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[1] Measurements at the Hawaii Ocean Time-series (HOT) Station ALOHA (22°45'N,
158°W) have revealed a significant, approximately 50% increase in euphotic zone
depth-integrated rates of primary production (PP; mol C fixed m~2 d™ ') based on in situ
'C experiments. The character of the nearly two-decade increasing trend in PP was
punctuated by several abrupt episodes that coincided with changes in the El Nifio/
Southern Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO) climate indices,
or both. In contrast to the observed increase in rates of PP, the PP per unit chlorophyll
a (mol C fixed mol chl ' d™'), a measure of the biomass-normalized production, was
relatively constant, whereas PP per unit solar radiation (mol C fixed mol quanta™'),

a measure of the efficiency of light utilization, varied in synchrony with the temporal trend
in PP. Coincident with variations in PP, the HOT program core data sets also revealed
changes in mixed-layer depth, upper ocean stratification, inorganic nutrients, phototrophic
microbial abundances and pigment inventories. These time-series data suggest that the
ENSO/PDO may control upper ocean stratification and vertical nutrient delivery into the
euphotic zone at Sta. ALOHA, thereby influencing the composition of the plankton
assemblage and altering rates of PP and particulate matter export.
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1. Introduction

[2] Oligotrophic gyres represent approximately 75% of
the total world oceans. Due to their vast surface area, these
gyres play a significant role in solar energy capture, bio-
elemental cycling and carbon export [Martin et al., 1987].
Thus, although rates of primary production (PP) in these
areas are typically lower than in coastal or upwelling zones
[Longhurst et al., 1995], even small variations in PP can
have a significant impact on the global oceanic carbon
cycle. Recent evidence suggests that oligotrophic regions,
once considered biological deserts with low ecosystem
variability, demonstrate relatively high spatial and temporal
variability in PP and chlorophyll a [Karl et al., 2002;
Mararion et al., 2003; Wilson, 2003]. Such variations may
be related to different physical forcing depending on the
temporal and spatial scales over which the observations are
considered [Karl et al., 1995; Letelier et al., 2000; Sakamoto
et al., 2004]. Of particular interest to constrain ocean
ecosystem and geochemical models are ocean-basin scale
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events that appear linked to climate variability events such
as the El Nifio/Southern Oscillation (ENSO) and the Pacific
Decadal Oscillation (PDO).

[3] Despite chronic nutrient limitation in the upper por-
tion (0—100 m) of the North Pacific Subtropical Gyre
(NPSG), both plankton biomass and rates of PP demonstrate
considerable temporal variability (variance range 20—
400%) [Laws et al., 1987; Karl et al., 1996; Letelier et
al., 1996; Karl, 1999; Karl et al., 2002]. Interannual
variability in plankton biomass and PP has been attributed
to alterations in upper ocean nutrient supply stemming from
physical variations due to ENSO and PDO [Karl et al.,
2001, 2002]. Karl et al. [1995] hypothesized that ENSO
events enhanced N,-fixation by stabilizing the upper ocean
and shoaling mixed layer depths (MLD) due to anomalously
light winds and increased insolation (due to reduced
clouds). On longer timescales, variations in the phase of
the PDO may also be responsible for observed decadal
changes in PP in the NPSG, as inferred by a significant
increase in total chlorophyll a (Chl @) during summer
months over nearly three decades [Venrick et al., 1987].
The extended positive phase of the PDO during this period
(1965—1977) led to a concomitant increase in winter winds,
decrease in sea surface temperature (SST) and an apparent
shift in the carrying capacity of the NPSG [Venrick et al.,
1987]. Ocean-climate related temporal variability in PP may
also influence the composition of the plankton assemblages.
During the PDO positive phase (1965—1977) the plankton
assemblage of the NPSG appears to have shifted toward an
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ecosystem dominated by prokaryotes and this transition
altered food web dynamics, new and export production,
nutrient supply, and fishery yields [Karl, 1999; Karl et al.,
2001].

[4] A formal assessment of the coherence of the NPSG
response to changes in ENSO and PDO events (i.e. magni-
tude and synchrony) has not been presented, despite the
potential significance of such coherence to elemental
cycling and trophic dynamics in the ocean. Furthermore,
such an analysis could provide a framework for the assess-
ment of the resilience of the NPSG ecosystem to perturba-
tion, and in turn, the level of self-organization for that habitat
[Laws, 2003]. ENSO and PDO fluctuate on different time-
scales, with ENSO demonstrating higher frequency ocean-
climate variability (1-3 years), while the PDO is dominated
by lower frequency variability (10—30 years) [Mantua et al.,
1997]. Because these two climate phenomena can vary
independently and exhibit variable strength in either a
“warm” or “cold” phase [Mantua et al., 1997; Wolter and
Timlin, 1998], it is possible for phase transitions to either
coincide or not, possibly resulting in fundamentally different
ecosystem forcing modes. Most phase transitions appear to
coincide with termination of ENSO warm events, but most
ENSO warm event terminations do not coincide with PDO
transitions [Graham, 1994; Barnett et al., 1999]. To date, the
large-scale physical interactions in the upper ocean of the
NPSG occurring during and between these phase transitions
remain largely unknown. The Hawaii Ocean Time-series
(HOT) program provides the only existing datatset to assess
temporal variability in PP in the NPSG over timescales
ranging from intra-annual to subdecadal [Kar! and Lukas,
1996]. In this study we analyze 17 years of monthly
measurements on PP (based on in situ '*C incorporation
into particulate matter), picoplankton abundances (derived
from flow cytometric and pigments analyses), particulate
matter fluxes, nutrient concentrations, and hydrographic
conditions to evaluate the response of the NPSG ecosystem
to large-scale climate perturbation events.

2. Methods
2.1. Biological and Chemical Data

[s] PP, particulate material export (at the 150 m reference
depth), nutrient concentrations, flow cytometric picoplank-
ton abundances, and pigment concentrations were measured
at Station ALOHA (A Long-term Oligotrophic Habitat
Assessment; 22°45'N, 158°W) as part of the ongoing
HOT program (data available at http://hahana.soest.hawaii.
edu/hot/hot-dogs/interface.html). Protocols used for
sampling, experimentation and analysis were consistent
throughout the study; they are documented elsewhere
[Letelier et al., 1996; Karl et al., 2001].

2.2. Climate Data

[6] Temporal variability in ENSO was assessed using the
Multivariate ENSO Index (MEI) (data obtained from the
NOAA Climate Diagnostics Center at http://www.cdc.noaa.
gov/people/klaus.wolter/MEl/table.html). Briefly, the MEI
is calculated as the first unrotated Principal Component
(PC) of six observed fields combined (sea-level pressure,
zonal and meridional components of the surface wind, sea
surface temperature, surface air temperature, and total cloud
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cover). These observations are confined to the tropical
Pacific. In order to keep the MEI consistent, all seasonal
values are standardized by the seasonal variance during the
1950-93 reference period; a positive and negative MEI
refer to El-Nifio and La-Nifia favorable conditions, respec-
tively [Wolter and Timlin, 1998].

[7] The index of the PDO was obtained from the Joint
Institute for the Study of the Atmosphere and Ocean (http://
jisao.washington.edu/pdo/PDO . latest). Standardized values
for the PDO index were derived as the leading principal
component of monthly SST anomalies in the North Pacific
Ocean poleward of 20°N [Mantua et al., 1997]. The
monthly mean global average SST anomalies are removed
to separate this pattern of variability from any large-scale
warming signal that may be present in the time-series data.

[8] In order to determine regional effects of ENSO and
PDO at Sta. ALOHA, average sea surface heights (SSH)
between the NOAA Hilo and Honolulu tide gauges
(SSHy;_po) were calculated. SSHy;_p, data were obtained
from the NOAA National Data Buoy Center (http://
www.ndbc.noaa.gov/Maps/Hawaii.shtml). Variability of
this regional sea level index is due to a combination of
local Ekman pumping and remote forcing via Rossby
waves.

[o] Time-series of the mixed layer depth (MLD) were
calculated from the HOT CTD data archive as the depth
where (i) an offset of 0.125 in potential density (o) from the
surface value, and (ii) a gradient of 0.005 in oy m ™'
occurred. Finally, time-series of the buoyancy frequency in
the upper 200 m was also calculated for Sta. ALOHA,
which quantifies the detailed variability of upper ocean
stratification.

2.3. Statistical Analysis

[10] Normalized anomalies (defined here as the z-score)
for each variable were obtained to determine possible
trends in relation to changes in ENSO, PDO and local
SSH. The z-score was calculated as z; = (x; — p)/o, where x; is
the measured value, and p and o are the 17-year monthly
mean and standard deviation values, respectively, for all
observations Xi, X,. . .X;.

[11] In order to compare differences in biogeochemical
parameters to variability in ENSO and PDO indices, bio-
geochemical measurements made at Station ALOHA over
the past 17 years were divided into 5 periods based on
changes in the ENSO, PDO and SSH. After testing for
normal distribution within the five periods, significant
differences between periods were tested using Analysis of
Variance (ANOVA), changing the significance level for
each comparison according to the refined Bonferroni method
[Hochberg, 1988], and t-test at 0.05 significance level.

3. Results
3.1. Physical Forcing and Habitat Response

[12] During the HOT program observation period (1989—
present), the NPSG has had two relatively strong positive
(warm) ENSO forcing events. The first event occurred
between 1991-1994 and the second event, which was
larger in magnitude, occurred during 1997-1998
(Figure la). The PDO index exhibited variability similar
to the MEI during 1991—-1994 and 1997—-1998 events, but
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the PDO index was in a positive phase during 1995-1996,
while the MEI index was negative (Figure la). Three
negative (cold) events also occurred during 1988, 1996
and 1998-2001. Monthly anomalies of the SSH averages
between Hilo and Honolulu (SSH,,) displayed temporal trends
inaccordance with the 1997—1998 ENSO changes (Figure 1b).
High SSH,, (strongly positive anomalies) occurred during the
1991-1994 ENSO (SSHy;r anomalies > 1). SSH,,, anomalies
became positive between 1995—1996 out of phase with the
ENSO cold event, but they became negative during the
1997—-1998 strong ENSO warm event. SSH,, remained
negative following this latter event as the strong ENSO cold
event developed; SSH,, became positive during 20012002
in phase with changes of the ENSO and PDO index. Based on
these results, the HOT program biogeochemical data were
subsequently divided into five periods: (i) 1989-1990
(ENSO, PDO anomalies weak, variable between —1 and
+1 and out of phase), (ii)) 1991-1994 (ENSO, PDO anoma-
lies > +1 and in phase), (iii)) 1995—-1996 (ENSO negative,
PDO anomaly positive and out of phase), (iv) 1997—1998
(ENSO and PDO anomalies both strongly positive and in
phase) and (v) 1999-2004 (ENSO and PDO anomalies
weak, variable between —1 and +1 and in phase).

[13] Monthly MLD anomalies at Station ALOHA signif-
icantly decreased during the initial two years of the 1991—
1994 ENSO, switching phase in the latter part of 1993
(Figure 1c). During the stronger ENSO event, MLD were
significantly greater (p < 0.005, n = 23) than during the
1991-1994 ENSO event (Table 1). Following the 1997—
1998 ENSO event, the average MLD increased significantly
and became more variable (50 m vs. 66 m, Table 1). The
potential density difference (0 giff MLD—MLD+20m) across the
base of the mixed layer, calculated as the difference between
the mean oy in the MLD and the mean o in the MLD + 20 m
layer became significantly positive (p < 0.005, n = 45)
during both the 1991-1994 and the 1997-1998 ENSO
warm events (Figure 1d). This indicates a weaker resistance
to ML deepening (and entrainment of deeper waters) for a
given increase in wind speed. A significant decrease (p <
0005, n= 23) in 09 diff MLD—MLD+20m Was also observed in
the period between the two ENSO warm events.

[14] To further understand the stability dynamics of the
water column and the link between upper and lower
euphotic zone processes, the potential density difference

Figure 1. Temporal variations in physical properties in the
NPSG during 1989-2004, as indicated by (a) the ENSO
and PDO anomalies, (b) the SSH monthly average anomaly
(i.e. z-score as defined in the text) between Hilo and
Honolulu, (c) the monthly anomaly of the mixed layer depth
(MLD) at Sta. ALOHA, the monthly anomaly of the mean
potential density (o) difference between (d) the MLD+
20m layer and the mixed layer, and (¢) the MLD+ 20m layer
and the 140—160 m layer at Sta. ALOHA. The red line in
Figures 1b, Ic, 1d, and le represents the 3-point running
average. The temporal boundaries for the five periods used
in the statistical analysis (based on different ENSO and
PDO variations, as defined in the text) are also shown
(vertical black lines in Figure 1a). On the x-axis, each tick
mark represents January 1 of each year.
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Table 1. Ecosystem Variations at Sta. ALOHA During Periods Characterized by Different ENSO and PDO Variations, as Defined in the

1995-1996

1997-1998

1999-2004

Text®

1989-1990 1991-1994
PP 0.033 + 0.004* 0.041 + 0.001°
PP/Chl a 0.0021 + 0.001* 0.0023 + 0.005*
PP/Light 0.020° 0.022°
PPy 45m 0.015 = 0.001* 0.022 + 0.001>¢
PP75_125m 0.0072 + 0.0006* 0.0065 + 0.0005*
PP Winter 0.026 + 0.002* 0.036 + 0.002°
PP Spring 0.036 + 0.002° 0.054 + 0.005"
PP Summer 0.030 + 0.005% 0.042 + 0.002°
PP Fall 0.033 £ 0.001* 0.043 + 0.001°
Prochlorococcus spp.o—4sm n/a 74 £ 37
Synechococcus Spp.o_asm n/a 0.66 £ 0.01*
Picoeukaryotes)_45m n/a 0.24 £ 0.03*
Prochlorococcus spp.75_125m n/a 57 + 4%
Synechococcus Spp.7s—125m n/a 0.47 £ 0.07*
Picoeukaryotesss  125m n/a 0.46 £ 0.05%
N + No_asm 475 + 274° 127 + 19°
SRPy_45m 4039 + 430° 2820 + 284°
N + N5 125m 3547 + 360° 3880 + 890°
SRP75_125m 4293 + 470° 3707 + 310%
Particulate C flux 0.0040 + 0.0002° 0.0030 + 0.0002°
PC: PN 8.0 £0.1* 8.1 +£0.2°
PC: PP 197 £ 9* 167 + 5°
PN: PP 24 +1° 20+ 1°
MLD (i), (ii) 55+ 7% 34+ 5° 50 + 3° 28 +2°
Temperature 24.8 +£0.2% 24.8 +£0.2%
N? 0.0351° 0.0426"

0.041 = 0.003°
0.0022 + 0.006
0.025°
0.025 + 0.001°
0.0061 = 0.0007*
0.036 = 0.001°
0.050 + 0.006°
0.043 + 0.002°
0.029 + 0.004*
104 + 4°
0.84 + 0.08°
0.31 + 0.04°
77 + 8°
0.68 +0.11°
0.42 + 0.10°
110 = 23°
3010 + 440°
5416 + 200°
3850 + 510°
0.0025 + 0.0001°
8.7 +0.2°
206 + 11°
23 +2°
50 +2° 30 +2°
252 +0.3°
0.0525°

0.042 + 0.002°
0.0022 + 0.001°
0.023°
0.021 + 0.001°
0.0077 + 0.0006°
0.044 + 0.003¢
0.045 + 0.005°
0.045 + 0.004°
0.037 + 0.004*
96 + 5°
0.94 +0.1°
0.44 + 0.07°
72 £ 6°
0.59 + 0.07*°
0.61 + 0.05°
40 + 6°
1650 + 180°
5366 + 190°
2970 + 400°
0.0030 + 0.0001°
83+032
215 + 6°
25+ 1°*

56 + 4% 35 + 5°
245 +0.2°
0.0282¢

0.052 + 0.002°
0.0023 + 0.003°
0.027°
0.024 + 0.001°
0.0082 + 0.0003°
0.049 + 0.004¢
0.0050 = 0.002°
0.058 + 0.004¢
0.045 + 0.002°
55 + 44
0.81 +0.1°
0.48 + 0.03¢
60 + 3°
0.56 + 0.05%°
0.54 + 0.03"
70 + 12¢
2170 + 1509
5972 + 140°
2830 + 180°
0.0028 + 0.0001>°
7.6 £0.2°
227 +5°
30+ 1°¢
66 + 3°, 36 + 2°
24.8 +0.2°
0.0294¢

Values represent the mean and 1 SD for each period. Units are mol C m 2 d " for PP, mol C mol Chl @' d~' for PP/Chl @, mol C mol quanta~' for PP/
Light, 10" cells m 2 for flow cytometric measurements, gmol m 2 for N + N and SRP, mol C m ™2 day ' for particulate flux, mol:mol for particulate ratio

(e.g., PC:PN,...), m for MLD (i and i refer to the 0.125 surface offset and

0.005 slope difference in oy, respectively, as defined in the text), °C for

temperature and rad/s for N? (Brunt-Viisild frequency). For each variable, common letters (i.e. a, b,. . .) next to values indicate no statistically significant

difference between values (ANOVA and t-test, p < 0.005).

(0’9 diff MLD+20m— 140:]60m) between the MLD+20m layer and
the 140—160 m was calculated. The 140—160 m reference
layer was chosen because these depths exceed the average
depth of the top of the nutricline [Kar! et al., 2002], thereby
providing a measure of lower euphotic zone stratification
and a proxy of the probability of nutrient injection from the
lower into the upper euphotic zone. During the 19911994
ENSO, the 0y 4iff MLD+20m—140:160m remained negative, but
became positive during and following the 1997-1998
ENSO (Figure le), implying increased probability of
nutrient injection during the 1997—-1998 event. The 140—
160 m reference layer was chosen because, based on
climatological data at Sta. ALOHA, it is deeper than the
mean depth of the top of the nutricline [Karl et al., 2002].
This latter difference (0g gifr MLD+20m—140:160m) Can then be
used as a measure of the lower euphotic zone stratification
and as a proxy for the probability of nutrient injection
from the lower into the upper euphotic zone (i.e. positive
09 diff MLD+20m—140-16om Iindicates a greater probability
of an injection event occurring than negative anomalous
06 diff MLD+20m—140:160m)-

[15] A clear transition in water column stability at Sta.
ALOHA occurred following the 1997—-1998 ENSO, as
indicated by the mixed layer density anomalies, and mixed
layer temperatures and salinity variations (Figures 2 and 3).
The Brunt-Viisild frequency (a measure of the ocean buoy-
ancy damping of turbulence) for the upper 100 m increased
significantly during the 1991—-1994 ENSO, while it signif-
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icantly decreased during and after the 1997—1998 ENSO
(Table 1). Furthermore, a clear decrease in the buoyancy
frequency below the mixed layer occurred during the 1997—
1998 ENSO (Figure 3). Buoyancy frequency time-series
revealed a deepening of MLD during the 1997-1998
ENSO. Interannual variability in MLD also demonstrated
a clear transition from positive to negative values with the
onset of the 1997—1998 ENSO and continuing into 1999
(Figure 4). In particular, the winter and fall anomalies for
MLD switched sign following the 1997-1998 ENSO
(Figures 4a and 4d).

[16] Concomitant with the shift in water column stability,
salinity values at Sta. ALOHA also displayed a clear
transition following the 1997-1998 ENSO. Near-surface
(5 m) salinity anomalies revealed a progressive increase in
salinity with the onset of the 1997—1998 ENSO (Figure 5a).
The increase in salinity at the onset of the 1997-1998
ENSO/PDO transition was not confined to surface layers of
the euphotic zone, as salinities increased (p < 0.005, n = 65)
throughout most of the euphotic zone (Figure 6). These
higher values persisted following the 1997—1998 ENSO.

[17] The shift to higher salinity following the 1997—-1998
ENSO/PDO transition was temporally associated with a
significant decrease in sea surface temperatures at Station
ALOHA starting in late 1996 and lasting through 1998
(Figure 5b and Table 1). However, this temperature change
was not associated with a significant change in surface
heating, as indicated by sea surface PAR anomalies. Surface

14
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Figure 2. Temporal variations in mixed layer density anomaly (seasonal cycle removed) with the mixed
layer temperature and salinity anomalies scaled by their contributions to density at Sta. ALOHA during

1989-2005.

PAR displayed no significant temporal variations (Figure 5c),
although strong positive and negative anomalies (i.e. >1 and
<—1) were measured in 1992 and 1995, respectively.

3.2. Nutrient Inventories

[18] Nitrate + nitrite (N + N) and soluble reactive phos-
phorus (SRP) concentrations displayed different vertical and
temporal trends. In the upper euphotic zone, N + Ng_45m
anomalies decreased from the beginning of the time-series
through 1997-1998 (Figure 7a), with a brief interruption in

Pressure (dbar)

1995. Following 1997-1998, N + Nj_4s, anomalies
increased significantly (Figure 7a, p < 0.005, n = 74). These
trends were also confirmed by temporal variations in
absolute N+N concentrations between the different ENSO/
PDO periods (Table 1). N + Ny_4s,, concentrations were
significantly lower during 1997—-1998 than at the beginning
of the time-series; a small (30 pmol m_2), but significant,
increase in N + Ng_45,,, concentrations occurred following
the 1997—-1998 ENSO (Table 1). In the lower euphotic
zone, N + N;5_155, anomalies remained relatively

Time (Year)

Figure 3. Temporal and vertical variations in the buoyancy frequency (low-pass filtered) at Sta.
ALOHA during 1989-2004. Buoyancy frequency units are in cycle hour™' (cph). The black line
represents the depth where potential temperature is 0.5°C less than the surface, while the white line
represents the depth where o, is 0.125 kg m > heavier than the surface (i.e. the equivalent density

difference if salinity is held constant).
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Figure 4. Seasonal variations in MLD (based on 0.125 kg m™
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3 surface offset in o) anomaly at Sta.

ALOHA during 1989-2004. (a) Winter variations include December through February, (b) spring refers
to March through May, (c) summer is June through August and (d) fall is September through November.

unchanged, (Figure 7b); however, after 1997—1998, the
lower euphotic zone N + Ny5_155,, anomalies were more
variable than during the preceding time intervals examined.
Absolute N + N75_ 1,5, concentrations were also significantly
greater following the 1997—1998 ENSO/PDO transition.

[19] Unlike the N + Ng_45,,, anomalies, SRPy_ 45, anoma-
lies remained relatively unchanged (Figure 7c). However,
absolute SRP,_4s,,, concentrations were significantly lower
through the 1997—1998 ENSO/PDO transition than at the
beginning of the time-series (Table 1). In the lower euphotic
zone, SRP75_155, anomalies decreased through the time-
series (Figure 7d). Similarly, absolute SRP;5_ 1,5, concen-
trations significantly decreased between each consecutive
ENSO-PDO period (Table 1).

3.3. Primary Productivity

[20] Rates of primary production (PP) increased signifi-
cantly throughout the entire 17-year observation period
(1989-2004), as shown by significant increases in the
monthly anomalies (Figure 8a, p < 0.005, n = 166), with
the greatest increase in PP observed between 1999-2004.
The increase in rates of PP was also reflected in differences
in the absolute rates of PP measured between 1989—1990
and 1999-2004 (0.033 + 0.004 vs. 0.052 + 0.002 mol C
m 2 d !, respectively) (Table 1). Interannual dynamics in
PP appear characterized by a step function, with stepwise
increases observed between 1990—1991 and again between
1997-1998 (Figure 8a). Following both these step
increases, PP remained hlgher than before (Table 1). PP
increased by ~0.008 mol C m~2 d~' (equivalent to approx-
imately 25%) with the onset of the 1991-1994 ENSO, but
remained relatively constant during the onset of the 1997—
1998 ENSO/PDO transitions (Figure 8). PP further in-
creased (approximately 0.010 mol C m~2 d™'or 30%) after
1997—1998, with large increases observed from mid-1999
to the beginning of 2002.

[21] The monthly anomalies in PP normalized to Chl a
(PP/Chl a) did not show a significant temporal trend
(Figure 8b, p < 0.005 n = 166). This pattern was also
reflected in the grouped PP/Chl a values (Table 1), where no
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Figure 5. Temporal variations for (a) salinity,

(b) temperature and (c) surface PAR anomaly in near-
surface waters at Sta. ALOHA. The salinity and temperature
records are from 5 m depth at Sta. ALOHA, while the light
is the sea surface PAR measured by a Licor meter on deck.
The red line in each panel represents the 3-point running
average.
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Figure 6. Temporal and vertical variability in salinity in the upper water column (surface to 200 m) at
Sta. ALOHA during the 1989—-2004 period. Salinity units are in practical salinity units (psu).

significant differences were observed between the different
time periods. Anomalies for PP normalized to incident light
flux (PP/Light, a proxy for the photosynthetic quantum
yield) displayed a significant increase throughout the ob-
servation period (Figure 8c, p < 0.005 n = 166). In addition,
PP/Light increased significantly during the 1997-1998
ENSO/PDO transitions (0.020 vs. 0.027 mol C mol
quanta” ', respectively) (Table 1).

[22] The observed temporal changes in PP varied between
the upper (PPg_y4s,) and the lower (PP5_;25,) euphotic
zone, as indicated by seasonal PP anomalies and changes in
the depth-integrated rates of PP (Figure 9 and Table 1,
respectively). Depth-integrated PPy _4s,, was higher by

w

N+N Anomaly

SRP Anomaly

~50% coincident with the 1991-1994 ENSO (Figure 9b,
or approximately 0.007 mol C m~2d ™", p < 0.005, n = 48),
but was lower by ~15% during the 1997—1998 ENSO/PDO
transitions (approximately 0.004 mol C m~>d ™', p < 0.005,
n = 23). Conversely, PP;5_1,5,, remained constant during
the 1991-1994 ENSO, but higher by ~30 % (an increase of
approximately 0.016 mol C m 2 d~') during and following
the 1997—1998 ENSO/PDO transitions (Figure 9¢ and
Table 1).

[23] Increases in PP were further demonstrated by com-
paring seasonal variations in PP (Figure 10 and Table 1).
Winter, summer and fall anomalies in PP all showed a clear
and significant increase (Table 1) during the 1997-1998

o ) I I (s | MR onatlf DO VOO SV WP S SN Vs VU W TV S S S |
T 1990 1992 1994 1996 1998 2000 2002 2004 1990 1992 1994 1996 1998 2000 2002 2004

Time (Year)

Time (Year)

Figure 7. Temporal variations in nitrogen (N + N) and phosphorous (SRP) concentrations in the upper
(0—45 m) (a and b, respectively) and lower (75—125 m) (c and d, respectively) euphotic zone at Sta.
ALOHA. The red line in each panel represents the 3-point running average.
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Figure 8. Temporal variations in integrated (a) PPy_125m,
(b) PP/Chl a and (c) PP/Light anomaly at Sta. ALOHA
during 1989-2004. The PP/Chl a was calculated as depth
integrated (0—125 m) PP and Chl a, respectively. The PP/
Light was calculated based on PP at 5 m depth and surface
PAR flux with adjustments for seasonally dependent
changes in light extinction coefficients.

ENSO/PDO transition (Figures 10a, 10c, and 10d). Follow-
ing the 1997—1998 ENSO/PDO transition, summer and fall
rates of PP significantly increased (Table 1). The step
function increase in PP was also apparent in the winter
and summer seasonally binned data (Table 1). Rates of
PP in the spring increased by ~50% during the 1991—
1994 ENSO, but did not show any other significant varia-
tions for the remaining periods examined. During the fall
months, PP increased during the 1991-1994 and 1997—
1998 ENSO by ~30%.

3.4. Planktonic Community Structure and Pigments

[24] Flow cytometric analyses revealed temporal variabil-
ity in the abundances of the major photoautotrophic groups
at Sta. ALOHA following the 1997—1998 ENSO event
(Figure 11). The flow cytometric analyses are not available
for the initial phase of HOT, including the period before the
1991-1994 ENSO event. In the upper euphotic zone,
Prochlorococcus spp. concentrations decreased significantly
(p < 0.005, n = 83) following the 1997-1998 ENSO
(Figure 1l1a and Table 1). Synechococcus spp. did
not display any coherent temporal dynamics (Figure 11c
and Table 1). In contrast, picocukaryote abundances
increased during the initial part of the 1997—1998 ENSO
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(Figure lle and Table 1), and continued to significantly
increase (Table 1).

[25] In the lower euphotic zone, Prochlorococcus spp.
cell abundances were temporally variable (Figure 11b), but
overall the abundance of Prochlorococcus spp. decreased
significantly following the 1997—1998 ENSO/PDO transi-
tions (Table 1). In contrast, picoeukaryote abundances
increased by 50% during the same time period (Table 1).

[26] Selected pigments, including chlorophyll  (Chl b, a
biomarker for prochlorophytes), 19'-hexanoyloxyfucoxan-
thin (19’-Hex, a biomarker for prymnesiophytes) and zeax-
anthin (Zea, a biomarker for cyanobacteria) [Mackey et al.,
1996], were used to evaluate variability in photosynthetic
planktonic community structure. With the exception of
lower euphotic zone Chl b (Figure 12b), concentrations
of all other pigments increased significantly (p < 0.005,
n = 850) following the 1997—1998 ENSO/PDO transition,
but remained unchanged during the 1991-1994 ENSO
event (Figure 12).

4. Discussion

[27] The connectivity between marine ecosystems and
climate variability is thought to depend in part on the
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Figure 9. Temporal variations in PP anomaly at Sta.
ALOHA during 1989-2004 in (a) the surface to 125 m
layer, (b) the upper and (c) lower euphotic zone. Similar
colors indicate the same observation period characterized by
different ENSO and PDO variations, as defined in the text.
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intensity, duration and frequency of atmospheric forcing of
upper ocean physics, including variables such as ocean
circulation and stratification. To date, however, we lack
clear understanding of the specific relationships that link
ocean biota, chemistry, and physics, partly because of the
complexity and nonlinearity of marine ecosystems and
partly due to the paucity of long-term (decadal scale) data
on the time-dependent nature of biogeochemical processes
in the sea. Results from the present study suggest that the
influences of large-scale, ocean-climate forcing on ecosys-
tem changes can be variable. Such information is of interest
when trying to predict future or hindcast past ecosystem
changes in relation to climate variability. The different
timescales of ENSO and PDO likely confound direct
relationships and, in the case of decade-scale phenomena
like the PDO, the 17 years of observations at Station
ALOHA are not long enough to identify possible relation-
ships between PDO and ecosystem variables. However, the
statistical correlation between these two climate drivers of

ocean variability may be useful to predict NPSG ecosystem
changes.

[28] Based on analyses of more than 17 years of data on
physical, chemical, and biological variability at Sta. ALO-
HA, the ecosystem’s response to two ENSO events did not
appear to be consistent, which may be due to a phase
reversal in the PDO. When the statistical correlation
between the PDO and ENSO events was weakly positive
(1 e., they were out of phase, during the 1991-1994 ENSO,
Enso-ppo = 0.15, p <0.005, n = 48), rates of PP increased,
and the ecosystem appeared to have returned to pre-
perturbation conditions. When the statistical correlation
between the two indices was strongly positive (i.e., they
were in phase during the 1997—1998 ENSO; PENSOPDO =
0.70, p < 0.005, n = 24), both rates of PP and export
increased. The unique responses of the NPSG ecosystem to
combined variability in PDO and ENSO suggest that the
response of the upper ocean may be sensitive to competing
physical perturbations from both of these ocean-climate
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processes. The large-scale physical interaction during these
two climate signals appears to influence the wind forcing,
heat and fresh water fluxes at the local scale and the ocean-
basin scale, and they in turn determine the variation of upper
ocean physical properties. During ENSO warm events,
when ENSO and PDO signals were not in phase, the trade
winds weakened, increasing the stratification of the upper
ocean [Karl et al., 1995]. On the other hand, when ENSO
and PDO were highly correlated, subsurface water mass
changes appear to decrease the upper water column stability.

[20] The issue of delayed ENSO subsurface forcing (via
Rossby waves) should also be considered when trying to
understand the complexity of the ecosystem-climate rela-
tionship. The ecosystem response at ALOHA to direct
surface forcing from one ENSO warm event may depend
critically on its phasing relative to the delayed subsurface
remote forcing from a previous event. It may take 2—3 years
for the ENSO Rossby waves to reach Sta. ALOHA after a
warm ENSO event gets underway. The mature phase
surface forcing will be about 6—9 months after the very
beginning of the event onset, so the maximum Rossby wave
influence will lag the peak surface forcing by 1.5-2.5 years.
In addition to the intensity differences among ENSO warm
(and cold) events, there are anomaly pattern differences as
well that should be considered. While there is a “canonical”
ENSO warm (and cold) event, the actual anomalous atmo-
spheric forcing around Hawaii differs from one event to
another [Ropelewski and Halpert, 1987, 1996]. Some, but
certainly not all, of these event-to-event differences are due
to the PDO [Lukas, 2001; Chu and Chen, 2005].

4.1. Relation of Local Physical Forcing at Sta. ALOHA
to ENSO and PDO

[30] Changes in MLD and in the stratification of the
lower euphotic zone were critical in influencing PP at Sta.
ALOHA, likely as a consequence of changes in light and
nutrient availability in the euphotic zone. These variations
can be linked to large-scale physical interactions occurring
during ENSO and PDO variations. The shoaling of the
MLD and stabilization of the upper water column (decrease
in N?) between 1991—1992 appear driven by overall weak-
ening of the trade winds during this period [Karl et al.,
1995]. The decrease in upper euphotic zone stability in
1997-1998, when the ENSO index began to increase and,
simultaneously, the PDO index displays a sign reversal,
could be related to the large-scale shift in surface forcing in
the North Pacific occurring at the same time [Lukas, 2001;
Keeling et al., 2004]. Sta. ALOHA was within a region of
reduced SST (as indicated by the decrease in SST at Sta.
ALOHA, Figure 5) and increased northerly and northeast-
erly winds, resulting in larger variability and increases in the
absolute depth of the MLD at Sta. ALOHA. Subduction of
anomalous mid-latitude surface water masses and advection
by the mean flow of the gyre can also qualitatively account
for the upper pycnocline water mass changes [Lukas, 2001].
Together, these processes could explain the reduced stability
of the upper ocean at Sta. ALOHA leading to the observed
changes in ecosystem structure and function.

[31] The stability decrease of the euphotic zone at Sta.
ALOHA following the 1997—1998 ENSO and PDO rever-
sal was clearly indicated by the transition to positive oy gifr
anomalies and smaller N? absolute values. In particular, the
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stability of the lower euphotic zone showed a well-defined
reduction during and following the 1997—-1998 ENSO and
PDO reversal (Figures le and 3). During this period, the
concomitant decreased stability in the higher and lower
euphotic zone most likely increased the probability of
surface waters being mixed deeper. During the 1991—
1994 ENSO, this simultaneous reduction in stability of the
upper and lower euphotic zone did not occur. The reduced
stability following the 1997-1998 ENSO stemmed from
both increased surface salinities and decreased tempera-
tures, causing an increase in surface density, thus increasing
the average MLD. The surface salinity change largely
resulted from temporal imbalances in precipitation and
evaporation across this region [Lukas, 2001; Dore et al.,
2003]. The salinity increase observed below the mixed layer
and throughout the euphotic zone may reflect waters that
were remotely affected by anomalous surface freshwater
fluxes and subsequently subducted and advected to Sta.
ALOHA [Lukas, 2001; Keeling et al., 2004]. These physical
processes resulted in greater MLD and reduced water col-
umn stability at Sta. ALOHA (Table 1). Deep mixed-layers
result in lower mean irradiances for the planktonic assemb-
lages in the near surface, and hence lower energy fluxes.

4.2. Variations in PP and Ecosystem States

[32] Similar to changes in the physical stability of the
upper ocean, unique responses in measured rates of PP
developed during the two ENSO events and PDO phase
reversals. The increase in PP during the 1991-1994 ENSO
(when the PDO index was in positive phase) has previously
been related to an enhancement of N,-fixation, caused by a
shoaling of the MLD and increased upper ocean stability
[Karl et al., 1995]. The increase in PP following the 1997—
1998 ENSO and coincident reversal in the PDO likely
reflects introduction of new nutrients from across the
base of the nutricline due to reduced stratification (decrease
in oy gisp, lower N2) of the upper-ocean and increased mixing.
The small but significant increase observed in N + N in the
upper euphotic zone (Table 1) and the increase in N + N
variability in the lower euphotic zone (Figure 7b) after the
1997-1998 ENSO supports this hypothesis. The increased
frequency in N + N variability also highlights the role of
aperiodic high concentration N + N bursts in alleviating
surface nutrient limitation for this ecosystem. Conversely,
the observed decrease in soluble reactive phosphorus
through the time-series, despite the hypothesized increase
in nutrient diffusion following the 1997—1998 ENSO and
PDO reversal, may reflect a condition of microbial biomass
being perturbed enough to alter the net uptake rates (i.e.
uptake > regeneration). During the first half of the 1997—
1998 ENSO event (spring—fall 1997) PP remained relatively
stable despite increasing frequency of N + N spikes. The
apparent reasons for the biogeochemical responses to phys-
ical forcing during the ENSO and PDO reversals are un-
known. However, these upper ocean transitions were
accompanied by changes in both the integrated mean light
regime and accompanying decrease in the average tempera-
ture of the upper ocean, either of which may have decreased
phytoplankton growth rates and, therefore, PP.

[33] The observed depth-dependent changes in PP during
the two ENSO events supports the hypothesis that N,
fixation supports a larger fraction of the total production
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during the 1991-1994 ENSO event, with NOj-based
production accounting for a larger fraction of PP during
the 1997-1998 ENSO. Conversely, in the lower euphotic
zone, PP increased only during the 1997—1998 ENSO and
coincident reversal in the PDO. This observation is consis-
tent with the hypothesis that the source of the new nutrients
to the upper ocean derived from increased entrainment
across the top of the nitracline.

[34] The variable response in particulate matter flux
during the two ENSO events also provides insight into
the different biogeochemical responses of climate forcing.
Particulate carbon (PC) export decreased during the 1991—
1994 ENSO, and increased during the 1997—1998 event
(Table 1). The decrease in export could reflect increased
retention of organic matter and enhanced re-mineralization
in the upper euphotic zone stemming from increased strati-
fication between the mixed-layer and the lower euphotic
zone. During the 1997-1998 ENSO event and coincident
with the PDO reversal, the disruption of water column
stability and subsequent increase in mixing may have
enhanced organic material export and provided a mecha-
nism for a greater fraction of the organic matter produced in
the euphotic zone to escape re-mineralization and sink
deeper in the water column. Biological mechanisms should
also be considered as potential explanations for the differ-
ence in export during the two ENSO events. Changes in
photoautotrophic community structure (as found here with
increasing picoeukaryote numbers) towards large cells
(therefore more susceptible to sinking) and variations in
grazing rates could have led to increased export during the
1997—-1998 ENSO. In addition, the inverse relationship
between prymnesiophytes concentrations and PC flux fol-
lowing the 1997—1998 ENSO, further supports the hypoth-
esis that a shift in plankton community structure likely
altered particulate matter fluxes out of the upper ocean.
Such results are in agreement with findings in a different
open ocean system [Lomas and Bates, 2004].

[35] Despite the observed variations in PP, the overall
nutrient status of photoautotrophic assemblage, as indicated
by PP/Chl a, appeared temporally stable. PP/Chl a can be
related to the photosynthetic assimilation number, or pro-
ductivity index, which represents a proxy for the physio-
logical status of the photoautotrophic community under in
situ conditions. If the PP/Chl « is interpreted as evidence for
nutrient (usually N) limitation [Karl et al., 2001], then the
overall increase in PP and increased nutrient entrainment
with the onset of the 1997—1998 ENSO and reversal of the
PDO did not appear to alter the underlying physiological
nutrient condition of photoautotrophs. Even though some
limitations exist regarding the validity of using PP/Chl « as
a nutrient proxy [Cullen, 1995], this result suggests that
(i) greater concentrations of nutrients over longer time
periods are needed to significantly affect photoautotrophic
physiology in the NPSG, (ii) light limitation, due to
increasing mixing, is the main factor influencing the PP/
Chl a, or (iii) the observed changes in plankton assemblage
composition or nutrient uptake rates may have masked
apparent changes due to nutrient enrichment.

[36] The change in PP/Light (a proxy for the photosyn-
thetic quantum yield) after the 1997—1998 ENSO suggests
an overall increase in the efficiency of light utilization by
upper ocean photoautotrophic assemblages. Increases in PP/
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Light may have derived from a response by the photoauto-
trophic community to lower light availability stemming
from increased mixing. The combination of various factors,
including (i) increased nutrient injection, (ii) variations in
light utilization efficiency and (iii) alteration of plankton
assemblage composition, all may have contributed to the
observed changes in PP following the 1997—-1998 ENSO
and PDO reversal in 1998.

4.3. Community Structure Changes

[37] The observed variations in physical stability in the
euphotic zone of the NPSG also appear to have led to a
change in the composition of the photoautotrophic plankton
assemblage. Changes in concentrations of Prochlorococcus
spp., picoeukaryotes and prymnesiophytes (as indicated by
19’-Hex concentrations) during and after the 1997—1998
ENSO agree with the hypothesized increase in NO3 fluxes
from the lower euphotic zone. The recently completed
genome sequences of three strains of Prochlorococcus
spp. highlight that these strains lack the nitrate reductase
operon required for NO3 utilization [Moore et al., 2002;
Dufresne et al., 2003; Rocap et al., 2003]. Decreasing
concentrations of surface Prochlorococcus spp. abundances
following the 1997-1998 ENSO and coincident phase
reversal of the PDO may reflect the inability of surface
Prochlorococcus spp. to compete with other groups of
photoautotrophic plankton capable of nitrate utilization,
including Synechococcus spp. and various groups of picoeu-
karyotes. In addition, the growth of various strains of
Prochlorococcus spp. appear sensitive to changes in tem-
perature [Moore et al., 1995; Johnson et al., 2006], suggest-
ing that cooling of the upper ocean following the 1997—
1998 ENSO and PDO phase reversal may have allowed
photoautotrophic organisms less sensitive to temperature to
out-compete Prochlorococcus spp.

[38] In the upper euphotic zone, the concomitant increase
in Chl b and decrease in Prochlorococcus spp. are in
agreement with the hypothesized increase in mixing and
consequent decrease in integrated light availability follow-
ing the 1997—1998 ENSO. The increase in the ratio Chl b:
Prochlorococcus spp. can be interpreted as a photo-adapta-
tion response to lower light, resulting in a high Chl b cell
quota. As Chl b is the primary accessory pigment in
prochlorophytes, increased Chl b per cell would enhance
the capture of light and energy transfer towards Chl a in
order to maintain the photosynthetic processes balanced as a
response to reduced light availability. Likewise, the increase
in zeaxanthin in the lower euphotic zone following the
1997-1998 ENSO could be related to changes in water
column stability and light availability. In this context,
cyanobacteria populations in the lower euphotic zone would
have been subjected to higher light availability (due to
increased mixing) following the 1997-1998 ENSO. The
relative increase of zeaxanthin per cyanobacterial cell can
then be interpreted as a photo-protective process. A higher
concentration of zeaxanthin per cell would have protected
the photosynthetic apparatus from the increased light avail-
ability by dissipating the excess energy in the form of heat
and fluorescence through increased rates in the xanthophyll
cycle (i.e. increase in zeaxanthin concentrations). Because
light availability scales as an exponential of depth, small
changes in MLD can lead to large changes in average light.
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If light is a major influence on plankton rate processes, then
standard '*C in situ (fixed depth) incubations may not
accurately estimate primary production. In the upper
euphotic zone, the increase in zeaxanthin concentrations
following the 1997—1998 ENSO is, however, not yet well
understood. In this case, a photo-protective process could
not be invoked to explain such change in pigment concen-
tration. Rather than be related to a photo-physiological
process, this zeaxanthin increase may well indicate an
increase in cyanobacteria species, other than Prochlorococcus
and Synechococcus spp., able to exploit the changed phys-
ical and chemical environment following the 1997-1998
ENSO.

[39] The observed increases in the abundances of picocu-
karyotes and prymnesiophytes may reflect the ability of
these broadly defined groups of pigmented picoplankton to
grow on NOj3. Synechococcus spp. concentrations did not
show any particular temporal variations. The unchanged
concentrations in the upper euphotic zone during the 1997
1998 ENSO indicates that this organism may well be suited
for the hypothesized increase in NO5 fluxes in this environ-
ment, as shown by the genetic capacity of Synechococcus
spp. for NO3 -based growth [Glover et al., 1988; Moore et
al., 2002]. Together, these observations suggest picoeukar-
yotes and prymnesiophytes may be better adapted to a
physically dynamic environment, where temperatures are
lower and NO3 more readily available. In contrast, during
periods of prolonged stability, Prochlorococcus spp. abun-
dances increased, likely reflecting the adaptation of these
cells to stratified, oligotrophic environments. This is con-
sistent with the domain shift hypothesis and long term
changes in the composition of planktonic assembles [Karl
et al., 2001].

5. Conclusion

[40] Following nearly two decades of monthly observa-
tions at Sta. ALOHA, rates of 14C.derived PP in the NPSG
have increased ~50 % (Table 1). The observed increases in
PP appear to coincide with changes in upper ocean strati-
fication including alteration to the MLD. Changes in
euphotic zone water stability have the potential to influence
light availability (by decreasing the daily integrated light in
the mixed layer due to increasing mixing) and nutrient
dynamics in the upper ocean. These local physical changes
may demonstrate larger-scale linkages to ocean-basin cli-
mate forcing, such as through atmospheric-oceanic inter-
actions occurring during ENSO and PDO. Throughout the
latter seven years of time-series observations (1997-2004),
rates of PP and export of carbon from the base of the
euphotic zone have increased. Coincident in time with
changes in the rates of production and export, the upper
ocean appeared to undergo a shift in plankton assemblage
composition with the abundance of Prochlorococcus spp.
decreasing, while picoeukaryotes and prymnesiophytes be-
came more abundant.

[41] The observed variations in PP in the NPSG can
significantly affect oceanic nutrient cycling, trophic inter-
actions, and global elemental fluxes. Based on time-series
analyses of biogeochemical variability at Sta. ALOHA, we
suggest that both PP and carbon export may be influenced
by large-scale interactions between the atmosphere and the
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ocean, e.g., ENSO and PDO. The nature of the ecosystem
response depends on both magnitude and duration of the
perturbations, the coherence of multiple independent forc-
ings and the interval between major events. It is then
important to determine not only possible ecosystem
response but also the ecosystem behavior following pertur-
bation. At Sta. ALOHA based on PP dynamics, vertical
variations in ecosystem response (upper vs. lower euphotic
zone) add a new perspective to this ecosystem behavior.
Future analyses are required to relate these temporal PP
changes in the NPSG to resilience and resistance dynamics
following perturbation. Such an endeavor will help in
understanding if ecosystems tend to evolve to the state
most resilient to perturbation [Laws, 2003]. Another im-
portant issue to be considered is separating the notion of
perturbations from shifts. This distinction depends in part
on the intensity and scale of the event and the ecological
response. In the context of photoautotrophic ecosystems,
what might be a climate perturbation (like the observed PP
change following the ENSO-PDO variations) might be
perceived as a shift. In order to understand these ecosystem
characteristics, long-term ecological research, including
observations at Station ALOHA, provides crucial informa-
tion into the timescales of ocean ecosystem behaviors that
occur at different time-scales and in a “hidden present” due
to their relative slow response and lag following perturba-
tion [Magnuson, 1990].
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