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Abstract

We report results from the Subarctic Ecosystem Response to Iron Enrichment Study (SERIES) experiment in waters of the

NE subarctic Pacific in which a large scale iron (Fe) enrichment lead to a shift in the phytoplankton assemblage from pico- and

nanophytoplankton to one dominated by large diatoms. The phytoplankton response to the added Fe was monitored for 26

days following two infusions into a 77 km2 patch of seawater. During the course of the experiment, the resulting algal bloom

was constrained within the upper 30m and spread to a region measuring over 1000km2. Phytoplankton chlorophyll a (chl a)

increased from 0.3mgm�3 to a peak of 6.3mgm�3 18 days after the initial addition of Fe. Water-column integrated chl a was

enhanced 8-fold, reaching a maximum of 114mgm�2 on day 17. The resulting bloom is described in two ecological phases

based on dominant phytoplankton groups. In Phase I, which encompassed the initial infusion up to day 10, all size-fractions

(0.2–2, 2–20 and 420mm) increased in biomass as indicated by chl a, contributing to a surface standing stock of 2mgm�3. In

Phase II, from days 10 to 18, the bloom was dominated by microphytoplankton (420mm), with a concomitant decrease in

phytoplanktono20mm.Microphytoplankton, which initially accounted for 25% of the phytoplankton biomass and increased

by a factor of 50, consisted primarily of the pennate diatom genera, Pseudo-nitzschia, Neodenticula and Thalassiothrix and the

centric diatom genera, Chaetoceros, Rhizosolenia, and Proboscia. Particulate carbon-to-chl a (PC: chl a) ratios for large cells

(X5mm) decreased 5-fold by day 18, indicative of enhanced cellular chl a content and increased phytoplankton contributions

to PC. Pennate diatoms were most abundant in the patch, although when converted to biovolume, centric diatoms contributed

larger amounts of algal carbon (C) to the bloom. A rapid decline in chl a on day 19 marked the onset of bloom decline. The

magnitude, duration and composition of the phytoplankton response to the Fe enrichment clearly depicted a major shift in the

structure of the algal assemblage and increased C export potential.
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1. Introduction

Initial support for the Fe hypothesis was obtained
from shipboard bottle experiments performed in the
NE subarctic Pacific (Martin and Fitzwater, 1988;
Martin et al., 1989, 1990; Coale, 1991). Iron
additions resulted in enhanced phytoplankton
growth, providing compelling evidence that algal
biomass was primarily regulated by its availability.
Since then, considerable advances have been made
in our understanding of the extent to which
phytoplankton are limited by Fe and the essential
role that this trace element performs in cellular
processes.

The Fe hypothesis was first proposed to explain
the paradox within regions where macronutrients,
such as nitrate (NO3), silicic acid (Si(OH)4) and
phosphate (PO4), were plentiful, but phytoplankton
biomass remained comparatively low throughout
the year (high-nutrient, low-chlorophyll regions;
HNLC). The levels of dissolved Fe in these waters
are in subnanomolar concentrations, which limits
phytoplankton growth and results in incomplete
macronutrient utilization (Martin et al., 1991;
Johnson et al., 1997; Fung et al., 2000). These
ecosystems are dominated by certain phytoplankton
taxa that are more competitive under low Fe
conditions due to their high surface area-to-volume
ratios and their ability to implement low Fe-
requiring metabolic pathways (Sunda et al., 1991;
Sunda and Huntsman, 1995, 1997). Though ubiqui-
tously present, larger phytoplankton such as dia-
toms are generally unable to flourish under these
low ambient Fe concentrations and only maintain
minimal seed populations.

The ambient phytoplankton assemblage in the
NE subarctic Pacific is primarily composed of small
(o5 mm) flagellates (Booth et al., 1993; Boyd and
Harrison, 1999). Diatoms and other large
phytoplankton usually comprise between 10% and
30% of total chl a (Boyd et al., 1996; Boyd and
Harrison, 1999). However, over the duration of a
typical summer, dissolved NO3 and Si(OH)4 are
utilized, resulting in a Si(OH)4: NO3 drawdown
ratio of ca. 1.6:1 (Whitney and Freeland, 1999).
Within the Gulf of Alaska, surface depletion of
Si(OH)4 has also occasionally been observed (Wong
and Matear, 1999; Whitney et al., 2005). Thus
silicon-requiring diatoms contribute significantly to
seasonal nutrient consumption. External sources of
Fe required to stimulate growth of these diatom
populations are speculated to be sporadic and
spatially patchy, either from slow-moving eddies
transporting Fe from coastal regions (Johnson et
al., 2005) or from dust and wildfire atmospheric
deposition (Boyd et al., 1998; Bishop et al., 2002).
Therefore, it appears that episodic Fe additions and
subsequent increases in phytoplankton growth are a
naturally occurring phenomenon in the NE sub-
arctic Pacific.

To date, there have been numerous mesoscale Fe
enrichment studies in the Equatorial Pacific (IronEx
I, Martin et al., 1994; IronEx II, Coale et al., 1996),
Southern Ocean (SOIREE, Boyd et al., 2000;
EisenEx, Gervais et al., 2002 and SoFeX; Coale
et al., 2004) and the subarctic NW Pacific (SEEDS,
Tsuda et al., 2003). All Fe enrichment experi-
ments were performed with common objectives in
an attempt to test the Fe hypothesis. These
objectives include the documentation and quantifi-
cation of the system response to Fe enrichment and
to verify the extent of C sequestration coinciding
with the increase in phytoplankton biomass.
Although comparable trends have been observed
among Fe enrichments performed in different
HNLC regions, the range in Fe-induced bloom
longevities and shifts in phytoplankton composition
demonstrate considerable variability in the ecosys-
tem responses. The NE subarctic Pacific was the last
of the three major HNLC regions where an in situ
Fe enrichment experiment had yet to be performed.
The region’s unique physical and biological proper-
ties necessitate an understanding of the geochem-
ical, physiological and ecological responses to Fe
enrichment.

In July 2002, a mesoscale Fe addition experiment,
Subarctic Ecosystem Response to Iron Enrichment
Study (SERIES), was performed in the NE sub-
arctic Pacific. Here we report on the spatial and
temporal dynamics in phytoplankton biomass as
inferred by chl a throughout the bloom. We
quantify the algal biomass incorporated into pico-,
nano-, and microphytoplankton size-classes by size-
fractionated chl a. Changes in particulate carbon
(PC) are also reported along with the resulting PC:
chl a ratios. Lastly, a detailed assessment of
phytoplankton taxa in the Fe-enriched patch is
given as well as estimates of C export potential for
the major diatom species composing the bloom. In
two companion papers, we describe the phytoplank-
ton nutrient utilization dynamics and changes in
primary productivity throughout the mesoscale Fe
enrichment (Marchetti et al., this issue-a; Marchetti
et al., this issue-b).
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2. Materials and methods

2.1. SERIES: design and sampling strategy

The SERIES experiment was conducted from
July 9 to August 4, 2002, and involved the addition
of dissolved FeSO4 to a 77 km2 patch of seawater
located at 144.451W, 50.201N, NW of Ocean
Station Papa (OSP) in the NE subarctic Pacific
Ocean. Complete details of site selection criteria and
methods for the Fe infusion are described in Law et
al. (this issue). In brief, Fe in the form of FeSO4 was
dissolved in seawater and added to surface waters
along with the inert tracer gas, sulfur hexafluoride
(SF6). The Fe-enriched waters (referred to as the
IN-patch) were mapped nightly using the SF6 tracer
along with surface chl a and NO3 concentrations in
the later stages of the bloom. For each day, the
bottom of the patch or trace layer depth (ztl) was
determined as the depth at which the SF6 concen-
tration decreased to 50% of the average upper
mixed layer SF6 concentration. After the initial Fe
infusion, dissolved Fe concentrations reached a
maximum of ca. 2 nM relative to initial Fe
concentrations of o0.1 nM (Boyd et al., 2004). On
day 7, a second Fe infusion (FeSO4 only) was
performed in the center of the aging patch because
dissolved Fe concentrations had returned to low
levels. Sampling of the IN-patch center (determined
by SF6 local maxima), commenced on day 2 of the
experiment and was performed daily between 6:00
and 10:00 Pacific Standard Time (PST). On days 1,
6, 11, 16 and 19, control stations (referred to as the
OUT-patch) were sampled in adjacent waters out-
side of the patch. Due to ship logistics, the location
of the OUT-patch stations with reference to the
center of the IN-patch varied between sampling
days. Day 1 of the SERIES experiment was defined
as the 24-h period starting on July 10 (PST).

Vertical profiles of water-column physical struc-
ture were collected using a General Oceanics
MK3C/WOCE CTD. Upper mixed layer depths
(zuml) were estimated from CTD data as the depth at
which the change in sTX0.02m�1. To determine the
photosynthetically active radiation (PAR,
400–700 nm), downwelling irradiance was measured
at depth at 13 specific wavelength channels using a
Satlantic SeaWifs Profiling Multichannel Radio-
meter. To correct for changes in incident irradiance
(Io) during the profile, incident downwelling irra-
diance just above the ocean surface was measured
concurrently for the same 13 wavelengths using a
Satlantic Ocean Radiometer. PAR (mol quan-
tam�2 d�1) was integrated over the wavelengths
ranging from 400 to 700 nm.

For estimates of phytoplankton biomass, discrete
samples of seawater were collected with 10L
Niskin-type bottles mounted on a rosette frame.
Samples were obtained at six depths corresponding
to ca. 100% (surface), 33%, 10%, 3%, 1% and
0.1% of Io. Samples below the euphotic depth
(o1% Io) were taken to ensure the collection of
water below the patch throughout the experiment.
All samples were dispensed immediately and gently
into distilled water-rinsed brown polyethylene
bottles via silicone tubing. At each sampling depth,
two Niskin bottles were triggered to ensure true
replicates were obtained. For variables where
triplicate measurements were performed, two sam-
ples were taken from one bottle and one from the
second bottle.

2.2. Patch transects

On days 15 and 19, samples were taken on
overnight transects of the Fe-enriched waters to
determine spatial variability of surface chl a and
NO3 concentrations. In this paper, only chl a data
from day 19 are presented. For these surveys, all
variables were measured from samples obtained by
shipboard flow-through seawater collected from a
maximum depth of 3m below the bow of the ship.
Surface water fluorescence was measured by a
Wetlabs Wetstar flow-through fluorometer cali-
brated with discrete samples collected throughout
the patch and measured by extracted chl a methods
described below.

2.3. Size-fractionated chlorophyll a

To estimate size-fractionated chl a, 300ml of
seawater was filtered gently in triplicate by gravity
through 20 and 5 mm pore size (47mm) polycarbo-
nate filters and with an in-line vacuum
(o100mmHg) through 2 and 0.2 mm pore size
(47mm) polycarbonate filters using a filter cascade.
Filters were rinsed with particulate-free seawater
and immediately frozen at �20 1C until analysis
onshore. The chl a content of the frozen samples
was determined by extraction in 90% acetone at
�20 1C for 24 h and measured by in vitro fluoro-
metry using a Turner Designs 10-AU fluorometer.
Chl a size-classes are separated into picophyto-
plankton (0.2–2 mm), nanophytoplankton (2–20 mm,
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through the summation of 2 and 5 mm filters) and
microphytoplankton (420 mm). For some data
analyses, phytoplankton size structure was further
simplified into o5 mm and X5 mm size-classes by
combining measurements from the 0.2 and 2 mm
filters (o5 mm) and the 5 and 20 mm filters (X5 mm).
Water-column integrated chl a was calculated down
to the 1% Io depth through trapezoidal integration.

2.4. Size-fractionated particulate carbon

Size-fractionated PC was measured by collecting
at least 1 L of seawater from the surface sampling
depth (ca. 100% Io, 2–5m). Samples were filtered
gently by gravity onto polycarbonate filters (5 mm
pore size) and vacuum (o100mmHg) onto glass
fibre filters (0.7 mm nominal pore size, pre-com-
busted at 450 1C for 4.5 h) using a filter cascade.
Particulates collected on the polycarbonate filter
were then rinsed onto a glass fibre filter using an
artificial saline solution to minimize particulate C
contamination. Filters were oven-dried at 50 1C for
24 h and stored in a desiccator until onshore
analysis. Elemental C was measured using a Carlo
Erba 1106 elemental analyzer.

2.5. Phytoplankton enumeration and diatom carbon

quotas

For autotrophic prokaryotes and flagellates,
300ml of seawater was preserved with 1% glutar-
aldehyde and for diatoms and other larger phyto-
plankton, ca. 1 L of seawater was preserved with
2% borax-buffered formalin in white polyethylene
bottles. Microscope slides were added to each of the
1L bottles to reduce the dissolution rate of diatom
frustules. Preserved samples were placed in the dark
at 4 1C until onshore analysis. In the laboratory,
picophytoplankton and nanophytoplankton were
enumerated by filtering subsamples of 1–100ml of
preserved seawater onto black Nuclepore filters
(1 mm pore size) and stained with DAPI and FITC.
Counts were performed using an epifluorescence
microscope. For larger phytoplankton species,
50–100ml aliquots of preserved seawater were
settled for 24 h in Utermöhl settling chambers and
enumerated using an inverted microscope.

To estimate diatom C quotas, whole-water
samples were collected in duplicate 250ml dark
glass bottles and preserved with 5% borax-buffered
formalin. Determination of cell size of the dominant
diatom species was performed using scanning
electron microscopy (SEM) and light microscopy.
For SEM preparation, an aliquot of preserved cells
was settled for 24 h and concentrated to 5ml. The
concentrated material was acid-cleaned and filtered
onto a polycarbonate filter (1 mm pore size) accord-
ing to methods described by Hasle and Fryxell
(1970). Filters were dried and mounted onto
aluminum stubs, coated with Au–Pd and examined
using a Hitachi S-4700 field emission SEM. Cell
volumes were estimated from the SEM images of
4–10 cells for each selected genus or species and by
assuming that pennate diatoms have a rectangular
prism shape (Vp ¼ L�W�H) and centric diatoms
have a cylindrical shape (Vc ¼ Pr2�H). C content
for each diatom genus was then estimated from
average cell volume using the conversion factor
provided in Montagnes et al. (1994).
3. Results

3.1. Mixed layer properties

The first Fe release resulting in an initial dissolved
Fe concentration of ca. 2 nM was conducted in
waters with an uncommonly shallow upper mixed
layer depth (zuml) of ca. 10m (Fig. 1). Average
summer zuml at OSP are generally between 30 and
40m (Whitney and Freeland, 1999). On day 5, an
increase in mixing resulted in a deepening of zuml to
30m. At this time, the IN-patch Fe concentration
was reduced, necessitating a second Fe infusion on
day 7 which resulted in an increase in the dissolved
Fe concentration to 0.6 nM (Boyd et al., 2004). The
deeper zuml remained until day 8, and then shoaled
to ca. 10m. On day 12, a second strong mixing event
resulted in the zuml deepening to ca. 30m. zuml then
remained below 20m until day 18, after which it
once again returned to above 10m.

From the initial infusion to day 4, only the
surface and 33% Io sampling depths were posi-
tioned in IN-patch waters, as indicated by ztl (Fig.
1). On day 5, the deepening of the zuml and
redistribution of Fe to 30m resulted in the 10% Io
sampling depth to be included in IN-patch waters.
The 1% Io sampling depth was within the IN-patch
on days 7 and 8 as a result of the deepening of zuml

and from day 15 onward due to the shoaling of the
euphotic depth (zeu) which coincided with an
increase in phytoplankton biomass. The 0.1% Io
sampling depth remained below the ztl for the
duration of the experiment.
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which Fe was added to the IN-patch.
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3.2. Chlorophyll a

Chl a concentrations in the ambient, pre-Fe-
enriched water, were typically low, with a surface
maximum of 0.3mgm�3. OUT-patch chl a concen-
trations remained relatively stable during the
observation period, except on days 11–19 when
slight increases were measured primarily in surface
waters (Fig. 2A). At the onset of SERIES, IN-patch
chl a concentrations doubled within 48 h of the first
Fe infusion (Fig. 2B). Preceding a mixing event on
day 5, the increase in chl a was confined to the
shallow zuml of 10m. On day 5, an increase in zuml

resulted in a redistribution of Fe and accumulated
chl a to 30m. Elevated chl a concentrations relative
to the OUT-patch were confined to above ca. 35m
throughout the remainder of the bloom, with no
observed increases in chl a below the ztl. IN-patch
chl a concentrations were relatively uniform
throughout the water-column, with variations due
to sampling depths being above or below zuml. On
day 18, IN-patch chl a reached a maximum
concentration of 6.3mgm�3, marking a 20-fold
increase above OUT-patch chl a concentrations. On
day 19, chl a concentrations decreased by 50% to
o3mgm�3, signifying the onset of bloom decline.

The IN-patch changes in size-fractionated chl a

are described in two ecological phases based on
observed shifts in dominant phytoplankton size-
classes. During Phase I, from the initial infusion to
day 10, all size-fractions increased in chl a at all
sampling depths in the IN-patch (Fig. 3A–D). By
day 10, chl a concentrations had intermittently
stabilized at ca. 2mgm�3, with lower chl a

coinciding with increases in zuml on days 9 and 12.
During Phase II, from days 10 to 18, IN-patch chl a

increased markedly in the microphytoplankton
(420 mm) size-class with a concomitant decrease
in nanophytoplankton (2–20 mm) and picophyto-
plankton (0.2–2 mm) chl a concentrations. On days
17 and 18, microphytoplankton chl a concentrations
peaked at 4.2mgm�2, marking a 50-fold increase in
microphytoplankton chl a compared to the OUT-
patch.

Size-fractionated, water-column integrated chl a

followed similar trends as reported for volumetric
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Dots indicate sampling times and depths.
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measurements (Table 1). In Phase I, water-column
integrated chl a increased steadily and peaked at
60mgm�2 on day 8, concurrent with high chl a in
both picophytoplankton and nanophytoplankton.
In Phase II, IN-patch microphytoplankton chl a

steadily increased up to the peak of the bloom.
Total chl a reached a maximum of 114mgm�2 on
day 17, representing an 8-fold increase compared to
day 1. Water-column integrated chl a in the OUT-
patch remained below 35mgm�2 throughout the
observation period (Table 1).

The OUT-patch phytoplankton assemblage was
dominated by the nanophytoplankton size-class,
comprising 60% of total chl a (Fig. 4A). Micro-
phytoplankton and picophytoplankton contributed
20% each to total chl a in the ambient assemblage.
The composition of OUT-patch phytoplankton
size-fractions remained fairly constant, with nano-
phytoplankton being dominant throughout the
observation period. In the IN-patch, these propor-
tions remained constant during Phase I of the
bloom (Fig. 4B). However, in Phase II, microphy-
toplankton comprised the majority of phytoplank-
ton biomass, making up 86% of total chl a by day
17.

On day 19, spatial distributions in surface chl a

displayed large gradients, as concentrations were
higher in the center than at the periphery of the
patch (Fig. 5). Peak surface concentrations of ca.
5mgm�3 were confined to several isolated sections,
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constituting less than 10% of the total patch area.
At this time, patch size had spread to ca. 800 km2

and had elongated horizontally, positioned on a
W–E axis.

3.3. Size-fractionated PC and PC: Chl a ratios

OUT-patch surface PC measurements ranged
from 8 to 15mmolCm�3 during the observation
period (data not shown). IN-patch surface PC
in the X5 mm size-fraction increased 4-fold
over the duration of the Fe enrichment and
reached a maximum of 22mmolCm�3 on day 19
(Fig. 6A). The o5 mm size-fraction PC increased
slightly during Phase I of the bloom, decreased back
to ambient levels on day 13, and then increased
markedly leading up to bloom termination on
day 19.

In the IN-patch, the initial PC: chl a ratio for the
X5 mm size-fraction was 17mmol C (mg chl a)�1

(Fig. 6B). During the experiment, the X5 mm PC:
chl a ratio decreased, reaching a minimum of
3.4mmol C (mg chl a)�1 on day 17 of the bloom.
The initial PC: chl a ratio in the o5 mm size-fraction
was 22mmol C (mg chl a)�1. This ratio decreased
during Phase I of the bloom and reached a
minimum of 10mmol C (mg chl a)�1 on day 8.
During Phase II, the o5 mm PC: chl a ratio
increased, surpassing the initial ratio measured for
this size-fraction.

3.4. Phytoplankton assemblage and diatom carbon

cellular quotas

Changes in phytoplankton species composition
reflected trends observed in chl a throughout the Fe-
enrichment experiment. During Phase I, algal taxa
measured in each size-class (pico-, nano- and
microphytoplankton) increased in abundance rela-
tive to the initial phytoplankton assemblage (Fig. 7
and Table 2). The cyanobacterium Synechococcus

was the most dominant picophytoplankton whereas
in the nanophytoplankton size-class, coccolitho-
phorids were most abundant and reached a max-
imum density of 1� 106 cells L�1 on day 10. Both
Prasinophyceae and Prymnesiophyceae displayed
high variability within the IN-patch and OUT-
patch. In the IN-patch, a maximum Prymnesiophy-
ceae (excluding coccolithophorids) density of
5� 105 cell L�1 was also achieved on day 10.
Similarly, on day 10, the dinoflagellate, Gymnodi-

nium spp. reached a maximum cell density of
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Table 1

Water-column integrated chlorophyll a (mgm�2) for specific size-fractions and the total phytoplankton assemblage during SERIES

Day Patch Integrated Chl a

Picophytoplankton (0.2–2mm) Nanophytoplankton (2–20mm) Microphytoplankton (420mm) Summed total

2 IN 5.53 12.26 4.51 22.30

3 6.00 12.98 4.16 23.14

4 7.24 15.42 5.13 27.78

5 7.56 21.77 6.05 35.38

7 10.52 28.16 12.39 51.07

8 9.45 31.06 19.59 60.09

9 3.81 18.51 12.23 34.55

10 5.25 22.47 26.32 54.04

12 2.36 11.20 41.20 54.76

13 1.79 13.91 48.75 64.45

15 2.51 12.52 75.31 90.33

17 2.48 13.87 97.27 113.62

18 8.81 15.09 58.70 82.60

19 3.79 12.12 36.39 52.30

1 OUT 2.69 7.72 3.67 14.09

6 2.20 5.00 2.13 9.33

11 2.28 8.77 5.81 16.86

16 2.58 9.36 5.79 17.73

19 2.50 12.64 18.22 33.35

Integrations are performed to the bottom of the euphotic zone (1% Io).
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4� 104 cells L�1. All other dominant autotrophic
dinoflagellate populations remained o103 cells L�1

for the duration of the bloom. With the exception of
a small centric diatom (Thalassiosiraceae) and the
pennate diatoms Cylindrotheca closterium and
Neodenticula seminae, initial densities of large
diatom genera were o103 cells L�1. Diatoms stea-
dily increased in abundance throughout Phase I of
the bloom. By day 10, the most abundant large
diatoms (410 mm) were C. closterium, N. seminae,
Pseudo-nitzschia spp. and Chaetoceros spp. From
days 10 to 12, a sharp decline in all non-
diatom species occurred. The most marked changes
were evident in Synechococcus spp., Prasinophy-
ceae, Prymnesiophyceae (excluding coccolithophor-
ids) and Gymnodinium spp., returning to close to
pre-Fe enrichment cell densities, and coccolitho-
phorids decreasing to 50% of their maximum
attained cell density. With the exception of C.

closterium, there were no significant decreases in
large diatom populations during this period as
many diatom genera continued to increase in
abundance.

In Phase II of the phytoplankton bloom, exclud-
ing Synechococcus spp., all picophytoplankton,
nanophytoplankton and dinoflagellate cell densities
remained low, exhibiting only minor fluctuations
between days 12 and 18. In contrast, diatom
populations continuously increased, with a max-
imum abundance achieved on day 17, when total
diatom density was estimated at ca. 3.4�
105 cells L�1. Numerically, the most dominant large
diatoms were Pseudo-nitzschia spp., Neodenticula

sp., and Chaetoceros spp. with cell densities of
2� 105, 9� 104 and 7� 104 cells L�1, respectively.
With the exceptions of Pseudo-nitzschia spp.,
Thalassiothrix longissima and Rhizosolenia hebetata,
peak cell densities of the major diatom genera were
reached on day 15, with the latter genera reaching
maximum abundances on days 17 or 18.

Based on increases in cell densities, net growth
rates for large diatom genera were estimated. The
pennate diatoms Pseudo-nitzschia spp. and T. long-

issima exhibited the fastest net growth rates of 0.47
and 0.41 d�1, respectively (Table 3). Net growth
rates of large centric diatom genera ranged between
0.20 and 0.32 d�1. When converted to biovolume,
the diatoms T. longissima, Proboscia alata and R.

hebetata comprised the greatest proportions, mak-
ing up 33%, 17% and 16%, respectively, of the total
contributions to algal C by the major diatom
species.
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4. Discussion

4.1. SERIES algal bloom evolution

The stimulation in the growth of all phytoplank-
ton size-classes upon Fe enrichment clearly demon-
strates that phytoplankton were previously Fe-
limited in this region of the NE subarctic Pacific.
At the onset of the experiment, enhanced phyto-
plankton biomass was restricted to a shallow upper
mixed layer. The large mixing event on day 5
facilitated Fe transport to ca. 30m. Subsequent
increases in phytoplankton biomass primarily took
place in this 0–30m layer for the duration of the
observation period. Below the patch, Fe concentra-
tions did not differ significantly from outside
waters, likely maintaining a condition of Fe-limited
phytoplankton growth. At the onset of the second
ecological phase of the phytoplankton bloom, the
marked decrease in small phytoplankton is specu-
lated to be a result of extensive microzooplankton
grazing. The continuous, exponential-like growth of
microphytoplankton biomass throughout the
bloom suggests that there was an imbalance
between growth and grazing pressure in this size-
class. The observations made during SERIES are
consistent with the ‘‘ecumenical Fe hypothesis’’
(Morel et al., 1991; Price et al., 1994; Cullen, 1995),
which was proposed as an expansion of the original
Fe hypothesis (Martin, 1990). This hypothesis states
that Fe limitation and grazing co-regulate phyto-
plankton growth in HNLC regions, with grazing
playing a particularly significant role in regulating
small cells which are often initially dominant.

Algal-specific C: chl a ratios at OSP are com-
monly observed to range between 4 and 7mmol C
(mg chl a)�1 (Peña and Denman, unpubl. data). The
high PC: chl a ratio observed in ambient waters at
OSP suggests the presence of extensive amounts of
non-algal associated PC. These different compo-
nents of non-algal PC were not quantified, but are
likely made up of heterotrophic grazers, bacteria
and particulate detritus. Previous assessments of
standing stocks in the NE subarctic Pacific deter-
mined that heterotrophic flagellates, bacteria and
mesozooplankton could account for as much as
50% of the total PC (Boyd et al., 1995). The
changes in the PC: chl a ratio as a result of Fe
enrichment were separated between small cells
(o5 mm) and large cells (X5 mm). During Phase I
(up to day 10), the PC: chl a ratio of small cells
declined due to chl a concentrations increasing
faster than that of PC. The minimum PC: chl a ratio
in o5 mm cells was reached on day 8, coinciding
with maximum chl a concentrations in the nano-
phytoplankton size-class. In Phase II, the PC: chl a

ratio increased markedly due to an increase in PC,
with a concurrent decrease in small cell chl a

concentrations. Elevated non-algal o5 mm PC con-
centrations in the latter half of the bloom are likely
the result of increases in heterotrophic bacterial
abundance (Hale et al., this issue) and detritus.

In contrast, the PC: chl a ratio in large cells
continued to decline throughout the bloom, largely
due to the 20-fold increase in chl a concentrations,
whereas PC concentrations increased only 5-fold.
The uncoupling between chl a and PC may be
attributed to known effects of Fe-limitation on
cellular chl a content. Phytoplankton that are
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Fe-limited have reduced concentrations of cellular
chl a (Greene et al., 1992; Geider et al., 1993). When
Fe is re-supplied, phytoplankton immediately in-
crease their cellular chl a concentrations along with
other light-harvesting pigments. Thus, the initial
response of increased chl a to the alleviation of Fe-
stress may represent a change in phytoplankton
chemical composition and physiological state rather
than an increase in algal biomass. A low PC: chl a

ratio of large cells at the peak of the bloom
corroborates the observed elevation in cellular chl
a content, and infers that phytoplankton C con-
stituted the majority of the PC concentration.

4.2. Factors affecting phytoplankton growth and

assemblage in the patch

The indigenous algal assemblage at OSP was
primarily comprised of small-celled species such as
Synechoccocus, Prymnesiophyceae (cf. Phaeocystis

spp.), and coccolithophorids (cf. Emiliania huxleyi).
Similarly, small pennate diatoms such as C.

closterium and N. seminae and a small centric
diatom belonging to Thalassiosiraceae were the
most abundant diatom species. Such phytoplankters
may have an advantage in low Fe waters by
possessing higher surface area-to-volume ratios in
comparison to their larger-sized counterparts. This
allows for an increased rate of Fe uptake (propor-
tional to cellular surface area) relative to their
intracellular Fe demand (proportional to cellular
volume) (Morel, 1987). Despite this advantage, the
initial increase of all enumerated species in Phase I
of the bloom suggests that Fe availability regulated
the growth of the entire phytoplankton assemblage.
In Phase II, the rapid decline of these small cells
coincided with the increase in microzooplankton
populations and demonstrates their greater suscept-
ibility to grazing pressures (Rivkin, unpubl. data).

During peak chl a concentrations in SERIES,
large pennate diatoms numerically dominated the
algal bloom. Pennate diatoms have also been
observed to exhibit the greatest response in other
Fe enrichment experiments, particularly in IronEx
II, SOIREE and SOFeX (Landry et al., 2000; Gall
et al., 2001a; Coale et al., 2004). These diatoms
appear to have an advantage over large centric
diatoms by having faster net growth rates upon the
alleviation of Fe stress. An exception was in the NW
subarctic Pacific during SEEDS, where the
addition of Fe resulted in a floristic shift from the
initially dominant pennate diatom Pseudo-nitzschia
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turgidula, to the centric diatom Chaetoceros debilis

(Tsuda et al., 2003). A shallow upper mixed layer
(10–20m) was present throughout their experimen-
tal observation period (Tsuda et al., 2005). This
shallow mixed layer may have favoured the growth
of certain diatoms such as Chaetoceros by confining
the infused Fe within a thin layer of seawater at the
surface where nutrients and light were abundant. In
contrast, during SERIES, the initial populations of
Pseudo-nitzschia were low when compared to
Chaetoceros. However, by day 18, Pseudo-nitzschia

was the most abundant diatom in the patch. Thus,
although there is some consistency among HNLC
regions in terms of the floristic composition of the
Fe-induced algal blooms, a further understanding of
the factors regulating species composition is still
required.

The affinity for a specific nutrient by phytoplank-
ton can be assessed by determining the half-
saturation constant (Ks). Diatoms with high Ks

values become nutrient limited at higher concentra-
tions of a particular nutrient compared to diatoms
with lower Ks values. Previous studies in the
Southern Ocean have shown that the majority of
Ks values for Si(OH)4 uptake were between 0.7 and
10 mM, suggesting a vast range in Si(OH)4 affinities
for different diatom assemblages (Nelson et al.,
2001). It must be noted, however, that Si(OH)4
concentrations that temporarily decrease below Ks

values do not necessarily lead to an immediate
reduction in diatom growth rates due to their
capacity to store Si in intracellular pools (Conway
and Harrison, 1977). In this respect, Km (50% of
mmax), a measure of when Si(OH)4 concentrations
are actually growth limiting to diatoms, may be a
more useful parameter to determine when diatoms
are Si-limited; these concentrations are typically
found to be 5–10 times lower than Ks values (Nelson
and Dortch, 1996).

During SERIES, although consistent net growth
rates of diatoms were observed throughout the
greater part of the in situ Fe enrichment, there
appeared to be two distinct groups of diatoms,
distinguished by when peak populations were
achieved. For certain diatoms, cell abun-
dance peaked on day 15, whereas for others,
growth continued until day 17 or 18. Intense
grazing of diatoms by macrozooplankton was
not evident during the phytoplankton bloom,
reducing the likelihood of selective grazing
pressures on diatoms (Sastri et al., this issue).
Therefore, the availability of Fe and Si(OH)4 in
the later stages of the bloom are speculated to
be the most important regulating factors to diatom
growth in the patch. After day 12, dissolved
Fe concentrations in the patch had decreased to
pre-enrichment levels and by day 15, Si(OH)4
concentrations decreased to o3 mM (Boyd et al.,
2004; Marchetti et al., this issue-a). In addition,
after day 12, both maximal and operational
photochemical yields began to decline, marking a
reduction in photosynthetic efficiency in phyto-
plankton (Marchetti et al., this issue-a). We
hypothesize that the distinction between these
two groups of diatoms may be based on their Ks

values for Fe and/or Si(OH)4. Diatoms which
peaked in cell abundance on day 15 may have
had lower affinities for Fe and/or Si(OH)4
(high Ks diatoms) when compared to diatoms
that continued to grow until days 17 or 18
(low Ks diatoms). To better illustrate the succession
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in phytoplankton throughout the bloom, we
plotted representative species from each
suggested group (coccolithophorids ¼ small cells,
Chaetoceros ¼ large diatom with a high Ks and
Pseudo-nitzschia ¼ small diatom with a low Ks)
with changes in concentrations of Si(OH)4 and
maximal photochemical yield (Fm), which is in-
dicative of the degree of Fe stress (Fig. 8). Thus,
decreasing Fe and/or Si(OH)4 concentrations ap-
peared to have regulated the extent of the bloom
longevity and may have limited the growth of
some diatoms at an earlier stage than others. A
further discussion on changes in macronutrients
and photosynthetic efficiency throughout the
SERIES Fe enrichment is provided in Marchetti
et al. (this issue-a).
4.3. Comparison of mesoscale iron enrichment

experiments

With the addition of the Fe enrichment experi-
ments recently performed in the Southern Ocean
(SOFeX and EisenEx), and NW (SEEDS) and NE
(SERIES) Pacific, a complete assessment of in situ
phytoplankton responses to Fe for all three HNLC
regions is possible (Table 4). In most experiments,
the addition of Fe resulted in a phytoplankton
assemblage transition from small flagellates to large
diatoms. However, among regions, there are note-
worthy differences in the magnitude, duration and
composition of the resulting phytoplankton blooms.

The extent of the phytoplankton increase in
biomass varied among regions, both in standing
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Table 2

Comparison of cell abundances (cells L�1) of most phytoplankton taxa at the onset, during phase I (days 0–10) and phase II (days 10–18)

of SERIES

Phytoplankton taxa Phase I Phase I

Day 0 Day 5 Day 10 Day 12 Day 15 Day 17 Day 18

Picophytoplankton (0.2–2mm)

Synechococcus spp. 3 760 000 8 320 000 12 400 000 2 520 000 2 210 000 3 700 000 12 800 000

Chlorophyceae 29 400 114 700 36 300 141 000 35 500

Nanophytoplankton (2 –20mm)

Cryptophyceae 3630 12 600 83 100 54 500 19 300 15 700

Prymnesiophyceae 32 700 184 400 501 200 47 200 55 900 76 300 108 000

Prasinophyceae 14 500 382 500 266 000 36 300 59 500 84 400 177 000

Coccolithophorids 200 300 380 500 984 000 479 000 74 100 183 000 81 700

Thalassiosiraceaea 56 700 157 000 220 000 89 000 21 000 117 000 52 400

Microphytoplankton (420mm)

Diatoms

Pseudo-nitzschia spp. 164 801 28 800 30 700 136 000 192 000 95 900

Neodenticula seminae 1920 3910 37 400 28 500 93 400 63 700 70 800

Thalassiothrix longissima 35 22 353 1060 4800 7220 12 100

Cylindrotheca closterium 18 200 30 200 43 600 3630 5450 60 500

Rhizosolenia hebetata f. hebetata 10 21 270 430 1500 1300 2150

Chaetoceros atlanticus 436 766 5480 7340 14 600 12 400 6070

Chaetoceros concavicornis 198 547 3720 5410 17 700 11 700 8920

Chaetoceros convolutus 484 201 9440 16 100 22 000 23 000 12 900

Chaetoceros sp. 41 320 3880 7330 14 700 6320 7080

Thalassiosira spp. 986 831 5930 4150 14 100 10 400 10 500

Proboscia alata 882 558 1380 2100 12 800 5020 7080

Totalb 23 356 38 177 140 253 106 750 331 600 338 510 294 000

Dinoflagellates (autotrophic)

Gymnodium spp. 14 500 33 700 43 600 14 500 14 000 10 475

Ceratium spp. 624 200 496 280 380 590 840

Protoperidinium spp. 162 54 142 120 140 200 420

Other dinoflagellates 869 513 1670 350 1070 850 450

Data are from surface waters (2–5m) depth.
aSmall diatom (o5mm).
bTotal abundances of diatoms include only listed taxa.
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stocks and spatial distributions. In the Southern
Ocean, chl a concentrations remained relatively low,
o4mgm�3. However, when chl a is integrated
throughout the water-column, the maximum
amounts in polar Fe enrichments were comparable
to those observed in subpolar and tropical waters
during IronEx II, SEEDS and SERIES. This is
primarily a result of the deep upper mixed layers
commonly present in the Southern Ocean polar
regions, distributing, and possibly preventing the
accumulation of high phytoplankton biomass. In
contrast, the presence of shallow upper mixed layers
in the North Pacific during SEEDS and SERIES
resulted in rapid phytoplankton accumulation. The
highest chl a concentrations in Fe-stimulated waters
were achieved in NW subarctic waters during
SEEDS, exceeding 17mgm�3. Lastly, in tropical
waters, maximum phytoplankton biomass was low
(ca. 3mgm�3) after alleviation of Fe stress due to
lower concentrations of macronutrients and intense
grazing pressure on smaller phytoplankton.

Patch longevity also varied among the Fe-induced
phytoplankton blooms in each HNLC region. In
Southern Ocean polar waters, enhanced phyto-
plankton growth appeared to be long lived.
Following SOIREE, satellite imagery observed
elevated chl a concentrations 41 days after the first
Fe infusion. During IronEx II, chl a concentrations
increased for only 7 days, whereas in SERIES,
bloom decline commenced after 18 days. Variations
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Table 3

Comparison of cellular abundances, net growth rates, cell volumes and carbon quotas for the major diatom genera at the onset and peak

cell concentrations (days 15–18) during SERIES

Diatom Cell abundance

(cells L�1)

Net growth

ratec

(day�1)

Average

cell volumed

(mm3 cell�1)

Average

carbon quotae

(pmolC cell�1)

Peak

total carbon

(mmolCm�3)

Relative

abundancef

(%)

Relative

carbonf

(%)

Initiala Peakb

Pennate diatoms

Pseudo-nitzschia 174 192 000 0.47 550 5 0.96 42 6

Neodenticula 2420 93 400 0.28 220 2 0.19 20 1

Cylindrotheca 18 200 60 500 NAg 30 0.3 0.02 13 o1

Thalassiothrix 17 12 100 0.41 45 000 409 4.95 3 33

Centric diatoms

Chaetoceros (L) 682 40 700 0.31 5 000 45 1.85 9 12

Chaetoceros (s) 477 29 300 0.32 2000 18 0.53 6 4

Thalassiosira 986 14 100 0.20 10 500 95 1.35 3 9

Proboscia 882 12 800 0.21 22 000 200 2.56 3 17

Rhizosolenia 15 2150 0.31 125 000 1133 2.44 o1 16

Data are from the surface (2–5m) depth of the IN-patch. L ¼ large variety species, s ¼ small variety species, NA ¼ not available.
aInitial phytoplankton enumerations are from day 2 of the Fe enrichment experiment.
bDenotes maximum cell abundance achieved for the specified diatom genus.
cNet growth rates were calculated using cell numbers and the exponential growth equation.
dCell volumes were estimated using scanning electron microscopy or light microscopy.
eCarbon quotas were calculated using the volume-to-carbon conversion factor outlined in Montagnes et al. (1994).
fDenotes the percent relative abundance and relative carbon contributions among listed diatom genera.
gNet growth rate could not be calculated due to fluctuations in cell abundance.
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in temporal evolution among experiments may be
attributed to the range of temperatures between the
cold polar, moderate subpolar and warm tropical
waters (Boyd, 2002). During SOIREE, maximum
net growth rates of microphytoplankton calculated
from changes in chl a ranged between 0.15 and
0.2 d�1 (Gall et al., 2001b). Equivalent calculations
for microphytoplankton in SERIES yielded max-
imum net growth rates of 0.25–0.30 d�1. It should
be noted that estimates of net growth rates based on
changes in chl a are usually lower than specific
growth rates of the phytoplankton assemblage due
to the potential reduction of phytoplankton bio-
mass independent of cell physiology (i.e. patch
dilution and zooplankton grazing). However, as
previously mentioned, intense grazing on diatoms
by macrozooplankton was not evident during
SERIES. Moreover, shipboard ‘‘grow-out’’ experi-
ments performed during SEEDS investigating the
effects of temperature on phytoplankton growth
and composition showed an increase in net growth
rates of phytoplankton with elevated incubation
temperature (Noiri et al., 2005). Thus, the growth
rates of phytoplankton and the subsequent duration
of the Fe-induced bloom may be strongly influenced
by regional temperatures. The effects of dilution on
patch evolution and biogeochemical processes dur-
ing SERIES are discussed in Law et al. (this issue)
and Timothy et al. (this issue).

The production of Fe-binding ligands may also
contribute to bloom longevity. In SOIREE, the
sharp increase in organic ligands from days 12 to 14
of the experiment was suggested to have maintained
a pool of dissolved Fe (Maldonado et al., 2001).
Henceforth, Fe bound to these ligands was
suggested to regulate Fe uptake rates and phyto-
plankton growth. In contrast, during the SERIES
experiment, Fe concentrations decreased rapidly
from the patch, returning to ambient levels by day
13 (Boyd et al., 2004). This return to low Fe
concentrations, along with Si(OH)4 depletion, is
believed to have contributed to the SERIES bloom
termination.

A comparison in floristic shifts and size-classes of
phytoplankton contributing to each Fe-stimulated
assemblage identifies some similarities and differ-
ences among HNLC regions. In SERIES, there were
significant initial increases in abundances of pico-
phytoplankton, nanophytoplankton, and microphy-
toplankton, as observed in the other Fe enrichment
experiments. Although diatoms appeared to dom-
inate the final phytoplankton composition, the
extent of diatom dominance differed among experi-
ments. In the Southern polar region, the initially
rare diatoms clearly exhibited the greatest response
to Fe, yet final chl a concentrations were equally
distributed between diatom and non-diatom phyto-
plankton species. Conversely, during SERIES and
SEEDS, microphytoplankton comprised 86% and
95%, respectively, of total chl a. Therefore, the final
algal composition in post-Fe enrichments is likely to
be influenced by a number of factors, including
initial phytoplankton assemblage, specific growth
rates, selective grazing pressures and other limiting
variables such as light and macronutrients. As these
factors often vary both spatially and temporally,
each subsequent Fe enrichment event may yield a
different phytoplankton assemblage. Because dif-
ferent phytoplankton groups have distinct physio-
logical and biochemical attributes, shifts in
phytoplankton species composition may differen-
tially influence coupled biogeochemical processes
such as nutrient cycling, C export and sea-to-air gas
exchange.

4.4. Diatom carbon export potential

The fate of an Fe-induced phytoplankton bloom
is highly dependent on the size and species
composition of the enhanced particulate organic
matter, its ability to exit the euphotic zone and the
resulting transformation of such particles in transit
to the deep ocean (Boyd and Newton, 1995). These
factors will determine the efficiency of the transport
of photosynthetically fixed C from the surface to
ocean depths, i.e. the biological pump (Volk and
Hoffert, 1985). In many open ocean regions where
diatoms make up a small fraction of the phyto-
plankton biomass, sediment trap analyses provides
evidence that these large cells contribute a high
proportion to downward PC fluxes (Boyd and
Newton, 1999). Diatoms are effective transporters
of C out of the euphotic zone due to their fast rates
of sinking and slower rates of remineralization when
compared to other algal groups (Buesseler, 1998).
Among diatom genera, there exists a wide range of
sizes and cellular elemental compositions that
drastically influences their capacity as potential
vectors for C export. Therefore, a detailed assess-
ment of the change in phytoplankton species, as well
as their elemental composition, is required to fully
elucidate their C export potential.

With respect to the second tenet of the Fe hypo-
thesis (the influence of marine primary productivity
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on global climate), determining the extent of C
sequestration during an Fe-induced bloom is
critical. During SERIES, the concomitant increase
in PC and chl a concentrations in the patch clearly
portrayed the enhancement of C export potential.
Similarly, export fluxes of PC, primarily composed
of diatoms to depths below the patch, were clearly
evident 24 days after the first Fe enrichment (Boyd
et al., 2004). Due to the large range in cellular chl a

and C contents among diatoms, cell abundance may
not be a good indicator of C export potential.
Therefore, C biovolume is a more applicable
measure of a particular diatom’s ability to sequester
C. During SERIES, the large centric diatoms
Rhizosolenia and Probiscia, as well as the large
pennate diatom Thalassiothrix, did not dominate
the bloom numerically. However, since these
diatoms are much larger than Pseudo-nitzschia,
Neodenticula and Chaetoceros, these large diatoms
did comprise a significant amount of algal C. Thus,
although pennate diatoms were most abundant,
when peak populations of major diatom genera
were converted to biovolume, centric diatoms
contributed the majority of algal C to the bloom.

5. Summary

The outcome of SERIES confirmed that allevia-
tion of Fe limitation in the NE subarctic Pacific
during summer months results in an increase in
phytoplankton biomass and a shift in assemblage
from pico- and nanophytoplankton to large dia-
toms. The first ecological phase of the phytoplank-
ton bloom began with an increase in growth of all
phytoplankton size-classes as well as a decrease in
PC: chl a ratios in both small (o5 mm) and large
(X5 mm) cells. By day 10, smaller phytoplankton
size-classes had peaked with picophytoplankton
dominated by Synechococcus spp. and nanophyto-
plankton dominated by Prymnesiophyceae (includ-
ing coccolithophorids). In the second phase, both
the biomass and abundance of smaller phytoplank-
ton decreased rapidly, whereas microphytoplankton
biomass continued to increase up to day 18. At this
time, PC: chl a ratios in the small cells increased
markedly, whereas in the large cells, PC: chl a ratios
continued to decrease. Although pennate diatoms,
such as Pseudo-nitzschia spp. and N. seminae were
most numerically dominant, when converted to
biovolume, centric diatoms contributed the majority
of the algal C biomass during the bloom. The
enhanced phytoplankton biomass, primarily within
fast-sinking diatoms, suggests an increased capacity
for C sequestration by Fe enrichment, although the
long-term fate of this C remains uncertain.
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