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ARTICLE INFO ABSTRACT
Keywords: Station ALOHA (A Long-term Oligotrophic Habitat Assessment) was established in the North Pacific Subtropical
Primary production Gyre (22°45'N, 158°W) as an oligotrophic ocean benchmark to improve our understanding of processes that

Biological carbon pump

govern the fluxes of carbon (C) into and from the surface ocean. At approximately monthly intervals, mea-
Station ALOHA

surements of the primary production of particulate C (PC) using the *C method, and the export of PC and

Phytoplankton . . . . .
viop . particulate nitrogen (PN) using surface-tethered sediment traps deployed at 150 m have been made along with a

Nutrient cycling A . . . . . .

Biogeochemistry host of complementary physical, biological, and biogeochemical measurements. Euphotic zone depth-integrated

North Pacific Subtropical Gyre (0-200 m) primary production ranged from 220.2 (standard deviation, SD, 10.8) mg C m~2 d~! in Feb 2018 to
1136.5 (SD = 17.1) mg C m 2 d™! in Jun 2000, with a 30-yr (1989-2018) mean of 536.8 (SD = 135.0) mg C m 2
d™! (n = 271). Although the monthly primary production climatology was fairly well constrained, we observed
substantial sub-decadal variability and a significant 0-125 m depth-integrated increasing trend of 4.0 (p < 0.01;
95% confidence interval, CI, 2.1-5.9) (mg C m~2d~!) yr~! since 1989, displaying a large relative increase of 37%
(CI = 18-55%) in the lower portion (75-125 m) of the euphotic zone. Chlorophyll (Chl) a and suspended PC and
PN concentrations also displayed significant (p < 0.01) increases in the 75-125 m region of the euphotic zone. PC
export at 150 m exhibited both short-term (monthly) and longer-scale variability with a 30-yr mean of 27.9 (SD
=9.7,n=265)mg Cm 2d"’. PC and PN export exhibited extended, multi-year periods of significantly lower or
higher values compared to the 30-yr mean. These multi-year periods of anomalously low and high particle
export, in the absence of contemporaneous variations in primary production, probably reflect periodic changes in
remineralization efficiencies. The PC export ratio (e-ratio; PC export at 150 m + 0-150 m depth-integrated **C-
based primary production) was low, with a 30-yr mean of 0.054 (SD = 0.021, n = 248), and exhibited a sig-
nificant (p < 0.01) long-term decreasing trend over the 30-yr observation period. The 30-yr long-term increases
in primary production (~37%), Chl a, and suspended PC and PN concentrations (~17%, 8%, and 8%, respec-
tively) in the 75-125 m portion of the water column are hypothesized to result from an enhanced supply of
nutrients to the lower portion of the water column over the past three decades.

1. Introduction induced climate change (Brewer et al., 1986). To achieve these goals,
JGOFS scientists established several strategically located ocean time-

The Joint Global Ocean Flux Study (JGOFS) program was established series stations to document and interpret seasonal-to-interannual vari-

in 1986 to reduce uncertainties in oceanic carbon (C) cycle processes in ability in primary production, new production (the portion of primary
order to obtain a better understanding of the atmosphere-to-ocean bal- production that is supported by allochthonous sources of nutrients), and
ance of carbon dioxide (CO5) and its sensitivities to natural and human- particle export from the surface ocean (Karl et al., 2003). Characterizing
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the magnitude and variance in the rates of primary production and
particle export at different temporal scales is central to our under-
standing of the biological C pump (BCP), a set of inextricably linked
processes that ultimately determines the net air-to-sea flux of CO2 and
the capacity for long-term (>100 yrs) sequestration of C into the deep
sea (Volk and Hoffert, 1985).

Since October 1988, scientists in the Hawaii Ocean Time-series
(HOT) program have employed a relatively consistent, approximately
monthly sampling strategy for a number of discrete physical, chemical,
and biological ship-based measurements and in situ experiments to
constrain C cycle rates and processes. By employing standard protocols
over periods of several decades, HOT observations enable long-term
assessment of trends in the magnitude and variance of these rates, and
serve as a test for predictions of contemporary models of the BCP in the
oligotrophic North Pacific Subtropical Gyre (NPSG).

When the HOT program began in Oct 1988, we had only a rudi-
mentary knowledge of the factors controlling primary production and
particle export processes in oligotrophic ocean regions. For example, a
novel and abundant photosynthetic microorganism, Prochlorococcus,
had just been discovered in the North Atlantic (Chisholm et al., 1988),
but there was no information on its abundance, distribution, or contri-
bution to total primary production in the NPSG. In addition, the reli-
ability of the traditional radiocarbon (14C) method for field
measurements of primary production (Steemann Nielsen, 1951; 1952)
had been called into question on grounds of metal contamination and
other incubation artifacts (Fitzwater et al., 1982; Williams and Rob-
ertson, 1989). Large inconsistencies began to emerge between rates
obtained from short-term (~1 day) 14¢_based experiments and longer
term (months to years) geochemical mass balances that both excited and
incited the scientific community (Jenkins and Goldman, 1985; Platt and
Harrison, 1986; Platt et al., 1989; Hayward, 1991). Furthermore, high
sensitivity methods for accurate determinations of vanishingly low
nutrient concentrations in oligotrophic waters were starting to emerge;
methods for the determination of nanomolar concentrations of nitrate
had just been field-tested (Garside, 1982) and, in the case of phosphate,
had not yet been developed (Karl and Tien, 1992). Quantitative studies
of the ecological role of dinitrogen (N2) fixation as a source of new ni-
trogen in the NPSG were just beginning (Mague et al., 1974; Gundersen
et al., 1976). With regard to particle export, only a few sediment trap
experiments had ever been conducted in the NPSG, and the “open ocean
composite” (the so-called Martin curve), an empirical description of
sediment trap-derived PC export versus water depth, had just been
published (Martin et al., 1987). Our knowledge of the rates, controls,
and efficiencies of the BCP, a term not yet in the oceanographer’s
lexicon, was incomplete and inadequate for most modeling purposes.

This paper presents time-series data for several key ocean C cycle
processes that have been collected at Station ALOHA during the past 30
years (1989-2018). We summarize and interpret these data, including
several unexpected trends, and present new hypotheses as a research
prospectus for the future.

2. Materials and methods
2.1. Field sampling strategies

All field experiments were conducted at Station ALOHA (22°45'N,
158°W), an oligotrophic, open ocean site in the eastern portion of the
NPSG (Karl and Lukas, 1996). The data presented in this paper were
collected on 306 cruises between January 1989 and December 2018, on
approximately monthly intervals (Supplementary Figs. 1 and 2, and
Supplementary Table 1). During each cruise (except as noted below), a
single, ~12-hr (dawn-to-dusk), primary production incubation and a
single sediment trap deployment of variable duration were performed
(Karl et al., 1996; Supplementary Table 1). As detailed below, in situ
primary production protocols were first employed in July 1989 (the
eighth cruise in the series; HOT 8; see Supplementary Table 1 for cruise
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dates, data summaries, and other relevant information). Due to
inclement weather or mechanical problems, the in situ primary pro-
duction array was unsuccessful on 28 cruises (HOT cruise numbers 9, 20,
21, 24, 42, 43, 48, 59, 88, 100, 121, 123, 133, 138, 161, 168, 192, 207,
218, 219, 238, 240, 276, 278, 288, 299, 302, and 308), or was deployed
but lost at sea on HOT 183 and HOT 282; this reduces the number of
individual in situ primary production experiments to 271. While the
temporal coverage during the 30-yr period was not biased to any
particular month (Supplementary Fig. 1), there were 170 days of the
year with no observations and 136 days with only a single primary
production experiment (Supplementary Fig. 2). The deployment of the
sediment trap array was unsuccessful on 37 cruises (HOT cruise numbers
12, 21, 25, 42, 43, 48, 59, 61, 84, 87, 88, 129, 133, 138, 144, 161, 177,
190, 192, 207, 218, 219, 227, 234, 235, 237, 238, 276, 278, 283, 288,
290, 299-301, 303, and 308), or was deployed but lost at sea on 5
cruises (HOT cruise numbers 151, 204, 279, 280, and 293) reducing the
number of individual sediment trap experiments to 265. By comparison
to primary production, we had much greater coverage in PC export with
a mean of three observations per day and only 25 days of the year
without a single observation (Supplementary Fig. 2). Consequently, the
contemporaneous export ratio (e-ratio = PC export at 150 m <+ 0-150 m
depth-integrated 1*C-based primary production) is reported for 248
expeditions. Numerous complementary hydrographical, chemical, and
biological measurements were also obtained (Karl and Lukas, 1996). A
portion of the ancillary data is presented herein, and most other data are
publicly  available  (http://hahana.soest. hawaii.edu/hot/hot-dogs/).
Detailed HOT program methods are also available online (http://hahana.
soest. hawaii.edu/hot/methods/results. html).

2.2. Primary production

Measurements of inorganic C assimilation were performed using the
14C method following trace metal-clean procedures (Fitzwater et al.,
1982; Letelier et al., 1996). The exact protocol was modified slightly (see
below) during the 30-yr observation period. Initially (HOT 3-96), water
samples were collected from 8 depths (5, 25, 45, 75, 100, 125, 150, and
175 m) approximately 3-4 hr before dawn using 30-1 Teflon®-coated
Go-Flo® bottles (General Oceanics), a Kevlar® line, a metal-free sheave,
Teflon® messengers, and a stainless steel bottom weight. These water
samples were used for measurements of photosynthetic pigments and for
14C-based primary production. After seawater collection, triplicate 150
ml samples from each depth were withdrawn into dark polyethylene
bottles for the fluorometric determination of chlorophyll a (Chl g;
Letelier et al., 1996). In addition, six subsamples from each depth were
withdrawn under dim light into 500 ml polycarbonate bottles, inocu-
lated with NaH'#COj (final radioactivity ~3.0-3.7 MBq 1™1), and placed
in the dark until just prior to sunrise when the timed incubation period
began. Triplicate light and triplicate dark bottle treatments were incu-
bated for the entire daylight period (dawn to dusk), which ranged from
<12 hr to >14 hr (see Supplementary Table 1). Initially (HOT 3-17), the
samples were incubated in an on-deck, simulated in situ NORDA/USM
system that reproduced both in situ photosynthetically available radia-
tion (PAR; 350-700 nm) and temperature (Lohrenz et al., 1992). For
nine cruises (HOT 8 and 10-17), we compared the deck incubation
protocol to an in situ method using a free-drifting array. A detailed
comparison of the two methods revealed that the deck incubations were
compromised, especially for samples >45 m, presumably due to poor
reproduction of the light field (Letelier et al., 1996). For this reason, we
abandoned the use of the deck incubation system beginning on HOT 18,
and have consistently employed only the in situ array since that time.
We have elected not to include the on-deck *C-primary production data
in the present analysis as the differences between in situ and on-deck
incubations are viewed as irreconcilable.

Until HOT 96, we routinely conducted the dedicated Go-Flo®
hydrocast, but we frequently encountered problems with bottle mis-trips
and, more importantly, lacked vital continuous data on temperature,
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salinity, pressure, dissolved oxygen, and Chl a fluorescence that are
routinely collected when using a standard CTD-rosette water sampling
system. Therefore, for the period from HOT 97-118, we sampled from
both the Go-Flo® bottles and from rosette-mounted 12-1 PVC bottles
equipped with Teflon®-coated springs and Viton® o-rings. Comparisons
of the two data sets showed that primary production measured using the
two methods was not significantly different. So, since HOT 119 we have
exclusively used the CTD-rosette sampling system and the in situ array
protocol to measure primary production. For the period of sampling
method overlap (HOT 97-118), and with the exception of the rosette
sampling suspected to be contaminated on HOT-102, when full euphotic
zone depth profiles derived from both sampling methods are available,
we used only the CTD-rosette water cast in the current statistical analyses.

Beginning with HOT 118, we streamlined the relatively labor-
intensive in situ primary production procedure by eliminating the trip-
licate dark bottles for all depths, and eliminating the two deepest light
bottle depths (150 and 175 m). Instead of continuing to measure light
bottle '*C-uptake at these two deepest depths, we used the initial 12-yr
monthly climatology to model seasonal changes in photosynthesis for
the deepest portion of the euphotic zone, assuming that '*C assimilation
at 200 m was equal to zero. The mean monthly 125-200 m depth-
integrated primary production based on the 12-yr observation period
ranged from a minimum of 6.7 mg C m~2 d~! in Nov to a maximum of
21.6 mg Cm 2d ! in May (Supplementary Fig. 3), values equivalent to
1.45% and 3.45%, respectively, of the corresponding 0-200 m depth-
integrated values. Deviations from the monthly climatologies were
random over the 12-yr (1989-2000) observation period and had a mean
of 0.17 (standard deviation, SD, = 9.42) mg C m24d! (n = 102; Sup-
plementary Fig. 3). This mean deviation value is much smaller than the
typical measurement error in the triplicate light bottles at all depths in
the upper 125 m (~10% of mean value). Consequently, for HOT
118-307, total euphotic zone (0-200 m) depth-integrated primary
production was calculated as the sum of the measured in situ 0-125 m
~12-hr light bottle *C assimilation plus the Station ALOHA climato-
logical mean value for that month based on the in situ 125-200 m in-
tegral measured during the first 12-yr period of the HOT program. A
similar approach was used to estimate the 0-150 m depth-integrated
primary production for comparison to PC export measured at 150 m
(Supplementary Fig. 4).

Following the in situ incubation, a subsample (250 pl) was removed
from each bottle to measure total radioactivity in the sample. In this
procedure, 500 pl of B-phenylethylamine was used as an inorganic C
trapping agent, and either Aquasol-2 (Perkin Elmer, Inc.; HOT 8-177) or
Ultima Gold LLT (Perkin Elmer, Inc.; HOT 178-307) was used as the
liquid scintillation cocktail. The '4C activities of the samples were
counted (2% SD cut-off or 10 min maximum) using a liquid scintillation
counter (LSC; four different Packard Instruments Co. or Perkin Elmer
LSCs were used during the 30-yr period), and sample quench was
assessed using the transformed Spectral Index of External standard (t-
SIE) to calculate disintegrations per minute (dpm).

Larger subsamples (100-500 ml) were filtered onto 25-mm diameter
glass fiber filters (Whatman GF/F) and each filter was placed directly into a
glass vial for measurement of ¢ incorporation into particulate matter. The
vials were stored for 2-3 days at —20 °C until processed at our shore-based
laboratories. The samples were thawed, acidified by direct addition of 1 ml
hydrochloric acid (HCl; 2 M) to each vial, and vented for 24 h prior to the
addition of Aquasol-2/Ultima Gold LLT, as above, in preparation for liquid
scintillation counting. Samples were counted at least twice during a 30-
d period to track changes in l4c activity over time (Karl et al., 1998); the
30-d dpm values were used for subsequent calculation of primary produc-
tion. Dissolved inorganic carbon (DIC) was measured on each cruise using
CO; coulometry (Winn et al., 1994) to determine the specific 14¢C radioac-
tivity (Bq mol~! DIC) at each depth. This specific radioactivity value along
with a '2C-to-1*C isotope discrimination factor of 1.06 was used to calculate
primary production.

On a separate hydrocast, we also collected larger volume water
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samples (4-10 1) from each of the primary production depths for the
analysis of pigments via the high-performance liquid chromatography
(HPLC) method of Bidigare et al. (1989) for HOT 1-50 and Bidigare et al.
(2005) for HOT 51-308. These chlorophyll and carotenoid concentra-
tions were used to estimate the contributions to total Chl a by the major
algal groups in the lower portion of the euphotic zone (Letelier et al.,
1993). Measurements of solar radiative flux at the sea surface were made
using a LI-COR quantum sensor and data logger (models LI-192SA and
LI-1000, respectively) on most HOT cruises (see Supplementary Table
1). The sensor was positioned approximately 4 m above the working
deck to minimize the influence of shadows from the ship’s superstruc-
ture. The quantum sensor was a cosine collector and measured photo-
synthetically available radiation (PAR). Irradiance was averaged over
10-min intervals and logged throughout each day at sea. Underwater
light measurements, available for the period Feb 1998 to Dec 2018, were
made using a profiling reflectance radiometer (Biospherical Instruments
PRR 600 for HOT 90-214 and a Satlantic HyperPro for HOT 215-308).
Daily integrated photon fluxes at depths corresponding to primary
production incubations were calculated by combining the daily inte-
grated surface PAR and the instantaneous profiling reflectance mea-
surements (Letelier et al., 2017) on the day of the array deployment.
These underwater light data were used to calculate C assimilation per
Chl a per mol quanta at a given depth.

2.3. Particle export

A surface-tethered sediment trap array, based on the particle inter-
ceptor trap (PIT) design (Knauer et al., 1979), was deployed on most HOT
cruises (see Section 2.1) to collect sinking particulate matter. The array
was tracked using an Argos, and later Iridium, satellite transmitter. At
each depth, 12 individual polycarbonate collector tubes, each fitted with
a baffle and attached to a polyvinylchloride (PVC) cross-frame, were
deployed. Initially (HOT 3-63), traps were positioned at 150, 300, and
500 m. The shallowest depth was selected to correspond to the region
beneath the permanent deep chlorophyll maximum (DCM) layer near the
photosynthetic compensation irradiance for photosynthesis (i.e., 0.054
mol quanta m 2 d’l; Laws et al., 2014). An initial analysis of the flux
attrition versus depth has been published elsewhere (Karl et al., 1996);
only the 150-m data are presented herein. The trap array was routinely
deployed within the 11-km radius circle that we define as Station ALOHA
(Karl and Lukas, 1996), but the individual experiments varied consider-
ably in their drift vectors which were most often to the west at speeds of
~4-11 km d~! (Letelier et al., 201 9; see Supplementary Table 1).

Prior to deployment, all PITs were acid-washed, distilled water
rinsed, and filled with a high density seawater brine (60 g NaCl 17! in
surface seawater) containing 1% (vol:vol) formalin as a preservative
(Knauer et al., 1979). The PIT solution was passed through a cartridge
filter (0.5 pm) prior to filling the collector tubes and subsamples of the
filtered PIT solution were processed as time-zero blanks. Post-recovery
processing of sinking particulate matter was identical to the methods
described by Karl et al. (1996). Very early in the HOT program (HOT
3-7), the contents of all 12 PITs from a given depth were combined,
homogenized, and subsampled for the various analyses. Since HOT 8,
the individual PITs have been processed separately to gain additional
information on field variability. Typically, six replicate PITs were pro-
cessed for the measurements of particulate C (PC) and nitrogen (PN) on
the same filter, while the remaining traps were used for determinations
of particulate phosphorus (PP), particulate inorganic C (PIC; i.e., cal-
cium carbonate), particulate biogenic silica (opal), total mass, and other
parameters. Herein we present only the PC and PN data sets which are
the most complete of all sediment trap measurements (see below).
Additional sediment trap data are publicly available at http://hahana.
soest.hawaii.edu/hot/hot-dogs/ .

Samples for PC and PN analyses were first screened through a 335-
um Nitex® mesh to remove large zooplankton (i.e., swimmers; Karl
et al., 1996) then filtered onto pre-combusted (450 °C, 4 hr) 25-mm
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diameter Whatman GF/F filters placed onto combusted (as above) tin
foil contained in polystyrene Petri® dishes, and stored frozen (-20 °C)
for shore-based analysis. After drying at 60 °C, each filter and matched
foil were rolled together and pressed into a pellet for elemental analysis.
From HOT 3-5, samples were analyzed using a Hewlett-Packard model
185B CHN analyzer (Sharp, 1974) but, after cross-comparison, a new
Perkin-Elmer model 2400 CN analyzer was employed from HOT 7-55.
Beginning with HOT 54 (through HOT 128), PC and PN samples were
analyzed using a Europa ANCA-NT CN analyzer, and since HOT 130
samples have been analyzed using a Carlo-Erba NA 2500 elemental
analyzer coupled via a Finnigan ConFlo-II to a Finnigan Delta-S mass
spectrometer. The primary standard for all HOT program samples,
acetanilide (CgHgNO; molecular weight = 135.16; C:N molar ratio =
8.0), was also analyzed as a check standard in each sample run. For
samples analyzed between 2005 and 2018, the mean C:N molar ratio of
the check standard was 8.03 (SD = 0.25, n = 222). We also routinely
analyzed an in-house secondary standard prepared from dried, pulver-
ized >335 pm zooplankton collected at Station ALOHA. The main pur-
pose of the secondary standard is to make sure that the combustion/
reduction is as complete with a complex field-collected sample as it is
with the pure chemical standard. For samples analyzed between 2005
and 2018, the mean C:N molar ratio of the secondary standard was 4.82
(SD = 0.16, n = 237). As reported herein, our high-temperature com-
bustion (~1000 °C) PC analysis includes both organic and inorganic (i.
e., calcium carbonate) phases. Although we do not have a complete time
series for particulate inorganic C (PIC), we do have measurements of
sediment trap collected particles from 150 m for the period Mar 2001
through Oct 2016 (129 cruises; Supplementary Fig. 5), using methods
described previously (Grabowski et al., 2019). PIC export averaged 1.85
(SD=1.62;n=129) mg C m 2 d’l, a value that equated to 10.4% (SD
= 4.6%) of the total PC export during the 19-yr observation period.
Because we do not have a complete 30-yr time series for PIC, and hence
POC (where POC = PC-PIC), our analyses herein are based upon the
more complete PC data set. We also collected water samples from each
of the primary production depths for the measurement of suspended PC
and PN. A volume (4 1) was pre-screened through a 202-um Nitex®
screen and filtered onto a combusted 25-mm diameter glass fiber filter
and analyzed using the method of Grabowski et al. (2019).

2.4. Statistical methodology

Depth integrations were performed using the trapezoidal rule:

/ fx)dz =~ ZWAZ 1)

where x corresponds to the parameter being integrated over the depth Z.
When integrating to the surface, the upper interval was considered to be
homogeneously mixed if no surface sample had been collected. In
addition, when integrating to 200 m depth, primary productivity and
Chl a values at the 200 m depth horizon were assumed to be nil. Seasons
are defined as: winter (Dec-Feb), spring (Mar-May), summer (Jun-Aug),
and fall (Sep-Nov).

The total variance over the integration depth was calculated through
error propagation as:

Vargoa = Zﬁwf*Var (Xsurf )/ Pisurf (2)
+ (2, — Zsm‘)z*(var(xZ)/”Z + Var(xs,“./) /”Surf )/22
+ cos

+ (Zinat—1 — Zsfinat)* (Var (Xapma—1) [ Mginai—1 + Var (Xguat) [inat ) /27

where Z corresponds to depth, Var is the sample variance, and n cor-
responds to the sample size. The number of significant figures reported
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reflects the uncertainty of each value based on the sampling replication
and the precision of the measurement.

Long-term, time-series trends were estimated by calculating the
linear regression (model I) of residuals following the removal of the
climatological seasonal cycles. These seasonal cycles were derived by
fitting a fundamental frequency equivalent to the annual cycle, plus a
first harmonic, to a generalized linear model (Keeling et al., 2004). In
addition, the interannual variability was calculated based on the annual
means of the residuals once both the seasonal cycle and long-term linear
trend had been removed from the time-series. Finally, the contribution
to the total time-series variance by the long-term trend, as well as by the
seasonal and interannual variability, were estimated as the difference
between the total variance and the variance of the residuals once the
seasonal, long-term, and interannual components had been removed
sequentially.

3. Results
3.1. Seasonal and interannual environmental variability

During the 30-yr observation period at Station ALOHA, there were
both predictable and unexpected variations in the physical structure of
the upper water column (Fig. 1). For example, the late winter and early
fall exhibit the least and most stratified periods of the year, respectively,
with extremes in sea surface temperature (SST) and water column
stratification as evidenced by the depth of the surface mixed layer
(Fig. 1). In addition to these predictable seasonal climatologies, we also
observed significant interannual and subdecadal variability with several
periods of unusually warm, less dense surface ocean conditions espe-
cially in 1995-1996, 2003-2005, and 2014-2018 (Fig. 1). These periods
exhibited the shallowest surface mixed layers with values that were
typically <40 m using the density criterion of de Boyer Montégut et al.
(2004). Furthermore, during 2014-2018, there were unusually long
periods of relatively shallow mixed layers with mean depths of 18.5 m
from May-Sep 2014, 28.7 m from Apr — Sep 2015, 29.2 m from May-Aug
2016, and 30.0 m from Mar-Aug 2017, compared to the 30-yr spring,
summer, fall, and winter mean values of 37.0 m (SD = 18.5 m, n = 78),
35.6m(SD=10.3m,n=76),48.3m (SD=17.1m,n=73),and 62.1 m
(SD = 26.1 m, n = 74), respectively. Deep winter mixing (mixed layer
depths >100 m) was observed only in Dec 1997, Jan 2003, Jan 2008,
Jan and Dec 2011, Jan 2015, and Dec and Feb 2017 (Fig. 1).

3.2. Nutrient and chlorophyll variability

The 30-yr climatologies of Chl a and major nutrients (nitrate plus
nitrate [N + N] hereafter nitrate, soluble reactive phosphorus [SRP]
hereafter phosphate, and silicate) are typical of historical data from the
NPSG (Hayward et al., 1983; Letelier et al., 1993; Winn et al., 1995; Karl
et al., 2001b; Figs. 2 and 3). The 0-300 m depth profiles of the major
nutrients show consistently depleted surface waters (0-100 m) with
deeper transitions to more nutrient-rich waters (Fig. 2). The top of the
nutricline is near the photosynthetic compensation irradiance, the depth
where net primary production is equal to zero over a 24-hr period. The
photosynthetic compensation irradiance at Station ALOHA was esti-
mated to be 0.054 mol quanta m~2 d! (95% confidence interval, CI,
0.016-0.178 mol quanta m~2 d~1), corresponding to median and geo-
metric mean compensation depths of 159 and 155 m, respectively (Laws
et al., 2014). However, these 0-300 m nutrient contours (Fig. 2 a-c)
mask significant seasonal and subdecadal deviations in nitrate and
phosphate, especially in the upper mixed layer of the water column that
are revealed through the application of high sensitivity analyses (Karl
and Tien, 1997; Karl et al. 2001b; Letelier et al., 2019; Fig. 4). These
high frequency nutrient variations, discussed in subsequent sections, are
manifestations of both physical and microbiological processes that
independently impact primary production and export. Furthermore,
inventories of dissolved organic nitrogen and phosphorus (DON and
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Fig. 1. Time-series (1989-2018), ship-based observations of (a) temperature (°C), (b) salinity, (c) potential density (sigma 6 = [density (kg m~>) — 1.000] x 1000) in
the upper 0-100 m of the water column at Station ALOHA, and (d,e,f) monthly climatologies of the same properties of the water column for the 30-yr observation
period. The solid black lines shown in a and c are the depths of upper mixed layer based on the density criterion of de Boyer Montégut et al. (2004). Warmer, less
dense surface (0-50 m) waters were especially evident in the periods 1995-1996, 2003-2005, and 2014-2018.

DOP, respectively) exceed the inorganic pools, in the case of DON by 2-3
orders of magnitude (Karl et al., 2001b; Karl and Church, 2017), and
should also be considered along with essential inorganic and organic
trace nutrients, especially iron and vitamin B;5 (Karl, 2002), which are
not routinely measured, when trying to elucidate the controls of mi-
crobial activity at Station ALOHA.

Chl a concentrations were low in near-surface waters (0-30 m) with
maxima in winter and minima in summer (Figs. 2 and 3, and Table 1).
This predictable seasonal pattern at Station ALOHA is a manifestation of
phytoplankton photoadaptation, which leads to a higher Chl a concen-
tration per cell in winter (Winn et al., 1995). A conspicuous DCM was
observed on every HOT cruise, but the magnitude, shape, and depth of
occurrence varied on seasonal and subdecadal scales (Fig. 3 and
Table 1). The 30-yr annual climatology displayed two maxima in Chl a
concentration in the core of the DCM, one in the spring and the other in
late summer-to-early winter (Fig. 3). The spring increase in Chl a tracks
an increase in phytoplankton biomass as indicated by increasing par-
ticulate ATP concentrations and 1#C-based primary production (Winn
et al., 1995; see below). The seasonal deepening of the DCM by ~30 m is
a result of downward isolume displacement due to changes in surface
PAR (Letelier et al., 2004). Finally, high frequency (~31 h) vertical
oscillations of isopycnals near the base of the euphotic zone result in
short-term vertical displacements of the DCM (Letelier et al., 1993; Karl
et al., 2002). The 30-yr mean daily amplitude of DCM displacement is
38.8 (SD = 15.7 m, n = 281), but can be as large as 80 m. These vertical
movements impact the light field, leading to either an enhancement or a

depression of primary production depending upon the position of the
DCM at local noon (Karl et al., 2002). And, because the period of the
vertical oscillation at the latitude of Station ALOHA is 31 h, the timing of
maximum upward excursion advances by 7 h from one day to the next,
resulting in an approximately 4-d oscillation in the optimal light field for
photosynthesis (Karl and Church, 2017). Since the water samples for
each HOT primary production experiment were collected and subse-
quently incubated in situ at fixed depths, we do not capture these daily
vertical displacement dynamics which could impact primary production
and export, especially in the lower, light-limited portion of the euphotic
zone.

3.3. MC-based primary production

3.3.1. Euphotic zone depth-integrated rates

Oceanographers often present data on euphotic zone depth-
integrated primary production as a measure of total photosynthetic
solar energy capture and an upper constraint on organic matter syn-
thesis. Daily 'C-based primary production in the euphotic zone at
Station ALOHA during the 30-yr observation period ranged from 220.2
(SD =10.8) mg Cm~2d~! in Feb 2018 to 1136.5 (SD = 17.1) mg C m 2
d ! in Jun 2000, with a 30-yr mean of 536.8 (SD = 135.0) mg Cm2d !
(n = 271; Fig. 5). For the 0-125 m region of the euphotic zone, the 30-yr
14C-based primary production mean was 523.8 (SD = 132.7) mg C m ™2
d™!, or ~98% of the estimated 0-200 m depth-integrated value.

Euphotic zone depth-integrated primary production followed a
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Fig. 2. Monthly climatologies of macronutrients (a) nitrate, (b) phosphate, (c) silicate; all in umol 17! in the upper 0-300 m of the water column at Station ALOHA.
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column at Station ALOHA. While the lower concentration of surface ocean Chl a in summer is a consequence of photoacclimation, the concomitant increase in the

DCM magnitude reflects DCM seasonal changes in phytoplankton biomass.

predictable seasonal pattern with positive deviations from the mean
during mid-Apr through mid-Sep and negative deviations during mid-
Sep through Feb (Fig. 6). Maximum monthly excursions from the 30-
yr mean value were approximately + 100 mg C m~2 d~!, although
more extreme deviations were also observed on selected cruises (Figs. 5
and 6). Seven cruises (HOT 63, 116, 117, 159, 214, 253, and 295), all in
the May-Aug time period, reported 14C-based primary production values
that were >2 SD above the 30-yr mean (Fig. 5). Four cruises (HOT 50,
82, 260, and 300), all in the Oct-Apr time period, reported values that
were >2 SD below the 30-yr mean (Fig. 5). Because we rarely conducted
more than one in situ primary production experiment on a given cruise,
we do not know how representative these primary production estimates

were either for the 2-3 d collection period of the contemporaneous
sediment trap deployments, or for the much longer inter-cruise period
(30-40 d). Day-to-day variations in PAR on a given cruise (Fig. 7 and
Supplementary Table 1) could lead to significant, short-term variations
in primary production. Recent studies conducted near Station ALOHA
have reported considerable day-to-day variations in *C-based primary
production (Wilson et al., 2015; Ferron et al., 2015; see Section 4.7).

3.3.2. Vertical and temporal variability in primary production

Primary production at Station ALOHA exhibited both periodic vari-
ations with water depth and season, aperiodic variations on multiple
time and space (depth) scales, and a sustained long-term increasing
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Table 1

Chl a and primary production over the 30-yr observation period at Station ALOHA.

Progress in Oceanography 195 (2021) 102563

Depth Chlorophyll a (mg m—a):,,h

Primary Production (mg Cm > d ")

(m) Annual Winter® Summer® Annual Winter (W) Summer (S) wW/S

(%)

5 0.088 + 0.032 (n = 272) 0.106 + 0.028 (n = 64) 0.075 £ 0.029 (n = 70) 6.78 £+ 2.24 (n = 275) 6.06 + 1.41 (n = 64) 7.51 £+ 3.09 80.7
(n =70)

25 0.090 + 0.039 (n = 265) 0.108 + 0.030 (n = 62) 0.080 + 0.054 (n = 70) 6.66 + 2.23 (n = 268) 5.72 £ 1.42 (n = 62) 7.63 £+ 3.15 75.0
(n =70)

45 0.101 + 0.033 (n = 276) 0.117 + 0.030 (n = 61) 0.090 + 0.029 (n = 70) 5.49 + 1.62 (n = 269) 4.44 +£1.34 (n = 61) 6.23 £1.71 71.3
(n =70)

75 0.158 + 0.050 (n = 267) 0.158 + 0.045 (n = 63) 0.149 + 0.039 (n = 70) 3.36 £ 1.25 (n = 270) 2.51 £ 1.06 (n = 63) 3.95 +1.23 63.5
(n=70)

100 0.210 + 0.055 (n = 267) 0.197 + 0.049 (n = 62) 0.211 + 0.047 (n = 70) 2.03 £ 1.11 (n = 269) 1.30 £ 0.64 (n = 62) 2.58 +£1.08 50.4
(n =70)

125 0.164 + 0.062 (n = 266) 0.145 + 0.064 (n = 62) 0.171 £+ 0.052 (n = 70) 0.71 £+ 0.46 (n = 269) 0.46 + 0.28 (n = 62) 0.89 + 0.42 51.7
(n =70)

2 All values shown are mean + 1 standard deviation.

b Chlorophyll a values are based on fluorometric analysis from primary production cast.

¢ Winter = Dec-Feb; Summer = Jun-Aug.

trend. Primary production was always greatest in the surface mixed
layer, and decreased with increasing water depth (Fig. 8 and Table 1).
Although several years stand out as having euphotic zone depth-
integrated summertime production rates that were >2 SD above the
30-yr mean (1995, 2000, 2004, 2009, 2013, and 2017), only 1995 and
2000 showed evidence of elevated near-surface rate increases (0-25 m;
Fig. 8) that would be typical of a “classical” phytoplankton bloom (Dore
et al., 2008). The elevated euphotic zone depth-integrated rates in the
other four years (2004, 2009, 2013, and 2014) resulted from increased
production much deeper in the water column (Fig. 8).

While mean values of primary production were consistently higher in
the upper portion of the water column, they varied seasonally at all
depths with highest rates observed during the summer period and lowest
rates in winter (Figs. 8 and 9; Table 1). Beneath the mixed layer, rates
systematically decreased to values that were ~10% of the surface rates
at 125 m (Figs. 8 and 9; Table 1). This vertical structure in primary
production is controlled by phytoplankton biomass and growth rate,
which are set by a balance between light and nutrient availability. The
summer-to-winter transition in primary production is a manifestation of
variations in solar irradiance (solar intensity and day length; Letelier
et al., 2017). However, mean wintertime primary production at 5 m
remained at ~80% of the mean summer rate (Fig. 9 and Table 1) despite
the much larger difference in mean surface irradiance between seasons.
A higher Chl a concentration per cell in winter (Fig. 2 and Table 1)
enhances light harvesting and sustains the relatively high rates of near-
surface photosynthesis throughout the year. In addition, light saturation
of photosynthesis in these shallow layers uncouples the photosynthetic
rate from solar intensity. In contrast, at greater depths (e.g., 100-125
m), the difference in primary production between summer and winter
was approximately a factor of two (Fig. 9 and Table 1), much closer to
the differences in daily integrated photon flux at those depths between
seasons (Letelier et al., 2017), and significantly greater than the seasonal
increase in Chl a (~20%) at 125 m.

Perhaps the most surprising result of the primary production time-
series at Station ALOHA was a significant (p < 0.01), 3-decades-long
increasing trend in the measured 0-125 m depth-integrated 1*C-based
primary production (Fig. 10 and Table 2). Since 1989, 0-125 m depth-
integrated primary production at Station ALOHA increased at an
average rate of 4.0 (95% CI = 2.1-5.9) (mg C m2dh yr’l(Table 2).
This sustained rate of 0.76% yr ' over the 30-yr observation period
equates to a total increase of 23% (95% CI = 12-34%) for the 0-125 m
depth-integrated primary production. The observed increase in primary
production is not uniform throughout the water column. Whereas the
trend for the surface (0-25 m) mixed layer was not significantly different
from zero, all depths >25 m, and especially in the 75-125 m region of
the water column that includes the DCM, the increases in primary

production were all significant (Fig. 10 and Table 2). For example, the
long term trend for the 75-125 m depth interval was 1.2 (95% CI =
0.6-1.8) (mg Cm~2d™1) yr !, representing a relative change of between
18 and 55% since Jan 1989. The long-term increasing trend in primary
production is much greater for summer than for winter periods (Figs. 8
and 10, and Table 2) which is primarily the result of an increase in the
seasonal amplitude of C-fixation in this light-limited portion of the water
column (Letelier et al., 2004).

Similar long term trends were also observed for fluorometrically
determined Chl a concentrations measured from the primary production
cast and for suspended PC and PN concentrations during the period
1989-2018 (Table 2). For Chl a in the 75-125 m portion of the water
column, the long term trend was significant (p < 0.01) with an observed
increase of 0.054 (95% CI = 0.029-0.079) mg Chl a m~2 yr™!, which is
equivalent to a relative increase of 9.2-25.6% (Table 2) since Jan 1989.
Since Jan 1989, PC and PN concentrations in the 75-125 m region of the
euphotic zone have increased at 0.24 mmol C m~2 yr~! and 0.04 mmol
N m2 yr*1 which were both significant (p < 0.05), whereas the sus-
pended particulate matter molar C:N ratio (30-yr mean and SD = 6.37 +
0.91) did not change significantly (Table 2). As for Chl a and primary
production, there were no significant changes in suspended PC, PN, or C:
N ratio in the upper portion of the water column (Table 2).

3.4. Particulate matter export

PC export over the 30-yr observation period ranged approximately 6-
fold from 10 to 60 mg C m~2 d~!, with a mean of 27.9 (SD = 9.7) mg C
m~2d~! (n = 265; Fig. 11). The PC export time series displayed enig-
matic sub-decadal variability with extended periods of relatively low
flux during 1991-1996, 2010-2011, and 2013-2014 (Fig. 11). PC export
also exhibited seasonal variability with maxima in the May-Aug period
and minima in the Sep-Jan period (Fig. 11). The 30-yr means for PC
export in summer and winter periods were 33.5 (SD =9.8,n = 67) mg C
m~2d! and 23.8 (SD =9.4,n = 62) mg C m~2 d’l, respectively. A
distinct PC export maximum in Aug was followed by an abrupt shift in
Sep from values that were well above the 30-yr mean to values that were
well below the mean (Fig. 11). This “end of summer” transition in par-
ticle export has also been observed for PC export to abyssal depths at
Station ALOHA (Karl et al., 2012).

PN export over the 30-yr observation period ranged approximately
10-fold from 1 to 10 mg N m~2 d~!, with a mean of 4.2 (SD = 1.5) mg N
m2d?! (n = 265 Fig. 12). The seasonal and subdecadal patterns,
described above for PC export, were nearly identical to the patterns
observed for PN export (Fig. 12). Neither PC nor PN export displayed a
significant long-term trend (Table 2). The mean PC:PN molar ratio of
exported particles was 7.99 (SD = 1.23, n = 260; Fig. 13), with
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Fig. 3. (a) Time-series (1989-2018), ship-based measurements of fluorometric Chl a concentrations (ug 171) in the upper 0-200 m of the water column at Station
ALOHA. (b) Time-series (1989-2018) of Chl a (positive/negative) deviations (ug 1) based on the measured value for each depth and cruise minus the 30-yr monthly
climatologies shown in (c). Note the intensification of near-surface ocean Chl a concentration in winter, and the intensification and deepening of the deep Chl a
maximum beginning in late spring, and permanent presence of the deep Chl a maximum centered at ~100 m. The white line in (c) depicts the depth of the 0.415 mol
quanta m 2 d ! isolume.
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m 2 for the water column at Station ALOHA. The horizontal solid and dashed lines are the 30-yr mean =+ 1 standard deviation. (c and d) Mean and standard deviation
values of seasonal nitrate and phosphate for the 0-25 m portion of the water column during the 30-yr observation period.

negligible seasonal variability (e.g., mean spring, summer, fall, winter
PC:PN ratios were 7.76, 8.09, 7.98, and 8.12, respectively). The molar
PC:PN ratio in exported particles displayed a weak, but significant (p <
0.01, decreasing long term trend of —0.027 per year (Table 2).

The e-ratios ranged from 0.020 to 0.149 with a 30-yr mean of 0.054
(SD = 0.021, n = 248; Fig. 14). Because **C-based primary production
can underestimate gross primary production (GPP) by up to a factor of

two or more (Quay et al., 2010; also see Section 4.2), the sediment-trap
derived e-ratios measured at Station ALOHA are indicative of a sus-
tained, remineralization-intensive system. The relatively large range of
e-ratios measured on individual cruises was greatly reduced when the
data are presented on a monthly basis (Figs. 14 and 15). Both primary
production and PC export were, on average, highest in summer and
lowest in winter, so the e-ratios did not vary systematically with season.
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Fig. 5. (a) Time-series (1989-2018) representation of '*C-based primary production (mg C m > d~?) for the upper 0-200 m of the water column at Station ALOHA.
(b) Euphotic zone (0-200 m) depth-integrated primary production time-series (1989-201) showing the mean value 536.8 (mg C m~2 d~?; solid line) plus one and two
standard deviations (+135.0 and + 270.0 mg C m~2 d!) as reference points. (c) Primary production for each cruise presented as the difference from the monthly 30-
yr mean value. The horizontal line is the zero reference point and the shaded region shows + 1 standard deviation. (d) Frequency distribution of the 271 observations
showing the mean value + 1 standard deviation as solid and dashed vertical lines.

Indeed, the highest monthly e-ratio was in Feb and the lowest was in
Sep, although the differences were not large (Fig. 14). However, when
the e-ratio was expressed on an annual basis, there was greater vari-
ability with higher than average e-ratios in 1989, 1990, and 1997, and a
lower than average e-ratio in 2013 (Figs. 14 and 15). If these four out-
liers are removed, the 30-yr average drops slightly to 0.052. The mini-
mum in 1990 for annual primary production corresponded to the second
highest annual PC export for the entire 30-yr observation period

(Fig. 15). Conversely, the 30-yr primary production maximum in 2013
resulted in the lowest annual PC export for the entire observation period
(Fig. 15). Furthermore, the increasing trend in annual primary produc-
tion discussed above, is not reflected in the annual PC export, so the e-
ratio shows a significant (p < 0.01) decreasing trend of —8.0 x 10~ *yr~}
over the 30-yr observation period (Fig. 15 and Table 2). This is equiv-
alent to a long term decrease of 43.9% over the 30-yr observation period
(Table 2).

10
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climatologies for the 30-yr *C-based 0-200 m depth-integrated primary pro
2 3-1
m “d ).

4. Discussion
4.1. Environmental setting and seascape variability

The physical characteristics of the upper water column, including the
vertical profiles of temperature, salinity, and density, are key de-
terminants for establishing stratification, mixed layer dynamics, and the
turbulent exchange of mass between the lower portion of the euphotic
zone and upper portion of the mesopelagic zone. Together with seasonal
changes in solar radiation (Letelier et al., 2004; see below), these
physical features regulate primary production and particle export. In a

duction data set presented as difference from the 30-yr mean value (536.8 mg C

pioneering assessment of global primary production, Longhurst et al.
(1995) reported a mean value of 160 mg Cm~2d~! (59 gCm~2yr 1) for
the NPSG, one of 12 secondary biogeochemical provinces of the trade
winds domain. Their analysis was based on monthly mean near-surface
satellite-based Chl concentrations for the period 1979-1986, the appli-
cation of a primary production-solar irradiance model, and local inci-
dent radiation to compute euphotic zone depth-integrated primary
production. These values were consistent with historical (pre-1982) }C-
based estimates of ~250 (summer) and ~200 (winter) mg C m~2d ! for
the Climax study area (28°N, 155°W; Hayward, 1987). However, Ven-
rick et al. (1987) reported that the total Chl a in the euphotic zone

11
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Fig. 7. (a) Time-series (1989-2018) representation of surface photosynthetically available radiation (PAR) in units of mol quanta m~2 d~! measured on the day that
primary production was conducted for each cruise. (b) The signed difference in daily integrated PAR, as above, measured on the day following the primary pro-
duction experiment. (c and d) PAR time-series for two representative HOT program cruises (H 232 and H 259) showing 10-min averages (blue) as well as maximum
(green) and minimum (red) values during each 10-min bin. The PAR for the day when primary production was measured (shaded portion) was either much lower or
much higher, respectively, than the subsequent day. Integrated photon fluxes for the primary production and following day were: HOT 232 = 21.1 and 44.7 mol
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Fig. 8. (a) Time-series (1989-2018) representation of *C-based primary production (mg C m~3 d~?) at the six reference depths at Station ALOHA. The solid and
dashed horizontal lines are the mean values + 1 standard deviation for the 30-yr data set (also see Table 2). (b) Monthly climatologies (1989-2018) of **C-based
primary production (mg C m~ d~?) at the six reference depths at Station ALOHA showing the mean and standard deviation at each depth.

during summer in the Climax study area had nearly doubled since 1968,
although their sampling resolution was insufficient to determine the
temporal dynamics of this change. Their '*C-based primary production
time series was also of insufficient length and temporal frequency to
detect any significant change. Nevertheless, Chl a values since 1980
were significantly greater than those prior to 1974 (Venrick et al., 1987).
Furthermore, the change in total Chl a was primarily due to an increased
thickness of the 95-120 m DCM whereas the increase of Chl a in the
surface waters (0-5 m) was negligible (Venrick et al., 1987). They hy-
pothesized that environmental fluctuations, in particular atmospheric
forcing via changes in winter storm tracks and sea-level pressure, had
altered the carrying capacity of the NPSG epipelagic ecosystem. The
long-term increase in Chl a could have resulted from a decreased flux of
nutrients out of the euphotic zone, or an increased nutrient delivery
from allochthonous sources (Venrick et al., 1987). Unfortunately, the
approximately 20-year-long Climax time series was terminated just as
the Chl a trend was reported.

Station ALOHA was established in Oct 1988 with funding from the U.
S. National Science Foundation under the auspices of the JGOFS and
World Ocean Circulation Experiment (WOCE) programs. The initial
research objective was to design, establish, and maintain a deep-water
hydrostation as a NPSG benchmark for observing and interpreting
physical and biogeochemical variability, and to improve our under-
standing of the ocean C cycle, especially controls on the BCP (Karl and
Lukas, 1996). In this regard, the report by Venrick et al. (1987), linking

13

climate variability to ecosystem structure and function, represented a
general unifying hypothesis for the HOT program mission.

The present study reports the time-series data sets for primary pro-
duction and particle export, two key components of the BCP, from 1989 to
2018 based on over 1000 days of field observations at Station ALOHA
(Supplementary Figs. 1 and 2, and Supplementary Table 1). Several pre-
vious studies presented and interpreted abbreviated portions of the 30-yr
time series of primary production or export (Winn et al., 1995; Karl et al.,
1996; Letelier et al., 1996; Emerson et al., 1997; Karl et al., 1998; Scharek
et al., 1999; Benitez-Nelson et al., 2001; Karl et al., 2001a; Ondrusek et al.,
2001; Neuer et al., 2002; Karl et al., 2003; Corno et al., 2005; Brix et al.,
2006; Corno et al., 2008; Dore et al., 2008; Dave and Lozier, 2010; Quay
et al., 2010; Saba et al., 2010; Chavez et al., 2011; Karl et al., 2012; Luo
et al., 2012; Church et al., 2013; White et al., 2015; Laws et al., 2016; Rii
et al., 2016; Letelier et al., 2017; White et al., 2017). In several of these
abbreviated analyses, there was evidence for “sustained” subdecadal
trends some of which we now know were only transient features based on
the analysis of the much longer, 30-yr data set.

Kavanaugh et al. (2018) provided a comprehensive analysis of the
three decades of Eulerian observations at Station ALOHA in the context
of the larger dynamic environmental heterogeneity of the NPSG as
determined by long-term satellite observations and a biogeochemical
element cycling model embedded into the Community Earth System
Model (CESM-BEC; Moore et al., 2013). This study built on a prior
analysis of habitat variability in the North Pacific, which identified
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the + 1 standard deviation range for the full data set, as shown on left.

several geographically distinct seascapes with Station ALOHA posi-
tioned within the subtropical region (Kavanaugh et al., 2014). In the
initial study, the authors showed that the aerial extent of the subtropical
seascape as well as the distance from Station ALOHA to the boundary of
the oligotrophic region have both varied considerably over the past
three decades suggesting changes in gyre circulation strength. The
environmental forcing associated with the North Pacific Gyre Oscillation
(NPGO), the Multivariate El Nino-Southern Oscillation Index (MEI), and
the Pacific Decadal Oscillation (PDO), all had predictable effects on
conditions at Station ALOHA. Changes in the magnitudes, durations, and
synchronies of these independent climate indices were important con-
siderations. For example, from the start of the HOT program in 1988
through 1998, PDO and MEI were out of phase but moved into phase
during the 1997-1998 El Nino and remained in phase at least through
2017 (Kavanaugh et al., 2018). In contrast, NPGO was anticorrelated
with the other two indices, but led PDO and MEI by 5 and 8 months,
respectively (Kavanaugh et al., 2018). These complex climate oscilla-
tions are superimposed on any secular trends that might occur at Station
ALOHA. However, like all complex processes in nature, no single index
or even set of climate indices is sufficient to fully characterize climate
variability (Bond et al., 2003).

During the 30-yr Station ALOHA observation period, there have been
two very strong (1997-98 and 2015-16) and one strong (1991-92) El Nino
events, five strong (1988-89, 1998-99, 1999-00, 2007-08, and 2010-11)
LaNina events, and numerous moderate events of both phases based on sea
surface temperature anomalies for the Nino 3.4 region (i.e., 5°N-5°S, 120°-
170°W;  https://ggweather.com/enso/oni.htm). It ~was  previously
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hypothesized that El Nino/La Nina oscillations might impact ecosystem
dynamics at Station ALOHA by modulating ocean stratification/mixing,
nutrient fluxes to the upper euphotic zone, and the selection for (El Nino)
or against (La Nina) Trichodesmium, a common dinitrogen (Ng)-fixing
cyanobacterium in the NPSG (Karl et al., 1995), all with implications for
the BCP. However, this analysis was based on a single, strong El Nino event
(1991-92), and since that time there have been two very strong El Nino
periods (1997-98 and 2015-16) and five strong La Nina that can be used as
field tests of the stratification-nutrient-N fixation hypothesis. From the
data presented herein, neither of these very strong El Nino events led to
unusually stratified, nutrient-enriched, or productive periods at Station
ALOHA (Figs. 1 and 5). This supports previous work at Station ALOHA that
also failed to detect El Nino-Southern Oscillation (ENSO)-like frequency
variability in any of the core HOT program parameters for the period
1989-2013 (Dore et al., 2014). Furthermore, several new groups of uni-
cellular No-fixing cyanobacteria have been discovered in the NPSG since
the HOT program began (Zehr et al., 1998; 2001; 2008), so the previous
conceptual model based solely on Trichodesmium (Karl et al., 1995; Letelier
and Karl, 1996) may not be adequate to predict Nj-fixation based
ecosystem responses at Station ALOHA.

Corno et al. (2007) analyzed the Station ALOHA time series from
1989 to 2004, which included the very strong 1997-98 El Nino. They
reported an approximately 50% increase in euphotic zone depth-
integrated primary production over the 15-yr observation period that
was punctuated by abrupt changes in both MEI and PDO climate indices.
The temporal alignments and strengths of these independent measures
of North Pacific Ocean climate variability led to complex environmental
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Fig. 10. (a) Contour plot of *C-based primary production (mg C m~> d~?) for the lower portion (75-125 m) of the euphotic zone. (b) Time-series (1989-2018)
representation of the 75-125 m depth-integrated '*C-based primary production showing the increasing trend (+95% confidence interval) for the full data set as well

as for summer and winter seasons (also see Table 3 for statistical analysis).

interactions depending primarily upon whether the indices were in or
out of phase (Corno et al., 2007). The strongest influences appeared to
be on upper ocean stratification and nutrient delivery, with attendant
consequences for primary production and export (Corno et al., 2007).
However, despite the predicted mechanistic relationship between sur-
face ocean stratification and primary production in oligotrophic eco-
systems, analysis of local stratification at Station ALOHA for the period
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1988-2008 found no consistent correlation to primary production at any
depths within the euphotic zone (Dave and Lozier, 2010).

A comprehensive analysis of the impact of climate variations on
ecosystem structure and dynamics was obtained by combining Station
ALOHA observations with a coupled physical-biogeochemical model
(Bidigare et al., 2009). The model components included a Regional
Ocean Modeling System (ROMS) configured for the North Pacific Ocean
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Long-term (1989-2018) trends for depth-integrated primary production, Chl a, suspended particulate C and N, mesozooplankton biomass, PC export at 150 m depth,

and export ratio. Italic = p < 0.05, Italic-bold = p < 0.01.

Parameter Depth or Interval Mean (SD) Long-term Trend (95% CI) Long-term % Change (95% CI) P-value
Primary Production (mgCm2d7Y (mg m~2d?) year?

0-45m 289.2 (85.8) 1.5(1.2) 15.9 (12.9) 1.46 1072

0-125m 523.8 (132.7) 4.0 (1.9) 23.0 (10.7) 3.0110°°

75-125 m 101.7 (43.0) 1.2 (0.6) 36.6 (18.3) 7.2210°°
(summer) 75-125 m 125.1 (40.5) 2.6 (1.0) 61.3 (24.5) 2.5610°°
(winter) 75-125m 69.9 (28.0) 0.9 (0.8) 40.7 (34.5) 1.57 1072
Chlorophyll a (mg m~2) (mg m~2) year!

0-45m 4.12 (1.49) 0.012 (0.022) 8.8 (15.7) 2.73107!

0-125m 17.28 (3.49) 0.069 (0.049) 11.9 (8.5) 6.7510°2

75-125m 9.26 (1.88) 0.054 (0.025) 17.4 (8.2) 7.15107°
Particulate Carbon (mmol m~%) (mmol m~2) year !

0-45m 101.1 (17.8) 0.18 (0.26) 5.4 (7.6) 1.31107!

0-125m 255.5 (37.0) 0.58 (0.51) 6.9 (6.0) 2171072

75-125 m 88.7 (14.7) 0.24 (0.20) 8.0 (6.9) 2271072
Particulate Nitrogen (mmol m~?) (mmol m~?) year !

0-45m 14.5 (2.5) 0.02 (0.04) 4.9 (7.3) 191101

0-125m 38.3(5.9) 0.07 (0.08) 5.6 (6.2) 3.42107!

75-125 m 14.1 (2.5) 0.04 (0.03) 8.5 (7.4 2281072
Particulate C:N (mol mol 1) (mol mol~?) year™!

0-45m 7.03 (1.01) —0.006 (0.014) —2.6 (6.1) 41010!

0-125m 6.74 (0.93) —0.005 (0.013) —2.4 (5.8) 416107!

75-125 m 6.37 (0.91) —0.010 (0.013) —4.9 (6.2) 1.19107!
Mesozooplankton biomass® (gm™?) (gm~>) year!
Day 0-160 m 0.78 (0.32) 0.9 x 11072 (0.57 x 1072 29.2 (18.3) 1.891073
Night 0-160 m 1.17 (0.40) 1.04 x 102 (0.72 x 109 22.4 (15.3) 4.3110°°
Migrant 0-160 m 0.39 (0.25) 0.14 x 1072 (0.46 x 102 8.7 (29.5) 5.08 10"
Particulate Export (mg m2dhH (mg m2dhH year’1
Carbon 150 m 27.9 (9.8) —0.11 (0.15) -12.1 (16.2) 1.421071
Nitrogen 150 m 4.2 (1.5) 0.01 (0.02) —4.6 (16.3) 5.73107!
C:N Flux (mol mol 1) (mol mol ) year !

150 m 7.99 (1.23) —0.027 (0.019) -10.2 (7.1) 4.5810°°
Export ratio” (mg mg™1) (mg mg ') year™!

150 m 0.054 (0.021) ~-8.0x107*(3.1x107% —43.9 (16.5) 3.0210°°

@ Mesozooplankton sampling period starts in 1994.
b particulate C export at 150 m + 0-150 m integrated primary production.

and the Carbon, Si(OH)4, Nitrogen Ecosystem (CoSINE) model of Chai
et al. (2002). Variations in observed and modeled parameters at Station
ALOHA for the period 1990-2004 were analyzed in relation to phases of
ENSO, PDO, and the North Pacific Index (NPL; http://www.beringclimate.
noaa.gov). As with the previous analysis by Corno et al. (2007), the very
strong El Nino (1997-98), which was in phase with PDO and coincident
with a shift in NPI from positive to negative values, was the dominant
feature explaining the variability observed in their analysis (Bidigare
et al., 2009). It was hypothesized that after 1998, changes in salinity,
reduced stratification of the upper euphotic zone, and increased wind
mixing resulted in a two-fold increase in the modeled nitrate flux into
the euphotic zone. This increased availability of new nitrogen resulted in
a 45% increase in the abundance of larger (3—4 um) eukaryotic algae,
including diatoms, prymnesiophytes, and pelagophytes (as determined
by pigment biomarkers), as well as an equally large increase in meso-
zooplankton biomass which maintained the modeled phytoplankton at
relatively constant levels through grazing and enhanced the export of PN
via fecal pellet formation (Bidigare et al., 2009).

In addition, it has recently been hypothesized that climate variability
drives oscillations of phosphorus and iron limitation at Station ALOHA.
Interannual variations in the transport and deposition of iron-rich Asian
dust across the North Pacific Ocean led to oscillating periods of iron
limitation and sufficiency due to basin-scale changes in atmospheric
pressure, as reflected by the PDO index (Letelier et al., 2019). Iron
addition to the nitrogen-starved waters of the NPSG stimulates N5 fixa-
tion, leading eventually to phosphorus limitation of primary production
and export. At Station ALOHA, the threshold concentration for the onset
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of phosphorus limitation was estimated to be 50-60 nM, a value that is
very close to the observed long-term mean value reported for near-
surface waters (Fig. 4). Using output from the Community Atmospheric
Model, version 4 (CAM4), embedded within the Community Earth Sys-
tem Model (CESM; Albani et al., 2014) for the period 1980-2014, Letelier
et al. (2019) demonstrated a positive correlation between PDO and iron
deposition at Station ALOHA. These climate variations, in turn, led to
observed decreases in euphotic zone phosphate concentration as diazo-
trophs were relieved of iron limitation (Letelier et al., 2019). Under
negative PDO phases, there was a reduction in iron deposition and a
general weakening of water column stratification, eventually resulting in
iron limitation and the accumulation of phosphate due to net in situ
regeneration and enhanced advective supply. These complex, climate-
driven interactions between phosphorus and iron supplies may have
fundamental consequences for primary production, as well as the
strength and efficiency of the BCP at Station ALOHA.

Finally, one of the key climate-sensitive environmental variables that
might exert a control on primary production and export is the mixed layer
depth, and especially the mixing rate within this near-surface isopycnal
layer. Surface ocean mixed layer depth is an important variable for pri-
mary production because it regulates both solar photon flux and nutrient
supply, the two main controls on primary production. Enhanced ocean
stratification generally leads to a condition of higher light and lower
nutrient concentrations in surface waters, with the possible exception of
nutrients like iron, which can be delivered via dry and wet atmospheric
deposition. Conversely, deeper surface mixed layers lead to a decrease in
average photon flux available for photosynthesis (depending on rate of
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Fig. 11. (a) Time-series (1989-2018) representation of particulate carbon (PC) export (mg C m~2 d~!) at the 150 m reference depth at Station ALOHA. The solid and
dashed horizontal lines show the mean (27.9 mg C m2d™") + 1 standard deviation (9.7 mg C m~2d™) for the 30-yr observation period. (b) Signed difference
between each measurement and the monthly climatology. (c and d) Plots showing the monthly PC export climatology and the signed difference between the 30-yr

mean value and the monthly means.

mixing; Bidigare et al., 2014). Exceptionally deep mixed layers can erode
the top of the nutricline and rapidly transport nutrients to the surface,
while exchanging heat and mass between the upper and lower regions of
the euphotic zone. However, none of the observed deep mixing events
reached the 150 m reference depth where particle export was measured.
Numerous criteria have been used to determine the surface ocean mixed
layer depth. These are based either on temperature or density threshold
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criteria, with values typically measured from either the ocean’s surface
(0 m) or a reference depth of 10 m. Application of the most commonly
used criteria, namely 0.125 69 and 0.5 °C from O m (Levitus, 1982), or 0.2
°C (Kara et al., 2000) and 0.03 oy from 10 m (de Boyer Montégut et al.,
2004) at Station ALOHA leads to four different climatologies for mixed
layer depth, both for any given cruise, as well as for monthly and annual
climatologies (Supplementary Fig. 6). The temperature-based methods,
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Fig. 12. (a-d) Time-series (1989-2018) representation of particulate nitrogen (PN) export (mg N m~2d™") for the 150 m reference depth at Station ALOHA presented
as for PC export in Fig. 11. The 30-yr mean and standard deviation of PN export are 4.2 4+ 1.5 mg N m~2 d*, respectively.

on average, imply deeper mixed layers than the density-based methods.
For example, the mean summer and winter mixed layer depths based on
the 0.5 °C from O m criterion are 49.7 m (SD =10.8 m,n =76) and 94.8 m
(SD =24.9 m, n = 74), respectively, compared to 35.6 m (SD =10.3m, n
=76)and 62.1 m (SD = 26.1 m, n = 74), respectively, for the 0.03 6y from
10 m criterion. Temperature-based mixed layer depth estimation may not
be valid for Station ALOHA due to the significant and unpredictable
changes that are observed in sea surface salinity (Lukas 2001; Fig. 1). de
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Boyer Montégut et al. (2004) recommend the 0.03 kg m > density
threshold as most representative of the layer that has been “actively
mixed within the past day or few days.” In principle, all physical and
biogeochemical properties should be homogeneous within the mixed
layer, but this is not always the case for processes that respond rapidly to
solar irradiation (e.g., pigments). Of greatest relevance to controls of
primary production and export processes may be the daily integrated
light field that varies with the rate of turbulent mixing within the mixed



D.M. Karl et al.

Progress in Oceanography 195 (2021) 102563

PC:PN Export (mol:mol)

89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18
Year

Number of Observations

2 4 6 8
PC:PN Export (mol:mol)

10 12 14 16

Fig. 13. (a) Time-series (1989-2018) representation of the molar carbon-to-nitrogen (PC:PN) ratios for particulate matter collected in sediment traps at the 150 m
reference depth at Station ALOHA. The solid and dashed horizontal lines are the mean (7.99) + 1 standard deviation (1.23) values for the 30-yr observation period.
(b) Plot showing signed deviations from the monthly 30-yr mean values. (c) Frequency distribution of the 265 PC:PN ratios. The solid and dashed vertical lines show

the mean + 1 standard deviation.

layer region. Bidigare et al. (2014) explored upper ocean mixing at Sta-
tion ALOHA by measuring the dynamics of the xanthophyll pigment
cycle, namely the light-dependent de-epoxidation state kinetics, to esti-
mate the turbulent transfer velocity (TTV) in the mixed layer. TTVs
ranged from 0.3 to 0.5 cm s~ on a cruise in summer 2012 (Bidigareetal.,
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2014). Large day-to-day variations (2-fold or larger) were observed in
mixed layer depth (using the 0.03 kg m~2 from 10 m criterion). Their
analysis indicated that the time scale of mixing within the mixed layer on
that expedition was 2-4 hrs, which was consistent with the distribution of
dissolved carbon monoxide that is produced primarily via photochemical
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observation period. (b) Depth-integrated (0-150 m) primary production (mg C m~2 d 1) versus the 150 m PC export (mg C m~2 d 1) at Station ALOHA. The
small solid symbols are the data from individual cruises while the larger colored symbols (colored by month) are the monthly climatologies for the 30-yr observation
period. The dashed red lines represent the boundaries for e-ratios = 0.01 and 0.20. (c) Primary production and PC export, as in b. Symbols are the 30 individual
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boundaries for e-ratios = 0.03 and 0.10. The four years, shown in red, have anomalously high export compared to primary production (1989, 1990, and 1997) or

anomalously low export (2013) compared to the full 30-year data set.

degradation of chromophoric dissolved organic matter in the tropical
ocean (Bidigare et al., 2014). This elegant, but fairly labor-intensive
analysis has not been repeated at Station ALOHA, so we have only frag-
mentary information on mixed layer mixing rates.

4.2. Primary production at Station ALOHA: The mean state, seasonal
climatology, and subdecadal scale variability

In this present study, we report *C-assimilation into particulate
matter after dawn-to-dusk in situ incubations. Notwithstanding the long
tradition of debate surrounding terminology used to describe the con-

version of light energy into chemical energy via the process of
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photosynthesis (e.g., Flynn, 1988; Williams, 1993; Williams, 2014),
herein we refer to this measurement as primary production at Station
ALOHA. In this section we discuss the mean state of euphotic zone depth-
integrated primary production over the 30-yr observation period, as well
as controls on the temporal and vertical variability of primary produc-
tion. Section 4.3 discusses the controls and ecological consequences of
the long-term increasing trend of primary production at Station ALOHA.

The three-decades-long primary production data set from Station
ALOHA is the most extensive of its kind for any location in the NPSG.
Compared to historical estimates of *C-based primary production ob-
tained from the Climax time-series program (1965-1980; Hayward,
1991), the 30-yr mean value of 536.8 mg C m~2 d~! measured at Station
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ALOHA showing mean values + 1 standard deviation. (e and f) Time-series (1989-2018) representation of annual and monthly 150 m e-ratio at Station ALOHA.

ALOHA is approximately 2-3 times higher. Most of the pre-1980 *C-
based primary production estimates near the Climax site were incubated
on deck with neutral density light filters and circulating surface
seawater. The incubation experiments typically lasted ~6 hr (noon-
sunset), and primary production was reported as “half-day” 1*C assim-
ilation (daily rates were assumed to be twice the “half day” rate; Hay-
ward, 1987). Although methodological improvements may preclude
direct comparisons, the higher values for *C-based primary production
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post-1980 coincide with higher concentrations of Chl a (Venrick et al.,
1987), consistent with a higher phytoplankton biomass and productivity
during the HOT program era at Station ALOHA compared to Climax
(Karl et al., 2001a). The methods used for sampling and quantification of
Chl a concentrations by fluorometry are similar to those used prior to the
HOT-era, so the post-1980 change, indicative of increases in Chl a or of a
shift in the phytoplankton community structure toward a Chl b-rich
assemblage (Karl et al., 2001a), lends support to the hypothesis that
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primary production in the NPSG has also increased.

Our *C-based primary production estimates at Station ALOHA can also
be compared to in situ values obtained during the VERTEX program in Jul-
Aug 1983 at 28°N, 155°W (401 mg Cm 2 d~%; Martin et al., 1987) and the
PRPOOS program in Aug-Sep 1985 at 28°N, 155°W (456 mg Cm 2 d};
Marra and Heinemann, 1987). Since 1989, the 0-125 m euphotic zone
depth-integrated primary production at Station ALOHA has continued to
increase at a rate of 4.0 (mg C m2dhH yr’1 (>0.7% yr’l) with sum-
mertime rates now exceeding 600 mg C m2d7! (Figs. 5 and 15, Table 2;
also see Section 4.3). In an attempt to reconcile their relatively high pri-
mary production during the summer of 1985 in the absence of available
fixed nitrogen, Marra and Heinemann (1987) hypothesized that either
atmospheric deposition of nitrate or nitrogen fixation, or both, may have
been systematically underestimated. While we observed significant tem-
poral variations on scales from months to decades, it is undeniable that
primary production in the NPSG has been on an increasing trend over the
past three decades, and possibly longer. The sustained, 30-yr increasing
trend in primary production reported here is primarily a result of elevated
rates in the lower euphotic zone (75-125 m), rather than an increase in the
light-saturated region (Table 2; also see Section 4.3).

The *C-based primary production estimates as presented in this
study are less than gross primary production (GPP), but probably greater
than net primary production (NPP; Marra, 2009; Pei and Laws, 2014)
which is typically measured on a 24-hr daily basis. We also know that a
portion of the recently fixed 1*C is excreted as *C-labeled dissolved
organic carbon (14C—DOC; Karl et al., 1998), some of which is reminer-
alized by heterotrophic microorganisms back to 1*CO, or converted into
new biomass during the ~12-hr incubation period. In addition, protistan
grazing on *C-labeled phytoplankton and indirectly labeled heterotro-
phic bacterial cells, viral lysis, phytoplankton respiration, death, and
autolysis all contribute to losses of recently produced organic matter. For
selected periods of time (Oct 1988 — Jul 1997, Oct 2004 — Oct 2007, and
Apr 2010 — Oct 2012), both **C-POC and *C-DOC production at Station
ALOHA were measured. It was determined that the type of filter used for

Table 3
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the 1*C-POC analysis affected the apparent partitioning between POC and
DOC, but there was clear evidence for significant l4c.pocC production
(Karl et al., 1998). A more recent investigation at Station ALOHA pro-
vided a comprehensive analysis of vertical and temporal trends in the
dynamics of 14c.poC and *c-DOC pools (Viviani et al., 2015). The most
striking result was the variability observed in the ratio of 14C-DOC to total
¢ production, indicating that the pathways controlling the distribu-
tions of recently fixed C are also temporally variable (Viviani et al.,
2015). Since DOC and POC have fundamentally different fates in oligo-
trophic oceanic ecosystems, this apparent temporal decoupling of C and
energy flow is likely to have a major impact on fundamental ecosystem
processes such as the net metabolic balance (i.e., the difference between
primary production and respiration) and C sequestration via the BCP.

Additional evidence to support our assumption that the measured
0-125 m euphotic zone depth-integrated '*C-based primary production
is less than GPP is based on comparisons to previously reported '0-
H,0-based estimates of GPP at Station ALOHA (Juranek and Quay,
2005, Quay et al., 2010). Generally, the 18Og-based estimates exceeded
the '*C-based estimates, especially in the light-saturated portion of the
water column (<25 m). However, the differences between the two es-
timates decreased with depth and became indistinguishable at ~100 m
(Juranek and Quay, 2005; Quay et al., 2010). The ratio of NPP:GPP
would be expected to vary as a function of light intensity, phytoplankton
community structure, and growth/grazing rates, although we lack a
comprehensive understanding at the present time.

Euphotic zone depth-integrated primary production at Station
ALOHA varied on a broad range of temporal scales from days to decades,
and only ~25% of the time was the measured value within &+ 10% of the
long-term mean value of 536.8 mg C m 2 d~! (Fig. 5). Letelier et al.
(1996) presented an authoritative summary of the seasonal and inter-
annual variations in primary production at Station ALOHA for an initial
period (1988-1992) of the HOT program. The much longer 30-yr 4C-
based primary production time series presented herein confirms some of
the earlier results, but also presents novel unexpected trends and

Contributions to the observed time-series (1989-2018) variance by the climatological seasonal cycle, interannual variability, and long-term linear trend. The sub-
seasonal contribution is estimated as the residual variance once the seasonal, interannual, and long-term components have been subtracted from the total variance.

Parameter Depth or % Variance
Interval Seasonal Interannual Long-term trend Sub-seasonal
Primary Production
0-45 m 11.2 22.8 2.2 63.8
0-125m 27.7 20.4 6.3 45.6
75-125 m 40.3 19.5 5.7 34.5
Chlorophyll a
0-45m 17.2 10.6 0.0 72.2
0-125m 8.8 19.3 2.3 69.4
75-125m 3.9 20.0 5.6 70.5
Particulate Carbon
0-45m 27.4 10.8 0.8 61.0
0-125m 32.1 15.4 1.8 50.7
75-125 m 17.5 16.8 1.8 63.9
Particulate Nitrogen
0-45m 15.0 14.5 0.6 69.9
0-125m 18.2 16.8 1.0 64.0
75-125 m 11.3 16.9 1.8 70.0
Mesozooplankton biomass”
Day 0-160 m 26.2 22.2 4.0 47.6
Night 0-160 m 16.4 31.7 3.4 48.5
Migrant 0-160 m 1.5 19.1 0.2 79.4
Particulate Export
Carbon 150 m 21.9 19.7 0.9 57.6
Nitrogen 150 m 21.5 20.9 0.9 57.7
Export ratio”
150 m 2.0 20.7 9.3 68.0

@ Mesozooplankton sampling period starts in 1994.
b particulate C export at 150 m -+ 0-150 m integrated primary production.
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controls. For example, with only a 4-yr data set, Letelier et al. (1996)
were not able to resolve a seasonal cycle in euphotic zone depth-
integrated primary production. However, at depths >100 m a clear
seasonal pattern (attributed to changes in surface irradiance) was
observed with maximum primary production in late spring and early
summer (Letelier et al., 1996). More recently, Karl et al. (2002), Saba
et al. (2010), Chavez et al. (2011), and Church et al. (2013) have all
reported a weak but significant seasonality in euphotic zone depth-
integrated primary production at Station ALOHA. The 30-yr 0-125 m
depth-integrated primary production confirms a seasonal cycle
contributing to ~30% of the total observed variance (Table 3), with
maximum values in summer (mean = 616.2, SD = 129.1 mg C m? d’l,
n = 68) and minimum values in winter (mean = 424.9, SD = 99.5 mg C
m2d%n=64 Figs. 7, 9, and 15). However, the seasonal cycle in
primary production is much more distinct at depths >75 m than in the
much more productive upper portion of the water column (Fig. 8). The
30-yr mean winter:summer primary production ratios systematically
decreased through the water column from a value of 0.81 at 5 m to a
minimum of ~0.50 at depths >100 m (Fig. 9). This pattern of a rela-
tively weak seasonal signal in the upper euphotic zone is indicative of an
ecosystem that is chronically nutrient-limited and light-saturated
compared to the lower portion of the water column which is light-
limited. Furthermore, Letelier et al. (2004) have documented that the
downward seasonal displacement of PAR isolumes in summer induces a
deepening of the DCM from 105 m in winter to 121 m in summer with a
concomitant increase in Chl a and the disappearance of 36 mmol m~ of
nitrate from the lower portion of the water column.

The seasonal variations in euphotic zone depth-integrated primary
production are due, in large part, to predictable variations in PAR. While
there are stochastic day-to-day variations in photon flux due to cloud
cover and aerosol optical depth of the atmosphere relative to clear sky
irradiance for a given day (Fig. 7 and Supplementary Table 1), the
greatest changes in light are based on day length and solar power at
22°45'N, and these parameters can be predicted. Light appears to be a
master variable at Station ALOHA, at least in the mean state, with average
winter and summer primary production being approximately —100 mg C
m 2 d! and 4100 mg C m~2 d™! of the 30-yr mean value (Fig. 6).
However, the large interannual variations for a given season (e.g., sum-
mer of 1990 versus summer of 2000, or winter of 1992 versus winter of
2000; Fig. 5), which account for ~20% of the total variance (Table 3), and
the irregular deviations in the monthly primary production climatologies
(~45% of the total variance; Table 3), especially in mid-summer (Figs. 6
and 15), cannot be attributed to PAR alone. Additional controls on pri-
mary production, most likely variations in macronutrient, trace metal, or
vitamin availability may be important regulators of primary production
at Station ALOHA. These variables are not well constrained despite the
enormous sampling and scientific efforts invested in the HOT program.
For example, while macronutrient (nitrate and phosphate) concentra-
tions are routinely measured each month, we do not measure nutrient
fluxes, and the vanishingly low concentrations of nitrate (<10 nM) are
probably as much a manifestation of rapid uptake as they are a result of
low supply rates. The average nitrate and phosphate concentrations in
the upper 0-25 m, where primary production is highest, are both time
variable (e.g., the variations in nitrate and phosphate concentrations are
in excess of an order of magnitude), but do not co-vary (Fig. 4). While
near-surface nitrate concentrations are greatest in late winter and early
spring, with occasional spikes due to deep water mixing, and at a mini-
mum in summer, phosphate inventories are highest in spring and lowest
in fall-winter (Fig. 4). There are also very large interannual variations in
0-25 mnitrate and phosphate inventories with generally higher values in
the periods 1989-1991, distinct minima from 1996 to 2006, and
increasing concentrations in the period 2012-2014 (Fig. 4). The latter
increases in both nitrate and phosphate are especially enigmatic because
they do not lead to higher primary production or higher Chl a concen-
trations, challenging our current paradigm of a macronutrient-controlled
NPSG ecosystem.
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In addition to nitrate and phosphate concentrations, we have a more
limited data set on dissolved organic N and P (DON and DOP). DON and
DOP concentrations are much larger than the corresponding nitrate and
phosphate pools, in the case of DON by three orders of magnitude
(mixed layer DON values ~5-6 uM; Karl et al., 2001b). Moreover, the
mean molar DON:DOP ratio (26:1) of the organic pool is greater than the
Redfield ratio of 16:1, whereas the mean molar nitrate:phosphate ratio is
much lower than the Redfield ratio (~0.05). We presently have only
limited information on the chemical composition and, hence, the
bioavailability of these organic nutrient pools.

The well resolved climatology reveals two periods of elevated near-
surface primary production. The first period begins in May and peaks
in Jun (Figs. 6 and 8). This is essentially the Station ALOHA “spring
bloom” and is a consequence of increasing solar irradiance. However,
there is an early summer reduction in primary production, especially in
the most productive (0-45 m) portion of the water column (Figs. 6 and 8).
Because irradiance is still at an annual maximum, this “Jul lull” is most
likely a consequence of fixed N limitation. Primary production increases
again in Aug through Sep, even though surface irradiance begins to
decrease. We refer to this feature as the “late summer bloom” at Station
ALOHA. We further hypothesize that this enhancement in primary pro-
duction relative to available light and depletion of nitrate is the result of a
seasonal selection for Nj-fixing microorganisms (mostly cyanobacteria)
that proliferate during stratified late summer periods when nitrate de-
livery via physical processes is at its seasonal minimum (Karl, 2002; Dore
et al., 2008; Bottjer et al., 2017). Ny fixation is an important process at
Station ALOHA since it provides a source of new nitrogen to support
primary production and export even when fixed N sources are otherwise
limiting (Karl et al., 2002). Therefore, we interpret the higher than ex-
pected (based strictly on PAR) 1*C-based primary production in the HOT
program climatology following the Jul lull (Fig. 7), as a manifestation of
fixed N delivery via N» fixation. This enhanced, N, fixation-supported
primary production was detected in the light-saturated region of the
euphotic zone (0-45 m), below which *C-primary production tracked
the expected summer to fall decreases in PAR (Fig. 8). From Sep through
Mar, primary production is consistently at or below the long-term mean
0of 536.8 mg C m2d! (Fig. 6). We have also confirmed the observation,
first reported by Letelier et al. (1996), of a clear seasonality of primary
production at depths >75 m, contributing to ~40% of the total variance
in the 75-125 m depth range (Fig. 8; see Section 4.3).

Previous studies of Ny fixation at Station ALOHA have shown that Ny-
fixing microorganisms are both diverse and seasonally variable in
abundance. For example, cyanobacterial Ny fixers are present as free-
living unicellular (e.g., Crocosphaera) and filamentous morphologies
(e.g., Trichodesmium), as well as in symbiotic associations with a variety
of eukaryotic algae (e.g., Richelia and UCYN-A). While earlier studies at
Station ALOHA focused primarily on Trichodesmium (Letelier and Karl,
1996; 1998) and to a lesser extent on endosymbiotic associations of
Richelia with several diatom species, the discovery of abundant unicel-
lular cyanobacterial species (Zehr et al., 1998; 2000; 2001) at Station
ALOHA demanded a reassessment of the role of N5 fixation in the NPSG
(Karl et al., 2008; Zehr and Capone, 2020). The nifH gene expression
patterns, measured by reverse-transcribed quantitative polymerase
chain reaction (RT-QPCR) methods revealed complex, but highly or-
dered, diel patterns with greatest transcription activity during the
daylight period (Church et al., 2005). These initial observations were
confirmed during a recent, comprehensive study of the regulation of
growth, activity, and gene transcription in natural populations of Croc-
osphaera near Station ALOHA (Wilson et al., 2017). While Ny fixation at
Station ALOHA occurs throughout the year, average rates are greatest in
late summer-to-early fall (Bottjer et al., 2017). Furthermore, diatom-
associated Richelia and Calothrix spp. abundances and nifH gene copies
attributable to heterocystous cyanobacteria both peaked in summer
(White et al., 2018). Excess ammonium and bioavailable dissolved
organic N, both produced by N,-fixing cyanobacteria, fuel primary
production of phytoplankton that are unable to fix N3, a phenomenon
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referred to as an echo bloom (Devassy et al., 1979). However, sustained
N, fixation-based new production requires a supply of both phosphorus
and iron, which may ultimately set an upper limit on Nj-based new
production and export at Station ALOHA.

Time-series measurements of euphotic zone Nj-fixation at Station
ALOHA using the °Nj, tracer technique are available for the periods Jul
2000 — Jun 2001 (Dore et al., 2002), Apr 2004 — Mar 2005 (Grabowski
et al., 2008), and Nov 2004 — Sep 2007 (Church et al., 2009), and a
comprehensive synthesis of the temporal variability of approximately
monthly rates of Ny fixation from Jun 2005 — Dec 2013 has recently
appeared (Bottjer et al., 2017). During this same time period, several
changes were made to the basic method of Montoya et al. (1996),
including the procedure used to introduce and to dissolve the gaseous
tracer (15N2) into the sample (Mohr et al., 2010; GroBkopf et al., 2012).
The error using the conventional °N, bubble injection versus the
improved dissolved °N; gas injection was found to be variable; (e.g., 2-6
fold differences in Ny fixation with bubble always being lower; Grolkopf
et al., 2012; Wilson et al., 2012). Based on a 4-cruise intercomparison of
the two methods (*>N; bubble versus dissolved '°N5) at Station ALOHA
that included 2 cruises in summer and 1 each in fall and winter, Bottjer
et al. (2017) reported a consistent, 2-fold difference in euphotic zone
depth-integrated N fixation and applied that correction factor to the
approximately monthly data that had been collected from Jun 2005 — Aug
2012. Analysis of the 9-yr time series of “corrected” N fixation (Bottjer
et al., 2017) indicated that rates peaked in Sep (395 & 159 umol N m 2
d ™) and remained high, but much more variable, in Oct (324 + 318 umol
N m~2d™1). Mesoscale physical forcing, specifically the presence of an-
ticyclonic eddies, may contribute to the heterogeneity that is observed in
both diazotrophic cell biomass and rates of N5 fixation at Station ALOHA
(Church et al., 2009; Bottjer et al., 2017). Other technical issues have
since arisen including potential contamination of commercial >N, gas
stocks with °N-labeled nitrate and ammonium (Dabundo et al., 2014),
and the need to measure the '°N atom percent enrichment of the sample
and of particulate matter at the start of the incubation (White et al., 2020).

A previous study of the summertime drawdown in salinity-
normalized dissolved inorganic carbon (n-DIC) at Station ALOHA in
the nitrate-depleted mixed layer was attributed to N> fixation-supported
export (Karl et al., 2003). This phenomenon was first reported at the
Bermuda Atlantic Time-series Study (BATS) site in the North Atlantic
(Michaels et al., 1994) and later shown to be a global phenomenon in
tropical and subtropical environments (Lee et al., 2002). More recently,

Table 4

Progress in Oceanography 195 (2021) 102563

Ko et al. (2018) re-assessed the magnitude of the seasonal reduction of n-
DIC in nitrate-depleted (<0.2 umol kg™!) waters using a much larger
data base (6.5 million data points versus 16,000 observations in Lee
et al., 2002), along with additional thermodynamic model refinements
and corrections for recent estimates of atmospheric deposition of fixed
N. When their model was applied to observations at Station ALOHA for
the period 1989-2014, primary production that can be attributed to N;
fixation was 0.9 + 0.2 mol C m™2 over the 8-mo period of warming, or an
average rate in the surface mixed layer of 45 mg C m~2 d~!. By com-
parison, the measured '°N-based N, fixation rates (converted to C using
a C:N molar ratio of 7) for the period Jun 2005 to Dec 2013 equates to an
average of 18.4 mg C m~2 d7! (Ko et al., 2018). Differences between
these two estimates could be due to the C:N ratio assumption, to an
underestimation of Ny fixation due to spatial and temporal variability,
specifically the undersampling of aperiodic blooms, or underestimates
of gross N fixation using the '°N-based method, as discussed by Wilson
et al. (2012). However, even this lower bound on Ny-based new pro-
duction of 18.4 mg C m~2 d~! would account for 3-4% of the annual
mean primary production and equates to >50% of the mean PC export,
assuming steady-state conditions (see Section 4.5).

4.3. Primary production at Station ALOHA: Decadal scale trends

The analysis of the mean state and seasonal climatology of total
euphotic zone depth-integrated primary production ignore depth-
dependent dynamics of phytoplankton assemblages at Station ALOHA
and their responses to physical forcing and longer term climate vari-
ability. An unexpected result from the 30-yr period of observation was
the long-term, increasing trend in primary production, with relative
changes greater than 30% in the lower portion of the water column
surrounding the DCM (75-125 m) over these three decades (Fig. 10 and
Tables 2, 4, and S2). Furthermore, the sustained increase in primary
production is a result of a greater increase in summertime rates in the
75-125 m region of the water column than in winter: summer = 2.6
(95% CI = 1.6-3.6) (mg C m2d™ yr’1 (p < 0.01) compared to winter
=0.9(95% CI = 0.1-1.7) (mg Cm 2d™Y) yr! (p < 0.05; Table 2).

In addition to the long-term trend in primary production, we also
observed a sustained, increasing trend in Chl a concentrations in the
75-125 m region of the water column that accounts for approximately
one-half of the increase in primary production, and a smaller
(~8-8.5%), but still significant (p < 0.05), 30-yr increasing trend for the

125 m Depth horizon mean (SD), long-term linear trend (95% Confidence Interval of trend) and estimated 30-year change in Chl a, C assimilation, photosynthetically
available radiation (PAR), temperature, and salinity. Values for PAR and PAR derived parameters are based on data collected from February 1998 to Dec 2018. Italic =

p < 0.05, Italic-bold = p < 0.01.

Parameter Mean (SD) Long-term Long-term P-value
Trend (95% CI) Change (95%CI)
(1989-2018)

Chl a (p1yor mg m~3 mg m—3 year’1 mg m~3

0.164 (0.062) 1.73107%(8.0310°% 5.56 1072 (2.41 107%) 3.8107*
Chl a wpre) mg m mg m? year’l mg m3

0.227 (0.077) 1.510°%(1.11079) 4.401072(3.29107%) 9.310°°
Chl agguy: Chl a (totan) gg ! (gg M year! gg’

0.38 (0.06) —~1.69 x 1072 (0.87 x 1073) —0.05 (0.03) 1.510°*
Primary Production mmol Cm~3d~! mmol m~ year™! mmol Cm~3d?

6.31 x 1072 (3.97 x 1079 8.9 x 1072 (4.7 x 1079 2.48 x 1072 (1.41 x 107%) 8.4107°
Cassim (Chl a) ! mmol (mg Chl a ! mmol (mg Chl a dh year’1 mmol (mg Chl a !

0.37 (0.20) 1.92 x 1073 (4.87 x 107%) 0.06 (0.15) 2.1107!
PAR mol quantam~2d~! (mol quanta m~2 d~!) year™? mol quantam~2d!

0.19 (0.01) 6.1 x107%(1.8 x 107%) 0.02 (0.06) 52107}
Cassim (Chl @ * PAR) ! C m? (quanta mg Chl a)? C m? (quanta mg Chl @) ! year ! C m? (quanta mg Chl a)?

2.40 x 1072 (1.87 x 1073) —3.02 x 1072 (3.3 x 1072 —0.1 x 1073 (1.6 x 107%) 7.9107!
Quantum yield mol C (mol quanta) mol C (mol quanta) ! year! mol C (mol quanta)

0.057 (0.037) —~1.04 x 107 (1.06 x 1073) —0.3x10733.2 x 107%) 8.3107"
Temperature °C °C year’1 °C

21.9(0.9) 1.18 x 1072 (2.11 x 1079 0.35 (0.63) 421072
Salinity %o %o year ! %o

35.21 (0.11) 3.8%x107°(3.9x 1079 1.2x1071 (1.2 x 1079 3.110°°
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Fig. 16. Time-series (1998-2018) of light distribution in the lower euphotic zone and its effect on the variability of 14C-based primary production: (a) Mean euphotic
zone attenuation coefficient kqpar), (m™Y); (b) 125 m depth photon flux (mol quanta m2dY; (© Depth of the 0.415 mol quanta m~2d ! isolume, corresponding to
the seasonal vertical displacement of the Deep Chlorophyll Maximum (DCM) layer, (d) 125 m depth horizon *C-based primary production normalized per unit

Chlorophyll a (mmol C mg™* Chl a d™1), (e) 125 m depth horizon '*G-based primary production normalized per unit Chlorophyll a and photon flux (mmol C m

-2

[mol quanta mg Chl a] ~1. Blue solid symbols are observations, red solid (thick) and dashed horizontal lines are the long-term linear regressions with 95% confidence

intervals, and red solid (thin) lines are the seasonal components.

concentrations of suspended PC and PN (Tables 2 and 3). We explored
evidence for five potential mechanisms, that are not mutually exclusive,
to explain the increasing long-term trends in the lower euphotic zone at
Station ALOHA: (1) a change in the phytoplankton assemblage, specif-
ically a shift in the photosynthetic eukaryote:prokaryote ratio, with a
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selection for species with higher rates of photosynthesis per unit biomass
(P®) under ambient light conditions, (2) a change in the total photon flux
to the lower portion of the euphotic zone or in the quantum yield of
photosynthesis, (3), a systematic change in the intracellular *C allo-
cation pattern of the phytoplankton community and resultant shift in the
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apparent net:gross ratio of photosynthesis, (4) a change in meso-
zooplankton abundance leading to a top-down, trophic cascade-like
response, and (5) an increased flux of new nutrients.

Is there evidence for a decadal-scale change in the phytoplankton
assemblage at Station ALOHA? Based on research conducted in the
Climax region north of Station ALOHA, Venrick (1982, 1990) reported
that the vertical structure of large (>5 pm) eukaryote phytoplankton
was characterized by distinct shallow (<100 m) and deep (>100 m)
water assemblages, essentially nutrient-limited and light-limited re-
gimes, respectively. The transition region between shallow and deep
assemblages occurred over a relatively narrow depth interval of <20 m
(Venrick, 1988). Between the period 1967-1985, when a doubling of the
euphotic zone depth-integrated Chl a had been observed, there was only
a small change in the rank order abundance of species, suggesting that
these assemblages were stable over at least 1000 generations. The slow
changes that did take place over this period were greater in the deep
assemblage, particularly among diatoms (Venrick, 1990). Following the
establishment of Station ALOHA, Venrick (1997) obtained samples in
August 1994 for a comparison with her previous (1973-1985) obser-
vations from the Climax region located ~650 km to the northeast (28°N,
155°W). Of the 142 eukaryotic phytoplankton species found at Station
ALOHA, all but 6 species had also been seen in the Climax region, and
the characteristic 2-layered structure was also evident at Station ALOHA
(Venrick, 1997). The mechanism(s) responsible for the persistence of
rank order species abundances over both time and space in the NPSG,
despite a doubling of the Chl a in the Climax region since the early
1970s, is not known.

Venrick’s pioneering research on phytoplankton in the Climax region
did not consider species in the size class <5 um, which we now know are
numerically dominant at Station ALOHA. Prochlorococcus, Synecho-
coccus, and picoeukaryotic (<3 um) phytoplankton are all present and, at
times, represent significant components of the total Chl a concentration,
especially within the DCM (Letelier et al., 1993; Venrick, 1993; Campbell
et al.,, 1994; Li et al., 2013; Pasulka et al., 2013). Based on a 5-yr
(1990-1994) study at Station ALOHA, Campbell et al. (1997) reported
that Prochlorococcus, Synechococcus, picoeukaryotes, and 3-20 um
eukaryotic algae represented 60.6%, 2.6%, 20.2%, and 16.5% of the
euphotic zone (0-200 m) depth-integrated algal biomass. Pasulka et al.
(2013) reported similar results at Station ALOHA for the period Jun 2004
—Jan 2009, and found that Prochlorococccus varied from ~50% of total
autotrophic biomass for the first half of the year, decreasing to 30-40% in
late summer to early fall when larger phytoplankton became more
abundant. Synechococcus was confirmed as a minor biomass component.
Prymnesiophytes and other autotrophic flagellates were the dominant
eukaryotes, with dinoflagellates and diatoms each contributing ~1% to
total community biomass throughout the year (Pasulka et al., 2013).

Li et al. (2011) reported that the maximum biomass (Chl a)-
normalized assimilation (P®,,) and maximum quantum efficiency (o)
derived from short-term photosynthesis vs. irradiance (P-E) incubation
experiments were both significantly larger (~1.5-3 fold depending on
sample depth) for the >2 um size class of phytoplankton compared to
picophytoplankton (0.2-2 um). In their comprehensive analysis of
euphotic zone (0-125 m) samples collected from Station ALOHA during
a 5-yr period (2004-2009; a total of 88 individual P-E experiments),
picophytoplankton accounted for 91 + 2% of the Chl a but only 74 + 7%
of the '¥C-based primary production (Li et al., 2011). Consequently,
variations in the eukaryote:prokaryote ratio of the phytoplankton
assemblage could explain how 'C-based primary production at Station
ALOHA can be increasing at a rate greater than the increase in Chl a
concentrations. The higher P, for autotrophic eukaryotes is also
consistent with their dominance under natural bloom conditions or
following the addition of nutrients during shipboard perturbation ex-
periments (McAndrew et al., 2007; Alexander et al., 2015; Mahaffey
et al., 2012; Rii et al., 2018).

Letelier et al. (1993) developed and applied a pigment algorithm to
examine temporal changes in phytoplankton community structure in the
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DCM at Station ALOHA over a 3-yr period (1989-1991). This approach
employed the use of diagnostic pigments that are present in specific algal
taxa to determine their relative contributions to total Chl a and, hence, the
eukaryote:prokaryote ratio of the phytoplankton assemblage. We applied
the Letelier et al. (1993) pigment algorithm to test for changes in the
eukaryote:prokaryote ratio in the lower portion of the euphotic zone (125
m) since 1989 (Table 4). Using the HOT program HPLC data set, which is
necessary for the pigment algorithm, we confirmed that HPLC-Chl a at
125 m also displayed a significant increase of 1.5 ug m =3 yr~! (95% CI =
0.4-2.6 pg Chlam 3 yr1; p < 0.01) over the 30-yr observation period, a
result that is consistent with the fluorometrically-determined Chl a trend
for the 75-125 m depth region (Table 4). The eukaryote Chl a:prokaryote
Chl a ratios exhibited a small (13%), but significant (p < 0.01), decrease
during the observation period (Table 4), rather than the expected increase
if the long-term increasing trends in Chl a and primary production were
the result of a change in eukaryotic phytoplankton with higher o and P®
compared to prokaryotic phytoplankton. Although the mean contribution
of prokaryotes to total Chl a (62 + 6%) displayed a small decrease in
summer periods to values of ~52%, none of the specific phytoplankton
pigment taxonomic markers displayed significant (p < 0.05), long-term
increasing trends at 125 m. Therefore, it appears unlikely that the sus-
tained, 30-yr increases in Chl a and primary production in the lower
portion of the euphotic zone are caused by a systematic change in the
phytoplankton assemblage.

Has the total photon flux to the lower portion (75-125 m) or the
quantum yield of photosynthesis in that depth region at Station ALOHA
changed since Jan 1989? Light availability, which could lead to changes
in Chl a and primary production, is controlled by surface irradiance and
the inherent optical properties (absorption and scattering) of the water
column. We found no evidence for a systematic change in surface PAR,
or for photon fluxes at 75, 100, or 125 m (Figs. 7 and 16, and Table 4).
Consequently, changes in the underwater distributions of light cannot
explain the observed long-term increasing trends in Chl a, suspended PC
and PN, and primary production at Station ALOHA.

We next explored the possibility that changes in the quantum effi-
ciency of photosynthesis (i.e., C assimilation per unit Chl a per photon
absorbed) might be responsible for the enhancement of primary pro-
duction, relative to Chl a, over the latter portion of our observation
period (1998-2018). The use of a 21-yr rather than 30-yr observation
period was necessitated due to absence of water column PAR data prior
to 1998. Two different approaches were employed: (1) a normalization
of C assimilation per Chl a per PAR at each depth horizon (75, 100, 125
m), using propagation of errors and averaged over the 75-125 m depth
range, and (2) an estimate of Chl a-specific light absorption attributed to
photosynthetic pigments as a function of PAR (a* (psp); see Letelier
et al.,, 2017) for each depth horizon and averaged over 75-125 m.
Neither of these independent analyses provides evidence for a system-
atic change in photon-normalized carbon assimilation at Station ALOHA
over the 21-yr observation period (Fig. 16 and Table 4).

Is there evidence for a systematic change in the subcellular allocation
of recently fixed *C over the 30-yr observation period at Station
ALOHA? Research on the allocation of assimilated inorganic carbon by
microalgae was fundamental to the discovery of the biochemical
pathway of carbon in photosynthesis (Ruben and Kamen, 1940; Calvin
and Benson, 1948). Decades later, it was suggested that the patterns of
photosynthetic carbon allocation into unique biochemical pools (e.g.,
proteins, polysaccharides, lipids, and low molecular weight substrates)
of natural phytoplankton assemblages might provide information on the
physiological state of the community (Olive et al., 1969; Morris et al.,
1974; Morris, 1981). Because lipids and polysaccharides can serve as
intracellular stores of energy, the percentage of carbon allocated to these
polymers varies with environmental conditions, including light, nutrient
availability, and temperature. However, measurements of carbon allo-
cation during the relatively short term (~12 hr), in situ incubations
described herein are complicated by the differential turnover rates of the
separate pools and non-uniform *C-specific radioactivities of precursor
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and product pools (Li and Harrison, 1982), as well as potential varia-
tions in carbon allocation patterns among various individual species in
the population (Rivkin, 1985). Nonetheless, photosynthetic carbon
allocation can reveal temporal changes in the metabolic strategies of the
phytoplankton community due to changing environmental conditions
(Perin et al., 2002; Suarez and Marano6n, 2003).

More recently, detailed laboratory-based experiments revealed com-
plex patterns in carbon allocation over the cell cycle in a variety of
eukaryotic phytoplankton (Halsey et al., 2011; 2013). The carbon alloca-
tion strategies for both chlorophytes (Dunaliella tertiolecta) and diatoms
(Thalassiosira weissflogii) were shown to be growth rate-dependent, with a
greater abundance of shorter half-life, newly formed carbon products at
slower growth rates (Halsey et al., 2013). At higher growth rates, the ma-
jority of 14C was initially fixed into polysaccharides and lipids whereas at
slower growth rates, *C was initially incorporated into proteins (Halsey
et al., 2011). The possibility of a variable pattern of *“C allocation into
different macromolecular pools with changes in nutrient availability, light,
temperature, or other controls on growth rate, first observed in the green
algae Euglena gracilis (Cook, 1963), could influence the interpretation of the
field measurements of '*C assimilation at Station ALOHA. Specifically, a
shift in the balance between gross and net primary production (Milligan
et al.,, 2015), or in the *C-DOC:*C-POC production ratio, could occur
without altering the total rate of photosynthesis. A significant change in
growth rate for phytoplankton at Station ALOHA would likely be restricted
to the lower portion of the euphotic zone since light-saturated phyto-
plankton growth rates previously reported for the NPSG are already high
(1-2 d! based on a variety of methods; Laws, 2013). On the other hand,
growth rate-dependent changes in carbon allocation without a change in
total primary production might reconcile the apparent uncoupling that we
report between *C-based 0-150 m depth-integrated primary production
and PC export at 150 m. Because we did not measure the cellular allocation
of C, we lack direct evidence to support or refute the *C allocation hy-
pothesis. This mechanism, if it isimportant in our field study, would imply a
long-term trend of increasing growth rate in the lower euphotic zone of one
or more species of the phytoplankton community over the past three de-
cades since a change in carbon allocation is a consequence of environ-
mental variability. Presumably, such a trend would be accompanied by
observable changes in phytoplankton community structure or photo-
physiology; yet these are not apparent in our data, as discussed above.

Are the observed changes in Chl a, suspended PC and PN, and pri-
mary production a result of a top-down food web trophic cascade?
Trophic cascades are complex food web interactions that can alter
abundances and biomasses of organisms across more than one trophic
level (Pace et al., 1999; Ripple et al., 2016). For example, in a hypo-
thetical three trophic level food chain (primary producer, herbivore, and
carnivore), removal of the top predator would allow the herbivore
population to increase in abundance resulting in a decreased abundance
and productivity of the primary producer population. Conversely, if
third trophic level predators became more abundant, then herbivores
would decrease and phytoplankton biomass would increase. In theory,
the long-term increases in Chl a, suspended PC and PN, and primary
production could be the result of an indirect top-down control caused by
changes in the population dynamics of grazer and predator populations,
including mesozooplankton. To evaluate whether our observations are
consistent with an indirect trophic cascade at Station ALOHA, we need
information on food web structure and dynamics of grazer and predator
populations. Because the phytoplankton population ranges in size from
0.6 ym to >10 pm, the Station ALOHA food web supports a diverse
assemblage of grazers from protists to herbivorous zooplankton.
Although protistan grazers are not routinely measured at Station
ALOHA, Pasulka et al. (2013) reported that the autotrophic-to-
heterotrophic protist ratios (both for cell abundances and biomasses)
in the upper 0-100 m of the water column (no deeper data were re-
ported) were relatively stable over a 5-yr period (2004-2008).

A component of the HOT core program (M. R. Landry, principal
investigator) routinely measures euphotic zone (0-160 m) depth-

27

Progress in Oceanography 195 (2021) 102563

integrated mesozooplankton and reports displacement volumes, dry
weights, C, and N for a range of size classes (0.2-0.5, 0.5-1, 1-5, and >5
mm; Al-Mutairi and Landry, 2001). For each HOT cruise, 3 daytime
(1000-1400 hr) and 3 nighttime (2200-0200) oblique net tows are made
to distinguish vertically migrating plankton (diel migrations to depths of
300-600 m) from those mesozooplankton that are permanently resident
in the upper water column. Temporal trends of mesozooplankton at
Station ALOHA of various durations have been reported (Al-Mutairi and
Landry, 2001 [1994-1996]; Landry et al., 2001 [1994-1996]; Sheridan
and Landry, 2004 [1994-2002]; Hannides et al., 2009 [1994-2006];
Pasulka et al., 2013 [2004-2008]). The longest published time series
revealed significant increasing trends for both daytime and nighttime dry
weight of mesozooplankton (and, hence, also for total migrant biomass)
at rates of 60 mg dry weight m~2yr™! for nighttime collections and 45 mg
dry weight m~2 yr~! for daytime collections (Sheridan and Landry,
2004). We extended their analyses through 2018 using the publicly
available mesozooplankton database (http://hahana.soest.hawaii.
edu/hot/hot-dogs/interface.html), and confirmed that the initial
increasing trend of daytime mesozooplankton has been sustained over
the entire observation period 1994-2018 while the migrating component
has remained relatively constant (Supplementary Fig. 7 and Table 2;
note: no mesozooplankton data are available for Station ALOHA prior to
1994). Furthermore, based on an amino acid-specific stable nitrogen
isotopic composition analysis of abundant herbivores and carnivores,
Hannides et al. (2009) reported that their trophic positions have
remained essentially constant over a 10-yr (1995-2005) period. We
conclude that the increasing dry weight biomasses of mesozooplankton
at trophic levels 2-3 observed at Station ALOHA since 1994 are linked to
the increasing Chl a, suspended PC and PN, and primary production, and
does not support a top-down trophic cascade that would require a
decrease in carnivorous mesozooplankton. The observations from Sta-
tion ALOHA are more consistent with a bottom-up, nutrient control of
ecosystem productivity.

Finally, is there any evidence to support an enhanced delivery of
growth-rate-limiting nutrients to the lower portion of the water column
at Station ALOHA since 1989? An increasing allochthonous supply of
new nutrients, by the combined processes of Ny fixation, atmospheric
deposition, turbulent mixing, and lateral advection, would lead to
higher phytoplankton biomass and primary production, higher meso-
zooplankton biomass, and a possible accumulation of suspended PC and
PN, until the rate-limiting nutrient is depleted. There does not appear to
be any long-term change in the delivery of nutrients to the surface
mixed-layer because neither Chl a, suspended PC and PN, nor 14C.based
primary production changed significantly over the 30-year observation
period in that region of the water column (Table 2). Nevertheless, it is
possible that the flux of nutrients to the lower portion of the euphotic
zone has increased over the past few decades, as originally hypothesized
by Venrick et al. (1987) to explain their observed doubling of Chl a.
Based on field observations of nitrate concentrations over a 2-yr period
using profiling floats deployed near Station ALOHA, Johnson et al.
(2010) were able to obtain a high-resolution (5-d interval) mass balance
in the upper 0-300 m of the water column. An unexpected result was the
episodic, short-lived (<10 d; float cycle time of 5 d) entrainment of ni-
trate into the lower portion of the euphotic zone, a feature that was not
evident at shallower depths (Johnson et al., 2010). The frequency of
events where 1 pM nitrate could be detected above 110 m was 12 out of
127 profiling float cycles, or approximately monthly. Assuming that
phytoplankton in the lower portion of the euphotic zone consumed all of
the available nitrate, a lower bound on event-driven vertical transport
would be 88 mmol N m 2 yr~?, a value that was 80% of the observed PN
export at 150 m (Johnson et al., 2010). The observation period (19 Dec
2008 - 22 Mar 2009) was too short to detect any temporal trend in the
frequency of nitrate pulses.

A follow-on analysis used the Johnson et al. (2010) float data set as
well as observations from three more recent float deployments in the
NPSG, the WHOTS mooring time-series, HOT program cruise data


http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html

D.M. Karl et al.

(1988-2010), satellite-derived dynamic topography of the sea surface
from Archiving, Validation and Interpretation of Satellite Oceano-
graphic data (AVISO), and the 32-layer vertical Hybrid Coordination
Ocean Model (HYCOM) for ocean circulation around Hawaii (166°W to
150°W, and 16°N to 26°N) to diagnose nitrate transport into the
euphotic zone (Ascani et al., 2013). Their analysis of the observations
and model simulations discovered that the episodic injections were
generally correlated with changes in the depth of isopycnal surfaces,
associated with features of relatively small (<20 km) horizontal scale,
and found throughout the water column (at least to the profiling depth
of 1000 m). With these characteristics, the authors concluded that the
most likely cause of the nitrate injection was rapid temporal change in
the balanced mesoscale eddy field. Based on 45 separate virtual profiling
float time series simulations, nitrate anomalies were most frequently
associated with periods when the profiling float was sampling the sharp
edge of a rapidly evolving eddy (Ascani et al., 2013). The ecological and
biogeochemical consequences of these injections for primary production
and export are not known. In all likelihood, nitrate is rapidly consumed,
and a portion of the newly formed phytoplankton biomass is exported.
Letelier et al. (2000) documented one such event at Station ALOHA in
Mar-Apr 1997 during the passage of a large cyclonic eddy. Under these
nutrient-amended conditions, diatoms and other large eukaryotic
phytoplankton are selected for (McAndrew et al., 2007; Alexander et al.,
2015) and this selection facilitates the export of silica which otherwise
would accumulate in the euphotic zone over time by this pulsed nutrient
delivery process. Indeed, the export of particulate Si (which has only
been measured at Station ALOHA since 2001) is highly variable and
punctuated with episodic high flux events that might result from pulsed
nutrient delivery (Brzezinski et al., 2011). Furthermore, the molar Si:N
ratio of the particulate matter exported from the euphotic zone is ~0.5
which is consistent with a major contribution (~50%) from diatoms,
especially compared to their very low (~1%) contribution to the
“background” phytoplankton assemblage.

To evaluate whether aperiodic transport of nitrate into the lower
euphotic zone is responsible for the 30-yr trends in primary production
in the 75-125 m depth interval, the frequency of mesoscale features and
the total eddy kinetic energy near Station ALOHA would need to be
known. Chen and Qiu (2010) reported mesoscale eddy activity during a
16-yr period (1992-2008) for two regions northeast of the Hawaiian
islands. Their southernmost region (“box A,” 21-30°N, 170-150°W)
included Station ALOHA. Eddy kinetic energy displayed significant
seasonal and interannual variability with highest values (>150 cm sH
in 1995 and 1998, and a continuous 3-yr minimum (<75 cm s_l) for the
period 2000-2002 (Chen and Qiu, 2010). Furthermore, they demon-
strated a relationship between eddy kinetic energy and the PDO index
with highest correlation when a 14-month lag behind PDO was
employed (Chen and Qiu, 2010). More recently, Barone et al. (2019a)
analyzed a 23-yr (1993-2015) record of satellite observations of sea
surface height to assess linkages, if any, to the ecological and biogeo-
chemical state of Station ALOHA. The measured sea level anomaly was
corrected for the rate of sea level rise (1.5 mm yr’l) and for a sinusoidal
seasonal cycle (2.4 cm amplitude with maximum in summer) to produce
a corrected sea level anomaly (SLAco) that was then compared to a
number of biogeochemical observations in the 0-175 m of the water
column at Station ALOHA. They also identified specific mesoscale eddies
and determined a number of characteristics including origin, size, age,
amplitude change, and horizontal displacement (Barone et al., 2019a).
Between 1994 and 2015, Station ALOHA was within a tracked eddy for
31% of the time with 71 cyclones and 64 anticyclones having mean
amplitudes of —6.5 (SD = 3.9) cm and +7.1 (SD = 3.9) cm, respectively.
Large temporal variations ranging from months to years were also
observed for SLA,, as previously reported by Chen and Qiu (2010) for
eddy kinetic energy. However, based on this comprehensive sea level
analysis, neither primary production in the upper or lower portions of
the euphotic zone nor particulate matter export were significantly
correlated with SLAor (Barone et al., 2019a).
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Recently, it has been reported that the atmospheric deposition of
anthropogenic fixed N from northeastern Asia has increased signifi-
cantly over the past few decades (Duce et al., 2008; Kim et al., 2014). By
analyzing excess fixed N, relative to phosphate, termed N* (N* = N-Ry.p
x P, where N and P are the measured concentrations of nitrate and
phosphate and Ry.p is the Redfield molar N:P ratio of 16:1), and
chlorofluorocarbon-12 (CFC-12)-derived ventilation ages of specific
water parcels, Kim et al. (2014) were able to quantify N deposition to the
North Pacific Ocean over the past 40 years. An analysis of the temporal
change of excess N at Station ALOHA revealed a rate of N increase in the
lower euphotic zone (100-200 m) that was equivalent to a mean of 0.04
(SD = 0.02) umol N kg’1 yr’l during the period 1988-2011 (Kim et al.,
2014). Presumably the deposition of pollutant N has increased since
2011, so the 0.04 umol N kg~ ! yr~! estimate is likely to be a conservative
one. Indeed, projections for the year 2030 suggest that atmospheric
deposition of fixed N in mid-latitudes of the North Pacific Ocean will be
30% higher than they were in 2000 (Ciais et al., 2013). Assuming that all
other growth-limiting nutrients are available, this allochthonous supply
of fixed N is more than sufficient to support the significant increasing
trend of euphotic zone (0-125 m) '#C-based primary production at
Station ALOHA since 1989. It is not known whether anthropogenic iron
is also delivered via this same mechanism, but a recent expedition north
of Station ALOHA along 158°W has observed the presence of anthro-
pogenic lead and iron in the North Pacific Transition Zone at ~35°N
latitude (Pinedo-Gonzalez et al., 2020). Without effective pollution
abatement over the next decades to centuries, this allochthonous input
of iron and nitrate would eventually lead to an increasing deficit of
phosphate in the water column (Letelier et al., 2019), and reduced pri-
mary production and export despite the nitrate and iron subsidy to the
lower portion of the euphotic zone.

Dave and Lozier (2010) reported that primary production and
salinity in the lower euphotic zone at Station ALOHA were correlated.
They hypothesized that this could be a direct North Pacific Gyre Oscil-
lation (NPGO) effect on local hydrography due to variability in the
transport of North Pacific Tropical Water (NPTW). The lower euphotic
zone (75-125 m), where Chl a, suspended PC and PN, and primary
production have all increased since Jan 1989, coincides with the core of
the NPTW, a distinctive subsurface salinity maximum feature at Station
ALOHA (potential density = 24.3-24.7 kg m~>; 100-140 m; Lukas and
Santiago-Mandujano, 2008; Supplementary Fig. 8). The NPTW origi-
nates in surface waters of a large region of the subtropical frontal zone
from 150°E to 130°W between 20° to 30°N and subducts and flows first
southward then westward through a complex series of transport path-
ways (Katsura et al., 2013; Nie et al., 2016). The dynamics of NPTW flow
are correlated with PDO, especially since the major climate shift in the
mid-1970s (Qu and Chen, 2009).

Letscher et al. (2016) coupled the Parallel Ocean Program 2 (POP2)
ocean circulation model to the Biogeochemical Elemental Cycling (BEC)
v1.2 model of the Community Earth System Model (CESM) to estimate
the role of lateral transport processes in the supply of nutrients to the
NPSG. Their results suggested that 14% of the nitrogen and 60% of the
phosphorus required to support NCP at Station ALOHA are derived from
lateral processes during the May to Oct period of enhanced water col-
umn stratification (Letscher et al. 2016). The nutrient delivery balance
between vertical and horizontal processes would be expected to change
in favor of horizontal processes with the enhanced upper water column
stratification that is predicted from ocean warming.

In their report of an increasing trend for Chl a in the lower portion of
the water column, Venrick et al. (1987) postulated that the change in
standing stock of Chl a must have resulted from a reapportionment of
nutrients, either a decrease in export from the euphotic zone or an
increased input. Our hypothesis of an enhanced flux of anthropogenic,
pollutant nutrients via the NPTW transport pathway is a formal mech-
anism for the delivery of excess nutrients. While the trend of increasing
primary production at Station ALOHA is significant over the entire 30-yr
observation period, it is punctuated by shorter periods of higher and
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lower rates of change (Fig. 10) that might correspond to climate-forced
changes in the atmospheric delivery of pollutants or in NPTW subduc-
tion dynamics. However, the sustained 30-yr trend is consistent with a
semi-continuous allochthonous nutrient source (i.e., atmospheric
deposition of pollutant nitrogen) rather than being the result of any
specific climate index oscillation. Indeed, the increasing trend may be
much longer than we report herein, and could be one and the same as the
feature beginning in the late 1960s as reported by Venrick et al. (1987),
and perhaps even earlier. This would help to reconcile why the Chl a and
primary production trends in the NPSG previously attributed to the PDO
polarity reversal (Mantua et al., 1997; Karl et al., 2001a) continued
unabated well after that phase of the climate forcing ended. Nutrient
delivery to the lower euphotic zone at Station ALOHA may be modulated
by climate-ocean interactions, but we hypothesize that it is ultimately
caused by the atmospheric delivery of pollutant nutrients and their
contribution to preformed nutrients in NPTW subducted waters.

Summarizing this section on decadal scale trends, neither changes in
the phytoplankton assemblage, changes in the quantum yield of
photosynthesis, nor indirect effects of trophic level cascades can be
invoked as primary mechanisms for the long-term eutrophication at
Station ALOHA. The multi-decade increasing trends of Chl a, suspended
PC and PN, and primary production, especially in the lower portion of
the euphotic zone, as well as 0-160 m depth-integrated meso-
zooplankton biomass, are all consistent with our hypothesized increase
in the horizontal supply of nutrients. We suggest that nutrient delivery
via atmospheric deposition to the northwest of Station ALOHA and
subduction along isopycnals via NPTW transport pathways are the most
likely causes of the long-term biogeochemical patterns observed in the
lower euphotic zone of Station ALOHA since 1989.

4.4. Carbon and nitrogen export: Controls on temporal variability

The ocean’s BCP is an integral component of the global C cycle and is
largely responsible for long-term sequestration of CO; into the meso-
and abyssopelagic zones (Volk and Hoffert, 1985). The BCP is fueled by
solar energy, through the process of photosynthesis in the euphotic zone.
Most biogeochemical models predict that the strength and efficiency of
the BCP are dependent upon the structure of the phytoplankton com-
munity with larger, ballasted cells (e.g., diatoms) supporting a more
efficient BCP (Legendre and LeFevre, 1989; Karl et al., 2003). However,
picoplankton (Richardson and Jackson, 2007) and nanoplankton
(Juranek et al., 2020) also contribute to C export. A recent study of PC
export at Station ALOHA using size class-specific lipid and isotopic
markers documented the role of submicron particles as a potentially
important component of the BCP (Close et al., 2013). The authors hy-
pothesized that continuous disaggregation and reaggregation of parti-
cles during the export process could transfer very small particles to great
ocean depths. Evidence for mesopelagic repackaging based on the
quantity and types of fecal pellets has also been reported (Karl and
Knauer, 1984b), and a conceptual detritus-microbe model depicting
interactions between sinking particles and pools of dissolved and sus-
pended organic matter has been formulated (Karl and Knauer, 1984a).
More recently, Briggs et al. (2020) assessed the role of particle frag-
mentation in the BCP by tracking changes in large and small mesope-
lagic particle concentrations using optical measurements on
Biogeochemical Argo floats. Their results support the process of large
particle fragmentation as a major loss term in the downward flux of
particulate matter in the open ocean. Nevertheless, a small fraction of
the particulate matter exported from the euphotic zone arrives at the
seabed without any appreciable change in chemical composition (Karl
et al., 2012), supporting the model for the role of large, fast-sinking
particles as the dominant mechanism for matter and energy flux into
the deep sea (McCave, 1975; Lal, 1977).

Grabowski et al. (2019) recently presented data on particulate
matter energy export from the euphotic zone, and on changes in the C-
specific energy contents of sediment trap-collected particles as they sink
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and age. Their results documented the presence of at least two major
classes of particles: (1) fast-sinking, energy-replete organic matter that is
ballasted by associations with opal and calcium carbonate and (2) slow
sinking, energy-depleted organic matter that also contained black C
(Grabowski et al., 2019). Sinking particulate matter collected at the 150
m reference depth in their study had a C-specific energy content of ~45
J mg~'C, which was slightly less than the C-specific energy content of
photosynthetically produced organic matter (~50-60 J mg~'C). This
slight difference in the C-specific energy content means that the
remineralization-intensive euphotic zone at Station ALOHA exports C
that is slightly more oxidized than the organic matter that is initially
produced via photosynthesis. This also has bearing on the value of the
respiratory quotient (RQ) that is used in models to inter-convert O and C
currencies. During organic matter remineralization in the euphotic zone,
a greater amount of oxygen per unit C will be required to completely
oxidize the organic matter that is retained in the euphotic zone, leading
to a condition that may be misinterpreted as being net heterotrophic
even though no organic matter subsidy is required to sustain it.
Regardless, oligotrophic oceanic ecosystems like Station ALOHA are
clearly remineralization-intensive and exist very close to a net metabolic
balance point, where GPP and R are nearly equal when integrated over
several days (Ferron et al., 2015; Barone et al., 2019b).

The present study was focused on gravitational settling of particulate
matter at the base of the euphotic zone (150 m). Export at Station
ALOHA varied considerably over the 30-yr observation period (Figs. 11
and 12). The mean values for PC and PN export were 27.9 (SD =9.7,n =
265) mg C m2d! and 4.2 (SD = 1.5, n = 265) mg N m2d,
respectively, with a mean molar PC:PN ratio of 7.99 (SD = 1.23, n =
265; Fig. 13 and Table 2). For the period 2001-2016, we also measured
PIC and were able to calculate particulate organic C (POC = PC-PIC):PN
ratios. PIC export averaged 10.4% (SD = 4.6%, n = 127) of the
contemporaneous PC export (Supplementary Fig. 5), and the “PIC cor-
rected” molar POC:PN ratio for exported particles averaged 6.88 (SD =
0.78, n = 127). This value is nearly identical to the recently reported
POC:PN ratio of 6.76 (SD = 0.05) where PIC = 8.3% of PC (Grabowski
et al., 2019) for the export of organic matter at 150 m, and to the PC:PN
molar ratio of suspended particulate matter at Station ALOHA (Hebel
and Karl, 2001). Grabowski et al. (2019) also documented a depth-
dependent increase in the PIC:PC ratio due to the differences in
organic matter diagenesis versus calcium carbonate dissolution pro-
cesses. However, it is important to point out that most carbonate mineral
particles in seawater have organic coatings that render them partially
protected from chemical interactions with surrounding seawater
(Chave, 1965).

The PC and PN export time series (Figs. 11 and 12) displayed enig-
matic subdecadal variability with extended periods (1992-1996 and
2009-2014) when the seasonally detrended mean annual fluxes were
consistently below the long-term mean, and additional periods
(1989-1990 and 1997-2003) when they remained consistently above it
(test for randomness, p = 7 X 10’4). Although the 2002-03 periods of
higher than average particle export coincided with years of higher than
average 0-150 m depth-integrated primary production, the 1989-90
high export period had the lowest recorded 0-150 m depth-integrated
primary production during the entire 30-yr observation period
(Fig. 15). Likewise, the low PC flux observed in 2013 corresponded to
the year when 0-150 m depth-integrated primary production was much
higher than the 30-yr mean. These apparent decouplings of primary
production and PC/PN export extending over a period of one or more
years requires that we revise our current BCP paradigm, at least for
oligotrophic regions like Station ALOHA (see Section 4.5).

The monthly climatologies for PC and PN export also show nearly
identical patterns with lower than average fluxes from Sep through Jan,
and higher than average fluxes during the spring and summer periods
(Figs. 11 and 12). The PC and PN export peaks in Aug are followed by
abrupt decreases in Sep to values that are lower than long-term means. A
similar pattern is observed for the 0-150 m depth-integrated primary
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production climatology (Figs. 6 and 15) and may be a consequence of
phosphorus limitation and the termination of the late summer period of
N, fixation-supported new production, as discussed above.

In addition to sinking particles, other export processes including
seasonal and aperiodic advective mixing, downward diffusion of dis-
solved organic matter (DOM), and diel vertical migrations of meso-
zooplankton (Longhurst and Harrison, 1989) can also remove C and N
from the euphotic zone. Other processes, including atmospheric depo-
sition, the upward flux of buoyant particles and phytoplankton (Simo-
neit et al., 1986; Villareal et al., 1993), and lateral transport (see above)
can import C and N into the euphotic zone. At Station ALOHA, surface
mixing never exceeded the euphotic zone depth (Fig. 1), so the vertical
advective pump is probably negligible. And, although inputs from local
atmospheric deposition and buoyant particles have not yet been quan-
tified at Station ALOHA, they are also considered to be negligible. That
leaves particle sinking, the downward diffusion of DOM, and diel ver-
tical migrations of mesozooplankton as the major pathways for C and N
export.

Based on an analysis of data collected at Station ALOHA during the
period 1990-1995, Emerson et al. (1997) concluded that sediment trap-
collected particles represented ~50% of the total C export. Since that
time, improvements in our understanding of the controls on the BCP and
an increase in field observations have further reduced our uncertainty of
the “multi-faceted” particle pumps (Dall’Olmo et al., 2016; Boyd et al.,
2019; see Section 4.5).

Hannides et al. (2009) analyzed the impact of diel zooplankton
vertical migration on material transfer from the surface to the mesope-
lagic zone at Station ALOHA for the period 1994-2005. Total diel
migrant-mediated export (including respiration, as well as excretion of
both inorganic and organic matter) averaged 19% and 38% of the
contemporaneous PC and PN export, respectively, that was collected by
the ALOHA sediment traps (Hannides et al., 2009). However, consid-
erable temporal variation in the relative contributions of active versus
passive fluxes was also observed. For example, during the 12-yr period,
total active export of PC ranged from 0.23 to 63% of the sediment trap
collected export, with no temporal trend for the active:passive flux ratio
(Hannides et al., 2009).

Unfortunately, there is no reference material or standard that can be
used to assess the accuracy of particle collection using PIT-style sedi-
ment traps. Benitez-Nelson et al. (2001) measured 234Th:238U dis-
equilibria at Station ALOHA during 9 HOT cruises from Apr 1999 — Mar
2000. The 23*Th activity measurements were interpreted using models
with either steady-state or non steady-state scavenging assumptions (SS
and NSS, respectively; Buesseler et al., 1995) to constrain PC export. The
234Th-based PC export varied considerably between the two models both
in absolute magnitude of the estimated PC export and in the sign and
percentage difference between the two independent models (NOTE:
there is also an error in their Table 1, p. 2603 in the listing of average SS
and NSS C fluxes; Benitez-Nelson et al., 2001). Although the average
234Th export (ThE) was ~60% higher than the sediment trap measure-
ments, most of that difference was due to two large export events in Oct
and Dec 1999 when the traps under-collected for 2>*Th by factors of 2-4
(Benitez-Nelson et al., 2001). Consequently, higher primary production
may lead to underestimated export (and lower apparent e-ratios) due to
PC under-collection. Inherent in many of these short-term (<10 yr)
studies of primary production and export at Station ALOHA was the
importance of interannual environmental variability that might lead to
variations in the strength and efficiency of the BCP, as we document
herein.

A comparison between surface-tethered PIT traps (so-called “Clap”
Traps) and neutrally-buoyant sediment traps (NBSTs) was made at
Station ALOHA during the period 22 Jun - 8 Jul 2004 (Lamborg et al.,
2008). The Clap Trap array differed slightly from the standard HOT
program PIT array as it included a drogue at the base of the mooring line
to reduce hydrodynamic slip, and it had a mechanism to close the traps
with a lid prior to recovery. The fluxes obtained using Clap Traps and
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NBSTs “agreed fairly well” (p. 1552, Lamborg et al., 2008), and con-
formed to the long-term average summertime PC and PN fluxes reported
herein. For particle collections at 150 m, the NBSTs had a mean molar
PC:PN ratio of 8.57, slightly higher than the 30-yr mean of 8.09 for
summer export at Station ALOHA.

4.5. PC export efficiency: e-ratios

Cross-ecosystem analyses of contemporary primary production and
PC export from a broad range of oceanic habitats suggest that the e-ratio
is a positive, non-linear function of total euphotic zone primary pro-
duction, with values ranging from less than 0.1 for oligotrophic regions
to >0.5 in highly productive coastal regions (Suess, 1980; Pace et al.,
1987; Baines et al., 1994). Buesseler and Boyd (2009) have recently
suggested that the e-ratio reference point should be set at the compen-
sation irradiance for photosynthesis (the depth where net primary pro-
duction = 0), rather than at a fixed depth. However, the depth of the
compensation irradiance at Station ALOHA is itself variable (Letelier
et al., 2004; Laws et al., 2016), so in practice it may be difficult to
achieve this otherwise sound recommendation.

At Station ALOHA, the e-ratios varied considerably during the 30-yr
observation period from 0.020 to 0.149 (mean = 0.054, SD = 0.021,n =
248), with lowest values in fall (Figs. 14 and 15). Monthly estimates
were considerably less variable (range = 0.046 for Sep to 0.063 for Feb),
and had a nearly identical mean value of 0.053 (Figs. 14 and 15).
However, annually-averaged values displayed a much broader range
from ~0.09 in 1990 to ~0.03 in 2013 (Fig. 15).

Although primary production and particle export are inextricably
linked at Station ALOHA, they may not always be synchronized. Based
on initial observations at Station ALOHA, Karl et al. (1996) presented
evidence for an unexpected 3-yr duration, negative relationship between
primary production and PC export with e-ratios ranging from 0.10 in
spring 1990 to <0.05 in late fall 1992. Three hypotheses were presented
for this apparent production-export decoupling, including: (1) a primary
production-dependent difference between dissolved and particulate
organic matter fluxes, (2) variable C-specific energy fluxes with
maximum values coinciding with highest rates of primary production,
and (3) dominance of horizontal, rather than vertical, export processes.
Implicit in the Karl et al. (1996) study was the conclusion that the ob-
servations must be incorrect and, hence, need to be “explained away.”
As we now know from the extensive 30-yr data sets from Station ALOHA,
both primary production and PC export are temporally variable on
scales ranging from months to decades. Furthermore, oligotrophic re-
gions like Station ALOHA are remineralization-intensive ecosystems
where N fixation supports a major fraction of new production, so small
differences in the supply of new nitrogen can lead to large changes in the
e-ratio. We also know that there are substantial day-to-day variations in
light both at the sea surface and throughout the water column. The
former is caused mostly by variations in clouds, and the latter by tur-
bulent mixing in surface waters and inertial motions at greater depths.
Individual populations within the ecosystem will have distinct genera-
tion times integrating over different spatial and temporal scales.
Although Jones et al. (1996) concluded that living microbial biomass in
the upper 150 m at Station ALOHA has a mean growth rate of ~1 per
day, the variability in export production may be driven by “cryptic”
assemblages over multiple temporal scales (as discussed in Karl et al.,
2012). In the final analysis, it is the magnitude of export, rather than the
e-ratio, that matters for the BCP. Therefore, perhaps primary production
and export in oligotrophic waters should be viewed as uncoupled pro-
cesses at both short (<week) and long (>year) time scales, with a
common link back to seasonal variations in solar irradiance and nutrient
availability (i.e., the two processes are coupled at seasonal time scales;
Figs. 14 and 15).

Laws and Maiti (2019) diagnosed the previously reported negative
correlations between primary production and export at Station ALOHA
and concluded that time lags confound the conventional estimation of e-
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ratios. Using a biogeochemical model, Henson et al. (2015) reported a
time lag of ~5 days between primary production and export for oligo-
trophic ecosystems like Station ALOHA. A recent series of mesocosm
experiments evaluated the time lag between peaks in water column Chl
a and carbon sedimentation. The 4 separate experiments returned a
broad range of time lags in sedimentation following a phytoplankton
bloom from 2 to 5 days in Gullmar Fjord, Sweden to >12 days in Gando
Bay, Gran Canaria. It is unknown how representative these mesocosm
studies are of the oligotrophic conditions of Station ALOHA where
blooms seldom occur. Our results document a relatively large variability
in the e-ratios calculated on a cruise-to-cruise basis that is greatly
reduced when the data are presented as monthly climatologies (Fig. 14).
This result is consistent with a variable time lag between primary pro-
duction and export of greater than a few days and less than one month as
suggested by Laws and Maiti (2019). However, at the annual time scale,
uncoupling between primary production and export appears to become
greater (Fig. 15). Over the 30-year time series, the observed increasing
trend in primary production is not reflected in higher export, so the e-
ratio time-series displays a significant decreasing trend (p < 0.01;
Fig. 15 and Table 2).

The low e-ratios (~0.05; Figs. 14 and 15) reported for oligotrophic
ocean regions like Station ALOHA suggest that most of the recently
produced organic matter is locally recycled within the microbial food
web, and this intensive remineralization process provides the recycled
nutrients necessary to sustain primary production the following day in
an otherwise “nutrient-free” euphotic zone. Higher efficiencies of
remineralization will lead to higher “regenerated” primary production
and lower particle export. In the extreme case where all nutrients are
recycled — as in a materially closed energetically open ecosystem — pri-
mary production would be maximized and there would be no export.
Indeed, under steady-state conditions, the input of macronutrients (ni-
trate and phosphate) must equal or exceed the nutrients that are
exported by sinking particles and other means. The rate of delivery of
the limiting nutrient at Station ALOHA (either iron or phosphate; Lete-
lier et al., 2019), combined with the elemental stoichiometry of exported
matter, sets an upper constraint on PC export via the N fixation-
powered BCP (Karl et al., 2003). Station ALOHA appears to be poised
at a euphotic zone depth-averaged remineralization efficiency of >95%,
which likely varies in time and depth of the water column (also see
Section 4.6).

Emerson (2014) presented a comprehensive status report on annual
NCP and the BCP in the world ocean, including Station ALOHA. Based on
a combination of observations, model simulations, and large-scale
geochemical constraints, his analysis revealed an annual NCP of 2.5
(SD = 0.7) mol C m~2 for Station ALOHA. Mean annual PC export at 150
m accounts for less than half of this estimate although, as we show here,
there is significant interannual variability in PC export at Station
ALOHA (Figs. 11, 14, and 15). Emerson (2014) hypothesized that the
downward flux of DOC at Station ALOHA, coupled with upper meso-
pelagic zone respiration, may be a dominant mode of C export from the
euphotic zone. He estimated that two thirds of the organic matter
oxidized in the 110-210 m depth zone at Station ALOHA was supplied
by DOC rather than by sinking particles. If true, this would represent a
fundamentally different view of the major C and energy export pathway
than one dominated by sinking particles (McCave, 1975; Martin et al.,
1987). As noted previously, the photosynthetic compensation depth at
Station ALOHA is ~175 m (Laws et al., 2014), so much of the region
modeled by Emerson (2014) is within the euphotic zone, not beneath it.
Because the HOT program routinely measures PC export at 150 m,
rather than the 100 m reference depth used in Emerson’s (2014) anal-
ysis, the PC fluxes should be extrapolated to the same reference depth
(using the Martin curve; Martin et al., 1987) or, better yet, directly
measured in the field. Recent particle flux profiles at Station ALOHA
have shown a much larger PC export at the 100 m reference depth (e.g.,
47.1 mg C m~2 d7! at 100 m versus 32.3 mg C m 2 d~! at 150 m;
Grabowski et al., 2019), so Emerson’s (2014) conclusion on the role of
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particles relative to dissolved matter as a vehicle for C export may need
to be reassessed. Clearly, the gravitational settling of particulate matter
is a more rapid and efficient means to fuel mesopelagic and abyssal bi-
omes than the downward diffusive or advective flux of DOC (Karl et al.,
2012; Grabowski et al., 2019). Furthermore, since the average molar C:N
ratio of DOM in the upper 0-100 m at Station ALOHA is nearly twice as
large as the observed 30-yr mean value of ~8 for the sediment trap-
collected particles (Foreman et al., 2019), the downward diffusive or
advective flux of DOM from the euphotic zone would export an excess of
C relative to N, and there is no evidence for selective retention of dis-
solved, fixed N in the euphotic zone. Hence, there is an urgent need for
additional field observations and improved modeling of the ocean’s
BCP.

Finally, with an acknowledgement that primary production and PC
export are complex processes that exhibit substantial variability and at
times may be locally decoupled, Cael et al. (2018) hypothesized that a
relationship might emerge over broader spatio-temporal scales. Using an
innovative theoretical framework to analyze and interpret the proba-
bility distributions of primary production and PC export for a given
region, they demonstrated that both ecosystem processes were log
normally distributed for a given biome. Furthermore, the log moments
of the distributions were linearly related to each other such that the
distribution of PC export is consistent with predictions made from the
statistics of the primary production distribution (Cael et al., 2018). Only
time (and more field observations) will tell if this theory of probability
distributions will lead to an improved understanding of the BCP at
Station ALOHA.

4.6. Does the NPSG operate as a two-layered system?

The NPSG has previously been termed as a “two-layered system”
with primary production in the upper (0-75 m) portion of the euphotic
zone controlled by nutrient availability and the lower portion (>75 m)
by light availability. Knauer et al. (1984) hypothesized that new pro-
duction (sensu Dugdale and Goering, 1967) was minimal in the upper
layer and that most of the sinking particles probably originate from the
lower portion of the euphotic zone. A possible exception to this two-
layered structure would be Nj fixation-favorable periods when near
surface production and export are most likely coupled. Based on field
measurements of 23*Th:23%y disequilibria in the dissolved and particu-
late matter pools, Coale and Bruland (1987) also concluded that for
oligotrophic ecosystems like Station ALOHA, most of the new produc-
tion and, hence, particle export (based on 2>Th scavenging) occurs in
the lower portion of the euphotic zone. NCP in the remineralization-
intensive, upper portion of the water column in this hypothesized two-
layered ecosystem would approach zero and, under steady-state condi-
tions, export would also approach zero. Consequently, the e-ratios re-
ported herein for Station ALOHA (and elsewhere for other oligotrophic
ecosystems worldwide) may underestimate the true export efficiencies
for the lower euphotic zone. Since the lower euphotic zone (75-125 m)
primary production has increased by 36.6% during the 30-yr observa-
tion period without a concomitant increase in PC export (Fig. 15;
Table 2), the efficiency of PC export must have decreased since the
fundamental layered structure of the water column has not changed.

Small et al. (1987) also reported a two-layered system for an oligo-
trophic station in the tropical North Pacific Ocean. The upper layer
supported relatively high primary production, but did not export any
measurable particulate organic matter. However, sediment traps posi-
tioned near the base of the euphotic zone collected 38 mg Cm 2d ™}, a
value that is slightly greater than the mean 150 m PC export during
summer at Station ALOHA (33.5 mg m~2 d~}; Fig. 15). Notwithstanding
the potential for hydrodynamical bias and under-trapping for free-
drifting sediment traps deployed in near-surface waters, several inde-
pendent lines of evidence support the two-layered model. Ferron et al.
(2015) reported diel Oy dynamics for a 7-d period during Mar 2014 near
Station ALOHA. Daily NCP in the mixed layer varied from a system that
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was net heterotrophic (—0.28 mmol O m2 d 1) to one that was
demonstrably net autotrophic (4+0.48 mmol Oy m > d™1). The mean
value for the week-long study was + 0.11 mmol O, m 2 d~}, a slightly
autotrophic net metabolic balance. The large day-to-day variability
observed for NCP might lead to a non steady-state, or pulsed pattern of
export, depending on the residence times of particulate and dissolved
organic matter in the euphotic zone. During a typical HOT cruise, the
sediment traps are deployed for ~60-70 hr (with a typical start time of
~0000 hr local on day 1), so they may not capture the full range of
variability observed by Ferron et al. (2015).

White et al. (2017) reported mixed layer estimates of GPP and R
based on diel cycles of optically derived PC. GPP was calculated from the
daytime increases in PC and nighttime losses, using changes in particle
beam attenuation as described previously (Siegel et al., 1989; Claustre
et al., 2008). Clear diel cycles in particle abundances were observed with
minima at dawn and maxima at dusk. The mixed layer amplitude of the
nighttime decline (%A = 25 + 10%) was nearly identical to the ampli-
tude of the daily production (%A = 22 + 8%), indicating that the net
daily change (equivalent to NCP) was not significantly different from
zero (White et al., 2017), thereby supporting the existence of a two-layer
ecosystem at Station ALOHA. The remaining ~75% of the signal did not
oscillate and was interpreted as a background particulate detrital signal
(White et al., 2017). If this interpretation is correct, then there are at
least two major pools of suspended PC, one actively turning over on a
daily time scale, and the other with a longer residence time. Regardless
of dynamics, the bulk suspended particulate matter pool stoichiometry
in the upper euphotic zone appears to be nearly identical to that of
newly synthesized organic matter (C:N = 6.5-7 on a molar basis; Hebel
and Karl, 2001).

Nicholson et al. (2015) pioneered the use of autonomous Seagliders
equipped with oxygen optodes to quantify the diel periodicity in Og
concentrations at Station ALOHA. During a Seaglider mission in summer
2012, they fitted their field observations to an idealized diel cycle that
was based on time-varying photosynthesis versus irradiance using the
well-established model of Jassby and Platt (1976), corrected for air-sea
O, flux. If R is assumed to be constant over the diel cycle, then GPP, R,
and NCP could be estimated (Nicholson et al., 2015). For 110 daily
measurements using two separate Seaglider missions near Station
ALOHA, 73 days had a statistically significant fit to the model. Though
not discussed in their paper, nearly one-third of their observations had a
signal that was too low to resolve (diel cycles <£0.2 mmol Oy m™3),
indicating that even during the productive summer months there must
also be very low productivity periods or regions. Since the experimental
design was not Lagrangian, we do not know whether there was an
oscillation between low GPP, high R net heterotrophic periods (when
remineralized nutrients might locally accumulate) followed by subse-
quent bursts of GPP leading to net autotrophy. Mixed layer GPP for the
period Jun-Sep had a mean 1.8 (SD = 0.7) mmol O, m 3 d~! and was 3.2
times greater than contemporaneous (but these independent measure-
ments were not conducted at identical locations) 14¢ based primary
production that was measured on 43 days (Jun through mid-Sep) of the
much longer Seaglider mission (Nicholson et al., 2015). Several very
high GPP values (up to 7-8 mmol O, m~3d™") were detected, as well as
many low GPP events, once again confirming significant spatial or
temporal heterogeneity, or both. Despite the variable and, sometimes,
exceptionally large GPP observed in this study, mixed layer NCP was
always <5% of GPP, again emphasizing the intense daily reminerali-
zation that must occur in the mixed layer at Station ALOHA to sustain
primary production. This leaves very little particulate matter (or po-
tential energy) remaining for export from the upper euphotic zone.

More recently, Barone et al. (2019b) investigated diel variations in
O, at Station ALOHA, and interpreted the field observations using an
improved biological-physical model. Their data set included Oy mea-
surements during 4 separate Seaglider missions in both an anticyclonic
eddy in summer 2015 and a cyclone-anticyclone eddy dipole in spring
2016 in the NPSG. Estimates of GPP and R were obtained from a total of
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191 days of data during the Seaglider missions. Combining all field
observations, GPP and R in surface waters were identical with a
weighted mean and weighted SD of 1.0 + 0.7 O, mmol m 3 d ™! (Barone
et al., 2019b). This result is consistent with the two-layer model where
NCP is negligible in the upper euphotic zone and cannot support PC
export without an organic matter subsidy. However, because the signal-
to-noise ratio in oligotrophic waters is very low, Barone et al. (2019b)
presented rates that were averaged over multiple consecutive days.
Using a time window of 7 d for data collected during a 3-month period in
late summer-early fall 2015, they documented significant week-to-week
changes (£100% of 3-month mean) in the magnitudes of both GPP and
R, as well as in the estimated weekly autotroph-heterotroph metabolic
balances (Barone et al., 2019b). Though not examined in this otherwise
comprehensive study, the relatively large, short-term (~1 week) varia-
tions in GPP and R are likely to also impact PC export. The spatial and
temporal mosaic of GPP and R, at least for conditions in the mixed layer
of the euphotic zone, is probably a much more accurate representation
of the oligotrophic NPSG than “once per month” ship-based observa-
tions, so it is very likely that Seagliders will continue to provide
invaluable data at Station ALOHA.

4.7. Primary production and export models

One of the initial justifications for the establishment of Station
ALOHA was to provide an accessible field site where observations and
measurements would be representative of a much larger biome, the
NPSG. A unique contribution of programs like HOT is their ability to
reveal unexpected ecological and biogeochemical relationships that, in
conjunction with the time-series data sets, can be used to refine existing
models of the BCP, or to develop improved ones. Because seascapes like
the NPSG are grossly undersampled, the use of models is the only means
for basin-wide scaling of fundamental ecosystem processes and for
predicting future states of the global ocean.

Euphotic zone depth-integrated primary production has been
modeled using a variety of increasingly sophisticated approaches
(Kyewalyanga et al., 1992; Behrenfeld and Falkowski, 1997; Ondrusek
et al., 2001; Banse and Postel, 2003; Stock et al., 2014; Schulien et al.,
2017). Carr et al. (2006) presented the results of the third algorithm
intercomparison for 24 models of depth-integrated primary production
from satellite measurements of ocean color, as well as 7 general circu-
lation models (GCMs) coupled with ecosystem or biogeochemical
models. Most models of phytoplankton production in the ocean employ
surface PAR, the optical properties of the water column, and the
response of the plankton assemblage to light (e.g., photosynthesis versus
irradiance parameters; Kirk, 2011). This comprehensive analysis
revealed that the pair-wise correlations among the various ocean color-
based models always exceeded 0.5 (generally greater than 0.7), but that
the GCM-based models were poorly correlated with the ocean color
models (Carr et al., 2006).

Most primary production models use Chl as an implicit representa-
tion of phytoplankton biomass. This is mainly due to data density and
ability to estimate Chl from satellite-based ocean color measurements.
However, as mentioned previously, there are photoacclimation effects
both in the surface waters (lower Chl a per phytoplankton cell biomass)
in summer compared to winter, and with depth in the water column,
especially at the DCM in the fall-winter period. Ocean color satellites can
only detect Chl within the first optical depth which at Station ALOHA
ranges from 18 to 27 m with a mean of 22.9 (SD = 1.7 m). During our 30-
yr observation period, Chl a integrated over the first optical depth
accounted for ~9% of the 0-200 m total, and '*C-based primary pro-
duction in the same region was ~28% of the total.

In order to accommodate the well known variability in phyto-
plankton C:Chl a ratios, Westberry et al. (2008) developed a C-based
primary production model using satellite observations of particle
backscatter coefficients (Behrenfeld et al., 2005), and empirical re-
lationships between backscatter and phytoplankton C. Their vertical
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model produced estimates of Chl a, PC, and primary production. The
model, validated using data from Station ALOHA and from BATS in the
North Atlantic Ocean, reproduced the observed seasonality in C:Chl a
ratios measured at Station ALOHA (as indicated by the seasonality of
Prochlorococcus Chl a fluorescence to cell ratios) with maximum values
of ~200 in winter and minima of ~150 in summer. However, a major
fraction of the total suspended PC in the surface waters at Station
ALOHA is non-living detritus, so the true phytoplankton C: Chl a ratio is
probably closer to 50-100 (Eppley et al., 1971; Christian and Karl,
1994). And, while the C-based primary production model performed
better than the vertically generalized production model (VGPM) in
reproducing the mean values for '*C-based observations from Station
ALOHA for the period 1998-2003, it failed to capture the seasonal cycle
(Westberry et al., 2008).

More recently, Saba et al. (2010) evaluated the performance of 22
satellite-based ocean color models and 14 GCM coupled biogeochemical
models for the estimation of euphotic zone depth-integrated primary
production. They compared the model output to *C-based primary
production from BATS and HOT. Performance of each model was judged
on its ability to reproduce the observed mean value, the temporal vari-
ability, and the long-term trends from 1989 to 2007 (Saba et al., 2010).
For Station ALOHA, the satellite-based models had a higher skill than the
GCM-biogeochemical models, although there were exceptions. The use of
the HOT program HPLC-Chl a dataset further improved the model skill
compared to either fluorometric-Chl a or Chl derived from ocean color.
Furthermore, the ocean color models using satellite-derived Chl, as is
most commonly employed (see Carr et al., 2006), report decreasing
trends in Chl (e.g., Behrenfeld et al., 2006; Polovina et al., 2008) and,
hence, primary production, neither of which is observed over the 30-yr
observation period at Station ALOHA. The central conclusion of this
comprehensive intercomparison was that the majority of contemporary
models underestimate the mean and variability of NPP at both oligotro-
phic ocean sites. This assumes, of course, that the 12-hr 14C based
methods employed accurately reflect NPP. Unfortunately, there is no
“certified reference material” for oceanic primary production, so the
accuracy of currently employed field measurements is unknown.

Kovac et al. (2016) extrapolated photosynthesis versus irradiance
functions through the water column to obtain an analytical solution for
the vertical profiles of daily primary production. The solution was then
fitted to the Station ALOHA #C-based field data, as previously reported
by Letelier et al. (1996) for the first 4 years of HOT program data. Their
analytical solution explained >97% of the variance in the measured Chl
(biomass) normalized production at individual depths, and also recov-
ered the seasonal cycle (Kovac et al., 2016). However, their analysis did
not consider light-dependent '*C-DOC production or the systematic
depth changes in the ratio of 80-based GPP:!'*C-based primary pro-
duction, discussed previously. While their analytical model appeared to
reproduce the mean state of primary production at Station ALOHA, it did
not predict the outliers, nor did it explain the observed subdecadal
variability or longer term trends in primary production reported herein
for similar conditions of irradiance and water column transparency.

A number of empirical models have been devised to estimate PC
export from euphotic zone depth-integrated primary production (Suess,
1980; Betzer et al., 1984; Berger et al., 1987; Pace et al., 1987; Lohrenz
et al., 1992) or Chl a (Baines et al., 1994). The accuracy of these models
was evaluated by Karl et al. (1996) using the first few years of HOT
program data. None of the models accurately predicted the PC export at
Station ALOHA or the observed interannual variability. Smith et al.
(2005) developed a comprehensive one-dimensional multi-element (C,
N, P, and Si) model similar to the NEMURO model (Fujii et al., 2002) to
simulate primary production and export at Station ALOHA. Two ver-
sions of the model were tested against the field observations, one with
and one without overflow DOC production and recycling that might be
expected to occur under low nutrient / high light conditions. By
including overflow production of DOC, the model was able to simulate
the observed profile of DOC, but underestimated both primary
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production and PC export compared to field observations at Station
ALOHA (Smith et al., 2005).

In a comprehensive synthesis of field data from the JGOFS program,
Laws et al. (2000) formulated a quantitative model linking primary
production to export in a broad range of marine ecosystems, including
Station ALOHA. Their nitrogen-based food web model partitioned total
primary production into two separate food chains, one supported by
large phytoplankton that produced only particulate detritus and the
other by small phytoplankton that produced only dissolved detritus. The
model assumptions and input values led to a steady-state solution where
the external loading of limiting nutrient (nitrate in their model) was
equal to the loss of particulate detrital N (Laws et al., 2000). This so-
lution was conceptually identical to the pioneering work of Eppley and
Peterson (1979) who hypothesized that export should equate to new
production (that fraction of total primary production that is supported
by exogenous nutrients) under steady-state conditions. However,
instead of the hyperbolic relationship proposed by Eppley and Peterson
(1979), Laws et al. (2000) reported that temperature and NPP were the
critical variables that control export production, and that the e-ratio
varied considerably from minima of ~0.1-0.2 at temperatures >25 °C to
a maximum of ~0.67 for ecosystems where the temperature is in the
range of 0-10 °C. In their analysis of 11 field studies covering this full
range of environmental conditions, temperature alone explained 86% of
the variance in export when applied to observations at Station ALOHA.

For the analysis of Station ALOHA data in their model, Laws et al.
(2000) used an input temperature of 25 °C which is a reasonable annual
mean sea surface temperature (SST; Fig. 1). However, during the 30-yr
observation period there were significant seasonal and interannual
variations in SST of up to 5 °C (range 20.7-29.4), with extended periods
of anomalously high SST in 1996 and 2015-2018 (Fig. 1). Neither of
these extreme SST conditions impacted euphotic zone depth-integrated
14C-based primary production or PC export based on our field obser-
vations (Fig. 15). Furthermore, the predictable seasonal variation in SST
at Station ALOHA (Fig. 1) has no effect on the e-ratio which remains low
(~0.05) throughout the year (Fig. 14). There is also a strong tempera-
ture gradient within the euphotic zone at Station ALOHA (Fig. 1), so the
input temperature for the model should be a depth-production weighted
value rather than SST. For example, during mid-summer periods when
primary production is at its maximum, considerably less than half of the
total primary production occurs in the isothermal mixed layer, and
>20% of the production occurs at depths where the ambient tempera-
ture is 5-6 °C cooler than the SST. Furthermore, as mentioned above, it
has been hypothesized that chronically oligotrophic ecosystems like
Station ALOHA are essentially two-layered systems (Knauer et al., 1984;
Coale and Bruland, 1987; Small et al., 1987), where most, if not all, of
the exported particulate matter is produced in the lower, colder portion
of the water column. If the BCP at Station ALOHA performs as a two-
layered system, then the model input temperature should be ~20 °C,
which would predict an e-ratio of >0.25 (Laws et al., 2000). Finally, the
role of Ny fixation as a significant source of new N, especially in surface
waters during summer and fall periods, is well established at Station
ALOHA. The periodic nature of nutrient delivery via Ny fixation and the
possibility for a bloom of larger phytoplankton, such as diatoms con-
taining endosymbiotic diazotrophs (Karl et al., 2012), would require a
significant change in the model input values and possibly require a
revised food web model structure to accurately predict export during
late summer periods at Station ALOHA.

Henson et al. (2011) challenged the model of Laws et al. (2000) on
the grounds that traditional '°N-labeled experiments do not account for
euphotic zone nitrification and would, therefore, overestimate export.
They introduced an alternative model that was based on estimation of
PC export using field measurements of the disequilibrium between 233U
and its radiogenic daughter, 234Th (ThE-ratio; Buesseler et al., 1998,
2006). To compare satellite-based primary production to the field
measurements of 2>*Th scavenging, they used ocean color data from 16
days prior to the field measurements to reflect the estimated residence
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time of 2>*Th in the euphotic zone. There were large discrepancies be-
tween the two models through the entire range of temperatures (0-30
°C). For warm (>25 °C), oligotrophic subtropical ecosystems like Station
ALOHA, where the Laws et al. (2000) model predicted an e-ratio of 0.15,
the Henson et al. (2011) model predicted a range of values from <0.01
to >0.25 (Henson et al., 2011; their Fig. 1) with an exponential rela-
tionship with temperature. For the 2*Th-based export model, temper-
ature alone explained ~50% of the variance. Finally, Henson et al.
(2015) subsequently used a high-resolution, global scale biogeochem-
ical model to investigate export efficiency of the BCP. The model
included slow- and fast-sinking detrital material, and considered flux
attenuation as a function of temperature and ballast minerals. Also
considered in their model was the potential time lag between primary
production and export which could bias estimation of the contempora-
neous e-ratio. As expected, they determined that this source of error was
probably greatest in high latitude regions where errors in estimated
export efficiency can be up to + 60% (Henson et al., 2015).

5. Future prospectus

Atthesstart of the HOT program, the research community was engaged
in a lively debate regarding primary production in the NPSG. The nature
of the dispute and the ecological implications of a resolution were suc-
cinctly summarized in a review article by Platt et al. (1989), subtitled “the
case for consensus.” In the end, the authors concluded that the answer to
the rather straightforward question “What is the primary production in
the open ocean?” had no simple answer because “photosynthetic rates in
the pelagic ocean are ever-changing rather than steady-state, and at times
can be surprisingly high” (Platt et al., 1989). The results of our long-term
observations of primary production at Station ALOHA support the Platt
et al. (1989) claim of intermittency, but also reveal an unexpected three-
decades-long trend of increasing primary production.

Gregg et al. (2005) reported satellite-based Chl concentrations in the
NPSG for a 6-yr period (1998-2003). They documented a significant
decrease in Chl (-2.7% per annum) along with a corresponding increase
in sea surface temperature (0.31 °C per annum). These observations
were consistent with an earlier report that the most oligotrophic regions
of the NPSG, where Chl a concentrations were < 0.07 mg m~3, were
expanding (McClain et al., 2004), a trend that was later confirmed by
Polovina et al. (2008). A more recent, comprehensive analysis of Chl
estimates in the NPSG for the period 1998-2012 revised the magnitude
of the decreasing trend to a value of —1.1% yr~! (Gregg and Rousseaux,
2014). A major challenge was to blend the observations from different
ocean color sensors, each with a decadal scale mission lifetime, into a
consistent longer term data set.

Boyce et al. (2010) combined historical records of ocean trans-
parency using the standardized Secchi disk, in situ Chl a measurements,
and satellite-based ocean color observations since 1979 to produce a
century-long record of phytoplankton biomass in key regions of the
world’s ocean. They reported significant declines in 8 out of the 10
ocean regions, including the North Pacific. While there were
interannual-to-decadal fluctuations in phytoplankton biomass that were
attributed to basin-scale climate variations, the global rate of decline
averaged ~1% of the global median value per annum, and was corre-
lated with long-term increases in sea-surface temperature (Boyce et al.,
2010). The temperature effect was particularly pronounced for tropical
and subtropical regions where enhanced thermal-induced stratification
leads to a reduction in the supply of nutrients. This century-long data set
supports the previous conclusions of Gregg et al. (2005) and others,
based on shorter satellite ocean color observations. The satellite-based
observations are also consistent with most current ocean ecosystem
models that predict decreases in marine productivity during the 21st
century (Steinacher et al., 2010; Bopp et al., 2013). The projected
decrease derives from changes in sea surface temperature, pH, mixed
layer depth, and nutrient delivery to the surface ocean.

Both Secchi disk and satellite observations are restricted to the near-
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surface ocean, generally the first optical depth of the upper euphotic
zone at Station ALOHA (mean = 22.9, SD = 1.7 m). Our 30-yr time series
demonstrates that both Chl a and primary production in the upper 0-25
m were relatively constant over the 30-yr observation period, with sig-
nificant increases observed only at depths >45 m (Tables 2 and 3). In an
attempt to reconcile the discrepancies between satellite-based observa-
tions and ecosystem model predictions with our extensive field obser-
vations, Kavanaugh et al. (2018) suggested that the location of Station
ALOHA at the edge of the subtropics and other pivot points (Chavez
et al., 2011), may lead to differential regional effects of variable climate
indices and longer term climate change. It was suggested that Station
ALOHA may serve as a key sentinel and, perhaps, a leading indicator for
future changes throughout the NPSG (Kavanaugh et al., 2018). Never-
theless, improving our understanding of how the lower euphotic zone in
this vast and well stratified environment will respond to these future
changes remains a 21st century challenge.

Despite dire predictions about the future state of the ocean, two
major groups of picocyanobacteria, Prochlorococcus and Synechococcus,
are predicted to increase globally by 2100 and, hence, to continue to
make a major contribution to primary production (Flombaum et al.,
2013). The increase of picocyanobacteria in their quantitative niche
model was most sensitive to temperature and, hence, to the predicted
global expansion of tropical and subtropical seascapes. Although not
explicitly included in their model, phototrophic microbial assemblages
can be viewed as complex adaptive systems with enormous metabolic
flexibility that renders them at least partially resilient to the otherwise
deleterious impacts of climate change (Martiny et al., in preparation).

Finally, our observations at Station ALOHA, which document a sus-
tained 30-yr long increase in Chl a, suspended PC and PN, and primary
production, especially for the lower portion of the euphotic zone, is not
predicted by current ecosystem models of the NPSG. We cannot yet reject
the hypothesis that the observed increasing trend in primary production
is actually part of an oscillation about a longer term (decades to century)
mean state. And while at monthly-to-seasonal scales the export of par-
ticulate organic matter at the base of the euphotic zone appears to vary as
a function of primary production, the lack of correlation between these
two fluxes at annual-to-decadal scales suggests that small, yet unre-
solved, changes in the pelagic ecosystem structure or function may play a
disproportionate role in these key biogeochemical processes. It is so-
bering to consider the possibility of other inconvenient sea truths: “too
fundamental to be ignored, too incomplete to be understood” (Munk, 2009).
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