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As part of E-Flux III cruise studies in March 2005, we investigated phytoplankton community dynamics

in a cyclonic cold-core eddy (Cyclone Opal) in the lee of the Hawaiian Islands. Experimental incubations
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were conducted under in situ temperature and light conditions on a drift array using a two-treatment

dilution technique. Taxon-specific estimates of growth, grazing and production rates were obtained

from analyses of incubation results based on phytoplankton pigments, flow cytometry and microscopy.

Cyclone Opal was sampled at a biologically and physically mature state, with an 80–100 m doming of

isopycnal surfaces in its central region and a deep biomass maximum of large diatoms. Depth-profile

experimentation defined three main zones. The upper (mixed) zone (0–40 m), showed little

compositional or biomass response to eddy nutrient enrichment, but growth, grazing and production

rates were significantly enhanced in this layer relative to the ambient community outside of the eddy.

Prochlorococcus spp. dominated the upper mixed layer, accounting for 50–60% of its estimated primary

production both inside and outside of Opal. In contrast, the deep zone of 70–90 m showed little evidence

of growth rate enhancement and was principally defined by a �100-fold increase of large (420-mm)

diatoms and a shift from Prochlorococcus to diatom dominance (�80%) of production. The intermediate

layer of 50–60 m marked the transition between the upper and lower extremes but also contained an

elevated biomass of physiologically unhealthy diatoms with significantly depressed growth rates and

proportionately greater grazing losses relative to diatoms above or below. Microzooplankton grazers

consumed 58%, 65% and 55%, respectively, of the production of diatoms, Prochlorococcus and the total

phytoplankton community in Cyclone Opal. The substantial grazing impact on diatoms suggests that

efficient recycling was the major primary fate of diatom organic production, consistent with the low

export fluxes and selective export of biogenic silica, as empty diatom frustules, in Cyclone Opal.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Although general understanding of open-ocean biogeochem-
istry and ecology has been greatly advanced by systematic study
over the past two decades, there are still major issues—e.g.,
discrepancies in net system auto- or heterotrophy and nutrient
sources for new production—that seem to defy explanation from
mean system measurements (e.g., Michaels et al., 1996; McGilli-
cuddy et al., 1998; Karl et al., 2003). Mesoscale eddies, as well as
waves and fronts of various kinds, have therefore emerged as
mechanisms of interest for explaining pulsed nutrient delivery,
ll rights reserved.

+1858 534 6500.

.

cryptic production and flux anomalies at scales that are difficult to
extract from classic sampling designs (e.g., McGillicuddy et al.,
1999; Siegel et al., 1999; Sakamoto et al., 2004). Eddies, in
particular, are common and often long-lived features of ocean
circulation with demonstrable, though highly variable, impacts on
phytoplankton production, biomass and community structure
(Allen et al., 1996; Froneman and Perissinotto, 1996; Tarran et al.,
2001; Bidigare et al., 2003; Vaillancourt et al., 2003). Despite
these general findings, however, we know very little about the
ecology of eddies as perturbed ecosystems, or the comparative
dynamics of component populations within their water columns.

The present study was designed to investigate the depth-
stratified responses of a subtropical phytoplankton community to
strong nutrient perturbation in a cold-core, cyclonic eddy. In
effect, the eddy was viewed as a large, relatively well-contained
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‘‘patch’’, not unlike those of open-ocean iron fertilization experi-
ments (Coale et al., 1996; De Baar et al., 2005), except that the
limiting nutrients were different and delivered at depth rather
than at the surface. In contrast to surface fertilizations, which
focus entirely on mixed-layer community responses, deep
nutrient delivery was expected to establish varying habitats in
the opposing gradients of light and nutrients that might select
differently for phytoplankton taxa according to their unique
preferences and rate characteristics. The bottom layer was also
of special biogeochemical interest since anticipated nutrient
enhancements of community size structure and biomass deep in
the water column might reasonably translate to more efficient
carbon export than production at the surface. Whether this occurs
or not depends, however, on the coupling of production, grazing
and remineralization processes (Landry et al., 2000b).

Our experiments were conducted in Cyclone Opal, a wind-
forced, first-baroclinic mode, cold-core eddy that spun up in the
lee of the Hawaiian Islands between the islands of Maui and
Hawaii and first appeared in satellite imagery on 18 February
2005 (Benitez-Nelson et al., 2007; Dickey et al., 2008). At the time
of our study in March, Opal was a large mature feature of
approximately 4–6 weeks age and 200–220 km diameter that was
moving northeast to southwest at a mean translational speed of
�8 km d�1. Isopycnal surfaces (sigma–t ¼ 24.1–24.4 kg m�3) in its
central core region of �30-km diameter had been uplifted
80–100 m relative to surrounding water (Nencioli et al., 2008),
and the deep-euphotic zone was dominated by a bloom of large
centric diatoms (Brown et al., 2008; Rii et al., 2008). Cyclone Opal

therefore, represented, quite literally, a natural ‘‘bottom-up’’
forcing of community structure and production of substantial
magnitude, and an excellent opportunity to compare the stimu-
latory impact of the eddy on contrasting phytoplankton assem-
blages in a stratified water column.
2. Materials and methods

2.1. In situ dilution experiments

In order to study the perturbation responses and dynamics of
the microplankton community in Cyclone Opal under in situ

conditions of temperature and light, we designed and scaled our
experiments so that they could be incubated attached to a
weighted line hanging from a free-drifting surface float. For each
array deployment, experimental incubations were conducted as a
depth profile spanning the range of the euphotic zone (from 10 m
to the depth representing an average of 0.5% of surface illumina-
tion, as determined in daytime light profiles from a CTD-mounted
PAR sensor; Rii et al., 2008). We conducted five sets of 24-h
incubation experiments in the center region of Cyclone Opal (IN
stations) from 16 to 21 March 2005. For comparative purposes,
three additional sets of experiments were conducted from 24 to
26 March at ‘‘control’’ (OUT) stations far removed from the eddy
influence.

The basic experimental design followed the two-treatment
dilution approach of Landry et al. (1984). For each set of
experiments, we collected water at seven depths (from 10 to
90–140 m) and prepared pairs of clear polycarbonate bottles (2.7
or 2.2 L) with whole seawater (100%) and 37% whole seawater
(diluted with 0.1-mm filtered seawater) at each depth. Seawater
was filtered directly from the Niskin bottles using a peristaltic
pump, silicone tubing and an in-line Suporcap filter capsule that
had previously been acid washed (10% trace-metal grade HCl
followed by Milli-Q and seawater rinses). Dilution treatment
bottles received pre-measured volumes of filtered water from
the collection depths, then both diluted and whole seawater
treatments were gently filled (silicone tubing below the water
level) with unscreened water from the Niskin bottles, alternating
flow into each bottle until they were both topped off at about the
same time. Each bottle was subsampled for flow cytometric (FCM)
analysis to confirm initial concentrations and volume dilutions.
The bottles were then tightly capped, placed in pairs into net bags
and clipped onto attached rings at the depth of collection on the
array line during deployment. For back-to-back array deploy-
ments, we recovered the initial set of experiments first, placed the
bottles and net bags in a dark, seawater-cooled deck incubator,
and set-up and deployed the second set of experiments before
taking final subsamples from the first set. All experiments were
started in the early morning and deployed prior to sunrise, the
total elapsed time from Niskin sampling to array deployment
taking about 1.5 h.

Samples were taken for pigment, flow cytometry and micro-
scopical analyses at the start and end of each experiment to
determine initial abundances and biomass concentrations for
component populations and to assess their rates of growth and
grazing losses in the dilution incubations. These analyses are
further described below.

2.2. HPLC pigment analyses

Phytoplankton pigments were analyzed by high-performance
liquid chromatography (HPLC) according to the methods of
Bidigare et al. (2005). Sample volumes of 1.7–2.1 L, depending
on other subsampling needs, were concentrated onto 25-mm
Whatman GF/F glass fiber filters. The filters were wrapped in
aluminum foil, frozen in liquid nitrogen and stored at �85 1C until
analysis. Pigments were extracted in 3 mL of 100% acetone in the
dark at 0 1C for 24 h. Canthaxanthin (50 mL in acetone) was added
as an internal standard in all samples. Prior to analysis, the
pigment extracts were vortexed and centrifuged to remove
cellular debris.

Subsamples were injected into a Varian 9012 HPLC system
equipped with Varian 9300 autosampler, a Timberline column
heater (26 1C), and Spherisorb 5mm ODS2 analytical column
(4.6�250 mm) and corresponding guard cartridge. Eluting peaks
were monitored with a UV/vis absorption diode array detector
(436 and 450 nm). Pigment identifications were based on
absorbance spectra, co-chromatography with standards and
relative retention time.

2.3. Community composition and biomass

FCM and microscopical assessments of microbial community
abundance and biomass were made as described by Brown et al.
(2008). FCM analyses distinguished population abundances of
heterotrophic bacteria, photosynthetic bacteria (Prochlorococcus

and Synechococcus spp.) and photosynthetic eukaryotes. Epifluor-
escence and inverted microscopy techniques were used to assess
abundances, sizes and biovolumes of auto- and heterotrophic
protists.

FCM samples (1 mL) were preserved with paraformaldehyde
(0.5% final concentration), flash frozen in liquid nitrogen and later
transferred to storage in a �85 1C freezer until analysis. Samples
were thawed and stained with Hoechst 34442 (1mg mL�1, final
concentration) for one hour at room temperature in the dark
(Monger and Landry, 1993; Campbell and Vaulot, 1993). Internal
standards of auto-fluorescent polystyrene beads were added to
normalize scatter and fluorescence signals. Populations were
analyzed with a Beckman–Coulter Altra flow cytometer equipped
with two argon ion lasers (1 W of 488 nm and 200 mW of UV
excitation). Scatter (side and forward), and fluorescence signals
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were collected using filters as appropriate, including those for
Hoechst-bound DNA, phycoerythrin and chlorophyll. Populations
were distinguished based on distinctive scatter and fluorescence
signals from listmode files (FCS 2.0 format, Expo32; Beckman–
Coulter) using FlowJo software (Tree Star, Inc., www.flowjo.com).
Carbon biomass estimates were computed from FCM measured
abundances using factors of 100 fg C cell�1 for Synechococcus and
32 fg C cell�1 for Prochlorococcus in the upper euphotic zone
(Landry and Kirchman, 2002), with up to a 2-fold increase in the
lower euphotic zone in proportion to increasing side scatter.

Protists, including diatoms and other eukaryotic phytoplank-
ton as well as non-pigmented single-cell heterotrophs (grazers),
were enumerated microscopically by methods optimized for
different size classes and groups. Cells o10 mm were analyzed
by epifluorescence microscopy (EPI at 400� ) on slides prepared
with paraformaldehyde-preserved samples (50 mL; 0.5% final
concentration) filtered onto 0.8-mm black polycarbonate filters
(Brown et al., 2003). Cells 410 mm also were analyzed by EPI
(250� ) on 250-mL samples preserved according to Sherr and
Sherr (1993) and filtered onto 8.0-mm polycarbonate filters. Both
preparations were stained with proflavin (0.33%) and the DNA-
specific fluorochrome DAPI (50 mg mL�1). EPI slides were imaged
and digitized on shipboard with an inverted Olympus IX71
microscope and MacroFire color camera. Counting and sizing
was automated with ImagePro software, and length and width
measurements were converted to biovolumes by applying appro-
priate geometric shapes. Cellular carbon estimates were calcu-
lated from biovolumes according to Eppley et al. (1970).

Diatoms, ciliates and other 420-mm protists also were
enumerated and sized by bright-field inverted microscopy on
settled, acid Lugol’s preserved (1% final concentration) samples
(Yang et al., 2004). For these analyses, biovolume-carbon conver-
sions for diatoms and dinoflagellates were based on Menden-
Deuer and Lessard (2000). Ciliate carbon estimates were based on
Verity and Langdon (1984) and Putt and Stoecker (1989) for
loricate and naked forms, respectively.
2.4. Growth, grazing and production estimates

Instantaneous rates of phytoplankton growth (m) and mortality
losses (m) to microzooplankton grazing were estimated from
dilution incubations according to Landry et al. (1984). For the
undiluted seawater treatment, the net rate of change (k) of any
given measured parameter (pigment or FCM population) is
k ¼ m–m. Assuming similar growth rate (m) in the diluted
treatment, the net rate of change kd ¼ m–x�m, where ‘‘x’’ ¼ the
fraction of natural grazer density in the dilute treatment (0.37 in
these experiments). From measured differences in the net rates of
population change in the two treatments, the two equations were
solved for the two unknowns, m and m.

m ¼ ðkd � kÞ=ð1� xÞ and m ¼ kþm

Net growth rate estimates k exceeded kd on a few occasions in
these analyses, typically toward the base of the euphotic zone
where the net rates and the population concentrations were both
low and difficult to measure. For these results, m was set as the
measured rate of change in the undiluted bottle, which was
assumed to represent a minimal reliable estimate of m since it
involved no experimental manipulation and had a higher
measurement signal than the dilute bottle. Using this alternative
means of determining m introduced a very slight positive bias in
the mean estimates of growth rates (e.g., 0.009 d�1 for total
chlorophyll a). The lack of nutrient-added treatments in the
experimental design may also mean that the computed rates
could be underestimates. We, however, did not observe a
systematic bias in comparing the results from 2-bottle in situ

experiments to several full dilution experiments with nutrient
treatments (e.g., Landry et al., 1998) that were done on shipboard.

Experimental estimates of m and m were used to compute
community and taxon-specific biomass rates of phytoplankton
production and grazing according to Landry et al. (2000b).
Production estimates (mg C m�3 d�1) were calculated as

PP ¼ mnC0ðe
ðm�mÞt � 1Þ=ðm�mÞt

where C0 is initial biomass in mg C m�3 and t ¼ 1 day. Similarly,
the biomass consumption of microzooplankton was computed as

PG ¼ mnC0ðe
ðm�mÞt � 1Þ=ðm�mÞt

From this, we estimated the biomass-specific ingestion rate of
microzooplankton feeding on phytoplankton (i.e., % body C
consumed d�1) as PG�100/BH, where BH is the estimated carbon
biomass of heterotrophic protists (mg C m�3). Lastly, we deter-
mined the biomass-specific clearance rate of heterotrophic
protists (volume cleared mg C�1 d�1) as m�BH

�1. Statistical tests
of rate differences from the experiments were made by the
non-parametric Mann–Whitney U test, double-sided (Tate and
Clelland, 1957).
3. Results

3.1. Community rate profiles

Community growth and grazing estimates from total chlor-
ophyll a (TChl a) were quite variable within and between
experimental incubations (Fig. 1). Mean coefficients of variability
(CV) were lower for OUT station estimates compared to IN
stations (e.g., CV ¼ 28% vs 40% for all experiments within depth
range averages of Fig. 2), and OUT stations were more coherent in
terms of mean estimates and pattern (e.g., m maxima in the lower
euphotic zone). Nonetheless, 4 of 5 IN profiles showed mid-
euphotic zone minima in growth rates around 60 m. For both IN
and OUT profiles, growth was generally in excess of grazing in the
mid-euphotic zone with occasional balances in near-surface and
deep incubations (Fig. 1).

Because of the variability in individual profiles, the differences
among IN and OUT stations are more fruitfully explored as
averages. In Fig. 2, for example, mean characteristics divide the
euphotic zone into upper and lower regions. The upper zone
includes experiments conducted at 10 and 30–40 m, roughly
defining the surface mixed layer. There were slight IN–OUT
differences in TChl a and phytoplankton biomass in this upper
layer, but growth rates were substantially and significantly
elevated at the IN stations (0.51 vs 0.31 d�1; 0.01opo0.05). In
contrast, growth rates showed little difference between IN and
OUT profiles in the lower layer (50–110 m), whereas phytoplank-
ton carbon and TChl a were both strongly elevated in the eddy.

3.2. Taxon-specific growth rates

Euphotic zone differences in growth versus biomass effects for
the phytoplankton community (Fig. 2) also extend to many of the
component populations. The photosynthetic bacterium Prochlor-

ococcus (PRO), for instance, showed an inconsistent biomass
response in the upper 40 m, with cell abundance slightly lower
and divinyl chlorophyll a (DVChl a, a diagnostic pigment of PRO)
slightly higher at IN versus OUT stations (Fig. 3). These differences
suggest an increase in cellular chlorophyll content at the IN
stations, one potential indicator of enhanced physiological state.
As a further indication of physiological enhancement, growth
rates (m) were clearly elevated within this upper zone in the eddy

http://www.flowjo.com
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Fig. 1. Depth profiles of phytoplankton growth (m) and microzooplankton grazing (m) for in situ dilution incubations in the central region of Cyclone Opal (IN) and at control

stations (OUT). Experiment numbers and dates as indicated; no experiments were conducted on IN day #4. Rate estimates are based on measured changes in TChl a.
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relative to control stations as estimated either by DVChl a (0.64 vs
0.38 d�1; p ¼ 0.01) or by cell abundance (0.68 vs 0.45 d�1;
p ¼ 0.05). Both cell abundance and growth rates dropped
precipitously below 60 m for PRO at the IN stations, whereas
OUT stations showed maxima in DVChl a, cells and m in the depth
range of 90–110 m (Fig. 3). Peaks in DVChl a, PRO cells and growth
rate were shifted upwards by 50–60 m in Cyclone Opal relative to
OUT profiles. Abundance and pigment peaks were lower in the
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eddy, as were depth-integrated totals for the euphotic zone
compared to OUT stations.

Complementary analyses by HPLC and FCM methods in Fig. 3
provide a rare opportunity to directly compare PRO growth rates
estimates from DVChl a and cell abundance in a significant set of
dilution experiments spanning the entire euphotic zone and
incubated under in situ conditions. The profile patterns differ
somewhat in detail, but show overall good agreement in terms of
mean rates and the salient differences between IN and OUT
stations. In further analyses of production patterns below, we use
m estimates from DVChl a as the more reliable measure of PRO
growth rate because they are based on samples of a more robust
size (2 L vs 100 mL) and therefore exhibit less variability. The
pigment-based analyses also minimize complications in distin-
guishing very dim cells by FCM in the upper layer.

Compared to PRO, diatoms were strongly enhanced as pigment
and biomass in the mid- to lower euphotic zone of Cycle Opal

relative to their negligible background concentrations at control
sites (Fig. 4). No clear pattern emerged for IN–OUT differences in
mean diatom growth rate. We note, however, that the diatom
growth rate profile for IN stations shows a mid-depth minimum
(0.20 d�1) at 50–65 m, which is significantly different from mean
growth rates in shallower (0.54 d�1, 10–45 m; po0.01) and deeper
(0.53 d�1, 70–90 m; po0.01) waters. This zone of apparent low
diatom growth corresponds to the upper shoulder of the diatom
biomass increase with depth. In contrast, the depth range of peak
diatom carbon and pigments at 70–90 m is a zone of relatively
high growth rate.

Taken together, the biomass of all ‘‘other’’ phytoplankton
(i.e., after PRO and diatom carbon contributions were subtracted
from the total) was not markedly different between IN and OUT
stations, with the IN profile looking like little more than a 50-m
shoaling of the OUT profile (Fig. 5). Among the taxa that comprise
these ‘‘other’’ phytoplankton, prymnesiophytes and pelagophytes
(as indicated by diagnostic pigments 190-HEXanoyloxyfucox-
anthin and 190-BUTanoyloxyfucoxanthin, respectively) showed
growth rate enhancement in the upper euphotic zone, extending
into the diatom maximum zone for BUT (upper panels, Fig. 5).
Growth rates based on FCM analyses of picoeukaryotes (PEUKs)
were consistent with these pigment inferences, both in terms of
general magnitude and upper-layer enhancement. However, the
PEUK estimates were noisy because their numbers were relatively



ARTICLE IN PRESS

0
0

30

60

90

120

150

FUCO (ng L-1)

IN
OUT

D
ep

th
 (m

)

0
0

30

60

90

120

150

Diatom Biomass (mgC m-3)
0

0

30

60

90

120

150

Growth Rate (d-1)

100 200 300 20 40 60 0.3 0.6 0.9 1.2

Fig. 4. Mean depth profiles for fucoxanthin (FUCO), diatom carbon biomass and growth rate estimates for diatoms from in situ dilution incubations conducted IN and OUT

of Cyclone Opal. Growth rate estimates are based on FUCO. Error bars are standard deviations.

M.R. Landry et al. / Deep-Sea Research II 55 (2008) 1348–1359 1353
low and the volumes analyzed (100 mL) small. The same also can
be said for SYN rate estimates from flow cytometry. This does not
explain, however, the curious result of decreased SYN growth rate
in the upper layer of Cyclone Opal versus estimated rates at the
OUT stations.
3.3. Phytoplankton production

Production estimates from the dilution experiments are
essentially the product of growth and biomass measurements,
and therefore combine these two effects when comparing IN
and OUT experimental results. Thus, it is not surprising that
production estimates were enhanced throughout the euphotic
zone of Cyclone Opal, and particularly so in the deep layer of high
diatom biomass and growth rate (Fig. 6). Maximum rates in
the 60–70 m depth range are 20–30 mg C m�3 d�1, exceeding
production estimates at OUT stations by 4–6 fold. PRO contributed
about 50% of total production in the upper euphotic zone for both
IN and OUT stations. However, this contribution dropped sharply
in the eddy below the mixed layer, whereas it continued to
increase in importance with depth in the OUT stations, accounting
for 65–70% of total phytoplankton production in the 70–90 m
depth range.

Diatom contribution to phytoplankton production was en-
hanced throughout the eddy euphotic zone, but maximal effects,
exceeding 80% of production, were clearly in the 70–90-m depth
horizon (Fig. 6). The diatom dominance of this zone in the eddy
provides a particularly sharp contrast to PRO dominance of the
depth range in ambient waters. The two groups essentially
switched their dominance and background roles in the nutrient-
perturbed portion of the eddy’s euphotic zone.

Viewing the IN station production results as a time-series
underlines the point that the eddy-induced diatom bloom was
in a state of decline throughout most of the period of observation
(Fig. 7). Initial depth-integrated production in Cyclone Opal was
about 3 times higher than OUT-station estimates. Over the course
of six days, however, eddy production fell to ambient values,
although the contributions of diatoms and PRO had not yet
adjusted to the mean characteristics of OUT stations. Peak
estimates of integrated diatom production were 44-times higher
than mean ambient values, and the highest diatom production in
the region of high biomass exceeded mean background levels by
more than a factor of 200.

3.4. Grazing relationships

Grazing rate estimates for total phytoplankton, PRO and
diatoms (from TChl a, DVChl a and fucoxanthin (FUCO) pigments,
respectively) largely reflected production rate patterns, with
consumption of PRO strongest in the upper euphotic zone of
Cyclone Opal and diatom consumption dominant in the lower
euphotic zone (Fig. 8, upper panels). On a depth-integrated basis,
microzooplankton consumed 55% of total phytoplankton produc-
tion in the eddy and 60% at OUT stations (Fig. 8, lower left). On
average, depth-integrated estimates were slightly higher for PRO,
and similar between IN and OUT profiles (65% vs 63%, respec-
tively; Fig. 8, lower middle). The percentage of diatom production
grazed was also similar for the upper 60 m of IN and OUT profiles
but diverged sharply below, with OUT stations showing higher %
grazing of deep living diatoms and the IN profiles, indicating
markedly depressed grazing (mean �40% of diatom production) in
the depth range of high concentration (Fig. 8, bottom right).
Overall, 58% of depth-integrated diatom production was grazed IN
Cyclone Opal and 75% at OUT stations.

As also noted by Brown et al. (2008), the biomass of
microzooplankton grazers was enhanced in Cyclone Opal, and
the increase was more or less uniformly distributed over the
euphotic zone (Fig. 9). In the upper mixed layer, grazing impact
increased in proportion to increased grazer biomass such that
biomass-specific ingestion and clearance rates were virtually
identical between IN and OUT stations. This was not the case,
however, in the diatom-rich lower euphotic zone, where biomass-
specific consumption rates approximately tripled (from �50% to
150% body C d�1) even as clearance efficiency decreased relative
to OUT stations (Fig. 9).
4. Discussion

Cyclone Opal was a significant eddy in terms of its size
(200–220 km diameter) and perturbation of the water-column
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density structure. The sigma–t density surface of 24 kg m�3

occurred at �50 m depth on average, and as shallow as 42 m, in
the eddy core, uplifted from depths of �130–150 m in surrounding
waters. As expected for a nutricline displacement of this
magnitude, plankton biomass, productivity and community
composition in the mid- to lower euphotic zone of Cyclone Opal

were profoundly impacted by the massive input of new nutrients.
However, only subtle nutrient enrichment effects extended into
the mixed layer, creating highly contrasting systems in the upper
and lower euphotic zones.

Cyclone Opal is, to our knowledge, the first oceanic mesoscale
eddy whose microplankton community has been studied with
experimental techniques designed to reveal the depth variability
of process rates and taxon-specific contributions to community
dynamics and production. In the discussion below, we highlight
the contrasting dynamics of Prochlorococcus and diatoms in the
eddy depth profiles. Prochlorococcus (PRO) is the archetypical
primary producer in the oligotrophic open ocean. Large chain-
forming diatoms typically dominate nutrient-enriched conditions
in turbulent shallow mixed layers. Although these very different
phytoplankters occupy extreme ends of the ecological spectrum
for ocean variability, each was significantly enhanced by the eddy
but dominated a different region of the stratified water column.
4.1. Experimental constraints, tradeoffs and interpretations

Because the light and temperature regimes experienced by
phytoplankton in the lower euphotic zone are difficult to
reproduce in shipboard incubators, it was critical to the
comparison of process rates to conduct our experiments under
in situ conditions. We therefore, adapted a compact version of the
dilution technique (Landry et al., 1984) for this study, using only
two unreplicated treatments per depth.

In previous experience with this technique in the central
equatorial Pacific (December 2004), we evaluated its experimental
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variability from the results of triplicate experiments run on
19 occasions, where each experiment was prepared from water
collected and processed independently from separate water
bottles (i.e. not pseudoreplicates). This large data set gave mean
standard deviations of 0.07 and 0.10 d�1, respectively, for growth
(m) and grazing (m) estimates from the upper mixed layer
(Landry et al., 2005). The experiments also, however, gave
extraordinarily reproducible depth profiles of rate estimates from
stations separated days to weeks and 100s to 1000s of km apart.
It is therefore not clear whether the low variability in equatorial
waters can be ascribed to methodological precision or to the
uniformity and chemostat qualities of that ocean-upwelling
region. In comparison, the magnitude of variability in the
Cyclone Opal rate profiles (e.g., Fig. 1) was much more
pronounced. Given the highly stratified structure of the eddy core
region and its evolving characteristics during the study period, at
least part of the variability must reflect real day-to-day differ-
ences in the initial physiological states and environmental
circumstances at the depths and locations where the water
samples were taken. There is, however, no clear-cut approach for
distinguishing the contributions of different factors to the
variability observed.

In the absence of designed replication, interpretations of the
resulting data set were aided by averaging depth profiles for
experiments conducted on different days. This procedure is
conservative in smearing effects that evolved with time or depth
and in de-emphasizes the extreme contrasts that might be made
between IN and OUT stations. Nonetheless, it has the advantage of
focusing attention on statistically significant and spatially robust
effects that persisted over several days of study.
4.2. Phytoplankton dynamics in the upper mixed layer (0– 40 m)

Although the spatial gradients in Cyclone Opal were complex
and changing over the course of our study, we can, for the sake of
discussion, view the euphotic zone in the core region as divided
into three depth strata—the upper mixed layer, the deep euphotic
zone, and an intermediate layer of diatom senescence.

The upper mixed layer of Cyclone Opal averaged �40-m deep
and largely retained the community compositional characteristics
of surrounding waters throughout the period of study (Brown
et al., 2008). Mean mixed-layer TChl a concentration was slightly
higher in the eddy center than in ambient waters (Fig. 2), and
there were measurable, though modest, indications of eddy
entrainment of cooler and more saline water (Dickey et al., 2008).

Despite the lack of a strong biomass response, physiological
indices and rate estimates suggest that mixing or diffusion
provided some nutrient enhancement to the mixed layer. For
example, variable fluorescence (Fv/Fm) was stimulated at the base
of the mixed layer (40 m) in the eddy core (Bibby et al., 2008),
indicating a general physiological shift-up of the resident
phytoplankton assemblage there. The ratio of DVChl a to PRO
cells was elevated in the surface mixed layer of the eddy (Fig. 3),
and FCM analyses of PRO cells indicated a modest, though
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significant, 9% increase in cellular red fluorescence, a measure of
chlorophyll content, in Opal mixed-layer samples compared to
OUT stations. Growth rates of PRO and other small phytoplankton,
such as prymnesiophytes and pelagophytes, were significantly
elevated above ambient levels in the eddy mixed layer (Figs. 3 and
5), and grazing rates increased in proportion to the elevated
biomass of microzooplankton (Fig. 9). These effects are similar in
many respects to observations of enhanced physiology and
turnover rates of pico- and nano-phytoplankton in open-ocean
fertilization experiments. In IronEx II, for example, there was little
evidence of an iron fertilization effect on biomass or composition
of cells less than 10 mm (Landry et al., 2000a), but their growth
rates and physiological states were clearly stimulated (Cavender-
Bares et al., 1999; Landry et al., 2000b; Mann and Chisholm,
2000).

Diatom biomass increased in the mixed layer of Cyclone Opal

by about 1 mg C L�1, which significantly (po0.01) increased the
contribution of diatoms to total community production in this
layer (Fig. 6). In other respects, however, the Opal mixed layer was
remarkable in terms of its stimulation of the entire phytoplankton
community such that the dominance and relative contribution of
PRO to total community production (�50%) remained virtually
unchanged (Fig. 6). In effect, nutrients infused into the surface
layer of Cyclone Opal appear to have been locked into the cycle of
rapid turnover and recycling characteristic of oligotrophic waters
like the subtropical North Pacific.
4.3. The intermediate zone (50– 60 m)

Deep isopycnals (sigma–t ¼ 24 kg m�3) from 130 to 150 m in
surrounding waters were uplifted to 50–60 m in Cyclone Opal,
between the base of the mixed layer and the deeper diatom
maximum. Being a depth zone of greater light intensity (5–10% of
surface) than the waters below, it is the logical place for a diatom
bloom to have started in response to the input of new nutrients.
The residual assemblage of senescent diatoms provides evidence
of that early history. We also can reasonably surmise that diel or
day-to-day variability in the depth of the overlying mixed layer
would have eroded the boundary between these strata to bring
some nutrients and diatoms into the upper waters (along with the
modest temperature and salinity signals observed). The dynamics



ARTICLE IN PRESS

0
0

30

60

90

120

150

Biomass (mgC m-3)

IN

OUT

D
ep

th
 (m

)

MicroZoo

0
0

30

60

90

120

150

Grazing (% MicroZoo C d-1)
0

0

30

60

90

120

150

Clearance (L mgC-1 d-1)
5 10 15 20 40 80 120 160 200 20 40 60 80 100

Fig. 9. Mean depth profiles for microzooplankton biomass and grazing rates from in situ dilution incubations conducted IN and OUT of Cyclone Opal. Grazing estimates are

presented as percent of microzooplankton carbon consumed (% MicroZoo C d�1) and as biomass-specific clearance rates (L mg C�1 d�1). Error bars are standard deviations.

M.R. Landry et al. / Deep-Sea Research II 55 (2008) 1348–1359 1357
of this zone are therefore linked to those of both the upper and
lower euphotic zones.

In the present study, the 50–60 m depth range was defined by
strong gradients. Concentrations of pigments and phytoplankton
biomass increased with depth through this region, while growth
rate estimates generally declined (Figs. 2–5). These gradients
mark a strong transition from Prochlorococcus dominance of
primary production in surface waters and diatom dominance of
the deep euphotic zone (Fig. 6). PRO cell abundance was not
notably depressed in this transition zone relative to the mixed
layer, but growth rates dropped sharply with depth (Fig. 3).
However, while PRO growth rates declined more-or-less mono-
tonically through the deep euphotic zone, the intermediate zone
represented only a local minimum in diatom growth.

Low growth rates of diatoms in the 50–60 m depth range are
consistent with the observations of senescent diatoms and empty
frustules in this layer (Brown et al., 2008). Benitez-Nelson et al.
(2007) and Rii et al. (2008) have suggested that the unhealthy
state of diatoms in this stratum was likely due to very low
concentrations of dissolved silicate (i.e., Si limitation). Nencioli
et al. (2008) have further proposed that 70 m is approximately the
lower depth at which the core region of Cyclone Opal behaved as a
‘‘closed’’ system, cut off from nutrient replenishment from radial
flows along isopycnal surfaces as the eddy moved from north to
south. Microzooplankton grazing was not significantly elevated in
this stratum, but given the depressed growth rates of diatoms, it is
the only portion of the euphotic zone where microzooplankton
grazing on diatoms was in balance with diatom growth (mean m
and m ¼ 0.23 and 0.21 d�1, respectively). Thus, additional losses of
cells to sinking or mesozooplankton grazing would make it a zone
of net diatom decline.
4.4. The lower euphotic zone (70– 90 m)

In marked contrast to the upper mixed layer, the lower
euphotic zone of Opal exhibited a strong signal in biomass
accumulation, dominated by large centric diatoms, especially
Chaetoceros and Rhizosolenia spp. (Brown et al., 2008). Diatom
biomass was maximum at about 70 m, but growth rates were
substantial, averaging 0.51 d�1, throughout the depth range of
70–90 m. In their ‘‘open-bottom, horizontally leaky’’ hypothesis
for Cyclone Opal physical flows, Nencioli et al. (2008) highlight the
70–90 m depth strata as the place where horizontal water
exchange, and nutrient refreshment (from �150 m in surrounding
waters), could occur along density surfaces (sigma–t ¼ 23.6–
24.2 kg m�3) as the eddy moved. The faster growth and better
physiological condition observed for diatom cells in this depth
range may therefore reflect special physical circumstances in this
stratum rather than the transient state of a bloom that is gradually
working its way deeper in the euphotic zone. Nonetheless, since
light intensities were relatively low from 70 to 90 m (typically
1–5% of incident PAR), measured growth rates were likely well
below physiological potential, reflecting the tradeoffs between
declining light and increasing nutrients with depth. In compar-
ison, Landry et al. (1998) found a growth rate of 2.7 d�1 for a
surface bloom of Chaetoceros curvisetus during SW Monsoon
upwelling in the Arabian Sea.

In order to accumulate the deep maximum of diatom biomass
observed in Cyclone Opal, �100 times background levels, diatom
growth rates must have exceeded loss processes for a significant
period of time prior to our arrival. This likely occurred as sharp
decoupling of growth and grazing during the initial response of
large diatoms to the doming of nutrient-rich isopycnals into the
euphotic zone. Population seeding of the deeper (70–90 m) layer,
and perhaps the sinking of significant biomass, also may have
occurred as nutrients became depleted in overlying waters. Even
during our relatively late period of observation when diatom
biomass was declining, microzooplankton grazing rates on
diatoms were lowest as a percentage of growth and production
in the deep layer of high diatom biomass than elsewhere in the
euphotic zone (Fig. 8). Similarly, the apparent efficiency of
microzooplankton grazing on phytoplankton, estimated as bio-
mass-specific clearance rate, was depressed throughout the depth
range dominated by diatoms compared to control sites (Fig. 9).

Cyclone Opal was unique among previously observed eddies in
the lee of the Hawaiian Islands in producing a dramatic response
of large diatoms, as opposed to dinoflagellates or prymnesio-
phytes (e.g., Bidigare et al., 2003; Vaillancourt et al., 2003). As
suggested by Rii et al. (2008), this may have more to do with
conditions (e.g., a large, rapid nutrient perturbation) that select
for large diatoms over the small phytoplankton that more
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typically characterize the oligotrophic open ocean. The phyto-
plankton dynamics of Hawaiian lee cyclones may therefore be set
by spin-up conditions rather than following a fixed pattern of
succession defined by eddy age (Sweeney et al., 2003). The present
results are relevant to this discussion because they show two very
distinct community responses existing at the same time in the
same eddy separated by only 30 m of water column.
4.5. Microzooplankton grazing and the fate of diatom production

Microzooplankton consumed 55% of total phytoplankton
production in Cyclone Opal and 59% at control (OUT) stations.
Both estimates are low compared to the global average of grazing
impact from dilution experiments (67% of PP), and the mean for
open-ocean tropical systems (75% of PP; Calbet and Landry, 2004).
It is significant, however, that grazing pressure was similar in
magnitude for large diatoms (58% of PP) as for the whole
phytoplankton community and not very different, as a proportion
of PP consumed, between IN and OUT stations. The relative role of
microzooplankton in the trophic ecology in Cyclone Opal was
therefore surprisingly similar to adjacent subtropical waters.
Diatom growth was, however, more decoupled from grazing in
the deeper euphotic zone of Opal, with microzooplankton
consuming only �40% of production at depths X70 m (Fig. 8).
The higher water-column average included the substantial
biomass of slower-growing diatoms at 50–60 m (Fig. 4), where
mean growth and grazing rates were in reasonable balance (0.23
versus 0.21 d�1).

Large (450mm) ciliates and dinoflagellates, the most likely
protistan grazers of diatoms, were �3-times higher than ambient
biomass levels in the diatom-enriched regions of Cyclone Opal

(Brown et al., 2008). Such consumers capture and process their
food as individual prey items and produce individual empty
frustules as a by-product of grazing (Jacobson and Anderson,
1993; Jeong et al., 2004). Their particulate egesta have therefore
quite different implications for organic export of diatom produc-
tion compared to alternative loss processes, such as the large
organically dense fecal pellets of metazooplankton grazers or the
mass settling of intact cells as aggregates (e.g., Sarthou et al.,
2005). The comparable grazing impacts of microzooplankton in
Opal and ambient waters suggest that, even in its perturbed state,
the eddy remained a system in which tight trophic coupling and
efficient recycling may have suppressed export. As noted by
Benitez-Nelson et al. (2007), this interpretation is consistent with
lack of a strong export signal from the eddy as measured by 234Th
and sediment trap methods, with the disproportionate export of
biogenic silica as intact empty diatom frustules in sediment traps
(Rii et al., 2008), and with the large accumulation of dissolved
organic carbon in the deep euphotic zone. Since microzooplank-
ton grazing does not account for all of the production measured in
our experiments, or explain the substantial decline in diatom
standing stocks that was observed during our study (Fig. 7), we
cannot exclude the possibility that more cryptic processes such as
viral infection or autolysis (Brussard et al., 1997) may have
contributed to the bloom decline and thus also to more efficient
recycling within the eddy. However, if such processes dominated,
significant net positive growth would not have been observed in
our incubation bottles.

High microzooplankton grazing on diatoms is not a unique
feature of Cyclone Opal. Comparable results (450% of diatom
production or more) have been reported for diatom-favorable
conditions such as SW Monsoon upwelling in the Arabian Sea
(Brown et al., 2002), the iron-stimulated phytoplankton bloom of
IronEx II (Landry et al., 2000a, b) and retreating ice-edge blooms of
the Antarctic Polar Front (Landry et al., 2002). Microzooplankton
protists as major grazers of diatom production therefore may be
more a general characteristic of open-ocean ecosystems than a
novel result of this study. The difference in Cyclone Opal is the
presence of a significant biomass of large diatoms relatively deep
in the euphotic zone. Whereas the vacant frustules of small
diatoms may typically remain in suspension in well-mixed surface
layers and be remineralized and reutilized in place (Bidle and
Azam, 1999; Brzezinski et al., 2001), the frustules from Opal were
sufficiently large and spatially detached from the mixed layer to
make their way into sediment traps at 150 m largely devoid of
accompanying organic material (Rii et al., 2008). Assuming that
dissolved silicate ultimately serves as constraint to diatom
production, the selective export of particulate biogenic silica
greatly diminishes the amount of organic matter that a system
such as Opal can export.
5. Conclusion

Experimental studies of microplankton community growth
and grazing interactions in Cyclone Opal revealed both a rich
spatial complexity to the community response and unexpected
implications for the coupling of rate processes. Hawaiian wind-
generated, first-baroclinic mode eddies such as Cyclone Opal can
clearly stimulate growth and production of dominant members of
the ambient subtropical phytoplankton as well as large exotic
diatoms. These results are consistent with the hypothesis that the
rates and magnitudes of new nutrient delivery to the euphotic
zone have more effect on the resulting community response than
the chronological age or phase of an eddy (Rii et al., 2008). Within
Cyclone Opal, alternative community responses co-existed in time
as spatially separated zones of the same water column. Thus, one
can imagine a spectrum of intermediate growth conditions that
would select for other taxa, irrespective of eddy age. Although
protistan microzooplankton are known to graze heavily on
diatoms under certain conditions, their implied ability to cause
inefficient export from a substantial accumulated biomass of large
diatoms deep in the euphotic zone was an unexpected outcome of
this study. We advance strong grazing coupling as a hypothetical
explanation for the low export measured from Cyclone Opal, but a
full understanding of the fate of production in Cyclone Opal needs
to account for the observed rates of population decline, measured
growth rates and grazing contributions of micro- and mesozoo-
plankton, direct sinking, and potential losses to lateral exchange.
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