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The Costa Rica Dome (CRD) is a unique open-ocean upwelling system, with picophytoplankton dominance of phyto-
plankton biomass and suppressed diatoms, yet paradoxically high export of biogenic silica. As a part of Flux and Zinc
Experiments cruise in summer ( June–July 2010), we conducted shipboard incubation experiments in the CRD to
examine the potential roles of Si, Zn, Fe and light as regulating factors of phytoplankton biomass and community
structure. Estimates of photosynthetic quantum yields revealed an extremely stressed phytoplankton population that
responded positively to additions of silicic acid, iron and zinc and higher light conditions. Size-fractioned Chl a

yielded the surprising result that picophytoplankton, as well as larger phytoplankton, responded most to treatments
with added silicic acid incubated at high incident light (HL þ Si). The combination of Si and HL also led to increases
in cell sizes of picoplankton, notably in Synechococcus. Such a response, coupled with the recent discovery of significant
intracellular accumulation of Si in some picophytoplankton, suggests that small phytoplankton could play a potentially
important role in Si cycling in the CRD, which may help to explain its peculiar export characteristics.
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I N T RO D U C T I O N

The Costa Rica Dome (CRD) is a seasonal upwelling
feature located at the eastern end of the thermal ridge
that separates the westward North Equatorial Current
(NEC) and the eastward North Equatorial Counter

Current (NECC) (Fiedler, 2002). It generally forms
around 98N and 908W in early spring when the eastward
moving NECC impinges on the coast of Central
America and deflects northwards causing a redistribution
of mass (Wyrtki, 1964). Although there is disagreement as
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to the exact physical processes responsible for the forma-
tion of the CRD (Hofman et al., 1981; Umatani and
Yamagata, 1991), Fiedler (Fiedler, 2002) has shown that
the CRD is a seasonal phenomenon that originates in
mid-spring along the coast of Costa Rica and subse-
quently strengthens under the influence of local wind-
driven divergence and cross-current flow.

During its active phase in summer, cyclonic circulation
and thermocline shoaling make CRD surface waters gen-
erally cooler and richer in inorganic nutrients compared
with adjacent waters of the eastern Equatorial Pacific
(EEP). Although typical in some respects to other tropical
upwelling regions, one unique feature of the CRD is its
exceptionally rich and diverse community of picophyto-
plankton, dominated by Synechococcus (SYN) (Li et al.,
1983; Saito et al., 2005; Gutiérrez-Rodrı́guez et al., 2014),
whose cell numbers exceed 1 � 106 cells mL21 (Li et al.,
1983) and are among the highest recorded for the global
oceans (Ahlgren et al., 2014). The dominance of SYN
in the CRD is in stark contrast to the nearby Peruvian
upwelling system (Bruland et al., 2005), where diatom bio-
mass exceeds that of SYN by 1–2 orders of magnitude.

Conditions that support the remarkably high densities
of SYN populations, while simultaneously suppressing
diatoms in the CRD are not well understood (Ahlgren
et al., 2014). It is known that cobalt (Co), an essential
element for SYN growth (Sunda and Huntsman, 1995;
Saito and Moffett, 2002), is present in exceptionally high
concentrations in the CRD as ligand-bound compounds
that are easily accessible to SYN (Saito et al., 2005). An
on-deck incubation experiment conducted by Saito et al.
(Saito et al., 2005) also confirmed that Fe was important
for SYN growth. Cell densities of SYN responded dra-
matically when Fe was added with Co, leading the
authors to conclude that SYN was co-limited by Co and
Fe. In a subsequent study, based mainly on hydrographic
and nutrient relationships in the CRD, Ahlgren et al.
(Ahlgren et al., 2014) concluded that a combination of
newly upwelled macronutrients, a warm and shallow
mixed layer, high concentrations of Co and a scarcity of
Fe and Mn all contributed to creating a special niche for
SYN, that is not well suited for diatom growth. In that
latter regard, one shipboard grow-out experiment con-
ducted by Franck et al. (Franck et al., 2003) in August 2000
indicated that large eukaryotic phytoplankton in the
CRD were limited by Fe and Zn. Zn in particular is che-
lated by strong ligands in seawater (Bruland, 1989;
Lohan et al., 2002), making it less available to diatoms
and other larger taxa (Leblanc et al., 2005).

In addition or in combination with Fe or Zn, it is pos-
sible that low Si could be a limiting resource for diatoms
or other phytoplankton in the CRD, as noted previously
in the EEP (Ku et al., 1995; Leynaert et al., 2001). As in

other HNLC regions, diatoms growing at low concentra-
tions of Fe in the EEP have relatively high Si:Nitrate
drawdown ratios (Hutchins and Bruland, 1998; Takeda,
1998), leading to Fe and Si co-limitation of diatom
growth in the EEP (Brzezinski et al., 2008, 2011). Baines
et al. (Baines et al., 2011) showed that while Fe limited the
growth of diatoms in the EEP, cell volumes and cellular
Si contents of diatoms increased significantly with Si
additions. Given the dominance of picophytoplankton
(notably SYN) in the CRD, along with the recent discov-
ery of significant Si concentration in SYN cells (Baines
et al., 2012), we hypothesize that Si may be broadly im-
portant as a limiting resource for smaller as well as larger
phytoplankton groups in this region.

As a part of Flux and Zinc Experiments cruise in
summer ( June–July 2010), we conducted shipboard in-
cubation experiments to examine the potential roles of
Si, Zn, Fe and light as regulating factors of phytoplankton
biomass and community structure in the CRD. Prior to
our cruise, no studies have examined the potential role of
Si as a regulator of phytoplankton communities in the
CRD. Cobalt was excluded from these experiments
because it is present in high concentrations in the CRD
(Ahlgren et al., 2014).

M E T H O D

Cruise details

Experiments were performed on board R/V Melville

from 21 June to 22 July 2010, during the summer period
when the CRD upwelling is generally most intense.
During the summer 2010, however, surface temperatures
in and around the CRD (.278C) were higher than
normal and the sky was overcast much of the time, the
aftermath of moderate El Niño conditions earlier in the
year. Although there have been no previous reports de-
scribing the role of El Niño events on the CRD, the
surface expression of the dome in terms of chlorophyll a

(Chl a) concentrations was substantially weaker than
observed in any other summer period over the decade
from 2004 to 2014 (Landry et al., 2016a), and satellite
coverage in general was poor. As a consequences, we
used transect sampling to locate the central dome region
of minimal temperature at 20 m (Fig. 1). Relative to the
central dome area, several sites were selected for process
studies (termed “Cycles”) of 4–5 days duration following
the path of a satellite-tracked surface drifter with a holey-
sock drogue centered at 15 m (Fig. 1).

Each cycle involved a coordinated series of water-column
sampling and process experiments to assess changes in
hydrography and composition of the plankton community
(Freibott et al., 2016; Gutiérrez-Rodrı́guez et al., 2016;
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Landry et al., 2016a; Taylor et al., 2016), micro- and meso-
zooplankton grazing, biogenic silica production and ma-
terial export (Décima et al., 2016; Krause et al., 2016;
Landry et al., 2016b; Stukel et al., 2016). Here, we report
the results of shipboard grow-out experiments under-
taken during Cycles 2, 3 and 4 (Fig. 1). Cycles 2 and 4
(�98N, 908W and �88N, 908W, respectively) were
located within the dome as evident by the presence of
cooler and denser waters and the shoaling of isotherms.
Cycle 3 was located in an open-ocean site at the north-
west edge of the dome.

Sample collection

At each cycle location (Fig. 1), water samples for the
grow-out experiments were acquired from a single depth
in the water column, usually in the morning of the
first day. Prior to collection of the seawater samples, a
Kimotow in situ FRRF equipped with a Biosphericalw

Instruments Inc. scalar Irradiance sensor (QS2200)
(Fujiki et al., 2011) was used to profile photosynthetically
active radiation (PAR) and the distribution of phytoplank-
ton biomass in the water column, and to establish the
photosynthetic competency of cells through measure-
ments of variable fluorescence (Fv/Fm) and sPSII. The
former is a measure of the maximum quantum yield of
photochemistry in PSII and characterizes the efficiency
of primary photosynthetic reactions; the latter is an esti-
mate of the functional absorption cross-section of PSII.
The maximum value of Fv/Fm is �0.65 in healthy algae
and usually decreases under stress conditions (Kolber
and Falkowski, 1993). Fv/Fm profiles were utilized to de-
termine the depth from which the natural communities
were sampled for the experiments. Our criteria were that
the phytoplankton community had to be from the upper

mixed layer with a reasonably high Chl a concentration
(.0.5 mg L21), but also show signs of stress (Fv/Fm
,0.4) as discernible from the Fv/Fm profiles to ensure
positive response to nutrient additions over the course of
the experiments. Using these criteria, we initiated experi-
ments with water collected from 12, 20 and 15 m, for
Cycles 2, 3 and 4, respectively.

Sample collection for the experiments was undertaken
with a SeaBirdw trace metal clean rosette, equipped with
a CTD sensor and eight 5-L Niskin bottles with external
Teflon-coated springs. When the rosette was back on
deck after water collection, the Niskin bottles were
detached, taken into a class 100 “clean” van and kept
under positive pressure with HEPA-filtered air. The
bottles were first sampled for initial concentrations of Zn,
Fe and Si, and then gently drained under low light into
several sets of pre-cleaned 1-L Nalgenew polycarbonate
bottles for the grow-out experiments described below.
Pre-cleaning of the bottles involved 3 weeks of soaking in
10% trace metal-free HCl, followed by several rinses with
deionized water.

Immediately after the trace metal clean cast, seawater
samples taken from an independent Niskin cast were
used to estimate nitrate (NO3), nitrite (NO2), phosphate
(PO4) and silicic acid [Si(OH)4] concentrations in the
water column. Nutrient samples were immediately frozen
and analyzed later at the nutrient laboratory of the
University of California, Santa Barbara on a Lachat
Instruments QuikChemw 8000 (Gordon et al., 1992).

Additionally, total Chl a (whole water), as well as nano
(2–20 mm) and picophytoplankton (,2 mm) Chl a, were
estimated from several depths in the upper �45 m of the
water column. For total Chl a analysis, duplicate sets of
whole water samples (250 mL) were filtered onto 25 mm
Whatmanw GF/F filters (nominal pore size 0.7 mm).
The filters were immediately transferred into disposable
cuvettes containing 10 mL of acetone. Chl a was
extracted at 2208C in the dark for 24 h. The extracts
were vortex mixed, brought to room temperature in the
dark, and quantified in a pre-calibrated Turner Designsw

model-10 fluorometer. To estimate Chl a in size fractions,
duplicate samples from each depth were pre-filtered
through a 20 mm pore size Nucleoporew filter. The fil-
trates were collected in a clean flask, and 250 mL
samples of each were then filtered through 25 mm
Whatmanw GF/F filters. Chl a captured on this filter
(,20 mm) was extracted and measured as described
above. The rest of the ,20 mm filtrate was further pre-
filtered through a 2 mm pore size Nucleoporew filter,
then collected on a GF/F filter to estimate picoplankton
(PICO, ,2 mm). Chl a attributable to the nanophyto-
plankton (NANO, 2–20 mm) fraction was computed as
the difference between Chl a values in the ,2 and

Fig. 1. Map of study region, showing transect (black dots) and cycle
stations (encircled black dots). Incubation experiments were undertaken
at Cycles 2, 3 and 4.
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,20 mm fractions. Chl a attributable to microplankton
(MICRO, .20 mm) was calculated as the difference
between Total Chl a and the ,20 mm fractions.

To aid in understanding the effects of Si, Zn, Fe and
PAR as regulators of phytoplankton community structure
in the CRD, we conducted two types of experiments.
The first set conducted during Cycles 2, 3 and 4 focused
on the synergistic effects of PAR and Si on phytoplankton
community composition and biomass, whereas the
second set during Cycle 3 was aimed at understanding
the individual effects of Si, Fe and Zn on phytoplankton
communities of the CRD.

Silicic acid and light experiments

For the light and Si amendment experiments, we quanti-
fied phytoplankton responses in terms of: (i) two size frac-
tions of Chl a (PICO and NANO þMICRO) and (ii)
flow cytometric (FCM) measurements of cell abundances
of Prochlorococcus (PRO), Synechococcus (SYN), picoeukaryotes
(PEUK) and nano þ microeukaryotes (MICRO-EUK)
and associated parameters such as Forward Light Scatter
(FLS), Side Scatter (SS), cellular Chl a and DNA content.
FCM analyses for SYN, PEUK and MICRO-EUK
were undertaken within 30 min of sample collection
using a Beckman-Coulterw XL, equipped with a 15 mW
488 nm argon ion laser and an Orionw syringe pump to
deliver 2.2 mL samples at a rate of 0.44 mL min21.
Fluorescence signals were normalized to 1.0 mm yellow–
green (YG) polystyrene beads (Polysciencesw Inc.,
Warrington, PA, USA). Listmode data files (FCS 2.0
format) of cell fluorescence and light-scatter properties
were acquired with System II software (Beckman-Coulter)
and further processed using FlowJow software (Tree Star,
Inc., www.flowjo.com).

Because the shipboard FCM was not sensitive enough
to detect dim PRO populations, additional subsamples
for FCM were preserved (0.5% paraformaldehyde, v/v,
final concentration) and frozen in liquid nitrogen on ship-
board, and stored at 2808C until shore-based analysis.
The samples were thawed and stained with Hoechst
33342 (1 mg mL21, v/v, final concentration) at room
temperature in the dark for 1 h (Monger and Landry,
1993). Aliquots (100 mL) were analyzed using a
Beckman-Coulter EPICSw Altra Flow Cytometer with a
Harvard Apparatus syringe pump for volumetric sample
delivery. Simultaneous (co-linear) excitation of the plank-
ton was provided by two water-cooled 5 W argon ion
lasers, tuned to 488 nm (1 W) and the UV range
(200 mW). The optical filter configuration distinguished
populations on the basis of Chl a (red fluorescence,
680 nm), phycoerythrin (orange fluorescence, 575 nm),
DNA (blue fluorescence, 450 nm) and forward and 908

side scatter signatures. Calibration beads (0.5 and
1.0 mm yellow–green beads and 0.5 mm UV beads) were
used as fluorescence standards. Listmode files were col-
lected using Expo32 software (Beckman-Coulter), and
then processed using the FlowJo software.

The stock solution of Si for the experiments was pre-
pared using Fisherw reagent grade Na2SiO3

.9H2O in
trace metal-free water. To remove trace metal contami-
nants, the solution was acidified to pH 2 with Sigma-
Aldrichw trace metal-free HCl, carefully passed through
a 20 cm column containing the sodium form of the
Chelex-100 chelating resin prepared using the method of
Davey et al. (Davey et al., 1970) and then collected in trace
metal-free Teflon (Nalgenew) bottles. The sodium form
of the Chelex resin is superior to the hydrogen- or the
ammonium-preconditioned resins as a trace metal ab-
sorbent, and it is also less prone to ammonium contamin-
ation (Davey et al., 1970). Our analysis of the Si-stock in
an auto-analyzer revealed no nitrate, nitrite or ammo-
nium contamination.

Duplicate bottles containing 1 L seawater from the
trace metal cast were prepared for each of the following
conditions: (i) HL2Control incubated at 100% of
ambient light with no Si addition (ambient light refers to
PAR measured at depth of sample collection); (ii) HL þ
Si (incubated at 100% of ambient light and spiked with
4 mM Si); (iii) LL2Si (incubated at 20% of ambient light
and no Si addition); (iv) LL þ Si (incubated at 20% of
ambient light and spiked with 4 mM Si).

After the amendments, the bottles were immediately
transferred into a plexiglass incubation tank and covered
with neutral density screens to simulate PAR at the
depths of sample collection. Incident light in the deck in-
cubator was measured with a Biospherical Instrumentsw

QSL 100 sensor. Temperature was regulated with con-
tinuously flowing sea water drawn from �3 m below the
surface. For the LL treatments, individual bottles were
placed in neutral density socks to further reduce light to
�20% of ambient levels.

Trace metal and silicic acid amendment
experiments

For the trace metal and Si amendment experiments con-
ducted during Cycle 3, duplicate sets of seawater samples
from the trace metal cast were amended as follows:

(1) þ2 nM Zn (added as zinc chloride);
(2) þ5 nM Fe (added as ferric chloride);
(3) þ4 mM Si; and
(4) Control (no micro or macro- nutrient additions).

Control and amended samples were quickly transferred
into the deck incubator covered with neutral density
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screening to bring light close to ambient levels. In this
experiment, both the control and the treated samples
were incubated under ambient light (HL) only. As soon
as the bottles were transferred to the incubation tanks,
subsamples of seawater from the trace metal cast were
filtered for initial measurements (Day 0) of whole, PICO-
and NANO þMICRO Chl a. In addition to size-
fractionated measurements of Chl a, changes in PRO,
SYN and PEUK and MICRO-EUK were monitored
using FCM analyses.

After Day 0, the bottles were sampled every second
day, at approximately the same time of the day, for 8 days
(10 days in the case of the trace metal and Si experi-
ments). Two experimental bottles from each treatment
were removed from the incubation tank and sampled for
Chl a and FCM analysis, as described above.

Previous studies have cautioned against running on-
deck incubations beyond 48 h, especially for small volume
incubation bottles (,250 mL), as experimental results
could potentially be confounded by “bottle effects”.
However, it has been shown that “bottle effects” can be
greatly reduced in long-term incubation experiments
through the use of larger incubation vessels (Li and
Harrison, 1982). Olson et al. (Olson et al., 2000), Lam
et al. (Lam et al., 2001), Tortell et al. (Tortell et al., 2002),
Lam et al. (Lam et al., 2001) and more recently Ryan-
Keogh et al. (Ryan-Keogh et al., 2013) all used larger
bottles (�1 L) and were able to observe significant stimu-
lation of photosynthesis and growth rates without the loss
of cell integrity in on-deck incubation experiments even
in those extending beyond 48 h. For our experiments, we
used 1 L polycarbonate bottles, and even after 6 days, we
were able to observe substantial phytoplankton growth as
increase in Chl a and cell numbers, with no loss in cell in-
tegrity as seen in FCM-derived cellular DNA content.

Statistical analyses

Tests for significance of differences in size-fractioned Chl
a between the control and treated samples in the grow-
out experiments were done using the repeated measures
analysis of variance test available in SigmaPlotw ver.13,
which allows for multi-pairwise comparisons of group
means. This analysis was restricted to data from Days 2
to 6, to minimize potential bottle artifacts over long in-
cubations. Before the statistical tests were undertaken,
the data were tested for normality and equality of their
variance distribution. All data sets that passed these tests
were tested for differences in the mean values among the
treatment groups using the Holm–Sidak pairwise mul-
tiple comparison procedure. Data sets that failed the
normality test were tested using the Friedman repeated
measurements analysis of variance test on ranks.

R E S U LT S

Environmental characteristics of the
three experimental cycles

Hydro-chemical and biological features during each
cycle experiment are described in detail elsewhere in this
issue (Landry et al., 2016; Selph et al., 2016; Taylor et al.,
2016). At each location, SSTs varied narrowly between
27.5 and 27.88C with the lowest value measured in Cycle
4 (Fig. 2a–c). Mixed-layer depths were very shallow
(12 m) at the start of Cycles 2 and 4 (Fig. 2a and c) and
�24 m in Cycle 3 (Fig. 2b). Average mixed-layer NO3 þ
NO2 concentrations were 2.5 mM in Cycle 2 (Fig. 2a)
and 1.4 and 1.7 mM (Fig. 2b and c) in Cycles 3 and 4, re-
spectively. Below the thermocline, NO3 concentrations
were in excess of 24 mM for all three cycles. Dissolved
PO4 concentrations in Cycles 2, 3 and 4 were 0.4, 0.3
and 0.3 mM, respectively, in the mixed layer (Fig. 2a–c)
and �1.9 mM below the thermocline. Average mixed
layer values for Si were slightly higher (3.3 mM) in Cycle
2 (Fig. 2a) when compared with Cycles 3 and 4 (2.5 and
2.9 mM, respectively) (Fig. 2b and c). Mixed-layer con-
centrations of Zn and Fe were very low for all cycles
(Vedamati, 2013; Chappell et al., 2016).

Fluorescence profiles (FL) indicative of Chl a distribu-
tion in the water column during Cycles 2 and 4 show
prominent subsurface fluorescence maxima (SSFM) at
32 and 38 m, respectively, below the mixed layer and in
the vicinity of the nutricline (Fig. 3a and c). Cycle 3,
however, lacked a well-developed SSFM (Fig. 3b). In all
three cycles, Fv/Fm profiles (Fig. 3a–c) reveal nutrient-
stressed phytoplankton (values of �0.4) in the mixed
layer, as well as in the SSFM. FRRF-derived sPSII
measurements were highest in phytoplankton just below
the sea surface, a sign of the reduced light harvesting
potential of resident phytoplankton cells. Interestingly
the highest values of Fv/Fm (�0.5) occurred below the
SSFM, indicative of phytoplankton populations whose
growth rates were in balance with the supply of nutri-
ents. These features of FRRF profiles were consistent
across the three cycles.

Average mixed-layer concentrations of total Chl a were
highest for Cycle 2 (0.28+ 0.02 mg m23), compared
with 0.23+ 0.03 and 0.16+ 0.01 mg m23 for Cycles 3
and 4, respectively. Within the SSFM, total Chl a concen-
trations were 0.46 and 0.31 mg m23 for Cycles 2 and 4,
respectively (Fig. 4a and c) and 0.27 mg m23 for Cycle 3
which lacked a prominent subsurface maximum (Fig. 4b).

Microphytoplankton accounted for a minor fraction of
phytoplankton community Chl a in the mixed layer for
all three cycles (Fig. 4a–c), except for Cycle 2 at 30 m
where it accounted for �36% (�0.18 mg m23 Chl a) of
total Chl a. In contrast, PICO accounted for 60% of total
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Chl a in Cycle 2. In Cycle 3, MICRO accounted for
,1% of total Chl a, which comprised roughly equal
amounts of nano- and picophytoplankton. In Cycle 4,

MICRO made up almost 72% of total Chl a just above
the SSFM, but above and below the SSFM, Chl a con-
centrations were dominated by NANO and PICO.

Fig. 3. Depth profiles of PAR (mmol m22 s21), Fv/Fm (unitless), sPSII (Å) and fluorescence (FL, Relative Fluorescence Units, proxy for Chl a).
Fv/Fm values of 0.4 in the water column are depicted by the vertical dashed line.

Fig. 2. Depth profiles of seawater temperature (8C), inorganic nitrate þ nitrite, phosphate and silicic acid (all mM) at the start of (a) Cycle 2,
(b) Cycle 3 and (c) Cycle 4.

J. I. GOES ET AL. j BIOLOGICAL RESPONSE OF CRD PHYTOPLANKTON

295



Ambient cell abundances of PRO (�2.2� 103 cells mL21)
did not vary appreciably among the three cycles. In con-
trast, SYN abundances varied .2-fold, from 2.7 �
103 cells mL21 in Cycle 2 to 6.8 � 103 cells mL21 in
Cycle 3, with intermediate values of 5.0 � 104 cells mL21

in Cycle 4. Total EUK abundances, including PICO,
NANO and MICRO-eukaryotes, showed moderate
(,2-fold) variability, with lowest values for Cycle 4
(0.85 � 104 cells mL21), highest for Cycle 3 (1.50 �
104 cells mL21) and intermediate for Cycle 2 (1.15 �
104 cells mL21) (Taylor et al., 2016).

Si enrichment and light amendment
experiments

Incident light levels measured at noon each day in the
deck incubators varied from 125 to 1250 mmol m22 s21.
This wide range reflected the day-to-day differences in
cloud cover, some days being exceptionally cloudy or
cloud-free. Results of Si and light amendment experi-
ments are presented in Figs 5–8, and the pair-wise t-tests
for significance of differences between treatments are
given in Tables I and II.

Cycle 2 results
Samples from Cycle 2 incubated in HL, with and
without Si addition, showed the most conspicuous in-
crease in PICO Chl a, particularly in the HL þ
Si-treated samples from 0.15 mg m23 on Day 0 to
0.48 mg23 by Day 6 (Fig. 5a). By Day 8, PICO Chl a

concentrations were 0.82 mg m23. Differences between

the HL þ Si-treated samples and the LL þ Si and
LL2Con samples were statistically significant at P � 0.1
(Table I). Differences were also observed in PICO Chl a

between the HL þ Si and the HL2Con samples
(Fig. 5a), but these differences were not statistically signifi-
cant. The NANO þMICRO fraction showed similar
results to the PICO-fraction, with the Chl a increase in
the HL þ Si-treated samples being significantly greater
than the LL-Con and the LL þ Si treatments (Fig. 5b,
Table I).

During Cycle 2, PRO concentrations increased
almost 4-fold from 2.5 � 103 cells mL21 on Day 0 to
9.2 � 103 cells mL21 on Day 2 in the Hi þ Si-treated
samples, declining thereafter (Fig. 5c). Prochlorococcus con-
centrations also increased in the HL-Con treatment from
Day 0 to Day 2 by �1.6-fold, declining on Day 4 but
increasing to 7.1 � 104 cells mL21 on Day 6. For SYN,
the highest increase was observed on Day 2 in the
HL-Con-treated samples, where cell concentrations
doubled to 5.4 � 104 from 2.7 � 103 cells mL21 on Day
0 (Fig. 5d). In comparison, the increase in SYN in the
HL þ Si samples, as well as in the LL þ Si and the
LL-Con treatments, was marginal. PEUK cell abun-
dances increased in the HL þ Si-treated samples from
1.12 � 104 on Day 0 to 3.5 � 104 cells mL21 on Day 6
(Fig. 5e). However, differences between the HL þ Si and
the other treatments were not statistically significant
(Table II). For MICRO-EUK also, the largest increase
from Day 0 cell numbers of 0.4 � 104 cells mL21 was
recorded on Day 6 (1.8 � 104 cells mL21) in the HL þ
Si-treated samples, and MICRO-EUK cell concentrations

Fig. 4. Depth profiles of whole water sample chlorophyll a (Total Chl a) and Chl a within the picoplankton, nanoplankton and microplankton
fractions. All values in mg m23.
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reached 2.9� 104 cells mL21 on Day 8 (Fig. 5f ).
MICRO-EUK increases in the other treatments were
marginal (Fig. 5f ). Despite perceptible differences among
treatments, especially for PRO, PEUK and MICRO-
EUK, these differences were not statistically significant.

FCM measurements of FLS, SS, Chl a and DNA ac-
companying the changes in cell numbers during Cycle 2
showed little change over the course of the experiments,
with two notable exceptions. First, for both PRO and
SYN populations, large increases in relative SS
(SS-treatment versus SS-control) were observed in the
HL þ Si treatments (i.e. 4.1 on Day 4 for PRO, and 4.4
on Day 6 for SYN). In comparison, increases in relative
SS for the eukaryotic phytoplankton populations under
HL þ Si were modest. Secondly, for the low light þ Si

experiments, the SYN, PEUK and MICRO-EUK popu-
lations showed increased relative Chl a fluorescence in
þSi treatments versus controls.

Cycle 3 results
During Cycle 3, the most perceptible increase in PICO
Chl a occurred in the HL þ Si and the HL-Con samples
but only by Day 8 (Fig. 6a). Chl a increases from
0.26 mg m23 on Day 0 were modest during the first
6 days in all treatments but rose to 1.46 mg m23 in the
HL þ Si and 1.14 mg m23 in the HL-Con treatments by
Day 8. With the exclusion of Day 8 from the statistical
testing, treatment differences were not significant
(Table I).

Changes in NANO þMICRO Chl a were clearly the
highest in the HL þ Si treatment, increasing from
0.18 mg m23 on Day 0 to 1.58 mg m23 by Day 4, and
declining thereafter (Fig. 6b). NANO þMICRO Chl a

Fig. 5. Changes in (a) picoplankton Chl a and (b) nano þ
microplankton Chl a during on-deck grow-out experiments with
seawater samples from Cycle 2. Samples were treated as follows:
(i) ambient light þ silicic acid (HL þ Si), (ii) low light þ silicic acid
(LL þ Si), (iii) ambient light-control (HL-Con) and (iv) low light-control
(LL-Con). Error bars indicate standard deviation of duplicate
measurements. (c) Prochlorococcus (PRO), (d) Synechococcus (SYN) and
(e) picoeukaryotes (PEUK) and (f ) nano þ microeukaryotes (MICRO-
EUK) from Cycle 2. Samples were treated as follows: (i) ambient
light þ silicic acid (HL þ Si), (ii) low light þ silicic acid (LL þ Si), (iii)
ambient light-control (HL-Con) and (iv) low light-control (LL-Con).

Fig. 6. Same as in Fig. 5, but with seawater from Cycle 3.
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also increased in the HL-Con treatment by Day 4. In the
case of LL þ Si, the greatest increase in NANO þ
MICRO Chl a, from 0.18 mg m23 on Day 0 to
0.93 mg m23, was observed on Day 6, declining there-
after. The other treatment which with a conspicuous in-
crease in NANO þMICRO Chl a was LL-Con.
Differences between all the treatments were, however,
not significant (Table I).

The largest changes in PRO cell numbers were
observed on Day 2 in all the treatments, but were highest
in the LL þ Si treatment (Fig. 6c). Thereafter, by Day 6,
PRO abundances declined in all the treatments. SYN
cells also increased in all the treatments by Day 2 and
were highest in the LL-Con and LL þ Si samples
(Fig. 6d), declining thereafter. PEUK cell numbers
showed the largest change in the HL þ Si increasing
from 1.42 � 104 cells mL21 on Day 0 to 3.93 cells mL21

by Day 8 (Fig. 6e). Differences in the treatments for SYN
and PEUK were not significant (Table II). For
MICRO-EUKs, cell numbers increased by Day 2 in all
treatments, but were highest in the HL þ Si treatment

(Fig. 6f ). The other noticeable increase in MICRO-EUK
cell numbers was observed for the HL-Con.

Changes in the ratios of FCM cellular characteristics
between the treatments and the controls again revealed
an �3-fold increase in relative FLS and�29-fold in-
crease in relative SS for SYN in the HL þ Si treatment.

Cycle 4 results
For the Cycle 4 experiment, PICO Chl a in the HL þ Si
treatment increased from 0.18 on Day 2 to 0.52 mg m23

by Day 4, but tapered off thereafter (Fig. 7a). Modest
increases were also observed for other treatments, but,
unlike the observations in the dome during Cycle 2,
increases in PICO Chl a between the treatments were not
statistically significant (Table I). NANO þMICRO Chl a

increases were greatest in the Hi þ Si treatment by Day

Fig. 7. Same as in Fig. 5, but with seawater from Cycle 4.

Fig. 8. Changes in (a) picoplankton Chl a, (b) nano þ microplankton
Chl a, (c) PRO, (d) SYN and (e) PEUK and (f ) MICRO-EUK during
on-deck grow-out experiments incubated under ambient light with
seawater samples from Cycle 3 and amended as follows: (i) þ5 nM Fe,
(ii) þ2 nM Zn, (iii) þ4 mM Si and (iv) un-amended control (Con).
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4, and a modest increase was observed in the HL-Con
samples also by Day 4 (Fig. 7b), declining thereafter.
Differences in treatments for NANO þMICRO Chl a

were statistically significant between HL þ Si and the
LL-Con and between HL-Con and LL-Con and LL þ Si
(Table II).

The most noticeable changes in PRO cell numbers
were observed by Day 2 in the LL þ Si treatment and by

Day 4 in the HL þ Si treatment (Fig. 7c). SYN numbers
also responded positively to the HL þ Si treatment, and
cell numbers were highest by Day 4 (Fig. 7d) and signifi-
cantly greater than the changes observed in the LL-Con
treatment. PEUK cell abundances changed only margin-
ally by Day 2 in all the treatments, but increased by Day
4 in the HL þ Si and HL-Con samples. A decline in
PEUK abundance was observed by Day 6, but increases

Table I: Noon time values of PAR and results of the paired t-tests depicting the significance of differences in
picoplankton Chl a and nano þ microplankton Chl a between Control, Si and light-treated samples from
experiments at Cycles 2–4 and from trace metal experiments (TME) at Cycle 3

Noon-time PAR

Cycle 2 Cycle 3 Cycle 4 TME

125–1029 mE m22 s21 600–1209 mE m22 s21 240–1252 mE m22 s21 600–1209 mE m22 s21

Treatment HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Treatment Zn Fe Si

Picoplankton
HL þ Si 0.13 0.63 0.11 Fe 0.34
LL-Con 0.19 0.042a 0.37 0.43 0.35 0.13 Si 0.13 0.018a

LL þ Si 0.54 0.043a 0.09 0.67 0.63 1.00 0.63 0.63 0.70 Con 0.13 0.030a 0.016a

HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Zn Fe Si
Nano þMicroplankton

HL þ Si 0.18 0.61 0.26 Fe 0.34
LL-Con 0.56 0.072a 0.37 0.75 0.09a 0.09a Si 0.68 0.46
LL þ Si 0.19 0.096a 1.00 0.42 0.99 0.50 0.1a 0.13 0.63 Con 0.79 0.22 0.65

Grey-shaded values indicate data that failed the normality and equal variance tests. Data for Days 0 and 8 were excluded from this analysis.
aA significant difference at P , 0.1 level.

Table II: Noon time values of PAR and results of the repeated measures ANOVA depicting the significance
of differences in Prochlorococcus, Synechococcus and eukaryotes between Control, Si and light-treated
samples from experiments at Cycles 2–4 and from trace metal experiments (TME) at Cycle 3

Noon-time PAR

Cycle 2 Cycle 3 Cycle 4 TME

125–1029 mE m22 s21 600–1209 mE m22 s21 240–1252 mE m22 s21 600–1209 mE m22 s21

Treatment HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Treatment Zn Fe Si

Prochlorococcus
HL þ Si 0.98 0.63 0.63 Fe 0.22
LL-Con 0.24 0.35 1.00 0.071a 0.94 0.38 Si 1.00 0.52
LL þ Si 0.34 0.63 0.83 0.20 0.036a 0.41 0.019a 0.083a 1.00 Con 1.00 0.13 1.00

HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Zn Fe Si
Synechococcus

HL þ Si 0.13 0.13 0.30 Fe 0.63
LL-Con 0.13 0.16 0.57 0.75 0.34 0.072a Si 0.13 0.13
LL þ Si 0.18 0.50 0.63 0.63 0.57 0.67 0.27 0.13 0.19 Con 0.008a 0.13 0.91

HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Zn Fe Si
Picoeukaryotes (PEUK)

HL þ Si 1.00 1.00 0.48 Fe 0.97
LL-Con 0.57 0.14 0.40 0.41 0.14 0.63 Si 0.63 0.45
LL þ Si 0.14 0.13 0.43 0.56 0.53 0.28 0.11 0.13 0.49 Con 0.32 0.012a 0.18

HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con HL-Con HL þ Si LL-Con Zn Fe Si
Nano plus microeukaryotes (N þMEUK)

HL þ Si 0.63 0.30 0.20 Fe 0.37
LL-Con 0.48 0.17 0.22 0.17 0.27 0.19 Si 0.16 0.58
LL þ Si 0.22 0.15 0.75 0.85 1.00 0.42 0.61 0.23 0.13 Con 0.74 0.36 0.59

Values that have been shaded failed the normality and equal variance tests. Data for Days 0 and 8 were excluded from this analysis.
aSignificant difference at the P , 0.1 level.
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occurred thereafter in both HL þ Si and HL-Con treat-
ments. Changes in PEUK cell numbers in the LL þ Si
and the LL-Con were marginal by Day 2 and declined
from Day 4 onwards (Fig. 7e). For MICRO-EUKs,
highest cell abundances were recorded on Day 6 for
HL þ Si (Fig. 7f ). MICRO-EUK changes in other treat-
ments were marginal, but surprisingly they were not
significantly different from the HL þ Si treatment
(Table II).

FCM-derived cell characteristics once again revealed
an almost 3-fold increase in relative SS for SYN by Day
6. Changes in FCM parameters for other phytoplankton
groups were at best marginal during this experiment.

Trace metal and Si enrichment experiment

The impacts of Zn, Fe and Si additions on PICO Chl a

were obvious by Day 2 of the experiment, with values in
the trace metal and Si-amended samples .0.40 mg m23

compared with ,0.26 mg m23 in the control (Fig. 8a).
PICO Chl a continued to increase in the þZn, þFe and
þSi-treated samples through Days 4 and 6, but only mar-
ginally compared with the doubling of Chl a on Day
2. The largest increase in picophytoplankton Chl a was
observed in the þSi sample, which was significantly dif-
ferent from the Co samples but not statistically different
from the þZn and þFe treatments (Table I).

Changes in NANOþMICRO Chl a were most signifi-
cant for the þSi and þFe treatments, with values reach-
ing concentrations of 0.77 and 0.68 mg Chl a m23,
respectively, by Day 4 (Fig. 8b). By Day 6, however,
NANO þMICRO Chl a declined in all bottles.

Changes in PICO Chl a in the þZn, þSi and þFe
treatments on Day 4 (Fig. 8a) were accompanied by
4-fold increases in PRO relative to Day 0 (Fig. 8c).
Thereafter, PRO densities declined rapidly, except for
the þFe treatment. Consistent with the observed in-
creases in PICO Chl a, SYN abundances were also
highest on Day 4 in the þSi, þZn and þFe-amended
samples compared with the controls (Fig. 8d), with
only the þZn-treated sample showing a statistically
significant difference at P , 0.1 level. PEUK cell num-
bers increased from 0.1 � 104 cells mL21 on Day 0 to
.0.5 � 104 cells mL21 by Day 2 in all treatments, with
the highest abundances in the þZn and þSi treatments.
After Day 4, the largest increases in the PEUK fraction
were observed on Day 10 in the þZn and þSi treat-
ments (Fig. 8e). For MICRO-EUK cell numbers
increased in all treatments on Day 2, with the highest
abundance (1.1 � 103 cells mL21) on Day 4 in the þFe
samples (Fig. 8f ).In this experiment, the most obvious
positive changes in FCM cell parameters over the con-
trols were observed in the relative magnitude of SS for

PEUK in the þSi and þFe-treated samples, and
increased CHL/cell for all groups in the þFe samples.

D I S C U S S I O N

Summer 2010 was an unusual year for the CRD. During
the preceding winter, when the CRD generally starts ap-
pearing close to the Central American coast, the Ocean
Niño Index indicated a moderate El Niño event. By time
that our cruise was underway, however, the conditions
were rapidly transitioning to La Niña-like conditions
(Landry et al., 2016a). Not much is known about how
such ENSO swings impact the evolution and growth of
the CRD, but 2010 does stand out as a summer of atypic-
ally low surface expression of satellite SST and Chl a rela-
tive to surrounding waters (Landry et al., 2016a). Among
the areas sampled for the present study, mixed-layer
depths for sites closest to the dome center (Cycles 2 and
4) were shallower than on the dome edge (Cycle 3), but
mixed-layer nutrient concentrations and trace metal con-
centrations (Chappell et al., 2016; Vedamati, 2013) were
uniformly low for all three cycle.

The combination of low Fv/Fm coupled with high
sPSII values in the surface mixed layer throughout the
cruise were indicative of phytoplankton populations with
suboptimal growth rates and cellular photo-physiological
properties (Fig. 3a–c). Subsurface populations (within the
first 10 m) were particularly characterized by extremely
low Fv/Fm and high values of sPSII even during FRRF
casts undertaken at dawn, suggesting severe nutrient and
trace metal limitation (Vassiliev et al., 1995; Suggett et al.,
2009), as opposed to the more typical photo-inhibition of
surface phytoplankton populations in tropical oligotroph-
ic waters. Additionally, for most of our study, the sky was
overcast, ruling out the possibility that surface phyto-
plankton populations in the CRD were photo-inhibited.
Generally speaking, smaller phytoplankton, such as
SYN, PRO and smaller diatoms, are likely less prone to
photo-inhibition because of their reduced pigment ab-
sorption cross-sections (Kana and Glibert, 1987; Key
et al., 2010). In our incubations, we also observed consist-
ently higher rates of Chl a accumulation for HL-treated
samples, suggesting that PAR during our cruise was not
at photo-inhibitory, but limiting levels. These observations
are consistent with the findings of Gutiérrez-Rodrı́guez
et al. (Gutiérrez-Rodrı́guez et al., 2016), who observed
highly significant increases in the growth rates of SYN and
pico-EUK when natural populations of these organisms
growing under LL conditions within the SSFM were trans-
planted to HL conditions at the surface. Consistent with
previous observations, SYN concentrations were relatively
higher during our cruise, possibly the result of the CRD’s
elevated Co concentrations (Saito et al., 2005) together
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with the CRD’s unique hydrographic and nutrient condi-
tions (Ahlgren et al., 2014).

With the exception of the study by Franck et al. (Franck
et al., 2003), who showed that deficiencies in Zn and Fe
could limit Si uptake by diatoms, no other studies have
examined why diatoms are poorly represented in the
CRD. Consistent with those previous results, the addition
of Fe in our experiments had a substantial positive impact
on Chl a accumulation in the NANO þMICRO frac-
tion. In contrast to their findings, however, the addition
of Zn did not lead to any appreciable increase in Chl a

for larger phytoplankton, although it did enhance PICO
Chl a. FCM data also indicated enhanced PICO Chl a

and associated increases in cell numbers of PRO, SYN
and PEUK in the þSi, þZn and þFe treatments.
Although these differences were not always statistically
significant, Zn and Si additions led to the largest in-
creases in PICO Chl a relative to the controls. Increases
in NANO þMICRO Chl a in the þSi and þFe treat-
ments were also observed in the FCM data for the
MICRO-EUK size fraction.

We observed that the effectiveness of Si as a stimulant
for different phytoplankton communities was greatly
enhanced when natural populations were grown under
HL conditions than under reduced light conditions.
Size-fractionated Chl a measurements during the three
grow-out experiments revealed higher biomass accumu-
lation (and therefore, higher net growth rates) in the
HL þ Si-treated samples for both the nano þ micro and
picoplankton fractions. Microscopic observations of a few
experimental samples fixed with 1% Lugol’s iodine and
preserved in 1.5% buffered formaldehyde under a
Nikonw inverted microscope revealed that the NANO þ
MICRO phytoplankton fraction was made up largely of
10–20 mm pennate diatoms, of the genus Pseudo-nitzschia.

During all three light and Si amendment experiments,
FCM measurements revealed a net positive effect of the
HL þ Si treatment on SYN growth. The most interesting
observation was that of a dramatic increase in SYN cell
size indicated by the enhancement in FCM measured
FLS and SS in the HL þ Si-treated samples over the un-
treated controls. Modest increases in cell sizes and in Chl
a were also observed for PRO, PEUK and MICRO-EUK
in the HL þ Si-treated samples indicating a net positive
impact of Si on phytoplankton growth in the CRD.

Although little is known about the biochemistry of Si
uptake and cellular processes involved in its use in PICO
phytoplankton, our observations of enhanced growth of
both small and large phytoplankton in the HL þ Si treat-
ments seem to suggest that Si uptake is a light-dependent
process.

These observations are consistent with reports of sig-
nificant reductions in Si uptake rates during the dark

phase of a diel cycle (Goering et al., 1973; Leynaert et al.,
2001). Observations of maximum net rates of biogenic Si
production at shallower depths during our cruise (Krause
et al., 2016) are also consistent with this interpretation.
These observations of light dependency of Si uptake by
phytoplankton in the CRD contrast, however, with
reports of little evidence of systematic day/night differ-
ences in biogenic production rates of natural phytoplank-
ton populations (Brzezinski and Nelson, 1989; Nelson
and Brzezinski, 1997). This discrepancy might be
explained by results suggesting that Si uptake can differ
considerably among species (Wheeler et al., 1983; Putt
and Prézelin, 1988; Kröger et al., 2000).

Another possible reason for the enhanced response of
CRD phytoplankton to HL þ Si can be attributed to
possible photochemical release (Johnson et al., 1994;
Sunda and Huntsman, 1998) and enhanced bio-
availability of colloid-bound trace metals (Bruland, 1989;
Lohan et al., 2002; Morel and Price, 2003; Saito et al.,

2005, 2008; Mioni et al., 2007). That is, increased avail-
ability of trace metals due to photochemical release
could have contributed to enhanced Si uptake under HL
conditions.

Our results of Fe and Zn-induced increases in phyto-
plankton Chl a content and growth in all groups of phyto-
plankton are consistent with previous observations in the
CRD (Saito et al., 2005) and those of Chappell et al.

(2016). What is novel about our observations, however, is
the finding of an increase in cell numbers and biomass of
PICO as well as the increases in cell size of SYN in the
HL þ Si-treated samples. Neither Si nor Si/light
co-limitation have been reported for PICO or for
NANO þMICRO from the CRD, nor have previous
studies documented specific requirements for Si by PRO,
SYN or PEUK or enhancement of their growth rates by
Si. Nonetheless, the observed response of PICO to Si could
be relevant to the enigmatic nature of the Si cycle in the
CRD, which has among the highest rates of biogenic silica
export recorded for tropical open ocean water ecosystems,
despite low standing stocks of diatoms (Honjo et al., 2008;
Stukel et al., 2013; Krause et al., 2016). Our results support
the notion that Si concentrations in the CRD are subopti-
mal for MICRO-EUK, and consequently for diatoms that
are part of this size fraction in CRD waters. While observa-
tions of enhanced NANO þMICRO Chl a in the þSi
treatments are not surprising, given the reported Si limita-
tion of diatoms in the Equatorial Pacific (Ku et al., 1995;
Dugdale et al., 2011), what is surprising are observations of
Si-mediated increases in PICO-sized cells, which suggest
that Si limitation may be more widespread in the CRD
than previously recognized.

Unlike other experimental responses, PICO Chl a

enhancements in the HL þ Si treatments were consistent
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across all experiments, suggesting potential light and Si
co-limitation of CRD picophytoplankton. In Cycles 2
and 3, the accumulation of PICO Chl a in the HL þ Si
treatments rivaled that of the NANO þMICRO frac-
tion. In Cycle 3, the increase in PICO Chl a in the HL þ
Si treatment by Day 8 accounted for almost 95% of the
increase in total Chl a, and FCM analyses revealed that
SYN, PRO and PEUK populations all contributed to this
increase. In other experiments however, the results for
these groups were not so obvious, and sometimes even
qualitatively opposite to those recorded for PICO Chl a.
Such results, combined with the substantial increases and
decreases of populations during the incubations, suggest
that predator–prey oscillations might keep population
abundances in check, even when Chl a registers a physio-
logical or cell size response.

Although several strains of SYN and PEUK are
known to grow well in high-light, low-nutrient environ-
ments (Kana and Glibert, 1987), there are no data to
support the idea that growth of non-Si cell-walled phyto-
plankton such as SYN, PRO and PEUK may be
co-limited by Si, nor are there known biochemical
mechanisms that link SYN to Si-rich environments.
What has become recently known however through
SXRF analysis (Baines et al., 2012) is that even organisms,
like SYN that do not have a specific biochemical require-
ment for Si, are capable of accumulating this element
within their cells. There is no comparable information
for PRO, but conspicuous increases in SYN cell sizes
(based on FCM measurements of SS) and to a certain
extent PRO cell sizes in the HL þ Si treatments suggest
that PICO could play a broader role in Si cycling than
previously appreciated. If this is true, the total amount of
biogenic silica (bSi) associated with picophytoplankton in
the CRD, even if not impressive on a biomass-specific
basis, could be very substantial, since picophytoplankton
comprise the majority of phytoplankton biomass in the
region while diatoms represent only �1% (Taylor et al.,
2016). Understanding the role of PICO in the CRD Si
cycle might therefore help resolve the Si paradox of
the CRD, comprised of a small diatom population, but
with one of the highest rates of biogenic Si export in trop-
ical open-ocean systems (Honjo et al., 2008; Krause et al.,

2016).
Our findings could also have implications for under-

standing the cycling of Si-associated bio-reactive elements
in the upper oceans, which have long been thought to be
mainly regulated by diatoms and larger phytoplankton
(Martin-Jézéquel et al., 2000). For example, nitrate-based
new production and carbon and nitrogen export out of
the euphotic zone are generally observed to be high when
surface-bloom populations are dominated by diatoms.
More recent studies have noted, however, that PICO,

typically considered less efficient in export, can be dispro-
portionately represented in the material that settles into
sediment traps beneath the euphotic zone (Amacher
et al., 2009, 2013). In the CRD, the biomass dominance
by picophytoplankton (notably SYN), the non-trivial ac-
cumulation of Si in SYN (Baines et al., 2012) and poten-
tially in PRO, and our observations of Si stimulation of
PICO in general, combine to suggest a potentially signifi-
cant role of small phytoplankton in export processes.
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