


terminus of the west to east shoaling equatorial countercurrent
thermocline ridge marks the Costa Rica Dome ( Fiedler, 2002). The
cyclonic ”ow around this dome generates Ekman pumping and
upwelling that, in turn, promotes elevated phytoplankton pro-
ductivity ( Fiedler, 2002). The strength, location and productivity
within the dome vary seasonally through atmospheric forcing
associated with the migration of ITCZ and intensi“cation of local
winds in the boreal winter ( Fiedler and Talley, 2006 ). Second,
winter-time atmospheric pressure over the Gulf of Mexico and
the Caribbean is higher than over the Paci“c Ocean. As a result,
strong winds (wind jets) blow through narrow gaps in the Sierra
Madre mountain range and into the ETNP ( Xie et al., 2005 ; Willett
et al., 2006). These strong winds initiate upwelling and surface
mixing near the coast, and as the winds move offshore, they
generate positive wind stress curl which promotes the develop-
ment of off-shore migrating eddies and Ekman pumping. The
enhanced biological productivity associated with these wind jets
and eddies can be substantial ( Müller-Karger and Fuentes-Yaco,
2000) and introduce high biological variability into the ETNP
(Pennington et al., 2006 ).

Outside of these episodic •biological hotspots,• phytoplankton
production in the ETNP is typically dominated by picophyto-
plankton ( Chavez, 1989) due to the low surface nitrate concen-
trations resulting from the strong strati“cation and weak vertical
mixing ( Yang et al., 2004; Pennington et al., 2006 ). It is well-
established that in systems dominated by small-sized phyto-
plankton, including the ETNP, micro-grazers ( Mg



To determine what environmental and biological variables
in”uence Mg community composition, vertical distribution and
biomass concentration, discrete sampling depths were chosen
based on chemical and biological signatures, rather than arbitrary,
yet consistent, depths. Our de“ned biological and chemical
sampling regimes across all stations were surface waters, the
pigment maximum (determined from CTD ”uorescence), and,
because a de“ning feature of this region is the vast extent of
the OMZ, both vertically and horizontally, we sampled the upper
oxycline (UO; the depth near surface where the decrease in DO
concentration is greatest), the middle of the OMZ, and the lower
oxycline (LO; depth below OMZ where DO concentrations
increase). The depths of the biological and chemical features were
determined from vertical pro“les using the Sea-Bird Electronics
911plus CTD pro“ler described above. For each discrete location
and depth, duplicate samples of 200 ml were taken for Mg

analysis (described in Section 2.4).

2.3. Micro-grazer grazing experiments

Two Mg grazing experiments were conducted to preliminarily
explore the degree to which grazing regulates the accumulation
of phytoplankton production in two contrasting regions in the
ETNP (Sta. 1, core of the eastern Paci“c warm pool, and Sta. 8,
mean position of the Costa Rica Dome). Speci“c growth rate
(m, d� 1) and speci“c Mg grazing rate ( g, d� 1) for the aggregate Chl
a community were estimated simultaneously using the seawater
dilution technique (e.g., Landry et al., 1995b ). Seawater was
collected in 10 L Niskin bottles from depths in the upper-mixed
layer corresponding to 50% surface PAR. Particle-free diluent
water was made by gently draining the entire contents of two
10 L Niskin bottles through silicone tubing into a 20 L polycarbo-
nate carboy. This pooled water was then gravity-“ltered through
a 0.2 mm Pall Gelman pleated capsule “lter into a second 20 L
carboy. Whole seawater for our dilution experiments was col-
lected from the same CTD cast as diluent water. Whole seawater
was very gently drained through silicone tubing encased with
200 mm mesh to remove abundant mesozooplankton and dis-
pensed into a 20 L carboy.

Measured volumes of particle-free seawater were transferred
into a series of 1.125 L polycarbonate bottles. Whole seawater
was gently siphoned from the whole seawater carboy into the
bottles containing particle-free water. Although large, rapidly-
sinking phytoplankton were seemingly rare, the whole seawater
was kept well-mixed by very gentle stirring with a polyethylene
plunger. Combinations of particle-free to whole seawater were
made to achieve target dilutions in duplicate of 20%, 40%, 60%, 80%
and 100% whole seawater. Experimental bottles were amended
with nutrients (5 mM NH 4

þ and 0.31 mM PO4
3-) in order to remove

potential bias from enhanced phytoplankton growth rate due to
variable Mg nutrient excretion across dilution treatments. An
additional set of 100% whole seawater bottles were incubated
without nutrient-addition to correct for this potential bias (see
below). Quadruplicate samples of whole seawater were taken at
random intervals from the whole seawater carboy during experi-
mental set-up for analysis of initial Chl a (100 ml to 500 ml),
and duplicate samples were drawn for analysis of inorganic
nutrient concentration ( � 20 ml) and Mg abundance and biomass
(200 ml each).

Experimental dilution bottles were screened with a single
layer of neutral density screening to mimic in situ light levels at



Initial nutrient concentrations from our grazing experiments
were determined by collecting � 20 ml samples from the whole
seawater carboy. Samples were frozen at � 20 1C and analyzed on
shore using a Technicon Autoanalyzer II using the methods of
Gordon et al. (1993) .

2.5. Statistical analysis

All statistical analyses were made using IBM SPSS 20 software.
Correlations between variables were determined using a Pearson
Product Moment Correlation, and are reported as Pearson•s r.
Examination of Mg biomass data using the Shapiro…Wilk test
revealed that the data were non-normally distributed ( Po 0.05).
As such, to meet the assumption of normality, the Mg biomass data
were square root transformed in a





and salinity against Mg biomass from all depths at all locations,
Chl a concentration alone accounted for 68% of the Mg biomass
variability. Chl a concentration combined with temperature was
the best predictor of Mg biomass, accounting for 83% of Mg

variability.

3.3. Micro-grazer grazing

The environmental conditions found at the Mg grazing experi-
ment stations varied in some aspects, yet were similar in others
(Table 3; Fig. 6). Surface seawater temperature was 1 1C warmer
at Sta. 1 than at Sta. 8, while surface Chl a concentrations at both
Stas. were� 0.2 mg Chl a L� 1 (Table 3), despite observed seasonal

differences in productivity ( Pennington et al., 2006 ). Inorganic
macronutrient concentrations were higher at Sta. 8 compared to
those found at Sta. 1 ( Table 3). The pigment maximum occurred
near the base of the UO at both stations ( Fig. 6). At Sta. 1, there
was a second deeper pigment maximum (ca. 60…70 m) associated
with a sub-surface accumulation of Rhizosoleniaspp. diatoms. In
addition, the depth of the UO was shallower ( � 20 m) at Sta. 8.

Although the phytoplankton community growth rate was on
average higher at Sta. 1 (0.72 d � 1) than at Sta. 8 (0.47 d � 1), these
rate measurements were not statistically different ( P4 0.05,
paired t-test). The phytoplankton community at Sta. 1 did, how-
ever, show evidence of nutrient limitation. The results from the
Sta. 1 experiment showed that the aggregate phytoplankton

Table 2
Micro-grazer functional group biomass across the ETNP. Biomass is expressed as mg C L� 1. Depths are expressed as both meters and the biochemical regime (see Section 2.2).
S: surface; PM: pigment maximum; UO: upper oxycline; OMZ: oxygen minimum zone; LO: lower oxycline: HNF: heterotrophic nano”agellates; Tint: tintin nid ciliates;
Holo: holotrich ciliates; Gymno: Gymnodinium-like; Gyro: Gyrodinium-like; Sarco: Sarcodines; ND: no data.

Station/depths HNF Micro-grazer biomass ( mg C L� 1)

Ciliates Heterotrophic dino”agellates

Spirotrichs

o 20 mm 20…40mm 4 40 mm Tint. Holo. Gymno. Gyro. Other Sarco. Nauplii Total

1
S 1.3 0.5 1.1 1.9 0.1 0.1 2.1 5.1 0.1 … 0.2 12.4
PM-30 m 1.6 0.3 0.5 1.1 … 0.2 0.8 1.3 o 0.1 1.5 1.1 8.6
UO-60 m 0.6 0.2 0.7 0.2 … 0.3 1.0 2.5 o 0.1 0.2 … 5.6
OMZ-200 m 0.5 o 0.1 … … … … 0.1 0.2 o 0.1 … … 0.8
LO-1100 m 0.2 … … … … … 0.1 … … … … 0.3

2
S 9.2 0.4 1.0 0.7 … … 3.1 1.1 0.6 … … 16.1
PM-30 m 2.8 0.3 1.3 2.7 … … 3.0 2.5 0.7 … 0.9 14.0
UO-40 m 0.7 0.6 0.9 0.5 0.1 … 2.5 2.2 o 0.1 0.4 0.4 8.1
OMZ-500 m 0.1 … o 0.1 … … 0.1 0.1 o 0.1 … … … 0.4
LO-1000 m o 0.1 … … … … … 0.1 … … … … 0.2

3
ND

4
S 1.7 0.4 0.5 1.2 o 0.1 … 4.2 1.4 … 0.6 3.9 13.8
PM-18 m 1.2 0.5 0.6 0.8 o 0.1 0.1 3.7 1.0 o 0.1 1.5 … 9.4
UO-24 m 0.7 0.7 0.4 0.8 … o 0.1 2.5 0.8 0.1 o 0.1 0.5 6.5
OMZ-80 m 0.2 o 0.1 0.1 … … o 0.1 0.4 0.1 … … … 0.8
LO-200 m 0.2 o 0.1 0.1 0.2 … o 0.1 0.6 o 0.1 o 0.1 … … 1.3

5
S 10.2 1.4 2.6 5.0 o 0.1 … 3.6 3.5 1.9 1.3 … 29.6
PM-20 m 10.8 1.7 1.7 9.8 0.4 … 5.1 2.9 0.1 0.7 3.4 36.6
UO-50 m 0.5 0.4 0.4 1.1 o 0.1 … 2.2 1.2 o 0.1 0.1 … 5.8
OMZ-200 m 0.2 o 0.1 … … o 0.1 0.1 0.4 0.7 o 0.1 … 0.2 1.5
LO-1000 m 0.1 … o 0.1 … … … 0.1 o 0.1 … … … 0.3

6
S 2.4 0.3 16.4 2.1 … … 4.9 3.9 0.1 … 1.5 31.4
UO-24 m 2.0 1.9 2.4 4.0 … 0.1 6.8 2.1 0.1 … 2.3 21.7
PM-30 m 0.8 0.8 1.7 0.6 0.1 0.1 1.7 1.2 … 0.1 0.7 7.9
OMZ-200 m 0.3 o 0.1 o 0.1 … … o 0.1 0.4 o 0.1 … o 0.1 … 0.7
LO-ND

7
S 2.1 0.7 0.8 0.5 o 0.1 … 7.1 0.6 0.2 … 3.9 15.8
PM-30 m 2.7 0.8 1.8 0.3 … … 4.2 1.6 o 0.1 o 0.1 … 11.3
UO-40 m 1.4 0.9 1.5 0.4 … … 2.3 0.6 … … 1.0 8.0
OMZ-200 m 0.3 0.1 0.1 … … … 0.6 o 0.1 … … … 1.2
LO-ND

8
S 2.6 0.6 1.0 1.3 o 0.1 0.1 7.9 1.4 o 0.1 0.1 3.1 18.0
PM-30 m 6.8 2.1 3.6 0.5 0.2 … 14.3 3.1 0.1 0.5 1.8 32.9
UO-35 m 3.0 1.0 2.2 0.1 0.1 0.1 12.4 1.4 … 0.1 … 20.4
OMZ-355 m 0.2 0.1 o 0.1 0.6 … 0.3 0.7 0.9 … 0.2 … 2.9
LO-1200 m 0.1 o 0.1 0.1 … … … 0.1 0.2 … … … 0.5
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environments ( Sherr and Sherr, 1988 ; Calbet and Landry, 2004 ).
This linkage is especially strong in oligotrophic regions where
microbial processes dominate, and where perturbations to the
equilibrium status of the physical and chemical environment are,
compared to coastal environments, infrequent, thus preventing
large variation in the concentration and size structure of the
phytoplankton community (e.g., open subarctic Paci“c Ocean).

Others have reported that Mg are the dominant herbivores in the
central equatorial Paci“c ( Landry et al., 1995a ; Verity et al., 1996 )
and in the western edge of the ETNP ( Yang et al., 2004). Less is
known, however, about Mg community structure and the role of
Mg in regulating surface carbon dynamics in the far eastern ETNP,
where hydrographic and biological variability is comparatively
more substantial than other equatorial regions ( Fiedler and Talley,

Table 3
Micro-grazer grazing experiment dates, locations, depth of water collection, surface temperatures, and initial biological and environmental
parameters determined from whole seawater during experimental setup. The depths correspond to 50% surface irradiance. Sta: station.

Sta Date Latitude (N) Longitude (W) Depth (m) Temp ( 1C) Chl a (mg L� 1) Nutrients ( mM)

Nitrate Ammonium Phosphate Silicic acid

1 11/01/07 13 1 0.94 1051 1.13 9 28.0 0.21 7 0.02 0.0 0.53 0.26 1.1

8 11/08/07 8 1 59.85 901 0.06 9 27.0 0.27 7 0.03 5.4 1.08 0.70 3.1

Fig. 6. Hydrographic and biological vertical pro“les from Mg grazing experiment stations. Dissolved oxygen concentrations below 20 m





waters, are higher than have been reported in the tropical Paci“c
(reviewed in Yang et al., 2004). For example, Yang et al. (2004)
observed micro-grazer biomass as high as 11.3 mg C L� 1 at the
western edge of the ETNP, whereas we observed Mg biomass as
high as 36 mg C L� 1 in the eastern ETNP. In an early study in the
eastern tropical Paci“c, high biomass (estimated as biovolume) of
Mg was observed at stations near our own ( Beers and Stewart,
1971



other equally, if not more plausible, explanations for low Mg

growth rates include low prey concentrations ( � 0.2 mg Chl a
at both stations), poor prey nutritional quality (phytoplankton
at Sta. 1 were nutrient limited), or intra-bottle predation. The
latter may explain the negative growth rate of HNF in both
experiments, as they are likely prey for both ciliates and heterotrophic
dino”agellates.

5. Conclusions

A primary “nding from this research was that Mg biomass was
quite high relative to estimates from other regions of the
equatorial Paci“c, even at locations that were oligotrophic in
nature at the time of sampling. The bulk of the Mg biomass was
comprised of HNF, small gymnodinoid dino”agellates, and non-
loricate oligotrich ciliates. These Mg functional groups graze
primarily on bacteria, pico- and nanoeukaryotic phytoplankton.
Large, diatom-consuming dino”agellates in the genera Gyrodi-
nium and Protoperidinium
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