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Iron is undoubtedly 

the most versatile and 

important trace 

element for 

biochemical catalysis. 

IN SOME REGIONS o f  the oceans, namely the 
North and Equatorial Pacific and the Antarctic, 
the surface waters contain relatively high concen- 
trations of nutrients (e.g., P 0 4  > 1 uM) yet only 
a low biomass (chlorophyll < 0.5 ug/L). On the 
basis of measurements of very low iron concen- 
trations (<0,1 nM) and observations of increased 
growth on Fe enrichments, J. Martin and co- 
workers have proposed that iron limits primary 
production in these waters (Martin, 1991, this is- 
sue). Other authors have proposed alternate hy- 
potheses chiefly on the basis of grazing (Miller et 
al., 1991, this issue) and light limitation (Mitchell 
et al., 1991). Here we examine the "iron hypoth- 
esis" in light of what we know about the iron 
physiology of marine phytoplankton and its re- 
lation to iron chemistry. 

Iron Requirements 
The oxidation-reduction properties of iron 

make it ideally suited to catalyze electron transfer 
reactions. In the course of evolution (the early 
part of which occurred in an anoxic and thus Fe- 
tich environment), microorganisms have ex- 
ploited iron for photosynthetic and respiratory 
functions as well as for the reduction of inorganic 
nitrogen species, nitrate, nitrite, and nitrogen gas 
(dinitrogen). Iron is undoubtedly the most ver- 
satile and important trace element for biochemical 
catalysis. Because of variations in its molecular 
surroundings, the redox potential of iron in heme 
proteins such as cytochromes and in iron-sulfur 
proteins such as ferredoxin (one of the most re- 
duced cellular compounds produced in photo- 
synthesis) can span as much as 1 volt, practically 
the whole range from inorganic carbon to sugars 
(Morel, 1983). 
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On the basis of the known turnover times and 
compositions of  iron-containing redox proteins, 
one can calculate the minimum iron necessary 
for an organism to grow at a given rate (Raven, 
1988). For a typical marine alga dividing once a 
day, the calculated minimum iron requirements 
are roughly 10 tsmol Fe/mol C for photosynthesis 
and respiration. If the alga is grown on nitrate 
rather than ammonium, this requirement is in- 
creased to roughly 15 ~tmol Fe/mol C. Nitrogen 
fixation in cyanobacteria (alias blue-green algae) 
is even more iron expensive, requiring probably 
>200 #mol Fe/mol C. 

Iron-containing molecules can be replaced in 
some of  their functions by other molecules, how- 
ever. For example, the copper protein plastocy- 
anin and cytochrome c-552 can fulfill similar 
functions and replace each other in some organ- 
isms (Wood, 1978). Flavodoxin, a nonmetal redox 
compound, can substitute for ferredoxin in certain 
reactions in blue-green and green algae and pos- 
sibly in others as well (Zumft and Spiller, 1971). 
Perhaps manganese or vanadium enzymes can 
replace particular iron enzymes in some phyto- 
plankton. Undoubtedly, much is yet to be learned 
regarding possible iron substitutions. Although it 
is probably safe to consider iron an essential nu- 
trient for free-living organisms, minimum Fe re- 
quirements may not be easily calculated. 

The Iron Uptake System 
Some one billion years ago, blue-green algae 

had evolved sufficient oxygen to completely 
change the conditions of the earth environment--  
from anoxic to oxic. Aside from the direct noxious 
effect of oxygen and its derivatives, one dramatic 
side effect of this change was the practical elimi- 
nation of iron from the aquatic environment be- 
cause oxidized Fe(III) is extremely insoluble at 
neutral pH. To solve this problem, terrestrial bac- 
teria have evolved the capability to synthesize 
specific iron-complexing agents, low-molecular- 
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weight compounds called siderophores, and re- 
lease them in their external milieu. After reaction 
with the rare iron molecules in the medium, the 
iron-siderophore complex is taken up by the cells 
via specific carrier proteins imbedded in their 
membranes (Neilands, 1981). Oceanic bacteria, 
including the photosynthetic cyanobacteria, may 
also produce siderophores, though they may not 
be released to the surrounding water (Reid and 
Butler, 1991). There is yet no evidence of sider- 
ophores in solution in seawater, and some of the 
marine bacterial siderophores appear to be mem- 
brane-bound. This of course would make sense 
in such dilute environs as the oceans. Some on- 
going work is elucidating the types of siderophores 
found in marine bacteria, but no study of the ki- 
netics of bacterial iron uptake has been made. 

Our knowledge of the iron uptake system in 
eukaryotic marine phytoplankton is opposite to 
that of bacteria; we know the uptake kinetics in 
detail but we do not know the exact nature of the 
molecules involved. We know that the uptake 
molecules are normally membrane-bound and of 
small molecular weight. In at least one study in- 
volving batch cultures of large dinoflagellates, 
these molecules were released to the medium at 
the end of the exponential growth phase and 
turned out to be siderophores (Trick et al., 1983). 

Thus, marine algae may be taking up iron through 
membrane-bound siderophores. In any case, iron 
uptake in marine phytoplankton involves a com- 
plexation reaction between iron in the water and 
an uptake molecule at the cell surface, followed 
by internalization of the membrane-bound iron 
(Hudson and Morel, 1990). The result is a hy- 
perbolic rate law for uptake, increasing linearly 
with the iron in solution until the uptake sites are 
saturated and the transport rate maximized 
(Fig. 1). 

What Forms of Iron are Taken Up? 
Oceanic iron, recycled from deep water, ad- 

vected from continental input, or originating from 
aeolian dust, occurs only partly in the dissolved 
form. Between 10 and 50% passes through 0.4- 
~m filters (Martin and Gordon, 1988; Martin et 
aL, 1989), and some of this may be colloidal rather 
than truly dissolved. The particulate and colloidal 
fraction comprises oxides and aluminosilicates 
and possibly organic forms. Some of the dissolved 
fraction also may be organically bound and some 
(probably very little) may be in the reduced Fe(II) 
form rather than the stable Fe(IIl) in oxygenated 
water. The subject of Fe speciation in seawater is 
yet an unresolved analytical challenge. 

From culture studies it appears that only the 
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Fig. 1: Schematic representation of phytoplankton and their cell-surface Fe-transport ligands in seawater 
containing high and low concentrations of dissolved Fe. The Fe-transport ligands are hypothesized to 
resemble hydroxamate siderophores (R-CO-NOH-R'). Increased Fe-transport ligand density in phyto- 
plankton grown in low-Fe seawater increases the maximum rate of Fe uptake by the cells. 
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• . .  illumination of 

iron (lll)-oxide 

suspensions makes 

them more available to 

phytoplankton. 

dissolved inorganic forms of iron, chiefly the 
dominant hydrolysis species Fe(OH)~-, are taken 
up by marine phytoplankton. Although older 
work claimed that colloidal Fe might be a usable 
source of iron for algae (Goldberg, 1952), this does 
not appear to be the case. All colloids rigorously 
tested, including some that are only 2 nm in di- 
ameter and contain merely six Fe atoms, require 
prior dissolution to support algal growth (Rich 
and Morel, 1990). This result, of  course, makes 
sense when one views the uptake process as de- 
pendent on a chemical reaction of iron with up- 
take sites. Strong coordination of Fe to ligands in 
solid or dissolved compounds should effectively 
hinder this necessary chemical reaction. It also 
makes sense from an evolutionary point of view 
because the low diffusion rate of colloids would 
make it a negligible advantage to utilize them as 
an iron source. The diffusion-limited uptake rate 
(see below) ofa  50-nm colloid would be a hundred 
times less than that o fa  0.5-nm molecule, whereas 
the concentration would only increase a few fold 
at the most. Uptake of colloidal iron may occur 
in some phagocytotic algae (i.e., those that ingest 
whole particles) but is unlikely to represent an 
important pathway in oceanic waters. This does 
not rule out the interesting possibility that some 
algae such as Trichodesmium may grow as colo- 
nies attached to iron-rich particles. 

The necessity for the iron to be in dissolved 
inorganic form in order to be available to algae 
underscores the importance of iron chemistry in 
surface seawater, about which little is known. Be- 
sides coordination reactions, the photochemistry 
of Fe in dissolved and particulate forms may be 
important (Fig. 2). It has been shown that illu- 
mination of iron(III)-oxide suspensions makes 
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Fig. 2." Redox cycle of  Fe in seawater in the pres- 
ence of e- donors such as organic compounds. Iron 
oxides (Fee03) are photoreduced (hv) and release 
Fe(II). Rapid reoxidation of Fe(II) in oxic waters 
produces either amorphous precipitate (FeOOH) 
or soluble hydrolyzed Fe(IlI) that can be taken up 
by phytoplankton. The extent to which this pho- 
tocycle results in measurable Fe(II) in bulk solu- 
tion is uncertain. 

them more available to phytoplankton. This can 
be interpreted as a reductive photodissolution of 
the iron oxide, followed by immediate oxidative 
re-precipitation of Fe(II) on the oxide surface. The 
result is the formation of an amorphous iron-oxide 
surface whose solubility is markedly greater than 
that of aged and more crystalline solids and whose 
dissolution is faster. As expected, aged Fe oxides 
are less available to algae in cultures (Wells et al.. 
1983). An alternative interpretation of the bene- 
ficial effect of  light on the bioavailability of Fe 
suspensions is that Fe(II) is released into solution 
by dissolution of the Fe(III) oxides. However, one 
should view with some circumspection reports of 
high-dissolved concentration of Fe(II) in seawater 
(O'Sullivan et al., 1991). The analytical techniques 
themselves are prone to reduce Fe(III) in the pres- 
ence of natural organic material. 

Growth in Low Fe Medium 
The concentration of dissolved iron in some 

parts of  the ocean has been measured at ~0.05 
nM (Martin et al., 1989)• Besides admiration for 
the analytical feat, such an extraordinarily low 
concentration summons up the question of how 
algae are able to survive in this environment. The 
rate of  chemical binding of Fe by surface mole- 
cules is inherently limited by the rate at which 
water molecules can be removed from the hydra- 
tion sphere of the dissolved iron species. This rate 
is fixed by the properties of Fe molecules and is 
beyond the power of the algae to modify to any 
significant extent. Thus, to grow at very low am- 
bient Fe concentration, algae must either increase 
their number of uptake molecules or decrease their 
iron requirement. 

Maximize Uptake 
The maximum number of  uptake molecules 

observed in phytoplankton corresponds to roughly 
one molecule per 10 nm 2 of outer membrane 
(Hudson and Morel, 1990). This is a very high 
density of uptake molecules when one considers 
that, even with a molecular weight of only one 
thousand, they would then occupy roughly 5% of 
the available membrane area (which is already 
occupied by many other molecules, including 
transport proteins for major solutes). Such density 
likely nears the limit beyond which the lipid bi- 
layers of the cell membrane lose their physical 
integrity. In a cell of 10-/~m diameter, this con- 
centration of uptake molecules also results in an 
uptake rate that nears the limit of diffusion for 
dissolved iron species in solution. Thus, further 
increase in the concentration of uptake molecules 
in the membrane is probably impossible and is 
also useless in large algal cells because of the limit 
imposed by diffusion on the rate of  physical trans- 
port to the cell surface (Fig. 3). 

In a recent cruise to the equatorial Pacific 
Ocean (Price et al., 1991), we measured (upon 
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[Fe] 

Diffusion flux = 4 rc r D _ ([Fe]bulk - [Fe] surface ) 
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Fig• 3." The diffusion f lux of Fe to a phytoplankton 
cell is proportional to the concentration gradient 
between the bulk solution ([Fe]b,tk) and the cell 
surface ([Fe],,m,,). This f lux is thus increased by 
more e~cient membrane transport that lowers the 
surface concentration ([Fe],,,rf,,,). The maximum 
(4rrD[Fe]h,/k) is obtained when the concentration 
of transport ligands is so high as to reduce the 
surface concentration to zero. 

additions of  high 5VFe concentrations) extremely 
high maximum-Fe-uptake rates (Table 1). We de- 
duce from these results that the concentration of 
Fe-transport molecules in the indigenous plankton 
populations approaches the maximum measured 
in laboratory cultures ofFe-starved phytoplankton 
and is greatly in excess of that measured in either 
Fe-sufficient laboratory cultures or in coastal-wa- 
ter plankton. The clear implication is that the al- 
gae we sampled in the equatorial Pacific had max- 
imized their Fe-uptake system because they were 
iron stressed if not iron limited. 

Minimize Requirements 
In our previous studies of iron uptake by com- 

mon laboratory algae (Harrison and Morel, 1986), 
we reported a minimum cellular iron content for 
fast growth in the range o fFe /C ~ 10 ~mol/mol, 
somewhat lower than the minimum theoretically 
necessary for the biochemical machinery of pho- 
tosynthetic organisms utilizing nitrate• Yet these 
low experimental values now appear too high. 

Our more recent results (based on actual car- 
bon analysis instead of  estimates from cell size) 
show an Fe:C ratio down to 3 umol/mol. Other 
recent laboratory studies using oceanic clones 
(Sunda et al., 1991; Brand, 1991) have obtained 
an even lower minimum Fe content for algae di- 
viding once a day: Fe/C ~ 1-2 tzmol/mol. These 
results bring up the question of how these algae 
perform such a biochemical feat. Are they in fact 
more efficient than the theoretical calculations say 
they can be, or have they evolved replacements 
for iron-containing molecules and decreased fur- 
ther their iron requirements? 

These new results also put into question the 
meaning of  the relatively high Fe:C ratios reported 

for phytoplankton in the North Pacific ( ~ 3 0  
~mol/mol) (Martin et aL, 1989), which could in- 
dicate that the algae there are not Fe limited. In 
fact, these Fe:C ratios are derived from the par- 
ticulate Fe concentration corrected for its inor- 
ganic content by using a crustal AI:Fe ratio of 3. 
The applicability of this average ratio to a partic- 
ular ocean environment is rather dubious, and no 
firm conclusion can be reached. We note that if 
one took the concentration of  particulate iron 
leached by 25% acetic acid as the measure of bio- 
logical iron (an equally dubious assumption), we 
calculate an Fe:C ratio in the North Pacific plank- 
ton of ~ 1.5 umol/mol,  which is in the range of 
new improved values for minimum algal iron 
content. 

In view of  the high iron cost involved in uti- 
lizing nitrate, one may hypothesize a direct link 
between iron limitation and high ambient nitrate 
concentrations in the regions of  the oceans where 
nutrients are high and biomass is low (the North 
Pacific, the Equatorial Pacific, and the Southern 
Ocean). Indeed, several investigators have dem- 
onstrated that ammonium supplies a large fraction 
of  the nitrogen to phytoplankton in these regions 
(Probyn and Painting, 1985: Wheeler and Kok- 
kinakis, 1990; Dugdale et al., 1991). [This is often 
described as a low f-ratio (Eppley and Peterson, 
1979), the proportion of nitrate utilized by phy- 
toplankton to their total inorganic nitrogen up- 
take.] We have found that upon Fe enrichment, 
shipboard cultures of algae indigenous to the 
Equatorial Pacific switch from utilizing primarily 
NH~ to utilizing primarily NO3 (Price et al., 
1991 ). (The f-ratio goes from 0.2 to 0.8 over a few 
days.) No such switch is seen in the controls where 
no Fe is added. Thus, Fe enrichment appears 
uniquely to affect nitrate utilization by phyto- 

Table 1 
Concent ra t ion  of  Fe- t ransport  molecules  (LT) 

in equatorial  Pacific p lankton  and  in Fe-sufficient 
and  Fe-deficient Thalassiosira weissflogii 

[L~]* (~mol /mol  C) 

T. weissflogii 
Fe-su fficient 0.12 
Fe-deficient 3.0 

Equatorial Pacific 
9°N, 140°W 4.6 
3°N, 140°W 1.2 

* Calculated from LT = PmaJk,n, where LT is 
the number  of  Fe-transport molecules, Pmax is the 
m a x i m u m  Fe uptake rate, and kin is the Fe inter- 
nalization rate constant (2 × 10 -3 sec ~) (Hudson 
and Morel, 1990). The m a x i m u m  Fe-uptake rate 
data used in these calculations are from Hudson 
and Morel (1990) and Price et aL (1991 ). Equatorial 
Pacific uptake rates were normalized to phyto- 
plankton carbon, using a C/chl-a ratio of  58 g/g 
(Eppley et aL, 1991). 

• . .  algae. . ,  in the 

equatorial Pacific had 

maximized their 

Fe-uptake system 

because they were iron 

stressed if not iron 

limited. 
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• . .  oceanic regions 

with high nutrient and 

low biomass are  

populated chiefly by 

small algae . . .  

plankton in the Equatorial Pacific. We conclude 
that the low iron availability limits either the 
growth of nitrate users or the ability of all algae 
to utilize nitrate. 

Get Small 
An obvious way for phytoplankton to reduce 

their iron requirement is to become smaller. The 
requirement for any essential element must de- 
crease roughly as the cube of the cell radius (r3), 
whereas the membrane area available for uptake 
molecules decreases as r: and the diffusion-limited 
rate as r. There is of course a limit to how small 
an organism can get (one estimate puts this min- 
imum at ~0.1 #m 3 for algae; Raven, 1986), but 
the presence of many small algal forms in oligo- 
trophic waters is likely a reflection of the adap- 
tation to low nutrient concentrations. 

In particular it has been noted that the oceanic 
regions with high nutrient and low biomass are 
populated chiefly by small algae < 5 /~m in di- 
ameter(Booth, 1988; Chavez, 1989). It is tempting 
to interpret this fact as the result of iron limitation. 
Although we have not been able to confirm the 
result, others have reported an increase in the 
growth of large algae, particularly diatoms, upon 
Fe enrichment in shipboard cultures. 

An Ecumenical Hypothesis (and Some 
Questions) Regarding Oceanic Regions With 
High Nutrients and Low Biomass 

Despite the appearance of contradictory con- 
clusions reached by various authors on the growth 
of algae in the North and Equatorial Pacific and 
the Southern Ocean, we believe that there is no 
disagreement on fact. All available data are sur- 
prisingly consistent and can be made to fit into a 
coherent hypothesis, reconciling the role of iron 
and grazing in controlling algal growth in these 
regions. 

According to our view, the phytoplankton 
community in the oceanic regions of high nitrate 
and low chlorophyll are adapted to low iron. It is 
dominated by small, fast-growing phytoplankton 
that use chiefly NHg as a N source (low f-ratio). 
These phytoplankton are under some degree of 
Fe stress and incapable of using NO3 or do so 
very slowly because of the additional Fe require- 
ment for growth on oxidized N. They are effi- 
ciently grazed by microzooplankton in a tightly 
coupled microbial loop: their biomass varies little 
seasonally and is controlled by grazers. Iron ad- 
dition stimulates growth of the indigenous phy- 
toplankton, including large cells that are initially 
rare. The resulting community utilizes NO3 as its 
main N source for growth. Thus, low Fe concen- 
tration in these waters limits NO3 utilization and 
new production (Price et al.. 1991). 

Certainly this, and any, version of the "iron 
hypothesis" has the merit of providing an expla- 
nation for the difference between oceanic regions 

of high nutrient and low biomass and others where 
the nutrients are all but exhausted. It is difficult 
to envision how a self-determined property of the 
local ecosystems such as grazing pressure could 
explain by itself these regional differences. How- 
ever, a number of questions need to be answered 
before this hypothesis can be confirmed. 

For example, we have not yet established or 
quantified the relationship between iron and ni- 
trogen nutrition in marine-phytoplankton cul- 
tures, despite the clear biochemical basis for this 
relationship. We know even less, of course, of the 
iron physiology of the algal populations that seem 
to thrive in the North and Equatorial Pacific and 
in the Antarctic. A case in point is the degree to 
which NH~ may inhibit NO3 uptake by the in- 
digenous phytoplankton community. A negative 
correlation between NHg and NO3 uptake ob- 
served in the subarctic Pacific has been interpreted 
to demonstrate that NH~ prevents NO3 depletion 
(Wheeler and Kokkinakis, 1990). Nonetheless, in 
the equatorial Pacific the algae that take up 
NO3 upon Fe enrichment do so in the presence 
of high NH]  (Price et al., 1991). Are there effec- 
tively NH~ and NOj  specialists in these waters? 

In any case, the unexpected behavior of some 
high-nutrient marine ecosystems provides us with 
an opportunity to unravel the complex relation- 
ship between trace elements, major nutrients, al- 
gae, and zooplankton. This clearly is a key to un- 
derstanding how the ocean functions biologically. 
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