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B Vitamins as Regulators of
Phytoplankton Dynamics
Without an adequate supply of dissolved
vitamins, many species of phytoplankton do
not grow. Additions of inorganic nutrients
like phosphorus and nitrogen, and trace
metals like iron, are not alone adequate to
sustain life—a practical lesson learned
quickly by experimental biologists when
they try to keep eukaryotic phytoplankton
cultures alive in their labs. The reason is
that coenzymes such as B vitamins are also
required for many metabolic pathways. For
example, vitamin B1 serves as a cofactor for
a large number of enzymatic systems,
including the pyruvate dehydrogenase complex required for the metabolism of carbohydrates (glycolysis) and amino acid synthesis [Vandamme, 1989]. Vitamin B12 is used
primarily to assist two enzymes: methionine
synthase, which is involved in DNA synthesis, and methylmalonyl CoA mutase, which
is required for inorganic carbon assimilation
[Lindemans and Abels, 1985].
Recognition of the importance of external
metabolites such as B vitamins for phytoplankton growth is not new. The pioneering
research of Alberto F. Carlucci, Michael R.
Droop, and Luigi Provasoli carried out in
the 1950s, 1960s, and 1970s clearly established that exogenous B vitamins are essential for growth of numerous phytoplankton
species, notably taxa with exoskeletons,
such as diatoms and coccolithophores with
high sinking-velocities. What is surprising is
that the oceanographic community has
largely ignored the importance of extracellular vitamins for the past 30 years, as most
recent research efforts have been focused
on studying how mineral nutrients influence
phytoplankton blooms.
Laboratory data generated decades ago
[e.g., Provasoli and Carlucci, 1974] strongly
suggest that a large percentage of all phytoplankton species in culture collections are
B12 auxotrophs (which require an exogenous
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tion potential of the ocean may be controlled by B vitamin cycling, as well as by
macronutrient and iron availability.

source of B12). In addition, the recent study
of Croft et al. [2005] provides evidence suggesting an algal-bacterial symbiosis in which
algal exudates provide substrate for bacterial metabolism in exchange for vitamin B12
produced by bacteria.
These results are not unexpected since
prokaryotes are believed to be the major
producers of vitamins [e.g., Provasoli, 1963;
Provasoli and Carlucci, 1974]. Thus, synergistic interactions between phytoplankton and
bacteria may be the most important mechanism governing biogeochemical cycling of
vitamins in the marine environment.
Despite numerous laboratory culture
studies [e.g., Provasoli and Carlucci, 1974;
Croft et al., 2005], there is very little field
evidence supporting the hypothesis that
vitamin availability directly influences
phytoplankton growth at the community
level. The field verification of the vitamin
requirement is critical because although
the recent genomic analysis of Croft et al.
[2005] shows that phytoplankton require
vitamin B12 , this requirement could be
extremely low and inconsequential for
phytoplankton blooms and marine food
dynamics. However, the limited field data
that exist for temperate coastal waters suggest that indeed exogenous dissolved vitamin B12 preferentially stimulates growth of
large phytoplankton [Sañudo-Wilhelmy
et al., 2006]. If such field data is correct,
then B-vitamin availability may influence
phytoplankton species composition.
In contrast to tiny picophytoplankton
and nanophytoplankton, larger phytoplankton taxa typically have larger predators that
form rapidly sinking fecal pellets, which
increase the downward export of organic
matter [Longhurst and Harrison, 1989]. If
findings reported by Sañudo-Wilhelmy et al.
[2006] are operative in offshore waters,
then B vitamin availability may exert control indirectly over proportions of surface
productivity exported to deeper waters, by
influencing which phytoplankton taxa dominate. In other words, the efficiency of the
biological pump and the carbon sequestra-

B-Vitamins and Phytoplankton
in the Southern Ocean
Understanding how the combination of B
vitamins and iron contributes to limiting surface primary productivity is of particular
importance in high-nitrate/low-chlorophyll
(HNLC) regions such as the Southern
Ocean, where macronutrients are abundant.
Such regions thus can provide a possible
sink for atmospheric carbon. Recent field
experiments carried out during the 2005
Complex Pelagic Interactions in the Southern Ocean (ICEPOS) campaign suggest that
phytoplankton growth in the Southern
Ocean indeed is colimited by B vitamins
and iron (Figure 1). Similar to previous
reports [e.g., de Baar et al., 1999], these
results show that experimental amendments
of iron alone to surface water samples
increased net accumulation of phytoplankton biomass twofold over control treatments
after 12 days (p < 0.05, t test; Figure 1).
What had not been shown before was
that the addition of combined vitamins
B1 and B12 also stimulated growth, yielding
a significant 1.5-fold increase in abundance
relative to control incubations (p < 0.05).
Combined enrichment of B vitamins and
iron yielded a synergistic threefold in-
crease in biomass, suggesting potential
colimitation by iron and B vitamins.
Bacterial production measurements in the
same incubation experiments reveal no evidence of vitamin limitation (Figure 1). While
the addition of iron alone or the combination of added iron and B vitamins increased
bacterial production twofold over control
treatments, the addition of vitamins alone
had no effect on bacterial production. The
iron alone and iron and B vitamin combined
treatments yielded indistinguishable production rates, suggesting that increased bacterial production was caused solely by iron
addition. These results are expected
because prokaryotes, in contrast to eukaryotic phytoplankton, appear able to synthesize B vitamins [e.g., Provasoli and Carlucci,
1974; Croft et al., 2005]. The observed iron
stimulation of bacterial production in the

Fig. 1. Effect of vitamin (B1 and B12) and iron
amendments on net production of total phytoplankton biomass (as chlorophyll a) and
bacterial production (as 3H-leucine incorporation). Experiments were conducted from 8 to
20 February 2005 at one location (64.87ºS,
64.18ºW) in the Antarctic Peninsula sector of
the Southern Ocean. Levels of inorganic nutrients were considered not limiting as they were
in the micromolar range (1.5 µM PO4, 19.41
µM NO3  ).The decline in bacterial production
observed after 10 days is attributed to mortality. Error bars represent standard deviation of
duplicate incubations.
Southern Ocean observed in the ICEPOS
cruise is consistent with previous studies
[e.g., Hutchins et al., 2001]. However, it is
unclear whether iron availability influences
vitamin B-synthesis by bacteria.
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The Historic Fur Trade and
Climate Change
Why did the Dutch come to the North
American shores 400 years ago? Was it
wanderlust, expansionist policies, or simply
money? The earliest western explorers were
the Vikings, who in the 1100s, were able to sail
beyond Iceland and Greenland to Newfoundland, because they did so during the Medieval
Warm Period. English explorer Henry Hudson,
on the other hand, could not find a northern
passage to China because the early 1600s
were the coldest part of the Little Ice Age and
the northern seas were frozen over (Figure 1).
After Hudson’s third voyage, Dutch merchants contracted several sailors to establish
trading posts for beaver pelts in the Americas. Among them was Adriaen Block, who
built the first western settlement on the island
of Manhattan (New York) after a fire on his
ship forced him to over-winter there in 1614
[Varekamp and Varekamp, 2006]. His 1614
‘figurative map’ shows Long Island Sound as
an estuary, and carried for the first time the
name ‘Niew Nederlandt’ (New Netherlands).
By J. C.Varekamp

Historical documents provide insight into the
development of this colony, while Long Island
Sound sediments recorded the environmental
impact of these early settlers. The Dutch fur trade
and resulting beaver eradication may have been
driven by climate change, whereas the worldwide beaver eradication may have been a driver
of climate change itself. When the early Europeans tried to keep themselves warm with fur, they
may have contributed to global cooling.

The New Netherlands Colony
and Climate Change
The Dutch settled on Manhattan, along
the Hudson River, and on western Long
Island [Shorto, 2005], trading for beaver
pelts, as did the French in Canada. The
British, who settled in Plymouth (Massachusetts) in 1620, clashed with the Dutch in
the Americas as well as in eastern Indonesia (Banda Islands), where the spice trade
was of major importance to the Dutch trad-
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Fig. 1. Explorers of the North American east coast with reconstructed temperature record.
The bold curve shows the temperature deviation from the mean temperature of 1961–1980
[Moberg et al., 2005]; the dotted segment is the instrumental temperature record (ITR).
MWP, Medieval Warm Period; LIA, Little Ice Age; MGW, Modern Global Warming. Data is
modified from a National Research Council [2006] report that reviewed global climate over
the past 2000 years.
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Implications for the Biological Pump
Because of the importance of the Southern Ocean in influencing atmospheric carbon dioxide levels and Earth’s climate [e.g.,
Sarmiento and Orr, 1991], a fuller understanding of mechanisms controlling carbon
sequestration via phytoplankton production and sedimentation in that region is
vital. While major iron fertilization studies
performed in the Southern Ocean clearly
established the importance of this trace
element on phytoplankton growth in that
region [e.g., de Baar et al., 2005, and references therein], the results presented in
Figure 1 show, for the first time, the importance of B vitamins in a HNLC region.
These results are not unique to the Southern Ocean, as vitamin B12 additions also
increased growth of large phytoplankton
taxa in temperate coastal waters [SañudoWilhelmy et al., 2006], suggesting that vitamin limitation also might affect coastal environments where inorganic nutrients and
bioactive trace metals are abundant.
This current study suggests that the availability of B vitamins may be as relevant as
iron is to nutrient limitation in the Southern
Ocean. B vitamins are required for growth
of all unicellular eukaryotes, photosynthetic or not. Therefore, the efficiency of
the biological carbon pump also could be
controlled by vitamin availability. However,
exogenous vitamins may be much scarcer
than iron in seawater. In fact, iron is one of
the most abundant elements in the Earth’s
crust, and its availability in the ocean is
controlled by large-scale geochemical processes. In stark contrast, the only source of
B vitamins is presumably the biosynthetic
activity of prokaryotes [e.g., Provasoli,
1963; Provasoli and Carlucci, 1974; Croft
et al., 2005], whose activities are relatively
low in the cold Southern Ocean.
A complete understanding of mechanisms controlling marine primary production has been lacking because the organic
regulation of phytoplankton fertility largely
has been ignored. The prevailing paradigm
for many decades has focused solely on
iron and inorganic nutrients as determinants of phytoplankton dynamics. The field
results presented here necessitate further
exploration into the importance of vitamins
as growth factors for phytoplankton in the
world ocean.
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ing empire. The British were dug in on the
island of Run, and attacked the spice-laden
ships that left from the Dutch Banda Islands.
With the final version of the Treaty of Breda
in 1667, the Dutch traded New Amsterdam
and the New Netherlands colony to the British in exchange for full ownership of the
Banda Islands and Surinam in South America.
The Dutch sailed thousands of miles in
small boats just to trade beaver pelts, and
climate history provides some insight as why
they did this. The early 1600s were the coldest part of the Little Ice Age, and fur-lined
coats (especially beaver pelt) were well
suited to keep the middle and upper classes
warm in winter in Europe. The beaver furs
possibly were more than a fashion statement
in the severely cold climate of the times
(Figure 1) and the European beaver fur
trade may not have flourished in the Americas if the European climate had been as
warm as it was during the Medieval Warm
Period. The beaver pelt trade also fed the
thriving hatmaking industry in Europe. Feltmaking involved impregnating fur with mercury (Hg) nitrate, poisoning many hatters
(giving the phrase ‘mad as a hatter’).
Danbury (Connecticut) became the New
World’s center of the hatmaking industry as
beavers slowly returned to Connecticut in
the early 1800s after the earlier onslaught of
hunting waned. Upland sediment from former hatmaking factories, strongly contaminated with Hg even today, is flushed into
Long Island Sound during extreme rainfall
and floods [Varekamp et al., 2003, 2005].
Sediment with high concentrations of ‘historic hatmaking mercury’ was deposited in
Long Island Sound during the floods of the
1900s and 1950s in Connecticut (Figure 2).

Landscape Evolution in Southern
New England in Colonial Times
Beaver dams modify watersheds through
retention of water, sediment, and organic
debris [e.g., Naiman et al., 1988]. The ponds
provide an important hydrological buffering
capacity to the landscape, and the effects of
extreme weather events and longer wet periods are dampened through water storage
and evaporation from the ponds and
enhanced water infiltration. The removal of
hundreds of thousands of beavers during

early Dutch and English colonial rule led
to the extensive desiccation of wetlands in
New England. The Long Island Sound sediment may show a record of these changes
brought about by the beaver pelt trade,
although contemporaneous forest clearing
and agricultural development also affected
the landscape.
Sediment cores in western Long Island
Sound show increasing sediment and carbon
accumulation rates since the late 1600s. The
removal of the beaver dams led to increased
sediment export, with enhanced transport of
particulate organic carbon. The increase in
marine carbon accumulation rate as derived
from carbon nitrogen (C/N) ratios and total
organic carbon measurements suggests
enhanced nutrient export from the post-beaver watersheds, possibly creating a preindustrial eutrophication pulse (Figure 3a).
Paleosalinity and paleotemperature records,
based on stable isotope data and magnesium/
calcium (Mg/Ca) analyses from foraminiferal
carbonates (ongoing work), show gradual
changes from 0 to 1600 A.D., but steep salinity
‘lows’ occur in more recent times (Figure 3b).
The sharpness of these salinity dips can be
interpreted to be a result of landscape changes
that removed the hydrological buffering capacity, such as beaver dam removal and changes
from old growth forest to agricultural land. The
low salinities in Long Island Sound waters coincided with the wet periods of the 1900s and
mid-1970s in Connecticut [Varekamp et al.,
2005], suggesting enhanced runoff during these
periods compared with precolonial times.

Climate Change and the Global Fur Trade
The coldest epoch of the Little Ice Age
created a commercial incentive for the beaver fur trade in Europe, and as such may
have guided the course of history. A glut of
beaver furs and the looming extinction of
beavers may have led to the Dutch retreat
from the Americas, but the disappearance
of the beavers already had caused a dramatic local environmental change in landscape. The worldwide reduction in beaver
ponds that started much earlier even may
have affected the severity of the Little Ice Age
as a result of reduced methane and carbon
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Share Your Opinion With Other Eos Readers
AGU has initiated online moderated discussions of topics introduced in Eos. The
three initial topics for discussion are:
l
Eos’s publication of comments on the
award to Michael Crichton
l
Scientific journals staying strictly with
science or broadening their perspectives
l
Ways the journal review process might
be improved, especially as related to the
anonymity of reviewers

Anyone can read the discussions and
related Eos items. Only individuals who register may post a comment. The author of a
comment will be identified in the posting.
All comments will be reviewed for adherence to the discussion rules, which can be
found online at the discussion site.
If you have an opinion on one or more
of the topics listed above, go to www.agu.
org/fora/eos

Fig. 2. Mercury (Hg) in a Long Island Sound (LIS) sediment core in the delta of the Housatonic
River, Conn., showing the presence of old ‘hatting Hg’ deposited in two peaks during the floods
of the early 1900s and 1955 wet periods [Varekamp et al., 2005]. Common Hg contamination in
LIS sediment rarely exceeds 600 parts per billion Hg.
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