
fmars-06-00509 August 27, 2019 Time: 17:48 # 1

HYPOTHESIS AND THEORY
published: 28 August 2019

doi: 10.3389/fmars.2019.00509

Edited by:
Carol Robinson,

University of East Anglia,
United Kingdom

Reviewed by:
Julian Blasco,

Spanish National Research Council
(CSIC), Spain
Peter Croot,

National University of Ireland Galway,
Ireland

Rod W. Wilson,
University of Exeter, United Kingdom

*Correspondence:
Eric D. Galbraith

eric.d.galbraith@gmail.com

Specialty section:
This article was submitted to

Marine Biogeochemistry,
a section of the journal

Frontiers in Marine Science

Received: 27 November 2018
Accepted: 05 August 2019
Published: 28 August 2019

Citation:
Galbraith ED, Le Mézo P, Solanes

Hernandez G, Bianchi D and
Kroodsma D (2019) Growth Limitation
of Marine Fish by Low Iron Availability

in the Open Ocean.
Front. Mar. Sci. 6:509.

doi: 10.3389/fmars.2019.00509

Growth Limitation of Marine Fish by
Low Iron Availability in the Open
Ocean
Eric D. Galbraith1,2,3* , Priscilla Le Mézo2, Gerard Solanes Hernandez2, Daniele Bianchi4

and David Kroodsma5

1 Catalan Institution for Research and Advanced Studies (ICREA), Barcelona, Spain, 2 Institut de Ciència i Tecnologia
Ambientals (ICTA-UAB), Universitat Autònoma de Barcelona, Barcelona, Spain, 3 Earth and Planetary Sciences, McGill
University, Montreal, QC, Canada, 4 Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles,
CA, United States, 5 Global Fishing Watch, Washington, DC, United States

It is well-established that phytoplankton growth can be limited by the vanishingly low
concentrations of dissolved iron found in large areas of the open ocean. However, the
availability of iron is not typically considered an important factor in the ecology of marine
animals, including fish. Here, we compile observations to show that the iron contents
of lower trophic level organisms in iron-limited regions can be an order of magnitude
less than the iron contents of most fish. Although this shortfall could theoretically be
overcome if iron assimilation rates were very high in fish, observations suggest this
is not the case, consistent with the high recommended iron contents for mariculture
feed. In addition, we highlight two occurrences among fish living in iron-poor regions
that would conceivably be beneficial given iron scarcity: the absence of hemoglobin in
Antarctic icefish, and the anadromous life history of salmon. Based on these multiple
lines of evidence, we suggest that the iron content of lower trophic level organisms
can be insufficient to support many fish species throughout their life cycles in iron-poor
oceanic regions. We then use a global satellite-based estimate of fishing effort to show
that relatively little fishing activity occurs in high nitrate low chlorophyll (HNLC) regions,
the most readily identified iron-poor domains of the ocean, particularly when compared
to satellite-based estimates of primary production and the observed mesozooplankton
biomass in those waters. The low fishing effort is consistent with a low abundance of
epipelagic fish in iron-limited regions, though other factors are likely to contribute as well.
Our results imply that the importance of iron nutrition extends well beyond plankton and
plays a role in the ecology of large marine animals.

Keywords: iron limitation, fish, fishing, Global Fishing Watch, marine ecology, HNLC region, ecosystem
stoichiometry, trace metal

INTRODUCTION

Iron is an essential element for virtually all organisms, playing a central role in many components
of the photosynthetic machinery, respiratory reactions, DNA synthesis, and for the transport
and storage of oxygen. Iron can be toxic at high concentrations, but in the oceans, the scarcity
of dissolved iron tends to be more of a problem. Low dissolved iron concentrations are widely
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FIGURE 1 | Net primary production and sea surface nitrate concentrations in the global ocean. The left panel shows the annual mean net primary production (in
mmol C m–2 day–1) as estimated from satellite-observed sea surface color and temperature averaged from three algorithms (Dunne et al., 2007). The right panel
shows the minimum monthly sea surface nitrate concentration (in µM) from the World Ocean Atlas (Boyer, 2013).

recognized to play a role in limiting the growth of marine
phytoplankton (Marchetti and Maldonado, 2016), most
importantly in the high nitrate low chlorophyll (HNLC) regions
that constitute more than one quarter of the open ocean
surface (Sarmiento and Gruber, 2006) (Figure 1). In these
large regions, the dissolved nutrient nitrate persists at relatively
high concentrations at the ocean surface throughout the year
without causing strong phytoplankton blooms (Moore et al.,
2013), a striking contrast with the adjacent coastal regions in
which high nitrate concentrations would lead to rapid uptake
by chlorophyll-rich phytoplankton. Experiments have shown
that deliberate iron addition to HNLC waters accelerates the
growth rates of phytoplankton and produces more biomass,
confirming their iron-limited status (de Baar et al., 2005; Boyd
et al., 2007). Iron scarcity has also been shown to limit the growth
and abundance of marine heterotrophic bacteria that compete
with phytoplankton for this resource (Tortell et al., 1999).

Despite its demonstrated importance for microbes, little
attention has been paid to the possibility that iron availability
is important for multicellular marine life. A relatively small
number of studies have considered how higher trophic level
organisms might impact the iron cycle, including estimates of
iron extraction from the ocean by industrial fishing (Moreno
and Haffa, 2014), the impact of whales on iron recycling (Lavery
et al., 2010), and the roles of animals in ecosystem iron budgets
(Maldonado et al., 2016; Ratnarajah et al., 2018). However,
these studies all focus on the role of animals in modifying
the iron limitation of phytoplankton, rather than the impact
of iron availability on the animals themselves. There has been
some suggestion that the low iron content of phytoplankton in
HNLC regions may limit the growth rates of zooplankton (Chen
et al., 2011; Baines et al., 2016), but this has not been widely
investigated. We are not aware of prior work that has considered
the possibility that the highly variable availability of iron in the
ocean environment could be a factor in determining the growth,
abundance and distribution of non-planktonic marine animals.

Here, we provide an overview of the state of knowledge
regarding iron contents and requirements of marine organisms,
first for plankton and then for fish, along with theoretical
expectations for how iron contents will change between trophic
levels. We then compare these observations with the conditions
under which anemia has been shown to occur in fish grown in

experimental aquaculture, and discuss two notable fish taxa with
characteristics consistent with adaptation to low iron availability.
Finally, we show that fishing effort appears to be anomalously low
in iron-limited regions, which is consistent with relatively low
fish biomass in these regions. Based on these lines of evidence,
we propose the new hypothesis that iron availability plays an
important role in the ecology of marine fish.

IRON LIMITATION OF PHYTOPLANKTON

Iron is derived from rocks and supplied to the ocean surface
primarily by rivers, continental dust and mobilization from the
seafloor (Tagliabue et al., 2017). Dissolved iron concentrations
tend to be relatively high in most coastal waters given their
proximity to iron sources, and can exceed 10 nmol L−1 (Johnson
et al., 1999). In contrast, dissolved iron concentrations are very
low in much of the open ocean (often less than 0.1 nmol L−1

at the surface). This scarcity can be attributed to the fact that,
in oxygenated seawater, iron is dominantly present as Fe3+ and
has very low solubility (Liu and Millero, 2002). In fact, almost
all of the dissolved iron pool is maintained in solution through
complexation with organic molecules (Gledhill and Buck, 2012),
without which it would be lost to sinking particles.

Iron has long been recognized as an essential nutrient that
can potentially limit phytoplankton growth (Gran, 1931; Harvey,
1937), but it was only three decades ago that measurement
techniques became sufficiently sensitive to quantify the
concentrations in iron-poor surface ocean waters. Measurements
showed extremely low concentrations in the HNLC waters of the
subarctic North Pacific, and the addition of iron was shown to
increase phytoplankton growth rates, supporting the idea that
HNLC regions owe their existence to iron limitation (Martin
and Fitzwater, 1988). Although the “iron hypothesis” was met
with skepticism given competing ideas about light limitation
and grazing (Banse, 1990), repeated experiments supported
the growth-limiting role of iron in the North Pacific (Martin
et al., 1990). Subsequent work confirmed that the addition of
dissolved iron also accelerates phytoplankton growth in the
other HNLC regions (primarily the Southern Ocean and eastern
equatorial Pacific). These findings led to the broadly accepted
understanding that the surface nitrate accumulation in HNLC
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regions reflects its slow uptake by phytoplankton due to iron
limitation (Boyd et al., 2007; Moore et al., 2013). Iron limitation
of phytoplankton has also been demonstrated outside of HNLC
regions, such as the California Current (Hutchins et al., 1998),
so the absence of nitrate at the surface cannot be taken as
indicating an abundance of iron. Nonetheless, we make use of
HNLC regions here as clearly identifiable ocean domains that are
generally iron-poor.

Although iron limitation slows the growth rates of
phytoplankton, they do continue to grow in HNLC regions,
and some taxa are able to achieve large reductions in their Fe:C
by modifying their cellular machinery (Strzepek and Harrison,
2004; Marchetti and Maldonado, 2016; Strzepek et al., 2019)
(Supplementary Table 4). Eukaryotic phytoplankton appear to
be particularly capable of lowering their cellular Fe:C, with some
cultured diatoms containing less than 5 µmol Fe (mol C)−1

(Strzepek et al., 2011; Marchetti and Maldonado, 2016). In
contrast, the cyanobacteria that dominate oligotrophic waters
appear to maintain higher cellular Fe:C, more than 40 µmol
Fe (mol C)−1 (Twining et al., 2010; Shire and Kustka, 2015;
Marchetti and Maldonado, 2016). Consequently, lower iron
contents are generally found for planktonic samples in iron-
limited open ocean regions. The low iron contents of suspended
particles found in these regions may be further amplified
by an absence of iron-rich non-living detritus compared to
coastal waters (Ho et al., 2007; King et al., 2012; Twining and
Baines, 2013). Thus, the organic particles at the base of the food
chain in HNLC regions can have very low Fe:C, compared to
iron-rich coastal waters.

ELEMENTAL TRANSFER FROM FOOD
TO CONSUMER

Heterotrophs rely on their food to provide energy, in the
form of reduced carbon, but also for the other elements
required to construct their tissues (Sterner and Elser, 2002;
Karimi et al., 2010). Thus, essentially all of the elements that
compose the marine ecosystem are extracted from seawater
by primary producers and are transferred through the web
of heterotrophs via feeding. The dependence of heterotrophic
organisms on the essential elements present in their food is often
referred to as an aspect of “food quality” (Elser et al., 2000;
Sterner and Elser, 2002).

In general, for some element “X,” the relationship between the
X:C of a consumer (where C is carbon) and that of its food is given
by the ratio of the two elemental trophic efficiencies,

X:Cconsumer = X:Cfood
τX

τC

The elemental trophic efficiency τ, as defined here, is the
fraction of the element consumed that is incorporated in tissue,
net of all loss through egestion of feces and excretion of
dissolved compounds (Figure 2), and integrated over the full
lifetime of the organism. For C, the trophic efficiency is also
referred to as the “Gross Growth Efficiency,” and approximates
the ratio of new biomass constructed to the biomass of prey

FIGURE 2 | Elemental transfer from food to animal. The gray shape
represents an animal that, for an element X, incorporates in biomass a
lifetime-averaged fraction τX of the total ingested elemental flux IX. This differs
from the absorbed flux AX (also termed gut assimilation) due to the excretion
flux EX. Orange and blue rectangles illustrate the approximate relative changes
expected for Fe and C, respectively, between food, feces and excretion for a
growing animal. Note that feces may also include dissolved compounds.

consumed. Trophic assimilation efficiencies vary by organism
and with food characteristics, and are lower than the uptake
assimilation efficiency (A/I, Figure 2) for elements that are
subsequently excreted. The theoretical limits of τC can exceed
0.7 for single-celled organisms and be as high as 0.5 for multi-
cellular organisms, but they tend to be much lower in practice,
often varying between 0.15 and 0.25 for ectotherms (Sterner and
Elser, 2002). The trophic efficiency for C is much less than the
assimilation efficiency across the gut, A/I, because most of the
C is respired to support metabolism, and subsequently excreted
(E). Thus, if we assume a τC of 0.20, a τX of 0.20 would result in
X:Cconsumer being equal to X:Cfood, whereas a τX of 0.40 would
cause X:Cconsumer to be twice that of X:Cfood. The ability of a
consumer to homeostatically control their X:C relative to their
food therefore depends on their capacity to modify τX and/or τC
independently of each other.

For the essential element N, the fraction assimilated across
the gut wall (A/I) is quite high, so that τN could potentially be
much higher than τC, allowing a consumer to readily construct
tissues with higher N:C than its prey. Since consumers tend to
maintain N:C that is not very different than their food, they often
excrete most of the N they consume. As we discuss next, the
case appears to be very different for Fe, given that Fe uptake
assimilation efficiency tends to be quite low among animals.
We first consider the experimental evidence for Fe assimilation
efficiencies in zooplankton.

IRON IN HETEROTOPHIC MARINE
PLANKTON

Few experimental studies have attempted to estimate
zooplankton τFe or Fe assimilation efficiencies.
Those that do exist suggest that τFe is generally low
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FIGURE 3 | Observed concentration of epipelagic mesozooplankton. Shaded dots indicate the average carbon concentration of mesozooplankton biomass
collected in net tows within the upper 200 m of the water column (Moriarty and O’Brien, 2013). Blue contour lines indicate HNLC regions, identified as surface
waters with minimum monthly nitrate concentrations > 3 µM (Boyer, 2013).

(Hutchins and Bruland, 1994) and that, when confronted
with iron-poor phytoplankton, zooplankton do not substantially
increase their Fe assimilation efficiencies (Hutchins et al., 1995;
Schmidt et al., 1999). This is not to say that the assimilation is
constant: the fraction of total iron that is assimilated by copepods
in culture has been shown to vary significantly. However, the
small number of available studies appear to show that the
Fe assimilation efficiency is most strongly related to the iron
content within the prey cytoplasm (Chen et al., 2014), with
little assimilation of non-cytoplasmic iron, rather than adjusting
to compensate for the iron content of their diet. This finding
mirrors the cytoplasm-dependent uptake of other metals by
copepods (Reinfelder and Fisher, 1991), but contrasts with the
strong homeostatic regulation of N:P among zooplankton. The
dependence on food iron content implies that, rather than being
globally constant, the Fe:C of zooplankton communities would
be pulled toward the Fe:C of their food (Hutchins et al., 1995;
Chase and Price, 1997; Schmidt et al., 1999; Chen et al., 2014).
Consistent with this expectation, the Fe:C of zooplankton in
the ocean has been found to vary by more than an order of
magnitude, in concert with changes in phytoplankton Fe:C, with
reported values exceeding 200 µmol Fe (mol C)−1 in iron-rich
coastal regions and less than 14 µmol Fe (mol C)−1 in iron-poor
regions of the Southern Ocean (Supplementary Table 5).

Despite the limited ability to compensate for low Fe:C
food, zooplankton are not excluded from iron-limited waters.
On the contrary, as shown in Figure 3, mesozooplankton
abundances are quite high in HNLC regions of the ocean.
It has been suggested that low iron availability retards the
growth rates of zooplankton in these waters (Chase and Price,
1997; Chen et al., 2011), as it does phytoplankton, and likely
contributes to determining which species are present according
to their physiology and ecological strategies (Chen et al., 2014;
Baines et al., 2016). For example, Antarctic krill (Euphausia
superba), which are relatively abundant in the strongly iron-
limited waters of the open Southern Ocean, can have very
low Fe:C (Supplementary Table 5). Intriguingly, Antarctic krill

have been observed migrating to the seabed, where they ingest
detrital particles that appear to contribute to their iron nutrition
(Schmidt et al., 2011, 2016), which may be an adaptation to the
poor iron content of their food.

Although the paucity of data leaves many open questions as
to how iron limitation affects zooplankton, and our limited data
compilation is strongly biased, it is clear that zooplankton Fe:C
varies over at least an order of magnitude in the ocean, and can
be very low in iron-limited waters. To first order, zooplankton
Fe:C appears to follow the local phytoplankton Fe:C, consistent
with an average τFe/τC close to 1.

IRON IN MARINE FISH

Fish use iron for many biochemical purposes, but one important
use is the storage and transport of oxygen (Bury and Grosell,
2003). Iron is found at the center of hemoglobin and
myoglobin, which bind oxygen for vascular transport and storage,
respectively (Beard et al., 1996). In vertebrates, as much as
80% of the total iron content can be bound within these two
metalloproteins (Kuhn et al., 2016). Although rainbow trout
have been shown to take up iron across their gills in iron-
rich freshwaters, this pathway requires very high dissolved iron
concentrations (half-saturation constant of 21 nM) (Cooper and
Bury, 2007) so that it should be negligible at the concentrations
found in iron-poor seawater (less than 0.2 nM). Thus, the iron
supply of marine fish in low-iron waters is likely to come entirely
from their food, unless they have evolved a much higher affinity
gill uptake system that has not yet been investigated. It is not
known if fish have a regulatory mechanism for increasing iron
excretion rates in order to prevent iron toxicity, suggesting that
they may rely on down-regulating uptake when consuming iron-
rich food (Bury et al., 2012).

Compared to plankton, there are few available measurements
of Fe:C in whole marine fish. Figure 4 summarizes published,
peer-reviewed measurements (see Supplementary Materials for
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FIGURE 4 | Measured Fe:C molar concentration ratios from published
sources (see Supplementary Materials). The upper portion shows the Fe:C
measured in plankton, differentiated by whether they were grown under
iron-rich or iron-poor conditions. The very low phytoplankton values are not
included within the colored-bar range as they were grown under an extreme
iron limitation in culture. The lower portion shows measured adult fish Fe:C,
using the mean of multiple measurements when available, and recommended
Fe:C in feed for aquaculture of marine fish species, with vertical lines showing
the mean values estimated by Prabhu et al. (2016). For the inferred whole-fish
Fe:C, filled circles show upper (dark) and lower (pale) estimates assuming that
muscle Fe:C is 14 and 45% of the whole-fish Fe:C, respectively; the blue bar
indicates the most confident range, spanning from the upper estimate for the
smallest measured value to the lower estimate for the largest measured value.

details) made on experimentally reared Atlantic salmon, which
ranged from 16 to 43 µmol Fe (mol C)−1 when consuming
normal feed (Shearer, 1994; Andersen et al., 1996), and four
groups of wild fishes in the Southern Ocean (three Nototheniidae
and one myctophid), which ranged from 10 to 26 µmol Fe
(mol C)−1 (Honda et al., 1987). The precise locations of the
Southern Ocean samples are not given, but at least two were
coastal (“near Showa Station”). The vertical bar within the
whole fish range indicates the average value of 25 ± 7 µmol
Fe (mol C)−1 for whole fish according to the meta-analysis of
Prabhu et al. (2016). Larval fish are not included in the figure, but
have been found to consistently contain between 9 and 17 µmol
Fe (mol C)−1 (Wang and Wang, 2018).

Measurements on the iron content of edible fish fractions
(i.e., some portion of the fish muscle) are much more widely
available than those on whole fish, due to their relevance
for human nutrition. These measurements suggest that Fe:C
may vary more significantly among fish than would be

discerned from the handful of whole fish measurements, with
reported values ranging from 2 to more than 40 µmol Fe
(mol C)−1 (Supplementary Table 6). Interpreting these values
is complicated by the fact that the iron content of fish muscle
tissue can vary widely within a given fish. For example, red muscle
contains more iron-rich myoglobin than white muscle, which
can lead to more than ten-fold higher iron concentrations in
red muscle (Carpene et al., 1998). Unfortunately, the published
studies do not always identify whether the analyzed muscle
tissues were white or red. In addition, even higher concentrations
of iron can occur in organs including the liver and gill. Available
comparisons suggest that muscle Fe:C is 14–45% of the whole
fish Fe:C value (Honda et al., 1987), which would imply a total
possible range from 4–12 to >90–300 µmol Fe (mol C)−1 on
the basis of the muscle measurements (Figure 4). We would
emphasize that this is a highly speculative conversion, and would
greatly benefit from further whole fish measurements across a
broader range of taxa. Nonetheless, the muscle data suggest that
the whole body data, which are dominated by cultured salmon
and Southern Ocean fish, lie at the lower end of the spectrum,
and that the Fe:C of many fish can be higher.

When we compare the tentative range of fish Fe:C with
plankton Fe:C (Figure 4), two important features are apparent.
First, the Fe:C range of fish overlaps with the lower end of the
Fe:C range of plankton in Fe-rich waters. Second, the Fe:C range
of fish does not extend to the lowest Fe:C of plankton found in
HNLC waters, even though some of the whole fish samples were
collected from the broadly iron-limited Southern Ocean. Thus,
this fragmentary view suggests that fish Fe:C is similar to – or
lower than – the plankton of iron-rich waters, but is higher than
the plankton of HNLC waters.

Following the reasoning illustrated in Figure 2, the low Fe:C
of iron-limited plankton relative to fish would demand that a
planktivorous fish in an HNLC region have a high τFe or a low
τC. For example, maintaining an Fe:C of 20 µmol Fe (mol C)−1

by feeding on iron-poor zooplankton with an Fe:C of 10 µmol
Fe (mol C)−1 would require a τFe/τC of about 2. So, given a
standard τC of 0.2, the fish would need a τFe of 0.4. This would be
much higher than τFe in humans, which ranges from 0.02 to 0.23
(Beard et al., 1996). The alternative possibility that τFe/τC could
be raised by lowering τC through physiological or behavioral
adaptations is theoretically interesting, but would equate to a sub-
optimal use of the available food energy, which could be expected
to reduce fitness. Following this reasoning, a high τFe would be
the preferred means by which fish could raise their Fe:C.

Rather than having unusually high τFe, it appears that marine
teleosts, the dominant fish group, are no better at assimilating
iron than other vertebrates. They may even have a disadvantage
to other groups, since their osmotic regulation strategy requires
maintaining an alkaline intestinal environment, which results
in the production of carbonate minerals (Wilson et al., 2002)
and may interfere with iron uptake (Bury et al., 2012). This is
consistent with relatively low measured iron somatic assimilation
efficiencies among marine fish, which are estimated by feeding
radio-isotope labeled food to cultured fish and measuring their
retention of the radio-isotope over the following hours. Although
not directly comparable to lifetime-integrated τFe, these reported
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assimilation efficiencies are <0.20 when fed artificial feed (Wang
and Wang, 2016) and <0.08 for live feed (Wang et al., 2019).
Fish do show an ability to regulate their assimilation, with lower
assimilation efficiencies occurring in response to iron-rich feed
(Wang and Wang, 2016), however, we were unable to find
evidence of assimilation efficiencies above 0.20, consistent with
a limit to the capacity for up-regulation, as found in mammals
(Beard et al., 1996). The persistently low assimilation efficiencies
may be attributable, in part, to the difficulty of accessing iron
within tightly bound components of their food, as illustrated by
the egestion of exoskeleton-bound trace metals by juvenile fish
(Reinfelder and Fisher, 1994). A large fraction of inaccessible iron
is also consistent with high measured Fe:C in fish feces, which
exceed the Fe:C in fish stomachs by a factor of 10 or more (Geesey
et al., 1984). Together, these observations imply a τFe/τC . 1,
suggesting that it is very difficult for fish to elevate their Fe:C
above the Fe:C of their food.

ANEMIA AMONG FISH IN
AQUACULTURE

The apparent inability for fish to enrich their Fe:C significantly
above that of their prey suggests that the survival of a given fish
would require the average Fe:C of all prey items to be similar to, or
greater than, the minimum whole fish Fe:C requirement for that
species. This then raises the question of what the minimum Fe:C
might be, and how fish welfare might deteriorate as their Fe:C
approaches this minimum. Hypothetically, fish could experience
a significant welfare decrease for any reduction below their
optimal Fe:C or, alternatively, they may be able to cope very well
over a broad range of Fe:C and then experience a sharp mortality
threshold at the minimum Fe:C.

Studies on fish grown in mariculture, i.e., marine
aquaculture, provide an experimental vantage on this question.
Mariculturalists have long recognized the occurrence of anemia
in fish, and have studied the problem for decades (Sakamoto
and Yone, 1978; Watanabe et al., 1997). Some experiments
in which fish were fed low-iron diets have shown changes in
blood chemistry (Andersen et al., 1996) and growth retardation
(Cooper et al., 2006) without causing mortality, suggesting
that fish welfare does respond to Fe:C above the minimum
threshold for immediate survival. As a result, aquaculture feed
recommendations for marine fish give minimum Fe:C ratios that
vary by species (Supplementary Table 9), with an average of
54± 15 µmol Fe (mol C)−1 according to Prabhu et al. (2016).

As shown in Figure 4, the recommended fish feed Fe:C values
lie well within the range provided by coastal zooplankton prey,
and tend to be equal to or higher than whole fish, as would
be expected from the low τFe/τC for fish discussed above. The
feed recommendations exceed the measured Fe:C of iron-limited
oceanic zooplankton by a factor of 5–30. Some caution must be
applied in comparing these Fe:C ratios directly, as the fish feeds
are often supplemented with inorganic iron salts among which
the iron can occur in varying proportions of Fe2+ and Fe3+, and
which would be expected to be assimilated differently than the
forms in which iron occurs in wild fish prey (Andersen et al.,

1997). Nonetheless, a recent experimental study using live rotifer
feed provided a minimum dietary recommendation of 30 µmol
Fe (mol C)−1 (Wang and Wang, 2018), which falls within the
range of recommended artificial feeds. Overall, these experiments
provide direct evidence that iron-poor food can negatively impact
the growth of marine fish, and suggest that the Fe:C levels for
optimal fish growth can be well above those of the plankton
in HNLC regions.

POSSIBLE ADAPTATIONS TO LOW IRON
AVAILABILITY

If iron availability can indeed place a constraint on fish growth,
as it does for plankton, one would expect to find evolutionary
adaptions to iron scarcity among fish, just as they are found
among phytoplankton. One conceivable type of adaptation would
be for fish to reduce their requirements for iron-rich proteins
such as hemoglobin. Alternatively, fish could adapt their behavior
to take advantage of iron-rich forage at places or times that it is
available, as might be achieved through migrations between iron-
rich and iron-poor environments. We identify two examples of
fish groups that are consistent with each one of these feasible
adaptation strategies.

First, fish of the suborder Notothenioidei, found only in
the Southern Ocean, exhibit unique physiological adaptations
that greatly reduce their iron requirements. The Notothenioidei
diversified rapidly after the separation of Antarctica and South
America by tectonic forces opened the Drake Passage in the
late Eocene, and this single group now dominates the Antarctic
shelves to an astonishing degree, comprising >90% of the
fish biomass (Eastman, 2005). Notothenioids generally have
reduced erythrocyte number, hemoglobin concentrations and
hemoglobin diversity compared to temperate and tropical species
(Verde et al., 2007), and the family Channichthyidae (“white-
blooded icefish”) have gone to the extreme measure of eliminating
the use of hemoglobin altogether, a unique occurrence among
vertebrates (Ruud, 1954; Kock, 2005). Several species of icefish
have even eliminated the use of myoglobin in their hearts
(Sidell and O’Brien, 2006). These extremely unusual features
have been most often associated with the low temperatures
and high dissolved oxygen concentrations of Antarctic waters,
which could reduce the requirement for oxygen transportation
and storage (Kock, 2005). However, the loss of hemoglobin
is accompanied by dramatic adaptations to maintain sufficient
oxygen supply to their tissues, including up to a five-fold
increase in ventricle size and four-fold increase in total blood
volume compared to red-blooded fish of similar size (Kuhn
et al., 2016). Even the increased blood volumes cannot overcome
what appear to be many profound disadvantages, and explaining
why the absence of hemoglobin persists has been recognized
as an evolutionary conundrum (Sidell and O’Brien, 2006), even
cited as an example of a deleterious adaptation or “disaptation”
(Garofalo et al., 2009).

We propose that, rather than being an example of disaptation,
the absence of hemoglobin in the Channichthyidae is a successful
adaptation to the low iron availability in most parts of the
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Southern Ocean. The iron content of the white blood in icefish
is on the order of one-twentieth that of standard red fish
blood (Ruud, 1954), reflecting a vastly reduced requirement
for iron. This adaptation may only be feasible given the high
oxygen content of cold, well-ventilated Antarctic waters, but
we propose that this is a secondary factor. In contrast to
the cold-water explanation, the iron hypothesis can explain
why no white-blooded fish occur in the arctic, where O2 is
equally high but iron is more readily available. Indeed, although
Arctic cod and Antarctic notothenioids both produce antifreeze
glycoproteins, recognized as an example of convergent evolution
to their similarly frigid environments (Chen et al., 1997),
Arctic cod have multiple forms of hemoglobin that followed
a very different evolutionary history (Verde et al., 2003). The
unique characteristics of the icefish are therefore consistent with
adaptation to low iron concentrations, facilitated by the cold,
oxygen-rich environment.

Second, we suggest that the anadromous lifestyle of salmon
provides an advantage for the exploitation of iron-poor forage,
most importantly in the subarctic Pacific where they are an
abundant epipelagic predator (Brodeur et al., 1999). As discussed
above, larval fish have no iron reserves, so that they need to
match their food content with the iron required to grow on a
daily basis (Wang and Wang, 2016). However, as they age their
relative growth rates decrease and they store increasing amounts
of iron in their livers (Andersen et al., 1996), building up a
reserve of iron. It therefore seems likely that rapidly growing
larval and juvenile fish would be more immediately dependent
on an iron-rich food supply, whereas more slowly growing
mature individuals are able to store surplus iron in their livers
that can then be drawn on to survive for longer periods on
relatively iron-poor forage. If correct, this would suggest that
iron availability could be a particularly important concern for
determining the location of spawning, and the habitats of larval
and juvenile fish.

The anadromous strategy of salmon, whereby spawning,
larval and juvenile phases occur in iron-rich streams, estuaries
and coastal waters, while adults gain a greater proportion
of their diets from the relatively iron-limited offshore waters
(Hansen and Quinn, 1998), would therefore appear to be a good
strategy for exploiting the abundant iron-poor forage available
in the open subarctic Pacific (Brodeur et al., 1999). The degree
to which salmon follow this strategy is sure to vary among
species, given that different varieties spend differing portions
of their lives in coastal vs. offshore environments (Quinn,
2018). Despite the likelihood for variations among species, we
suggest that the overwhelming success of salmon in the North
Pacific reflects, at least in part, the ability of the anadromous
life cycle to overcome key bottlenecks of iron nutrition at
critical life stages.

THE CASE FOR IRON

We have identified three convergent lines of evidence that appear
to support a role for iron in the ecology of marine fish. First,
our compilation of published organismal Fe:C contents and τFe

suggests that the dietary Fe:C requirements of fish can exceed
what would be provided by zooplankton in iron-limited waters.
Second, studies of anemia among fish raised in experimental
mariculture confirm the importance of sufficient dietary iron
supply for fish growth. Third, some evolutionary features of fish
living in iron-limited waters – most dramatically, the Antarctic
ice fish – are consistent with adaptation to low iron availability.
Based on these three lines of evidence, we hypothesize that the
highly variable availability of iron in the ocean plays a role in the
ecology of marine fish that has, thus far, gone unrecognized.

On the one hand, this proposed role for iron could simply
influence the relative abundances of species, and might be
significant only under strong iron scarcity. For example, it
may do no more than exclude fish with the highest iron
requirements from the most iron-poor waters, where they would
be outcompeted by fish with lower iron requirements. However,
it is also conceivable that the total abundance of marine fish could
be low in iron-poor regions relative to iron-rich regions. Testing
this latter hypothesis requires data that includes a broad spectrum
of fish species and can be directly compared between different
regions of the global ocean. As a first attempt, we provide a test
using global industrial fishing effort.

FISHING EFFORT AS A PROXY FOR FISH
ABUNDANCE

Despite their importance, both ecologically and as a food source
for humans, the distribution of fish in the global ocean has been
difficult to assess. Scientific surveys are frequently undertaken in
national coastal waters, but fish are highly mobile and difficult
to sample, so that the global distribution of fish biomass has
an order-of-magnitude uncertainty (Irigoien et al., 2014). One
approach to overcome the scarcity of direct observations is to
use the exploitation of harvestable biomass by modern industrial
fishing fleets as a proxy for fish abundance (Myers and Worm,
2003). Until recently, many fishing records were only available as
aggregates provided by national agencies, often for specific taxa,
and disaggregating these to the actual catch locations is fraught
with uncertainty (Watson, 2017). However, a direct spatially
resolved view on vessels ranging the global ocean is now provided
by satellites that intercept radio transmissions from Automatic
Identification System transponders, as part of the Global Fishing
Watch (GFW) project (Kroodsma et al., 2018).

We use the GFW data for 2014–2016, inclusive, to provide
a quantitative spatial estimate of fishing effort. Identification of
fishing vessels and their activities are made using convolutional
neural networks, as described by Kroodsma et al. (2018). Given
that industrial fishing activity approximates a rational response to
profit motives (Branch et al., 2006) and that most of the harvested
fish are traded in a global market, the local fishing effort at any
point on the high seas is expected to be roughly proportional to
the catch. The catch, in turn, depends on the effort, the ability
of fishermen to catch the available fish, and biomass density. We
therefore interpret the distribution of industrial fishing effort on
the high seas as a first-order proxy for the biomass density of
catchable, commercially marketable fish.
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FIGURE 5 | Global fishing effort, observed and modeled. Panel (A) shows the total satellite-observed fishing effort of 2014 through 2016 as estimated by Global
Fishing Watch (h km–2 year–1). The blue contours indicate HNLC regions, identified as waters with minimum monthly nitrate concentrations >3 µmol kg–1 (Boyer,
2013). In general, high surface nitrate concentrations occur where strong iron limitation occurs. Panel (B) shows a bio-economic model expectation of fishing effort
(W m–2), based on the satellite-observed primary production and the climatological water temperature, and panel (C) shows the same model prediction including the
iron-limitation of carbon trophic transfer efficiency described in the text. Efforts are plotted as natural logarithms. Exclusive Economic Zones are excluded.

The global distribution of fishing effort in the GFW database
from 2014 through 2016 is shown in Figure 5A. The data only
include vessels using transponders, and therefore underestimate
the fishing effort that occurs within the Exclusive Economic
Zones (EEZs) of countries that do not enforce transponder
use, including those of the northern Indian Ocean, west
Africa, and many Pacific islands. Nonetheless, a review of
vessels that fish in the high seas outside of EEZs (beyond
200 nautical miles from shore) shows the GFW data includes
80% of the fishing effort in this area of the ocean (Sala et al.,
2018), and we therefore limit our analysis to the domain
beyond the EEZs.

Figure 5A also shows blue contour lines corresponding to
a minimum monthly surface nitrate concentration of 3 µM,
which outline the HNLC regions and therefore indicate where
low phytoplankton Fe:C would be expected. HNLC regions are
not the only low-iron parts of the ocean, but they are the
largest easily identified low-iron regions (Moore et al., 2013).
Comparison of the GFW data with the blue contour lines shows
that the fishing effort is relatively low in the HNLC waters,
especially the subarctic Pacific and Southern Ocean. Indeed,
when the average area-specific fishing effort is calculated at the

TABLE 1 | Comparison of fishing effort and mesozooplankton biomass in HNLC
vs. non-HNLC regions of the open ocean.

Global Southern Tropics Northern

GFW effort 0.05 0.04 0.6 0.01

Mesozooplankton biomass 1.8 3.8 2.2 2.4

GFW effort/mesozooplankton biomass 0.04 0.02 0.30 <0.01

All values shown are the ratios of the indicated area-specific quantities averaged
over NO3-rich (HNLC) regions, in which phytoplankton Fe:C is generally known to
be low, vs. non-HNLC regions. The first column lists the global ratios, while the
other three columns list averages in latitudinal ranges: south of 23◦S, from 23◦S
to 23◦N, and north of 23◦N. The first row gives the ratio for GFW fishing effort
(h km−2 year−1). The second row gives the observed mesozooplankton biomass
density (Moriarty and O’Brien, 2013) within the upper 200 m of the water column
(g C m−2). The last row gives the ratios of the observed intensity of fishing effort
relative to the observed mesozooplankton biomass in HNLC vs. non-HNLC regions.
For the last two rows, ratios are calculated including only the grid cells in which
mesozooplankton biomass is available, resulting in spatial bias. Exclusive Economic
Zones are excluded from the calculations.

global scale, the average effort in HNLC waters is found to be
roughly one twentieth of that in all non-HNLC regions (Table 1).
The average HNLC effort is less dramatically reduced in the
tropics, where it is roughly half the average non-HNLC effort,
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while it is only one hundredth the non-HNLC effort in the
northern oceans.

The observation of a relatively low fishing effort in HNLC
regions, compared to non-HNLC regions, could have a number
of possible explanations. We suggest the following possibilities,
which may act independently or in concert, and which we
then consider in turn: (1) physical access is prohibitive for
fishing vessels; (2) fishery regulations prevent fishing; (3) other
aspects of the environment (primary production and water
temperature) are not conducive to abundant fish populations;
and (4) epipelagic fish have a limited ability to exploit the existing
planktonic food resource.

1. Physical access is prohibitive for fishing vessels
Fishing grounds that are remote from ports may attract less
effort, given that fuel costs can constitute a significant amount
of the total cost of fishing (Lam et al., 2011). As a result,
fishing far from port tends to be more expensive than fishing
close to port, all else being equal. This likely contributes to
the low fishing effort in remote parts of the Southern Ocean
and subarctic Pacific. However, as shown by Figure 5A, there
is abundant fishing in remote parts of the tropical Pacific and
southern Indian oceans. Conversely, there is negligible fishing
in the subarctic Pacific HNLC waters closest to Japan, nor is
there significant fishing in HNLC waters near South America,
except in the coastal waters surrounding islands where iron
concentrations would be expected to be high (Armand et al.,
2008). Thus, distance can only be a contributing factor. Difficult
sea conditions, including large waves and cold temperatures,
could also be a factor in the subarctic Pacific and Southern
Ocean. However, these conditions do not prohibit fishing activity
on the Bering Shelf or in the Barents Sea; fishing even occurs
during winter in these regions. And neither access nor weather
can explain the relatively low fishing effort in the eastern
equatorial Pacific.

2. Fishery regulations prevent fishing
On the high seas, only Regional Fisheries Management
Organizations (RFMOs) provide any mechanism for regulation
(Cullis-Suzuki and Pauly, 2010). The North Pacific Anadromous
Fish Commission does prohibit the fishing of any salmonids
outside of EEZs in the North Pacific (NPAFC, 2017), but there
are no prohibitions on other types of fishing in this area. Thus,
the apparent ability of the salmon fishing ban to eliminate
most fishing would be consistent with salmon being the most
abundant catchable, marketable fish in the subarctic Pacific.
For comparison, the fishing of salmonids is also prohibited
in the high seas of the North Atlantic by the North Atlantic
Salmon Conservation Organization (NASCO, 1984), yet there
remains significant fishing effort for other taxa in the open North
Atlantic. In Antarctic waters, fishing can be managed through
the Commission for the Conservation of Antarctic Marine Living
Resources (Croxall and Nicol, 2004), but in practice this has
focused only on reducing illegal, unreported and unregulated
fishing in the productive coastal waters of Subantarctic islands
(Österblom and Bodin, 2012) and to our knowledge there
is no prohibition on fishing in the open Southern Ocean.

Thus, although regulation contributes to low fishing effort in
the subarctic Pacific through the specific ban on salmon, it
does not seem to be able to explain the generally low effort
in HNLC regions.

3. Primary production and water temperature do not support
abundant fish populations
Primary production has been shown to limit fish catches
(Chassot et al., 2010), and temperature has strong biological
effects, including on trophic structure. To test how these
factors might influence fish growth in HNLC regions we use
the expectations provided by a global bioeconomic model
of commercial fish and fisheries that accounts for spatial
variations in primary production and water temperature.
The model BOATS uses observed distributions of primary
productivity and water temperature to estimate the growth,
mortality, and reproduction rates of size-resolved fish
populations based on empirical macroecological relationships
(Carozza et al., 2016). An economic component, directly
coupled to the fish biomass, estimates the fishing effort.
The model sensitivities to NPP and water temperature are
calibrated with historical catch records in coastal fisheries,
among which it has good skill, explaining roughly 60% of
the global variance in historical Large Marine Ecosystem
catches (Carozza et al., 2017). We use an ensemble of five
model configurations to span a broad range of the possible
environmental sensitivities allowed by uncertain parameter
values (Carozza et al., 2017).

When compared with the GFW data (Figure 5B), the model
ensemble captures the >5 orders-of-magnitude range of effort
between highly productive coastal waters and the subtropical
gyres, and reproduces some features such as focused effort
along the northern subtropical fronts. However, in contrast
to the observations, the model expects that the Subantarctic
Southern Ocean, eastern equatorial Pacific and subarctic Pacific
would have a very high fishing effort. The magnitude of
this discrepancy is shown by a comparison of normalized
efforts, summarized in Figure 6. Essentially, the model expects
fishing effort to be globally similar in HNLC and non-HNLC
regions of the open ocean (i.e., close to 1) and higher in the
eastern equatorial and subarctic Pacific given the relatively high
NPP. We would caution that BOATS is a very simple model
and does not discriminate benthic from pelagic ecosystems,
which may lead to an overestimation of fish production in
the pelagic HNLC regions (Stock et al., 2017). Perhaps even
more importantly, it does not include fish movement, which is
particularly important for the highly migratory species targeted
in high seas fisheries (Lehodey et al., 1997; Guiet et al., 2019).
Seasonal aggregation of tuna and billfish may explain many
of the high concentrations of fishing effort which are not
captured by the model. The model also ignores the cost of
travel, which could decrease catches at inaccessible locations.
Despite the many detailed shortcomings of the model, the first-
order expectation based on the coastal fishery calibration to NPP
and temperature is simply that there is no consistent difference
in fish abundance between HNLC and non-HNLC regions of
the high seas.
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FIGURE 6 | Comparison of observed and modeled fishing effort in HNLC vs.
non-HNLC domains. A value of unity (dashed line) indicates the same average
fishing intensity in the two domains. The standard model (red) does not show
a significant difference in effort between HNLC and non-HNLC domains at the
global scale, and actually shows relatively high effort in HNLC waters of the
tropics and northern hemisphere. In contrast, both the Global Fishing Watch
observations (blue) and the iron-limited model (orange) show lower effort in
HNLC regions relative to non-HNLC regions. Latitude ranges are given in
Table 1. EEZs are excluded from the calculation.

In addition, as mentioned above, the biomass of
mesozooplankton is relatively large in HNLC regions
(Figure 3). In fact, the average epipelagic mesozooplankton
concentration is roughly twofold higher inside HNLC regions
than outside of them (Table 1). Where mesozooplankton
biomass data are available, the globally averaged ratio of GFW
effort:mesozooplankton is 25-fold higher outside HNLC regions
than within them, consistent with relatively little catchable,
marketable fish biomass for the existing production of lower
trophic level biomass.

4. Fish have a limited ability to exploit the existing planktonic
food resource
The last possibility we address is that epipelagic fish are not
able to fully exploit the existing planktonic food resource in
HNLC waters, leading to lower overall abundance. Low water
temperatures are likely to disadvantage ectothermic pelagic
predators in the subarctic Pacific and Southern Ocean, and recent
work has argued that endotherms including cetaceans, pinnipeds,
and birds have a strong advantage in cold waters given their
ability to maintain high levels of activity (Grady et al., 2019). This
cannot be important in the eastern equatorial Pacific, but could be
a major factor in the other two regions. However, given the case
for iron limitation outlined above, it also appears feasible that the
limitation of fish growth due to iron scarcity contributes to the
anomalously low fishing effort identified in HNLC regions.

To illustrate this, we modified the BOATS model to provide
a crude estimate of iron limitation, taking high surface nitrate
concentration as a proxy for low iron concentrations. We
modified the trophic efficiency for carbon as,

τC = τC0

(
1−

NO3

k+NO3

)

so that τC has the standard value τC0 when NO3 is low,
and decreases smoothly as NO3 rises, with a value of 0.5
τC0 when NO3 = k. Figure 5C shows the global effort for
this model version, using k = 5 µM. Although many biases
remain, the overestimates of fishing effort in the three iron-
limited regions are greatly reduced by this representation of
iron limitation. This improvement is also evident in the global
averages (Figure 6). To some degree, this ad hoc modification
may compensate for other model biases, and should be seen only
as an illustration. Nonetheless, it is consistent with a significant
impact of iron limitation on the abundance of fish in iron-poor
parts of the open ocean.

OUTLOOK

This paper provides multiple lines of evidence that support
a hypothetical role for iron in the ecology of marine fish
(summarized in section “The Case for Iron,” above). In addition,
industrial fishing effort is used as indirect evidence for low fish
abundance in HNLC waters which may arise, at least in part, due
to iron scarcity. Testing this hypothesis requires the collection
of new observations, such as more extensive measurements of
the iron contents of marine organisms, and dietary experiments
that are relevant to wild animals rather than mariculture. The
hypothesis also opens a host of new questions, a few of which
we outline here.

Our discussion has mostly focused on the epipelagic (surface-
dwelling) fish raised in aquaculture and targeted by industrial
fisheries in the high seas. The abundance of mesopelagic fish,
which are not commercially harvested, is very poorly known,
but may exceed that of all other fish (Irigoien et al., 2014).
Intriguingly, mesopelagic fish appear to be relatively abundant
in HNLC waters. In the Southern Ocean, myctophids such as
Electrona antarctica dominate the fish community in the iron-
limited waters north of the shelf break (Moteki et al., 2011),
while the subarctic Pacific shows a similarly high abundance
of mesopelagic fish (Beamish et al., 1999). If mesopelagic fish
are indeed less negatively impacted by iron limitation than
commercially targeted epipelagic species, it would appear to be
a topic worthy of further research.

Meanwhile, iron limitation is likely to affect other groups
of marine animals to a greater or lesser degree. For example,
the high metabolic demand of endothermy requires rapid
respiration, resulting in τC < 0.03 (Humphreys, 1979), and
consequently up to an order of magnitude more enrichment of
Fe:C than expected for a fish given the same τFe. This could
be expected to alleviate iron limitation among endothermic
seabirds and mammals, giving them a relative advantage over
ectotherms in iron-limited waters, abetting the thermal advantage
endotherms have over ectotherms in the cold waters of the
subarctic Pacific and Southern Ocean (Grady et al., 2019).
As another example, cephalopods use the copper protein
hemocyanin as an oxygen transporter, rather than hemoglobin
(Schipp and Hevert, 1978). This use of copper could reduce the
iron requirements of cephalopods, consistent with relatively low
measured iron contents of edible squid tissue compared with fish
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(Kongkachuichai et al., 2002) and with the low measured iron
content (4 µmol Fe mol C−1) of whole Loligo opalescens from
the Californian coast (Falandysz, 1991). The low iron content of
squid may therefore give them an advantage over hemoglobin-
dependent fish when faced with severe iron limitation. The
fact that squid are found as a direct predator on mesopelagic
myctophid fish in the Antarctic Polar Frontal Zone, in the
absence of any similar vertebrate fish predators (Rodhouse and
White, 1995), would appear to be consistent with this possibility.
In general, we suggest that the taxon-dependent susceptibility of
animals to iron limitation will determine the degree to which they
are constrained by iron availability, with consequences for the
structure and diversity of marine ecosystems.

Finally, we have focused on iron because of its prominence as a
limiting factor for phytoplankton. However, other micronutrients
can also be limiting to phytoplankton (Moore et al., 2013)
as well as larval fish (Wang and Wang, 2018). It is therefore
conceivable that other micronutrients could also be limiting to
fish in the marine environment. For example, Zn additions have
been found to increase phytoplankton growth in HNLC regions
(Crawford et al., 2003), suggesting the ambient concentrations
are low, and Zn has also been found to be a critical element for
the nutrition of larval fish (Wang and Wang, 2018).

CONCLUSION

The idea that dietary iron supply can constrain fish growth is
not new: it has been recognized in mariculture for decades. The
new hypothesis advanced here proposes that iron supply also
plays a role in the wild. At the very least, the data summarized
in Figure 4 imply that some fish have iron requirements that
exclude them from iron-limited waters. The more consequential
possibility is that the epipelagic fish biomass is significantly lower
in iron-limited waters than it would be were iron more abundant.

Although the latter possibility remains a hypothesis to be tested,
it suggests that marine fish growth may be enhanced by iron
fertilization, in addition to any impact the iron may have on
primary production.
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