean waters, which drives these systems toward Si-limitation
(Hutchins and Bruland 1998). Because domoic acid content per cell increases
substantially under silica limitation in Pseudo-nitzschia (Bates 1998), iron
limitation could indirectly increase cellular domoic acid levels by promoting
Si-limitation. This effect will act in concert with the direct effects of iron lim-
itation on domoic acid production discussed above.

16.6 Trace Metal Effects on Other HAB Species

Although iron and other trace metals are likely to influence the growth and
toxin production in other HAB species, there is little firm evidence for such
effects. One of the more recently proposed linkages between HABs and trace
metals is that among atmospheric iron inputs to the ocean, blooms of the N2-
fixing cyanobacterium Trichodesmium, and toxic blooms of the dinoflagellate
Karenia brevis along the west coast of Florida (Lenes et al. 2001; Walsh and
Steidinger 2001). These authors noted that Karenia brevis blooms were often
preceded by or co-occurred with blooms of Trichodesmium in stratified
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outer-shelf waters during summer and fall. They argued that fixed nitrogen
produced by Trichodesmium was subsequently used to fuel Karenia brevis
blooms. As noted earlier, N2-fixation requires high levels of cellular iron,
which is largely supplied from aeolian deposition. During the summer, the
west Florida shelf receives large inputs of Saharan dust transported by the
Trade Winds from North Africa, which have been argued to fuel Tri-
chodesmium blooms (Lenes et al. 2001).An average of 71 % of the atmospheric
dust loadings along the south Florida coast occur during June through August
(Prospero 1999), the same period when 15 of the 16 of the most intense K. bre-
vis blooms were initiated in the last 50 years (Walsh and Steidinger 2001).
Although these patterns are intriguing, further research is needed to verify
cause-and-effect linkages among atmospheric iron deposition and blooms of
Trichodesmium and toxic dinoflagellates in the southeastern United States,
and possibly in other tropical and subtropical coastal environments.
Much of the limited and inconclusive earlier evidence for trace metal effects
in HABs has been previously reviewed (Boyer and Brand 1998). Because of
limited space here, we refer the reader to that review for a discussion of that
material.
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