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Biological responses to basin-scale climate forcing in the subtropical North Pacific Ocean are
assessed based on temporal variations in plankion community structure observed at Station
ALOHA and results of a coupled physical—biogeochemical model. Observational data and model
simulations for the period 1990—2004 reveal distinct temporal patierns, with significant increases
in net primary productivity, modeled nitrate flux into the euphotic zone and the measured down-
ward flux of particulate nitrogen during 1999—2004. Concurrent increases in microalgae, cyano-
bacteria and modeled and measured zooplankton biomass were also observed during this period.
We provide evidence that these responses were a consequence of climate forcing that destratified the
upper ocean, making it more susceplible to mixing events and nutrient entrainment. These findings
underscore the importance of nitrate flux and plankton community structure, as modulated by
climate forcing, in regulating particle export over interannual and decadal time scales.

INTRODUCTION
The U.S. Global Ocean Flux Study (GOFS) initiated

time-series measurement programs near Hawaii
(Hawait Ocean Time-series, HOT) and Bermuda
(Bermuda Atlantic Time-series Study, BATS) in 1988
(Karl and Michaels, 1996). The primary objectives of
these programs are to resolve physical and biogeochem-
ical variability at the seasonal and interannual time
scales and to provide observational data for developing
and evaluating biogeochemical models. While interann-
ual trends in mesozooplankton biomass and phyto-
plankton pigments have been reported for the HOT site
(Sakamoto et al., 2004; Sheridan and Landry, 2004),
interpretation of patterns of variability has proven chal-
lenging due to the one-dimensional nature of the time-
series data sets. Here we combine field observations

doi:10.1093/plankt/tbp064, available online at www.plankt.oxfordjournals.org

with the output of a coupled physical—biogeochemical
occan model to provide insight into mechanisms
responsible for temporal variations in plankton commu-
nity structure and particle export in the subtropical
North Pacific Ocean. The synthesis presented here
extends the “bottom-up” interpretations of Corno ¢t al.
(Corno et al., 2007) by including zooplankton data
(top-down control) and a biogeochemical modeling
component. The latter was included in response to the
insightful theory developed by Thingstad (Thingstad,
1998): “To understand the behavior of an ecosystem
with a high degree of regenerated production, there is a
need for a tool by which mechanisms of growth and
loss, of nutrient uptake and nutrient recycling, of
bottom-up and top-down control, can be integrated
into one picture.”

© The Author 2009. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oxfordjournals.org
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METHOD

Data source

In situ observations (temperature and salinity profiles,
pigment concentrations, picophytoplankton abun-
dances, daytime mesozooplankton biomass (>0.2 mm),
primary production rates and particulate nitrogen
fluxes) were made as part of the NSF-funded HOT
program at Staton ALOHA (22°45'N, 158°W).
Mesozooplankton dry weight biomass values were con-
verted to units of mmol N m™? using the equations
derived for this region (Landry et al., 2001). These data
sets, as well as methodological details and other core
data, can be found at: http://
hahana.soest.hawaii.edu/hotcold.html.

measurement

Numerical models

The physical model is based on the Regional Ocean
Modeling System (ROMS), which has been configured
for the Pacific Ocean (45°S to 65°N, 99°E to 70°W) at
50-km resolution (Wang and Chao, 2004). There are 20
levels in the vertical axis. The biogeochemical model is
based on the Carbon, Si(OH),, Nitrogen Ecosystem
(CoSINE) model (Chai et al, 2002). The CoSINE
model includes silicate, nitrate and ammonium, two
phytoplankton groups, two grazers and two detrital
pools. Below the euphotic zone, sinking particulate
organic matter is converted to inorganic nutrients by
a regeneration process similar to the one used by
Chai et al. (1996), in which organic matter decays
to ammonium and then is nitrified to nitrate. The
CoSINE model has been used in studies of decadal
variability in primary production of the North Pacific
(Chai et al., 2003) and nutrient and pCOy distributions
in the equatorial Pacific (Jiang and Chai, 2005).
Recently, the CoSINE model has been coupled with
ROMS for the Pacific basin-scale configuration. The
Pacific basin-scale ROMS—CoSINE model output has
been analyzed for nutrient transport and its impact on
biological productivity on seasonal and interannual time
scales in the South China Sea (Liu and Chai, 2009).
Chai et al. (in press) used the same model output to
compare the modeled air—sea COy flux with the
observed values, and investigated the controlling factors
for the air—sea COy flux in the South China Sea.
Polovina et al. (2008a, b) analyzed the ROMS—CoSINE
model output around the northern atolls in the
Hawailan Archipelago during the period 1964—2006.
The ROMS—CoSINE showed considerable interannual
and decadal variation in productivity, and changes in
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recent years that were coherent with observed changes
at higher trophic levels (Polovina et al., 2008a, b).

Initialized with climatological temperature, salinity,
nutrients (WOA 2001, http://www.nodc.noaa.gov/
OC5/WOAO01/pr_woa0l.html) and TCO, (Key et al.,
2004), the Paciic ROMS—CoSINE model has been
forced with the climatological air—sea fluxes calculated
using the bulk formula for several decades in order to
reach quasi-equilibrium. The ROMS—CoSINE model
is then integrated during 1955—2005, forced with daily
air—sea fluxes of momentum, heat and fresh-water
derived from the NCEP/NCAR reanalysis (Kalnay
et al., 1996). Surface wind stress is calculated from the
10-m wind and a drag coeflicient formulation (Large
and Pond, 1982). Heat flux is calculated from the pre-
scribed short- and long-wave radiations, sensible and
latent heat fluxes calculated by the bulk formula with
prescribed air temperature and relative humidity.
Fresh-water flux is derived from the prescribed precipi-
tation, and evaporation is derived from the latent heat
flux from the sea surface. Model results depend upon
the quality of surface forcing (wind, heat and fresh
water fluxes); interannual and decadal variations in the
surface forcing generate changes of ocean circulation
and hydrographic conditions. Previous circulation mod-
eling efforts that have used different surface forcing pro-
ducts for the Pacific Ocean tend to produce similar
conclusions regarding interannual and decadal variabil-
ity (Xie et al., 2000). The ROMS—CoSINE simulated
plankton biomass, nutrient fluxes and salinity anomalies
are used in this analysis.

Climate indices

Variations in measured and modeled atmospheric, phys-
ical and biogeochemical variables were examined in
relation to the phases of the Pacific Decadal Oscillation
(PDO), El Niflo-Southern Oscillation (ENSO) and the
North Pacific Index (NPI). We included the latter two
indices based on a previous study that concluded
“a single indicator such as the PDO is incomplete in
characterizing North Pacific climate” (Bond et al., 2003).
Monthly mean anomalies of the Pacific Decadal
Oscillation  (PDO) were generously provided by
N. Mantua (http://jisao.washington.edu/pdo/). ENSO
evolution was depicted using the NINO3.4 index,
where NINO3.4 is the average sea surface temperature
anomaly in the area bounded by 5°N to 5°S and
170°W to 120°W; monthly values were obtained from
the NOAA Climate Prediction Center (CPC) website
http://www.cpc.ncep.noaa.gov/data/indices/. The NPI
from the CPC represents a measure of the anomalous
atmospheric circulation over the North Pacific from
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Table I: Summary of annual time-series data _for 1990—1997 (HE Huber’s parameter used for regime
shift detection and N/A time-series data not available)

Variable HP 1990 1991 1992 1993 1994 1995 1996 1997
North Pacific Index (NPI) anomaly 1 0.33 0.20 1.33 1.63 0.23 0.53 0.30 1.05
3. Fucoxanthin (0-200 m, mg m™ %) 2 10.69 9.76 8.95 8.28 8.14 7.93 9.57 10.54
19'-hexanoyloxyfucoxanthin (0-200 m, mg m~2) 2 5.00 4.82 4.39 417 4.60 4.51 5.41 5.78
19'-butanoyloxyfucoxanthin (0-200 m, mg m™?) 2 4.15 3.64 3.29 3.02 2.83 2.67 3.32 3.42
Zeaxanthin (0-200 m, mg m~2)P 2 7.41 7.48 7.67 6.29 6.33 6.24 7.88 8.86
Photosynthetic nanoeukaryotes (0-200 m, 10~ "' cells m™?) 2 N/A 0.93 1.43 1.35 1.17 1.20 1.30 2.09
Modeled nitrate flux at 175 m (mmol m~2 day ™) 2 0.35 0.38 0.23 0.17 0.11 0.1 0.07 0.23
Measured particulate N flux at 150 m (mmol N m~2 day™ ") 2 0.37 0.31 0.22 0.23 0.25 0.22 0.23 0.29
Net primary production rate (0-200 m, mmol C m~2 day ") 2 29.99 43.60 44.77 37.57 36.16 43.66 39.85 36.41
Modeled zooplankton biomass (0-200 m, mmol N m~?) 1 4.78 3.83 3.47 2.85 2.65 2.15 2.27 2.57
Measured daytime zooplankton (0—160 m, mmol N m~2) 1 N/A N/A N/A N/A 3.12 3.01 3.84 3.14

@3, Fucoxanthin is a biomass proxy for chromophyte microalgae, including diatoms (fucoxanthin), prymnesiophytes (19'-hexanoyloxyfucoxanthin) and
pelagophytes (19'-butanoyloxyfucoxanthin).
bZeaxanthin is a biomass proxy for cyanobacteria, primarily Prochlorococcus spp. (see text for details).

Table II: Summary of annual time-series data _for 1998—2004

Variable HP 1998 1999 2000 2001 2002 2003 2004

North Pacific Index (NPI) anomaly 1 -1.73 -0.73 —0.40 -0.63 -0.18 —0.40 —0.60
3. Fucoxanthin (0-200 m, mg m™2) 2 12.51 12.11 13.28 11.93 13.03 11.81 16.00
19'-hexanoyloxyfucoxanthin (0-200 m, mg m™2) 2 7.33 6.98 7.33 6.92 7.50 6.76 9.25
19'-butanoyloxyfucoxanthin (0-200 m, mg m~2) 2 3.96 4.08 3.98 4.01 4.47 3.77 4.93
Zeaxanthin (0-200 m, mg m?) 2 10.08 10.61 9.79 10.85 10.42 10.41 13.64
Photosynthetic nanoeukaryotes (0-200 m, 10™'" cells m™2) 2 1.51 1.33 1.46 1.60 1.72 2.32 2.23
Modeled nitrate flux at 175 m (mmol m~2 day ") 2 0.28 0.36 0.62 0.23 0.31 0.45 0.65
Measured particulate N flux at 150 m (mmol N m~2 day ™) 2 0.31 0.34 0.30 0.36 0.32 0.39 0.29
Net primary production rate (0—200 m, mmol C m~2 day™") 2 42.10 45.07 48.70 47.74 50.69 47.77 43.62
Modeled zooplankton biomass (0—200 m, mmol N m™?) 1 2.22 6.73 7.45 4.91 5.05 5.18 6.08
Measured daytime zooplankton (0—160 m, mmol N m~?) 1 4.08 3.79 4.26 5.81 4.92 5.13 5.15

spring into summer. Annual values of the NPI were
obtained from the NOAA Bering Climate website:
http://www.beringclimate.noaa.gov/.

Statistical analyses

Statistical analysis of geophysical time-series data is con-
founded by “red noise” (i.e. serial correlation). To avoid
potential bias, regime shifts were identified using the
Shift Detection software (version 3-2) developed by
(Rodionov, 2004, 2006). All analyses used the original
data with AR1 correction, a probability of 0.2, a cutoff
length of 10 years and the IP4 red noise estimation
algorithm. A variable Huber’s weight parameter was
used to adjust for outliers (Tables I and II). Huber’s
(Huber, 2005) weight parameter was calculated as
weight=min (1, parameter/(Janomaly|)), where
anomaly is the deviation from the expected mean value
of the new regime normalized by the standard deviation
averaged for all consecutive sections of the cutoff length
in the series (Rodionov, 2006). This software is available
at http://www.beringclimate.noaa.gov/regimes/ .

RESULTS AND DISCUSSION

To evaluate the basin-wide model performance, we
compare the modeled sea surface height (SSH)
anomaly with the satellite-derived SSH anomaly. We
normalize the satellite SSH anomaly by its standard
deviation, and then perform the empirical orthogonal
function (EOF) analysis. The first mode of the EOF of
the normalized satellite SSH anomaly (Fig. 1A) shows
an out-of-phase relationship between the eastern tropi-
cal Pacific (ETP) and the North Pacific Ocean. The
coastal regions off the US west coast from California to
Alaska are in phase with the ETP signal. This is consist-
ent with the sea surface temperature patterns associated
with the PDO (Mantua et al., 1997). Using the same
procedure, we normalize the modeled SSH anomaly
with its standard deviation and perform the EOF analy-
sis (Fig. 1B). The physical model captures the character-
istic spatial patterns of the SSH signal as well as the
sharp transition around 1997-1998 (Fig. 1C). Between
1990 and 1997, the ETP had anomalously high SSH,
whereas SSH in the North Pacific subtropical gyre was
unusually low. During 1998, this SSH mode switched
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Fig. 1. Spatial patterns of the first mode of the empirical orthogonal
function (EOF) derived from (A) normalized sea surface height (SSH)
from altimeter satellite observations (dimensionless) and (B)
normalized SSH ROMS simulations (dimensionless), (C) the
associated time-series (dimensionless), showing the magnitude in
percentage relative to the standard deviation of the original data. The
seasonal cycle was removed before performing the EOF analysis.

sign, with a lower SSH in the ETP and higher SSH in
the North Pacific Current.

Maximum positive PDO and NINO3.4 anomalies
are observed during late 1997 and early 1998, a period
coincident with a shift in North Pacific Index (NPI)
anomalies from positive to negative values (Fig. 2A and
B) and with the mature phase of the strong warm 1997 —
1998 El Nino-Southern Oscillation (ENSO) event. NPI
values during 1990—1997 were significantly higher than
those during 1998-2004 (Table III). For the purpose of
comparing upper ocean properties at Station ALOHA
(0-200 m) before and after the NPI sign change, we
partitioned temperature and salinity measurements into
two time periods, 1990—1997 and 1998—2004, even
though some effects of the transition at ALOHA may be
delayed. Comparison of potential temperature—salinity

VOLUME 31

NUMBER 10 | PAGES 1131-1139 | 2009

(T—S) plots during these intervals reveals changes in
water mass characteristics at Station ALOHA (Fig. 2C).
The increase in measured (and modeled) salinity during
1998—-2004 is most apparent in the upper 160 m of the
water column (Fig. 3), which includes the top of
the nitracline (~100 m) and most of the euphotic zone
(0—175 m). The salinity increase in the mixed layer has
been ascribed to a regional decrease in the net flux of
freshwater (Lukas, 2001). Subsurface salinity anomalies
on isopycnals that are below the mixed layer (i.e. part of
the thermocline) primarily reflect subduction and sub-
sequent along-isopycnal advection of anomalously salty
surface waters (Lukas and Santiago-Mandujano, 2008).
The upper pycnocline salinity anomalies exhibit a domi-
nant decadal cycle, which is associated with rainfall
anomalies in the region north of Hawaii where
these isopycnals are ventilated (Lukas and Santiago-
Mandujano, 2008). Reduced stratification of the upper
water column was a consequence of the mixed-layer sal-
Inity increase, and an associated decrease in tempera-
ture. We hypothesize that the post-1998 destratification
of the upper ocean, in combination with (wind) mixing
events, contributed to the 2-fold increase in the modeled
flux of nitrate into the euphotic zone (Table III).

Increase in the availability of new nitrogen, primarily
in the form of nitrate, is the likely explanation for the
observed enhancement of microalgal biomass and net
primary productivity during 1999-2004 (Fig. 2E;
Table III). High-performance liquid chromatography
(HPLC) pigment analyses document a 40% increase in
the concentrations of 2 fucoxanthin (fucoxanthin and
its acyloxy derivatives 19’-hexanoyloxyfucoxanthin and
19'-butanoyloxyfucoxanthin) during the last half of this
15-year time-series (Fig. 4A; Table III). The maximum
increase is at 80—140 m, while concentrations in the
upper 40 m are low and relatively constant throughout
the entire period. These carotenoid pigments are associ-
of the
including diatoms, prymnesiophytes and

ated with certain members chromophyte
microalgae,
pelagophytes. This finding is consistent with the 45%
increase in abundance of photosynthetic eukaryotes,
dominated by small cells of 3—-4um or less, as
measured by flow cytometry (Table III). It should be
noted that these observations are in apparent conflict
with ocean color satellite imagery that suggests a
decrease in surface chlorophyll concentrations in the
subtropical Pacific Ocean during 1999-2004 (Gregg
et al., 2005; Behrenfeld et al., 2006; Polovina et al.,
2008a, b). This disparity is likely due to the fact that
ocean color satellite imagery only measures near surface
phytoplankton pigment biomass,
biomass increases are observed below the remote
sensing depth (~25 m) at Station ALOHA.

while the largest
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Fig. 2. Temporal variations in climatological indices, hydrographic
properties and atmospheric forcing during 1990—2004: (A) PDO (grey
line, three-point running average) and NINO3.2 (black line,
three-point running average) indices, (B) yearly means of the North
Pacific Index during 1990—1997 (grey bars) and 1998—2004 (black
bars), (C) potential temperature (8)—salinity (T—S) plots for the upper
200 db at Station ALOHA during 1990-1997 (grey dots) and 1998—
2004 (black dots), (DP modeled nitrate flux into the euphotic zone
(mmol N m 2 day ') and (E) integrated chromophyte microalgac
pigment (0-200db, mg m~ % black line corresponds to the
three-point running average; cf. Table III) computed for the Station
ALOHA region.

After 1998, HPLC analyses of pigment samples from
the upper 120 m also showed a significant increase in
zeaxanthin (Table III; Fig. 4B), the biomarker for cya-
nobacteria, a diverse group of oxygenic phototrophic
prokaryotes, including Prochlorococcus and Synechococeus, as
well as the nitrogen-fixers, Trichodesmium and Crocosphaera.
Among cyanobacteria, Prochlorococcus spp. are unique in
containing the pigment «-carotene instead of
B-carotene (Chisholm et al., 1988). Thus, a strong corre-
lation between depth-integrated (0—200 m) concen-
trations of a-carotene and zeaxanthin over the 1994—
2004 study period (R?=0.76, n= 113) suggests that
the observed increase in zeaxanthin at Station ALOHA

TEMPORAL CHANGES IN THE PACIFIC OCEAN

was primarily due to Prochlorococcus spp. Since the zeax-
anthin content scales as a function of biovolume for
Prochlorococcus and Synechococcus (Moore et al., 1995), the
observed increase in zeaxanthin Station ALOHA likely
corresponds to biomass enhancement rather than
photo-adaptation.

The Carbon, Si(OH),, Nitrogen Ecosystem (CoSINE)
biogeochemical model simulation predicted a relatively
constant phytoplankton biomass during 1990-2004
(24.18 + 0.23 mmol N mfz, 1% coeflicient of vari-
ation, n = 15). This was a consequence of the predicted
increase in total zooplankton biomass of 45%
(2.96 mmol N m™? during 1990—-1998 vs. 5.90 mmol
N m~? during 1999-2004), which maintained the
modeled phytoplankton biomass at relatively constant
levels during the 15-year time-series (Table III). This
prediction is supported by the observation that
measured mesozooplankton biomass during 19992004
(4.84mmol N m %) was 41% higher than that
measured during 1994-1998 (3.44 mmol N m™?)
(Fig. 4; Tables I and II). It is likely that the zooplankton
dynamics at Station ALOHA were responsible for the
~25% increase in the downward flux of particulate
nitrogen (PN) at 150 m during the latter half of this
time-series (Fig. 4C—E). Measured PN flux (0.27 mmol
N m™? day~ ') was significantly higher than the rate of
nitrate flux at the base of the euphotic zone (0.22 mmol
N m™? day ') during 1990—-1998 (P=0.054, n =9,
two-tailed paired #test). Presumably, the excess PN flux
(0.05mmol N m™? day ') mecasured during 1990—
1998 is a consequence of nitrogen fixation (Karl et al.,
1997). By comparison, recent 3'°N determinations of
nitrate and particulate nitrogen during June—July 2004
yielded a nitrogen fixation rate of 0.045 mmol N m™?
day ™! at Station ALOHA (Casciotti ¢t al., 2008). While
the average rate of nitrate flux (0.44 mmol N m™?
day™") was 0.10 mmol N m~? day ™' higher than the
rate of PN flux (0.34 mmol N m~? day ') during
1999-2004, these values are not statistically different
(P=0.261, n=6, two-tailed paired #test). Since the
rates of nitrate and PN flux are roughly in balance
during this period, the new production associated with
nitrogen fixation was presumably accumulated as dis-
solved organic nitrogen in the euphotic zone and/or
transferred to higher tropic levels via zooplankton
grazing (Church et al., 2002; Hannides, 2007).

SYNTHESIS

While direct field observations and the ROMS—
CoSINE model utilized in this study both have inherent
limitations, their combination provides new insights into

1135



JOURNAL OF PLANKTON RESEARCH

VOLUME 31

NUMBER 10 | PAGES 1131-1139 | 2009

Table III: Summary of regime shifis detected for atmospheric, physical, chemical and biological variables

during 1990—2004

Mean before shift Mean after shift

Variable Year shift detected (P) (length, years) (length, years) B/A
North Pacific Index (NPI) anomaly 1998 (0.001) 0.69 (8) —0.64 (7) -
Modeled nitrate flux at 176 m (mmol m~2 day ™) 1999 (0.132) 0.22 (9) 0.44 (6) 2.00
Net primary production rate (0-200 m, mmol C m~2 day ") 1999 (0.003) 39.35 (9) 47.27 (6) 1.20
19'-hexanoyloxyfucoxanthin (0-200 m, mg m~2) 1998 (0.011) 4.84 (8) 7.44 (7) 1.54
19'-butanoyloxyfucoxanthin (0-200 m, mg m~2) 1998 (0.181) 3.29 (8) 417 (7) 1.27
S Fucoxanthin (0-200 m, mg m™2) 1998 (0.100) 9.23 (8) 12.95 (7) 1.40
Photosynthetic nanoeukaryotes (0-200 m, 10~ "' cells m~?) 1997 (0.023) 1.23 (7) 1.78 (8) 1.45
Zeaxanthin (0-200 m, mg m~?) 1998 (0.087) 7.27 (8) 10.83 (7) 1.49
Modeled zooplankton biomass (0—200 m, mmol N m™?) 1999 (0.046) 2.96 (9) 5.90 (6) 1.99
Measured daytime zooplankton (0—160 m, mmol N m~?) 2001 (0.026) 3.61(7) 5.25 (4) 1.45
Measured PN flux (150 m, mmol N m~2 day ") 1999 (0.050) 0.27 (9) 0.34 (6) 1.24
Salinity anomaly (1991-2004), HOT, cruise data
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Fig. 3. Temporal variations in the measured (top panel) and modeled (bottom panel) salinity anomaly in the upper 200 db at Station ALOHA

during 1991-2004.

the complex nature of climate and marine ecosystem
interactions in the North Pacific subtropical gyre. We
suggest that the atmospheric changes associated with
the rapid transition from positive values of the PDO
and ENSO to sustained negative values during 1998 set
into motion a cascade of events that include an increase
in net freshwater flux from the ocean and the appear-
ance of anomalously high salinity waters at Station
ALOHA (Figs 2C and 3). As a consequence, the upper
ocean became more weakly stratified and susceptible
to mixing events forced by winds. The increase in
upper-ocean mixing from 1998 onward enhanced the

biological utilization of new nitrate nitrogen (Dugdale
and Goering, 1967; Eppley and Peterson, 1979;
Benitez-Nelson et al., 2007), increasing the biomass of
photosynthetic eukaryotes (small pennate diatoms,
prymnesiophytes and pelagophytes). This process 1is
consistent with the proposed mechanism for maintain-
ing a net autotrophic state in the subtropical North
Pacific Ocean (Karl e al., 2003; Riser and Johnson,
2008). Since Prochlorococcus 1s not capable of nitrate utiliz-
ation (Moore et al., 2002), regeneration of phytoplankton
nitrogen to ammonium via remineralization processes
likely served as the nutrient source for the observed
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Fig. 4. Temporal variations in biological parameters at Station
ALOHA during 1990—-2004: (A) contours of chromophyte microalgae
pigment concentrations in the upper 200 db (g m™ >, cf. Table IIT),
(B) contours of zeaxanthin concentrations in the upper 200 db (ug
m %), (C) measured daytime mesozooplankton biomass (0—160 m,
mmol N m™?, black line corresponds to the three-point running
average), (D) modeled zooplankton biomass (0—200 m, mmol N m™ )
and (E) measured flux of particulate nitrogen (PN) at 150 m (mmol N
m~? day ', black line corresponds to the three-point running average)
at Station ALOHA.

increase in Prochlorococcus biomass, with an implied con-
nection to enhanced microzooplankton grazing activity
(Fig. 5). It should be noted that a similar cascade of
events was recently reported by Li and Harrison (Li
and Harrison, 2008) for the Bedford Basin (Canada)
during the period of 1994-2006. The enhanced
eukaryotic phytoplankton biomass (and growth), in
turn, increased the carrying capacity of this subtropical
ecosystem for higher trophic levels including the

TEMPORAL CHANGES IN THE PACIFIC OCEAN

Climate Forcing (4 FW flux,
Advection & | Stratification)
g
{ 1 Vertical velocity & Mixing J
=z
| 1NO3 & PO,3Availability |
Nz
‘ 1 Eukaryotic Algae Biomass ‘

‘ tMZP Blomass ‘ ‘ 1 PRO Blomass \
Fecal pellet production

Y

| 1 Export of POM ‘

Fig. 5. Conceptual model depicting influences of remote and local
forcings on physical and biogeochemical parameters at Station
ALOHA (4, increase; |, decrease; N, NH{; P PO3; wZP
microzooplankton; MZP, mesozooplankton; PRO, Prochlorococcus spp.;
POM, particulate organic matter).

mesozooplankton. The coherence in the temporal pat-
terns of nitrate flux, total fucoxanthin, measured meso-
zooplankton biomass and PN flux lead us to conclude
that temporal variations in nitrate flux and plankton
community, as modulated by climate forcing, are impor-
tant in regulating the export of particulate organic
matter export over interannual and decadal time scales.
Future studies are needed to quantify the influences of
submesoscale and mesoscale variability and passing
storms on upper ocean biogeochemistry in the subtropi-
cal North Pacific Ocean.
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