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A rising tide lifts all phytoplankton: Growth response of other
phytoplankton taxa in diatom-dominated blooms
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[1] Oceanic phytoplankton assemblages composed predominantly of picophytoplankton
respond to the onset of favorable growth conditions with diatom-dominated blooms,
the formation of which involves characteristic growth and accumulation responses by
both diatoms and the ambient nondiatom community. Contrary to conventional wisdom,
both groups of phytoplankton increase in growth rates and absolute abundance, but

the biomass increase of the ambient nondiatom assemblage is modest, especially
compared to the order of magnitude or more increase of diatom biomass. This enormous
proportional increase in diatom biomass has fostered the misconception that diatoms
replace the nondiatom taxa by succession as the bloom matures. However, while the
relative abundance of the nondiatom taxa decreases dramatically, their absolute biomass
increases modestly and the specific growth rate of picophytoplankton in the bloom
increases; at the same time, protistan grazing rate also increases, holding the
picophytoplankton assemblage in the bloom to a new steady state biomass concentration.
Recent evidence for the ubiquity of the additive response pattern in pelagic diatom
blooms comes from observations in many oceanic regions where equatorial upwelling,
eddy dynamics, tropical instability waves, and oceanic iron-addition experiments have
allowed documentation of the biological response to rapid onset of favorable nutrient,
micronutrient or light conditions. The response of diatoms to these favorable conditions is
well known; this report offers a more accurate description of the response of the
ambient nondiatom taxa to rapid onset of favorable conditions. Realistic representation of

the growth dynamics of both the diatoms and nondiatoms in blooms is required to
improve forecasting of how future conditions will affect processes that control carbon

recycling and export.

Citation: Barber, R. T., and M. R. Hiscock (2006), A rising tide lifts all phytoplankton: Growth response of other phytoplankton taxa
in diatom-dominated blooms, Global Biogeochem. Cycles, 20, GB4S03, doi:10.1029/2006GB002726.

1. Introduction

[2] High biomass diatom blooms are rare, both temporally
and spatially, in the world ocean, but they receive a lot of
attention from natural scientists because of their command-
ing ecological and geochemical consequences. Soon after
the discovery and identification of diatoms in the Ross Sea
in 1847, oceanographers recognized a close association
between diatom blooms and rich fish resources [Gran,
1912], and that association is now known to be causal
because diatom new production fuels the great fisheries
[Ryther, 1969; Cushing, 1989; Iverson, 1990; Smetacek,
1998]. At the same time, diatom blooms are arguably the
marine biological process that has had the largest effect on
the variation of radiative properties of Earth’s atmosphere in
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the last 65 million years [Longhurst, 1991; Falkowski et al.,
1998]. The rise of diatoms co-occurred with the onset of a
cooler Earth, the onset of the Bond cycles of cyclic
glaciation/deglaciation, and the rise of mammals [Falkowski
et al., 2003]. That diatom blooms play a major role in the
regulation of atmospheric CO, on the geologic time scale is
a controversial hypothesis [Raven and Falkowski, 1999;
Kohfeld et al., 2005; Broecker and Stocker, 2006], but one
that most carbon cycle researchers agree needs resolution.
Furthermore, resolution is now especially critical in view of
the current societal need to estimate how anthropogenic
changes in radiatively active gases and natural climate
variability may interact and feed back through altered
oceanic ecosystems to further modify atmospheric CO,
concentration [Bopp et al., 2003; Doney et al., 2003]. The
state of the art in modeling oceanic biogeochemical parti-
tioning is racing ahead with the inclusion of multiple
phytoplankton functional groups in ecosystem model com-
ponents [Boyd and Doney, 2002; Le Quéré et al., 2005].
Accurate representation of the perturbation dynamics of a
diatom bloom, collapse, and export cycle under future
climate conditions is the most demanding component of

GB4S03 1of 12



GB4S03

1A. Conventional Wisdom

BARBER AND HISCOCK: A RISING TIDE RAISES ALL PHYTOPLANKTON

GB4S03

“microbial” food web < “traditional” food chain
low +— iron supply —_— high
low — nutrient status —_— high
strong < _ stratification — > weak

Picophytoplankton <= <5um > =) Diatoms

A
lele}
. sinking
- protistan copepods,
nutrient grazers
. (mesozooplankton)
recycling hetero. aggregation
_4. A bacteria . * v
: | fish |
54 ............... 0 *
D micro- | bigger fish, birds, mammals |
. zooplankton
:4' =* copepods l v
L .................................. fish,export | export, sedimentation |

Figure 1a. The conventional view of two-state oceanic food web dynamics, with succession alternating
between the microbial loop food web and the traditional diatom-copepod food chain, redrawn from
Figure 2 of Cushing [1989], who credits Azam et al. [1983] for the microbial loop concept. See Table 1
for a chronology of this conventional view of the two-state food web concept. For simplicity the
regeneration paths are shown only on the left side of the figure.

multiple functional group representation and requires mech-
anistic rather than empirical descriptions of the rate pro-
cesses that drive biomass accumulation and massive export
[Sarmiento et al., 2004; Le Quéreé et al., 2005; Sarthou et
al., 2005; Veldhuis et al., 2005].

[3] Empirical understanding of in situ oceanic bloom
dynamics is fairly advanced [Smetacek, 1985, 1998; Kemp
et al., 2000; Kiorboe et al., 1996; Sarthou et al., 2005]. In
the open ocean, the onset of favorable nutrient, light or
stability conditions elicits a characteristic response by the
ambient phytoplankton assemblages; diatoms, which are
initially rare or even undetectable in the ambient assem-
blage, increase their specific rate of photosynthesis and
specific growth rate. Within a few days, as the bloom
matures, diatoms comprise the great majority of the bloom
biomass [Landry et al., 2000; Landry, 2002; Sarthou et al.,
2005]. This enormous increase in proportional abundance of
diatoms relative to the nondiatom taxa has long been
interpreted as replacement of the prebloom taxa by diatoms,
or as succession from predominantly nondiatom taxa to
diatoms (Figure la), and conventional wisdom is that
pelagic food webs shift back and forth between two very
characteristic structures. Diatoms are assumed to replace the
ambient, predominantly picophytoplankton taxa and the
change is interpreted as succession in the terrestrial ecolog-
ical sense defined by Odum [1977]. While this interpretation
is widely accepted, especially by geochemists and modelers,
over the years a few very careful observers, from Ryther
[1963] to Landry [2002], who work in oceanic as opposed
to coastal habitats, have quictly noted that there is no

replacement of the ambient nondiatom assemblage during
diatom bloom formation.

[4] The object of this manuscript is to lay to rest the
erroneous concept of phytoplankton taxa replacement in
oceanic diatom bloom formation and provide a more
accurate description of phytoplankton community structure
during such blooms. Observations from a wide variety of
recent Joint Global Ocean Flux Study (JGOFS) [Fasham,
2003] studies from many oceanic regions from the Southern
Ocean to the North Atlantic Ocean can be marshaled to
support the thesis we advance, and we will refer to them
briefly; however, because of space limitations we will limit
this analysis to results from our work in the equatorial
Pacific during the EqPac [Murray et al., 1994] and IronEx
expeditions [Martin et al., 1994; Coale et al., 1996a] (also
F. Chai et al.,, Modeling responses of diatom productivity
and biogenic silica export to iron enrichment in the equa-
torial Pacific Ocean, submitted to Global Biogeochemical
Cycles, 20006) (hereinafter referred to as Chai et al., submit-
ted manuscript, 2000).

2. Background

[s] The background versus bloom character of oceanic
food webs has long been recognized by researchers who
work in the open ocean (Table 1). The conventional
interpretation in almost all of the papers included in
Table 1 is that there are two phytoplankton assemblages,
one predominantly picophytoplankton, the other diatom-
dominated, which are alternative food web states, and that
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Figure 1b. The oceanic food web dynamics described in this report, showing the ambient
predominantly picophytoplankton food web that prevails during oligotrophic conditions. For simplicity
the regeneration paths are shown only on the left side of the figure.

environmental growth conditions, favorable or unfavorable,
force a transition from one state to the other. In contrast to
this two-state concept, there is a parallel concept in aquatic
ecology in which the transition back and forth between

1C. Diatom bloom food web
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succession of dominance by various phytoplankton taxa.
This sequence is clearly succession, as defined by Odum
[1977], and it has been recognized for many years in aquatic
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Figure 1c. The oceanic food web dynamics described in this report, showing the complex
picophytoplankton and diatom food web structure that prevails in diatom-dominated blooms. For
simplicity the regeneration paths are shown only on the left side of the figure.
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Table 1. Representative Ideas About the Two-State Character of Open-Ocean Food Webs in Terms of Structure,
Forcing and Consequences, Showing That the Two-State Food Web Concept Has Been Recognized Widely, But
Interpreted By All But Ryther [1963] and Landry [2002] as a Replacement or Succession Process, as Illustrated

in Figure la

Microbial Food Web
(Ambient Nondiatom
Food Web Assemblage)

Traditional Food Chain
(Diatom-Dominated Bloom
Food Web)

Reference

Nanoplankton

Flagellates

Nanoplankton
Dinoflagellates/pzooplankton
Flagellates

Flagellates
p-eukaryotes/cyanobacteria
Picophytoplankton (<5m)
Protistan grazers
Picophytoplankton

Regenerated nutrients
Nutrient stress
Weakly stratified

No surplus nitrate
Iron limited

No surplus silicic acid

Regenerated production
Low fish yield
Equilibrium
Regenerative

Modest fisheries

Low fish yield

Low export
Nondiatoms

Efficient recycling
Balanced biomass
Regenerated production
Recycling

Structure
net phytoplankton
flagellates + diatoms
net plankton
diatoms/copepods
diatoms
diatoms
small diatoms (>5pm, <20pum)
picophyto. + diatoms (>20m)
protistan + crustacean grazers
picophytoplankton + diatoms

Forcing
new nutrients
no nutrient stress
strongly stratified
surplus nitrate
iron replete
surplus silicic acid

Consequence
new production
high fish yield
disequilibrium
renewal
the great fisheries
high fish yield
massive export
diatoms
high export
large biomass pulse
regenerated + new production
more recycling + export

Yentsch and Ryther [1959]
Ryther [1963]

Malone [1971]

Landry [1977]

Greve and Parsons [1977]
Parsons et al. [1978]
Cushing [1989]

Landry [2002]

Landry [2002]

this paper, Figures 1b and lc

Dugdale and Goering [1967]
Greve and Parsons [1977]
Cushing [1989]

Cushing [1989]

Landry et al. [1997]

Dugdale and Wilkerson [1998]

Dugdale and Goering [1967]
Ryther [1969]

Landry [1977]

Wangersky [1977]

Cushing [1989]

Iverson [1990]

Waite et al. [1992a, 1992b]
Dugdale and Wilkerson [1998]
Dugdale and Wilkerson [1998]
Landry [2002]

this paper

this paper

settings [Hutchinson, 1941]. Margalef [1958, 1963, 1978]
has provided the most elegant and widely accepted descrip-
tion and explanation of the succession of eukaryotic phy-
toplankton taxa that occurs in lakes, estuaries and coastal
settings where the sediment serves as a reservoir for the
resting stages of various, mainly eukaryotic, phytoplankton
taxa that participate in this successional sequence. He
proposed that succession, driven by a kinetic energy subsidy
(wind or tide) that both mixes nutrients upward and keeps
diatoms suspended in the euphotic zone, gives diatoms a
double growth advantage that allows them to replace non-
diatom taxa. When the kinetic subsidy is removed, the
opposite causality is at work: Nondiatom taxa replace
diatoms, which are now nutrient limited, less buoyant
because of nutrient stress, and with no upward kinetic
energy subsidy [Waite et al., 1992a, 1992b; Kiorboe et
al., 1993, 1996]. In the Margalef [1978] model, the non-
diatom eukaryotic assemblage that is adapted to low
nutrients and strong stratification is a climax condition,
the last step in an orderly succession from the “pioneer”
community of diatoms [Margalef, 1967].

[6] On close examination, succession and bloom forma-
tion in oceanic habitats appear to be two different processes.

Cushing [1989, p. 7], after a detailed discussion of physi-
ological mechanisms that may drive succession, as used by
Margalef, starts the next section of his paper with the
following:

“A reasonable generalization might be that there are two main
forms of production cycle, that of the spring and autumn outbursts of
temperate waters and that of the stratified waters in the oligotrophic
ocean and the summer temperate seas. The latter system is in a quasi
steady state in which numbers do not change much in time and as a
consequence the animals are dispersed. The traditional food chain is
based on the high amplitude production cycle with linked production
of herbivores and the aggregation of predators.

The production cycle in the oligotrophic ocean is in a quasi steady
state and the food chains are long and the organisms are dispersed. The
great fisheries of the world are based on the traditional food chain,
rooted in the small diatoms (>5 pm in diameter) and their successors in
the spring outburst and, in the upwelling areas, the larger flagellates.”

Cushing’s [1989] separation of succession from the two-
state “production cycle” encourages us to proceed with an
analysis of the oceanic two-state transition process. We
believe the ideas presented here are not in conflict with the
conventional successional hypothesis of aquatic ecology,
but stress that the oceanic transition from the ambient
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Figure 2. Covariation of four properties related to diatom
growth, export, and burial on a meridional transect across
the equator along 140°W longitude from 12°S to 12°N in
the Pacific Ocean during August and September 1992.
(a) Primary productivity from Barber et al. [1996]; (b) diatom
biomass from Bidigare and Ondrusek [1996]; (c) carbon
export flux from Murray et al. [1996]; (d) phytodetritus on
the sea floor from Smith et al. [1996]. The maximum in
primary productivity, diatom biomass, and export produc-
tivity at 2°N was associated with the cold side of an
instability wave front [Johnson, 1996; Archer et al., 1997,
Barber et al., 1996], which was visible from space [ Yoder et
al., 1994].

oligotrophic assemblage to a high-biomass bloom does not
appear to be succession in the sense that Margalef uses the
term.

[7] The large proportional increase in diatom biomass that
characterizes bloom formation has led most, but not all, of
the authors cited in Table 1 to the interpretation that diatoms
replace the nondiatom taxa. Before we show why we
believe that interpretation is erroneous, consider a comment
by Ryther [1963, p. 25] (our italics):

“What we find in Bermuda [at the oceanic Bermuda hydrographic
station] are two kinds of communities. One is a community which is
adapted to living under very poor conditions, inhabited by small
flagellates which are able to swim around and snap up an occasional
phosphate ion, and so on. They make their own vitamins, and they are
adapted to living under very unfavorable conditions, it seems.
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Then, there is another community which suddenly appears when
there is a turnover and the water is richer and there are vitamins
present. These diatoms can grow very rapidly, and they are used to
living in lush conditions. They can outgrow or outstrip the other.
Although the little flagellates hang on, they can never grow as fast,
apparently, as the diatoms. It looks, therefore, as though they were
being selected against, but, really, they are just staying at the same
level all the time, and the diatoms come in and go out again.”

Ryther [1963] clearly had a good intuitive sense of the
additive nature of bloom formation. More recently, Landry
[2002, p. 32] makes the identical point while commenting
on EqPac and IronEx results (our italics):

“Phytoplankton biomass is further increased in this food web by
adding more limiting nutrient, as was done during the IronEx II
fertilization (Figure 4). The result was a >40-fold increase in the
biomass of microphytoplankton (>20-um size fraction), with a largely
negligible effect on smaller cells [Landry et al., 2000]. Such
observations define the order in which successively larger phyto-
plankton are added to the food web by ‘overprinting’ its relatively
stable base of small cells [e.g. Chisholm, 1992; Landry et al., 1997].”

3. Strategy and Methods

[8] The analysis presented here is based on work in the
equatorial Pacific in wind-driven equatorial upwelling,
tropical instability waves and other processes involving
frontal dynamics that often produce favorable conditions
for the beginning of a diatom bloom. In the fall of 1992
during onset of a cool ENSO phase [Murray et al., 1994],
there were numerous manifestations of short-lived diatom
blooms driven by equatorially trapped processes that
upwelled nutrient-rich water [Lindley et al.,1995; Barber
and Chavez, 1991; Bidigare and Ondrusek,1996; Landry et
al., 1996; Latasa et al., 1997]. These equatorial waters are
rich (>>K;) in nitrate and phosphate and have highly
variable diatom abundance [Chavez et al., 1990, 1996].
The limiting nutrients provided to the euphotic zone by
these physical processes were likely iron [Coale et al.,
1996b], silicic acid [Dugdale and Wilkerson, 1998], or both.
Figure 2 shows the increase of primary productivity and
diatom abundance at 2°N on a meridional section across the
equatorial waveguide at 140°W. Productivity, diatom abun-
dance, and particle flux through the 100-m-depth horizon
are all maximal at 2°N where an instability front brought the
iron-rich Equatorial Undercurrent into the euphotic zone
[Barber et al., 1996; Johnson, 1996; Archer et al., 1997,
Foley et al., 1997]. The euphotic zone diatom maximum
close to 2°N was associated with a maximum of fresh
phytodetritus on the sea floor about 4000 m below. This
September 1992 bloom at 140°W was so dense that it was
visible to the space shuttle crew the same week we sampled
the front [Yoder et al., 1994; Archer et al., 1997; Barber et
al., 1996]. Kemp and Baldauf [1993] have described lam-
inated diatom deposits in the equatorial Pacific that look as
though they could have been laid down by a frontal bloom
similar to the one we observed in 1992.

[v] Analyses of pigment composition on equatorial trans-
ects in fall 1992 showed strong equatorial maxima in total
chlorophyll and diatom chlorophyll with no decrease in
prokaryotic chlorophyll [Bidigare and Ondrusek, 1996,
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Figure 3. Time series of the increase of (a, b) diatom and (c, d) nondiatom chlorophyll following
addition of iron in the 1993 IronEx-1 [Martin et al., 1994] and 1995 TronEx-2 [Coale et al., 1996a;
Landry, 2002] in situ Fe addition experiments in the eastern equatorial Pacific Ocean. (e, f) Time series of
chlorophyll change in IronEx-2 for both diatoms and nondiatoms in one graph. Time series are shown in
both linear (Figures 3a, 3c, and 3e¢) and natural log (Figures 3b, 3d, and 3f) chlorophyll units to
demonstrate different quantitative aspects of the initial responses to iron addition. The dashed lines in
Figures 3¢ and 3e represent the new equilibrium chlorophyll value (Byew ~ 0.46 mg Chl m ) for the
IronEx-2 nondiatom assemblage from Day 2.4 to Day 9.4. The vertical bars with diagonal lines show
when iron was added: once in IronEx-1 (fine diagonal lines), and three times in IronEx-2 (fine and thick
diagonal lines). Robert R. Bidigare (University of Hawaii) provided the phytoplankton pigment data,
which were determined by HPLC [Bidigare and Ondrusek, 1996] and converted to chlorophyll
associated with various taxa using pigment equations from Letelier et al. [1993].
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Figures 8 and 9]. Landry et al. [1996, p. 871] show similar
data from equatorial transects and summarize their obser-
vations, “Picoplankton account for most of the chlorophyll
biomass and primary production in the central equatorial
Pacific. Nonetheless, their abundances and distributions are
relatively stable and conservative while other populations,

such as diatoms, respond more dramatically to environmen-
tal forcing.”

[10] Quantifying growth responses driven by a natural
enrichment transient is difficult. The spatial and temporal
expressions of complex processes such as instability waves
[Johnson, 1996] make it hard to determine when and where
the enrichment started. To overcome this difficulty we have
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