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Recent discrepancies between geochemical and biological approaches for determining whether ocean
ecosystems are net heterotrophic or net autotrophic have led to uncertainty in the net metabolic state of
open ocean ecosystems. Geochemical approaches indicate that the oceans are net positive autotrophic,
but direct observations based on short-term incubation techniques suggest that the ocean is in a state of
net heterotrophy. One hypothesis for the apparent discrepancy is that net autotrophic production occurs
in aperiodic “bursts,” which are superimposed on a more constant background state of net
heterotrophy. Mixing events, which introduce new nutrients to the surface ocean, provide one
mechanism for fueling such aperiodic bursts of net production. In conjunction with the Eddy Flux
(E-Flux) program in the lee of the Hawaiian Islands during winter 2004-2005, we examined the
relationship between photosynthesis and irradiance (P vs. E) in surface waters inside and outside of two
cold-core, cyclonic eddies, and conducted five incubation experiments to examine the metabolic
response of mixed-layer plankton communities to nutrient-rich deep-sea water additions. Our results
showed that in the mixed layer, maximum rates of light-saturated photosynthesis, derived from
photosynthesis—irradiance experiments were not significantly different inside vs. outside the eddies
(p = 0.35 and 0.44 for E-Flux I and E-Flux III, respectively). Addition of nutrients to mixed-layer water
showed that (1) gross primary production (GPP) became decoupled from a more constant rate of
respiration and (2) net system metabolism shifted from approximate balance, or slight net heterotrophy,
to a demonstrably net autotrophic system. From these results, we determined that the threshold GPP for
net autotrophic production for the mixed layer of the study region was 1.65 mmol 0, m—>d~?, which is

consistent with previous estimates for the oligotrophic open ocean.

Published by Elsevier Ltd.

1. Introduction

Net community production (NCP) is the balance between gross
primary production (GPP) and community respiration (R). When
GPP <R, the ecosystem is in a state of net heterotrophy, and when
GPP>R, the ecosystem is net autotrophic. Our conceptual
paradigm of the open ocean (far removed from the influence of
land) on time scales of months and longer is one of a net
autotrophic ecosystem that exports organic carbon to depth and
produces more oxygen then it consumes (Karl, 2007). Several
studies have determined that oligotrophic open ocean ecosystems
are net heterotrophic (del Giorgio et al., 1997; Duarte and Agusti,
1998; Williams et al., 2004), and others suggest regional (Serret
et al., 2001, 2002; Aristegui and Harrison, 2002) or seasonal (Sherr
and Sherr, 1996; Serret et al, 1999; Maixandeau, 2005a,b)
variability in ocean ecosystem metabolism. One hypothesis to
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explain the apparent variability is that extended periods of net
heterotrophic production are supported by aperiodic, short-term
net autotrophic events (Karl et al., 2003), resulting in a complex
time-space mosaic of system metabolism.

The addition of nutrients to oligotrophic surface waters has
been shown to alter the metabolic balance on short (5-7 d) time
scales (McAndrew et al., 2007). Mixing or other processes that
introduce nutrients to the mixed layer could therefore have an
important role in the metabolic balance of ocean ecosystems.
Physical processes that could introduce nutrients to the upper
ocean include mesoscale instabilities such as eddies (Falkowski
et al., 1991; Harris et al., 1997; McGillicuddy et al., 1998; Letelier
et al., 2000; Gonzalez et al., 2001; Seki et al., 2001; Bidigare et al.,
2003; Sweeney et al., 2003; Vaillancourt et al.,, 2003), internal
waves (Garrett, 2003; Gregg et al., 2003), Rossby waves (Uz et al.,
2001; Sakamoto et al., 2004) and fronts (Gonzalez et al., 2001).

Both cyclonic and anticyclonic eddies occur frequently in the
lee of the Hawaiian Islands (Lumpkin, 1998). They have been
associated with elevated nutrient concentrations (Seki et al.,
2001), increased primary production (Falkowski et al., 1991; Allen
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et al,, 1996; Seki et al.,, 2001), changes in plankton community
structure and export (Bidigare et al., 2003; Sweeney et al., 2003;
Vaillancourt et al., 2003) and enhanced local fisheries (Seki et al.,
2004). Moreover, systematic spatial mapping has shown differ-
ences in the net metabolic balance between water inside eddies
and the surrounding waters (Gonzalez et al., 2001; Maixandeau,
2005a,b).

One of the central goals of the E-Flux project was to better
understand the physical, chemical and biological evolution of
cyclonic Hawaiian lee eddies (Benitez-Nelson et al., 2007). The
present study examined the influence of mesoscale cyclonic
eddies on rates of primary production and the net metabolic
balance of the upper ocean during the three 18-day E-Flux cruises
in the winter of 2004-2005. Phytoplankton physiological para-
meters were determined from photosynthesis vs. irradiance
experiments, and five incubation experiments were conducted
to measure the metabolic response of upper mixed-layer plankton
communities inside and outside of lee eddies to nutrient
additions. Experiments were sampled daily for measurements of
GPP, NCP, R, nutrients and chlorophyll a concentrations. The
resulting production and respiration measurements were used to
determine a threshold GPP for net autotrophic metabolism for this
region.

2. Methods
2.1. Study location and eddy characteristics

Experiments were conducted in the lee of the Hawaiian Islands
in winter 2004-2005 as part of the E-Flux program (Benitez-
Nelson et al., 2007; Dickey et al., 2008). Two well-developed, cold-
core cyclonic eddies were identified through combined use of
satellite sea surface temperature (SST) imagery, surface drifters
and acoustic Doppler current profiler (ADCP) data (Dickey et al.,
2008). The first cruise (E-Flux I; November 2004) focused on an
eddy (Cyclone Noah) in its latter phases (Kuwahara et al., 2008),
while the third cruise (E-Flux III; March 2005) focused on an early
to mature eddy (Cyclone Opal) (Nencioli et al., 2008). Both
features had unique physical, chemical and biological signatures.
The physical characteristics of both features were relatively
unchanged during the cruises; however, the biological character-
istics of Cyclone Opal appear to have evolved during the study
period (Benitez-Nelson et al., 2007; Dickey et al., 2008; Nencioli et
al., 2008). During the second cruise (E-Flux II; January 2005), no
significant mesoscale eddies were observed (Dickey et al., 2008).
An eddy was described as mature if it had a distinct physical
signature, as determined by its size, tangential current speeds and
vertical isopycnal displacements, and if the plankton communities
were actively accumulating biomass and net production (i.e.
blooming). A decaying eddy was characterized by a diminishing
physical signature and decreasing biomass and net production.

Samples were taken at the eddy centers (IN) and at the control
stations outside (OUT) of the eddies, unless otherwise noted. IN
stations were identified using satellite, surface drifter and ADCP
data (Dickey et al., 2008; Kuwahara et al., 2008; Nencioli et al.,
2008). The OUT stations were considered outside the influence of
the eddy based on physical and biological features of the study
region and were located at variable distances from the eddies’
centers.

2.2. Photosynthesis vs. irradiance (P vs. E) experiments

Water samples were obtained between 15:00 and 16:00 h local
time from the 43% and 11% light levels and, for selected

experiments, from the DCML (Appendix). For each sample,
600 mL of seawater was inoculated with radioactive bicarbonate
(H'"CO03), mixed and distributed in 20-mL aliquots into 26
scintillation vials, each having a final activity of 11.5 pCi. One vial,
serving as a time zero, was filtered immediately, after which the
filter was placed in a new scintillation vial and frozen. One vial
was wrapped in an aluminum foil (dark sample) and placed in a
water bath at in situ temperature, while the remaining 24 samples
were placed in a photosynthetron (CHPT Mfg Co.) at 1 of 24
different light levels and maintained at in situ temperature.
Photosynthetrons contained a window between the light source
and samples, containing a blue copper sulfate solution to simulate
in situ spectral light quality. In situ temperatures were 25.5-27.2,
25.1-25.5 and 23.8-24.8 °C for the mixed layers of E-Flux I, Il and
Ill, respectively, and 21.4-24.2°C for the DCM in E-Flux IIL
Samples were incubated for 1h. To terminate the incubations,
samples were vacuum filtered onto 25-mm Whatman glass fiber
filters (GF/F) (E-Flux I and E-Flux II) or onto a combination of GF/F
5- and 18-um polycarbonate filters (E-Flux III). Filters were stored
frozen until analyzed. At the shore-based laboratory, filters were
acidified using 2 N HCl and vented for 24 h before the addition of
10mL of Aquasol-2 cocktail for liquid scintillation counting.
Samples were counted using a Packard Tri-Carb® liquid scintilla-
tion counter; after initial counts, filters were stored in the dark
and counted again after 1 month (Letelier et al., 1996; Karl et al.,
1998). The final disintegrations per minute (dpm) data were used
to calculate carbon assimilation.

Photosynthesis vs. irradiance (P vs. E) curves were defined
using a best-fit solution to the equations described in Platt et al.
(1980), which include a photoinhibition term. Phytoplankton
physiological parameters were determined from the P vs. E curves
and normalized to chlorophyll a concentration to facilitate
comparison among experiments and cruises. Parameters evalu-
ated included the maximum light-saturated photosynthetic rate
under given conditions (P;, [mgCmgchl~'h~!]), the maximum
light-saturated rate of photosynthesis with photoinhibition
(PE ... [mgCmgchl-'h~1]), the light-limited rate of photosynth-
esis («, [(mgCmg Chl~'h~!)(umol quantam~2s~1)~1]), the photo-
inhibition term (8, [(mgCmg Chl~! h~—!)(umol quantam=2s~1)"1])
and the light-saturation parameter (Ey, [pmolquantam2s1]).
Irradiance was measured in each of the photosynthetron’s wells
using a scalar photosynthetically available radiation (PAR) meter
(Biospherical Instruments Inc. QSL-2101). Chlorophyll a was
measured by high-performance liquid chromatography (HPLC)
as described in Bidigare et al. (2005). Comparisons of IN vs. OUT
stations and between eddies were assessed using analysis of
variance (ANOVA).

2.3. Nutrient addition experiments

Experiments were conducted at the center of the eddy (IN) and
outside the eddy (OUT) during E-Flux I and E-Flux IIl. During
E-Flux II, only one experiment was conducted. Nutrient-replete
deep seawater (DSW) obtained from 700 m was filtered through a
47-mm GF/F filter and added to unfiltered, nutrient-depleted
mixed-layer seawater obtained from ~30m to yield a final
concentration of 5% DSW by volume. The DSW depth was chosen
for its location well below the mixed layer and for its macro- and
trace-nutrient concentrations. For the control, mixed-layer sea-
water (MLSW) was filtered through a 47-mm GF/F filter and added
to unfiltered MLSW to a final concentration of 5% MLSW by
volume. Five 10-L carboys were filled for each treatment; one
carboy was sampled immediately as a time zero, while the other
four carboys were placed in an on-deck incubator, which was at
sea surface temperature and shaded to the ~30% light level with
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blue plexiglass filters (#2069, Rohm and Haas Co., Philadelphia,
PA) to simulate in situ light conditions. One carboy for each
treatment was removed from the incubator every 24h for
sampling. At each sampling time point, measurements were
taken for primary production and respiration and for concentra-
tions of chlorophyll a and nutrients.

Primary production and respiration rates were measured using
the oxygen light/dark bottle technique. At each sampling time
point 15 ground-glass stoppered borosilicate bottles with a
nominal volume of 125 mL were filled with seawater. Five sample
bottles were fixed immediately (time-zero samples) for Winkler
titrations (Carritt and Carpenter, 1966). Five bottles were placed in
an incubator on deck for 24 h (light samples) and the remaining
five bottles were placed in an opaque bag and incubated for 24 h
(dark samples) in the same incubator. At the end of the 24-h
incubation, samples were fixed (as above) and stored submerged
in water until analysis. Winkler titrations were performed using a
computer-controlled photometric endpoint detector (Williams
and Jenkinson, 1982). R (mmol O, m—3d~") was calculated as the
difference between the oxygen concentrations in the dark bottle
([O2]dark) after a 24-h incubation and in the time-zero bottle
([02]t0). NCP (mmol O, m—3d~1) is the difference between [05]:o
and the oxygen concentration in the light bottle ([O2]iignh¢) after a
24-h incubation. GPP (mmol O, m~3 d~!) was calculated by adding
the values of NCP and R. It should be noted that this technique
does not account for potential enhancement of respiration rates in
the light (Bender et al., 1987), which would underestimate GPP
and R but would not be expected to alter the GPP:R ratio
(Pringault et al., 2007).

Silicic acid concentrations were measured using a Bran &
Lubbe (AA-3) continuous flow system, and soluble reactive
phosphorus (SRP) concentrations were measured using the high-
sensitivity MAGIC method (Karl and Tien, 1992). Three 125-mL
samples were filtered onto GF/F filters at each time point for
chlorophyll a analyses. Pigments were extracted from the filters
using 100% HPLC-grade acetone, and concentrations were mea-
sured, following 24- and 48-h sample extraction, on a Turner
Designs TD-700 fluorometer (Strickland and Parsons, 1972;
Welschmeyer, 1994). Chlorophyll a concentrations were also
determined using a Turner Designs 10-AU fluorometer upon
return to shore (Holm-Hansen et al., 1965).

3. Results
3.1. Photosynthesis vs. irradiance experiments

The r-squared values for the relationship between the P vs. E
experiments and the Platt et al. (1980) model ranged from —0.43
to 0.98. A histogram of the r? values (not shown) indicated a gap
between r?>0.40 and ?<0.40. Approximately 73% of the 44
curves constructed had r*>0.40 with most between r* = 0.60 and
?>0.90 (see below). Those data with r?<0.40 compared to the
Platt et al. (1980) model are therefore described as having low
correlation with the model relative to other data in this study and
are not discussed further.

During E-Flux I, four of the experiments conducted had low
correlation with the Platt et al. (1980) model. The remaining 10
experiments had an average ? = 0.69+0.11. In E-Flux II, seven
experiments had r?<0.40 with the Platt et al. (1980) model. The
remaining three experiments had an average r* = 0.6440.04.
Finally, during E-Flux II, one experiment had r?<0.40. The
average r* for the remaining 19 experiment was 0.81+0.17.
Table 1 contains a summary of the average phytoplankton
physiological parameters and r? values for all experiments for
each cruise (see Appendix for complete dataset).

Table 1

Summary of P vs. E experiments and results

Ex

B
P max

Light levels

Depth range

Filter type(s)

Chlorophyll a

Location Dates

Cruise

(-)0.32-0.84

245+139 0.86+2.67 <0.001 148 +205
(-)0.43-0.66

3.60+2.59
2.70+1.09

2.97+1.59
10.00+7017

11%, 43%
11%, 43%

15-72
16-70
12-145

GFF
GFF

0.075-0.188

11/5/2004-11/19/2004

1/22/2005-1/25/2005
3/16/2005-3/25/2005

6 IN, 3 OUT
1IN, 2 OUT
13 IN, 6 OUT

E-Flux I

79491
45+31

2.08 +4.47

<0.001

1.95+3.78
0.16+0.25

0.081-0.150
0.010-0.743

E-Flux II
E-Flux III

0.32-0.98

2.784+1.06

0.5%, 11%, 43%, DCM

5 um, 18 pm, GEF

alpha (a), beta (8) and E; are (mgCmgChl~'h~!), (mgCmgChl~'h!), (mgCmgChl~'h~')(umol quantam~2s~")~!, (mg Cmg Chl~' h~")(umol quantam~2s~!)~! and

B
max’

Values are averages for all experiments. Units for P

(nmol quantam~2s~1), respectively.
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3.2. Nutrient addition experiments

During E-Flux I Experiment 1, GPP increased rapidly after 48 h
(3.50+1.08 mmol O, m3d~" at 48 h to 12.35+0.39 mmol O, m 3
d~!at 72 h) in the DSW treatment and then continued to increase,
though less rapidly, through the end of the 96-h incubation
(Fig. 1). Between 72 and 96 h, GPP in the MLSW control increased
notably (0.10+1.25 to 3.85+2.17 mmol O, m—>d ') and it doubled
in the DSW treatment (12.35+0.39 to 26.35+0.46 mmol O, m—3
d~1). Chlorophyll a concentrations remained constant throughout
the experiment in the MLSW treatment, but increased more than
an order of magnitude in the DSW treatment (Fig. 2). SRP
drawdown in both the MLSW and DSW treatments was less than
1umolm—>d~! (detection limit of SRP analysis is +1 umolm™3)
(Fig. 3). In E-Flux I Experiment II, inclement weather prohibited
sampling at the 72- and 96-h time points. GPP in the DSW
treatment increased >10mmol O, m~>d~! between 48 and 120h
(418+1.01 to 16.17 +2.04 mmol O, m>d 1), whereas GPP in the
MLSW treatment decreased between these time points
(4.3441.20 to —0.08 +1.22 mmol O, m—>d~1). Chlorophyll a con-
centration remained constant in the MLSW treatment, and

increased by more than order of magnitude in the DSW treatment
(Fig. 2). SRP and Si drawdown were within the error of the
measurements (Figs. 3 and 4). During E-Flux II, there was no
significant response in GPP in the DSW treatment compared to the
MLSW control (p = 0.89), and rates of R were greater in the MLSW
control than the DSW treatment (p = 0.06). Chlorophyll a
concentrations remained constant in the MLSW treatment, and
doubled in the DSW treatment (Fig. 2).

Experiment I from E-Flux III was taken from the center of the
eddy, above a large bloom of diatoms (Benitez-Nelson et al., 2007;
Landry et al., 2008). A rapid increase in GPP was observed during
the initial 24h of the experiment in the DSW treatment
(3.54+2.30 to 10.09+0.18 mmol O, m—>d~"), while R remained
approximately constant (1.53+2.25 to 1.11+0.18 mmolO, m—>
d~1). Rates of R doubled during each of the subsequent 24-h
periods (1.11+0.18 to 2.71+0.78 to 6.32+0.13 mmol O, m—3d~1).
Between 72 and 96 h, both GPP and chlorophyll a concentrations
decreased (19.954+0.84 to 12.67+0.89mmolO,m3d~! and
3.11+0.16 to 2.34+0.07 ugl~!, respectively). Chlorophyll a in-
creased by more than an order of magnitude in the DSW
treatment and decreased slightly in the MLSW control (Fig. 2).
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! | 4 | | |
1 t t t t

251 (B)  E-Flux Il GPP
20 A
15 4

10 A

| | y s L
t t t t t

0 20 40 60 80 100 120

140 0 20 40 60 80 100 120 140

Time (hours)

Fig. 1. Gross primary production (GPP) and respiration (R) from nutrient-loading experiments during E-Flux I (A and B), E-Flux II (C and D) and E-Flux III (E and F). Circles
and triangles indicate the deep seawater (DSW) and mixed-layer seawater (MLSW) results from the first experiment in each cruise, respectively. Squares and diamonds
indicate the DSW and MLSW results from the second experiment in each cruise, respectively. Only one experiment was conducted during E-Flux II.
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Fig. 2. Chlorophyll concentrations from nutrient-addition experiments conducted during the E-Flux project. Panels (A), (B) and (C) show chlorophyll a in the control, or
mixed layer seawater (MLSW) additions in E-Flux I, I and III, respectively, and (D), (E) and (F) show chlorophyll a in the deep-seawater (DSW) additions in E-Flux I, Il and III,
respectively. Solid black circles represent the first experiment and the open circles the second experiment for a given cruise.

SRP drawdown was <1 pmolm~3d~! in the MLSW treatment and
1.7 pmolm—3d~" in the DSW treatment (Fig. 3). Si drawdown was
within the error of the measurement for both the MLSW and DSW
treatments (Fig. 4). In E-Flux IIl Experiment II, GPP in the MLSW
treatment remained constant for the duration of the experiment,
while rates of GPP doubled in the DSW treatment (0.98 +0.20 to
2.36+0.51 mmol O, m~3d~'; Fig. 1). Chlorophyll a concentration
increased four-fold in the DSW treatment and remained constant
in the MLSW control throughout the experiment (Fig. 2). SRP
drawdown was <1pmolm~3d~! in both the MLSW and DSW
treatments (Fig. 3), and Si drawdown was an order of magnitude
larger in the DSW vs. MLSW treatment (2.3 and 31.8 pmolm—>3d ™},
respectively), though both were within the error of the measure-
ment (Fig. 4).

Comparing the results of all time points from the five nutrient
addition experiments, Chi-squared analysis showed that GPP of
the DSW treatment was independent of GPP of the MLSW control
(p<0.01) and R was not (p = 0.08) at the « = 0.05 significance
level. Paired t-tests showed that rates of GPP in the DSW
treatment for all time points of the five experiments were greater
than those in the control samples (p<0.01) whereas rates of R
were not statistically different (p = 0.27).

4. Discussion

This study sought fundamental information on the relationship
between nutrient addition events and changes in metabolic
balance of the oligotrophic open ocean. The cyclonic eddies
studied here caused doming of isopycnal surfaces and increased
nutrient concentrations at shallower depths. As such, they served
as natural, large-scale nutrient addition experiments for us to
examine. Our analysis took a three-pronged approach to
analyzing metabolic balance in the eddy by (1) measuring
primary production inside and outside of the eddies (P vs. E
experiments), (2) incubating mixed-layer water after addition of
nutrients, and (3) calculating a threshold for net autotrophic
production. In this way, we were able to assess primary
production and metabolism in the eddy directly and through
incubation experiments. Our results had three important out-
comes: (1) maximum rates of photosynthesis in the mixed-layer
inside and outside of the eddies studied were not significantly
different, (2) metabolic balance of mixed layer water could be
altered following addition of nutrients, and (3) our calculated
threshold for net autotrophic production was similar to previous
estimates of open-ocean ecosystems.
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Fig. 3. Soluble reactive phosphorus (SRP) concentrations from the nutrient-loading experiments. Circles and triangles indicate results of the deep-seawater (DSW) and
mixed-layer sweater (MLSW) treatments from the first experiment of each cruise, respectively, and squares and diamonds indicate the results of the DSW and MLSW

treatments from the second experiment of each cruise, respectively.

4.1. P vs. E experiments

While approximately 75% of our data were explained well by
the Platt et al. (1980) model, the wide range of r? values obtained
fitting the model to the P vs. E data indicated that the model may
not adequately explain the relationship of primary production and
light in all of our samples. In those samples with low r? it is likely
that rates of production were influenced by a factor other than
light, such as nutrient availability, community composition or
grazing. P2 and P values were significantly different among
experiments (p<0.05), indicating that photoinhibition had a
significant effect on maximum rates of photosynthetic production.
P,,.« estimates from P vs. E curves were consistent with other
estimates of primary production from the E-Flux program, when
converted to appropriate units (mgCm—>3d~!) (Landry et al.,
2008). We predicted that we would see differences in P, IN vs.
OUT of eddies as we regularly observe enhanced chlorophyll
concentrations inside cyclonic eddies in the lee of Hawaii using

satellites. We further assumed that the higher chlorophyll
concentrations coincided with net autotrophic production. How-
ever, there was no statistical difference between P, (mgCmg
Chl="h") in the mixed layer between the IN and OUT stations
(p=035 and 0.44 for E-Flux I and E-Flux III, respectively).
Gonzalez et al. (2001) observed that differences in metabolism
inside and outside a cyclonic eddy were not due to enhanced
production inside the eddy compared to outside but to decreased
rates of R inside vs. outside. As such, the lack of discrepancy inside
vs. outside the eddies in this study is likely not anomalous. In
addition, if plankton communities in the surface water sampled
were growing at close to PE .., any additional nutrients introduced
by the eddy may not have enhanced the production rate per unit
biomass.

Similarly, we found no significant differences in «, 8 or Ey inside
vs. outside of the eddies. Sampling depths were chosen based on
light-level as percent of incident irradiance, and if the same
organisms are present inside and outside of an eddy feature at the
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Fig. 4. Silicate concentrations from nutrient-loading experiments, as in Fig. 3.

same light-level this would account for the lack of difference in
phytoplankton physiological parameters IN vs. OUT. In E-Flux III, «
of the larger size fractions (>5 and >18 um) in the DCML at the
eddy center was statistically different from that of the total
community at those stations (p<0.05), indicating that those size
fractions were more light-limited than the rest of the community.
A diatom bloom was present in the DCML at the eddy center with
a layer of senescent diatoms shallow to it (Benitez-Nelson et al.,
2007), which may have shaded the DCML.

4.2. Nutrient-addition experiments

The nutrient-addition experiments conducted in this study
enabled us to resolve daily changes in community metabolism on
5- to 7-d time scales. As previous work (McAndrew et al., 2007)
suggested, rates of GPP increased following nutrient addition
more rapidly and to a higher final rate than that of R. The length of

time it took rates of GPP to respond varied between 24 and 72 h. In
both experiments from E-Flux I, for example, GPP increased most
rapidly after more than 24 h of incubation, whereas GPP in E-Flux
Il Experiment I increased rapidly within 24 h of the start of the
experiment. E-Flux III Experiment I was unique in that it was
conducted with water from the mixed layer of Cyclone Opal and
contained time-zero chlorophyll and phosphate concentrations
that were approximately twice as great as those in the other
four experiments (Figs. 2 and 3). In essence, it appears to have
been a nutrient addition experiment already begun, which
may partially explain the more rapid response time of GPP
following nutrient addition compared to the other experiments.
These results support the conceptual model proposed by Sweeney
et al. (2003) on the effects of cyclonic eddies on upper-ocean
ecosystems. In this model a “nutrient injection” period is followed
after some time by a biological response. Our incubation
experiments imply that the lag time between the injection
and response could vary on the order of days, if it is assumed
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the injection is rapid as in the incubations. Our results also
suggest that if nutrients are added after a bloom is initiated,
then the response time to increase GPP would be faster than
in non-bloom conditions. As there is a larger plankton popula-
tion accumulating biomass, this seems logical. It could also
explain the rapid drawdown of nutrients in the corres-
ponding nutrient addition experiment (E-Flux III Experiment I,
Figs. 3 and 4).

Nutrient drawdown was not consistent with the magnitude of
increase in GPP in our incubation experiments. Again, in E-Flux III
Experiment I (from Cyclone Opal), there was a rapid drawdown in
SRP and Si to approximately pre-nutrient addition concentrations
(Figs. 3 and 4), and this coincided with an increase in GPP
to ~20mmol O, m—3d~! (Fig. 1). In E-Flux 1 Experiment I, GPP
increased to >25mmol 0, m—>3d~'; however, the nutrient draw-
down was approximately one-third that of E-Flux IIl Experiment I.
One possible explanation for the observed differences in response
is that the seed community composition differed between
experiments, thereby resulting in different responses to nutrient
addition. Also, because ambient nutrient concentrations are the
result of net rates of uptake and remineralization, variations in
nutrient turnover among the various experiments cannot be ruled
out.

Because it is the difference between rates of GPP and R that
determine net metabolism, however, understanding GPP dy-
namics alone is not sufficient. As mentioned above, R did not
respond as rapidly as GPP to the nutrient addition. Rates of R in
the DSW treatment were not significantly different from the
control in four of the five experiments, indicating that R does not
respond to nutrient addition on the time scales studied. The result
of this was rapid decoupling of GPP and R in the first few days of
our experiments. In both our experiments and in eddy systems,
the excess production during this decoupling period may be a
source of organic carbon to fuel heterotrophic metabolism in the
oligotrophic open ocean. In the last 2 days (72 and 96 h) of the
E-Flux IIl Experiment I (Cyclone Opal) DSW treatment, however,
rates of R were significantly different from their control (p = 0.01;
Fig. 1). By these two time points, nutrients had decreased (Figs. 3
and 4); therefore, increased nutrient concentrations likely did not
promote these increases in R.

The length of time in which increased GPP was observed
following the addition of nutrients was also not consistent.
Measuring GPP at only the starting time and at 96 h as in previous
work (see McAndrew et al., 2007) could be misleading if trying to
assess the time-integrated impact of GPP response. In E-Flux III
Experiment I (Fig. 1E), for example, the highest rate of GPP was
observed at 72h and decreased by 96h, whereas in E-Flux I
Experiment I (Fig. 1A), GPP was greatest at 96 h. It is possible that
the E-Flux III experiment was already experiencing a bloom and
responded rapidly because there were more organisms there to
consume nutrients and grow.

4.3. Net autotrophic metabolic threshold for the lee of Hawaii

Model II regression analysis was used to determine the
relationship between NCP and GPP measured using the oxygen
light/dark bottle technique from the nutrient-amendment experi-
ments (Fig. 5), and it yielded an estimate for the threshold for net
autotrophic production of 1.65mmol 0, m—3d~! (? = 0.94). This
is similar to a global threshold of 1.3 mmol O, m—>d~, which can
be calculated from the regression analysis of Robinson and
Williams (2005), and with a previous estimate for the open ocean
of 1.1 mmol O, m~3d~! by Duarte and Agusti (1998). It is less than
estimates for more productive areas such as the Mediterranean
littoral (3.95 mmol O, m—>d~") (Duarte et al., 2004) and Antarctic

coastal waters during austral summer (2.05-2.2 mmol O, m—3

d~1) (Agusti et al., 2004; Agusti and Duarte, 2005).

To examine the reliability of the threshold calculated, we
compared it to data from a study on metabolic balance conducted
at Station ALOHA by Williams et al. (2004) over a 1-year period
using the oxygen light/dark bottle technique. Fig. 6 shows rates of
GPP from that study compared to the threshold calculated in the
present one. Rates of GPP greater than 1.65mmolO, m >d~!
indicate net autotrophy, and those that are less indicate net
heterotrophy. As the threshold in this study was calculated with
water from 30m in the mixed layer, the rates of GPP at 25 and
45m in Fig. 6 are particularly noteworthy for comparisons. All
data indicate net heterotrophic metabolism, which is consistent
with the results published by Williams et al. (2004). To obtain a
rate of GPP higher than 1.65mmol O, m>d~! would, therefore,
require an event to enhance total primary production. The
nutrient loading experiments conducted in this study demon-
strated that nutrient addition may be one method for enhancing
GPP above the threshold (Fig. 1). The feasibility of achieving
nutrient additions of the magnitude used in the experiments in
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the environment has been discussed elsewhere (see McAndrew
et al., 2007).

5. Conclusions

No significant differences in maximum, biomass-normalized,
light-saturated rates of photosynthesis or related phytoplankton
physiological parameters were observed between the mixed layer
inside and outside of the Hawaii lee eddies studied despite an
uncommon diatom bloom. Nutrient addition experiments indi-
cated that total plankton production in the mixed layer inside the
eddies studied could be enhanced with the addition of nutrients via
phytoplankton biomass accumulation, resulting in a switch from
net heterotrophy to net autotrophy for the planktonic microbial
assemblage as a whole. These results indicate that nutrients could
be controlling net metabolism in open-ocean ecosystems.
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Summary of P vs. E experiments and results. Units for P,
alpha («), beta (B) and Ey are (mgCmgChl~'h™!), (mg Cmg Chl~!
h™1), (mgCmgChl~!h~1)(umol quantam—2s~!)~!, (mg Cmg Chl™!

h~1)(umol quantam

tively (Table A.1).

~24-1

)~! and (pmolquantam™2s~1), respec-

Table A1

Cruise Location Date Chlorophyll a Filter Depth Light level (%) Ps PE 3 B Ex r
E-Flux I  OUT 11/5/2004 0.3 GF[F 25 43 4.63+1.97 3.36+0.47 0.03+0.01  <0.01+<0.01 96+176 0.63
E-FluxI  OUT 11/5/2004  0.168 GF/F 60 1 1.49+0.27 1.48+0.24 0.18+0.19 <0.01+ <0.01 8+10 0.37
E-FluxI IN 11/11/2004 0.117 GF/F 15 43 3.97+1.01 3.97+0.99 10.00+>1e3 <0.01+ <0.01 0+>1e3 -032
E-FluxI IN 11/11/2004 0.143 GF/[F 39 1 3.18+0.95 2.41+0.22 0.02+0.00 <0.01+<0.01 112+100 0.84
E-FluxI IN 11/13/2004 0.144 GF[F 16 43 1.76+£0.33 1.76+£0.33 0.04+0.02  <0.01+<0.01 44+21 0.52
E-FluxI IN 11/13/2004 0.175 GF/F 39 1 1.77+0.13 1.77+0.13 1.65+1.14 <0.01+ <0.01 1+1 0.35
E-FluxI IN 11/14/2004 0.13 GF[F 16 43 1.61+0.86 1.36+0.28 0.01+0.00 <0.01+<0.01 190+127 0.76
E-FluxI IN 11/14/2004 0.075 GF[F 44 1 5.85+1.02 5.55+0.41 0.07+0.02  <0.01+<0.01 77+84 0.77
E-FluxI IN 11/17/2004 0.156 GF/F 26 43 4.65+5.78 2.79+2.24 0.02+0.01 <0.01+0.01 1854909 0.63
E-FluxI IN 11/17/2004 0.188 GF[F 72 1 4.25+2.36 2.54+0.91 0.01+0.00 <0.01+<0.01 181+361 0.83
E-FluxI ~ OUT 11/18/2004 0.107 GF[F 18 43 4.20+49.74 4.20+452.10 0.01£0.01 <0.01+0.02 821+>1e3  0.62
E-FluxI ~ OUT 11/18/2004 0.167 GF[F 50 1 0.78+0.25 0.70+0.08 0.01+0.00 <0.01+<0.01 81+36 0.59
E-FluxI  OUT 11/19/2004 0.103 GF/F 16 43 1.50+0.88 1.50+3.29 0.01+0.01 <0.01+<0.01 150+226 0.64
E-FluxI ~ OUT 11/19/2004 0.163 GF[F 43 1 2.00+3.77 0.92+1.49 0.01+£0.00  <0.01+0.01 131+310 0.28
Mean 2.97 2.45 0.86 148 0.54
2 1559 1.39 2.67 205 0.30
E-Flux II IN 1/16/2005  0.096 GF[F 18 43 10.28+596.12 4.14+301.35 8.06+>1e3  3.71+300.71 14319 0.19
E-Flux II IN 1/16/2005  0.109 GF/F 47 1 6.10+1.02 5.98+0.79 1.16+1.12 <0.01+0.01 5+8 0.00
E-Flux II IN 1/17/2005 0.084 GF/F 20 43 20.54+>1e3 3.98+>1e3 10.00+>1e3 14.21+>1e3 0+>1e3 0.1
E-Flux II IN 1/17/2005 0.116 GF[F 50 1 18.51+>1e3  2.09+377.06 0.05+0.06 0.13+15.80 45+>1e3 013
E-Flux II IN 1/20/2005  0.082 GF[F 16 43 19.37+>1e3 1.69+>1e3  0.01+0.02 0.04+13.97 169+>1e3 030
E-Flux II IN 1/20/2005  0.098 GF/F 41 1 0.70+0.00 0.00+>1e3  0.02+>1e3  2.68+<0.01 0+>1e3 -043
E-Flux II IN 1/22/2005 0.081 GF[F 22 43 1.88+4.74 1.53+1.15 0.02+0.06  <0.01+0.01 62+312 0.35
E-Flux II IN 1/22/2005 0.112 GF[F 57 1 9.17+2.45 9.17+9.12 0.15+0.05  <0.01+0.01 62+106 0.60
E-Flux I OUT 1/25/2005  0.099 GF[F 27 43 5.87+19.30 3.86+9.53 0.02+0.01 <0.01+0.02 247+ >1e3  0.66
E-Flux II OUT 1/25/2005 0.15 GF[F 70 1 7.59+44.36 3.50+21.33 0.02+0.01  <0.01+0.08 193+ >1e3  0.66
Mean 10.00 3.60 1.95 79 0.26
G 7.7 2.59 3.78 91 0.34
E-Flux Ill IN 3/16/2005 0.114 GF/F 12 43.0 4.12+0.76 412+2.33 0.09+0.03 <0.01+<0.01 47+24 0.68
E-Flux Ill IN 3/16/2005 0.118 GF/[F 33 11.0 3.62+0.43 3.62+0.29 0.41+0.17 <0.01+ <0.01 9+6 0.53
E-Flux Il IN 3/18/2005  0.209 18um 64 DCML 4.85+1.59 4.85+8.63 0.05+0.01 <0.01+<0.01 101+60 0.91
E-Flux IIl IN 3/18/2005  0.601 GF/F 64 DCML 4.18+0.32 3.86+0.11 0.07+£0.01 <0.01+<0.01 54+18 0.96
E-Flux Ill IN 3/19/2005 0.191 5pum 65 DCML 1.95+0.99 1.95+5.48 0.02+0.01  <0.01+<0.01 100+198 0.85
E-Flux Il IN 3/19/2005  0.743 GF/F 65 DCML 2.28+0.17 2.04+0.05 0.04+0.00 <0.01+<0.01 57+10 0.97
E-Flux IIl IN 3/20/2005 0.1 5pum 80 0.5 1.86+0.66 1.86+2.25 0.04+0.01  <0.01+<0.01 53+42 0.68
E-Flux IIl IN 3/20/2005 0.376 GF/F 80 0.5 1.80+0.08 1.68+0.04 0.08+0.01 <0.01+<0.01 21+3 0.94
E-Flux Ill IN 3/22/2005 0.174 5um 82 DCML 2.03+0.34 1.47+£0.10 0.02+0.00 <0.01+<0.01 64+17 0.97
E-Flux Il IN 3/22/2005 0.683 GF/F 82 DCML 1.99+0.12 1.74+0.04 0.04+0.00 <0.01+<0.01 44+6 0.97
E-Flux Ill IN 3/22/2005 0.01 5pm 110 DCML 2.91+0.18 2.91+0.14 1.04+044  <0.01+<0.01 BER 0.45
E-Flux Ill IN 3/22/2005 0.354 GF/E 110 DCML 1.13+0.07 1.12+0.04 0.06+0.01  <0.01+<0.01 20+4 0.85
E-Flux Il IN 3/23/2005 0.34 GF/F 125 DCML 1.20+0.09 1.20+0.08 0.28 +0.11 <0.01+ <0.01 4+2 0.62
E-Flux Il  OUT 3/23/2005 0.01 S5pm 145 DCML 2.91+0.35 2.91+0.30 0.57+0.34  <0.01+<0.01 5+4 0.32
E-Flux Il OUT 3/23/2005 0.202 GF/E 145 DCML 2.27+0.55 2274217 0.07+0.02  <0.01+<0.01 34+18 0.98
E-Flux Il OUT 3/23/2005 0.202 GF[E 145 DCML 2.46+0.12 2.33+0.06 0.11+0.01 <0.01+<0.01 21+4 0.93
E-Flux Il  OUT 3/24/2005 0.096 GF[F 22 43.0 3.20+0.70 3.20+1.93 0.08+0.02  <0.01+<0.01 40+18 0.71
E-Flux Il OUT 3/24/2005 0.119 GF[F 56 11.0 3.43+0.75 3.43+3.19 0.04+0.01 <0.01+<0.01 85+38 0.87
E-Flux Il OUT 3/25/2005 0.081 GF[F 19 43.0 4.25+1.30 4.25+4.71 0.08+0.03  <0.01+<0.01 51+33 0.66
E-Flux Il  OUT 3/25/2005 0.137 GF/F 50 11.0 3.22+0.57 3.22+2.46 0.04+0.01  <0.01+<0.01 85+31 0.94
Mean 2.78 2.70 0.16 45 0.79
G 1.06 1.09 0.25 31 0.20
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