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Abstract—A 5-year time-series study of primary production and euphotic-zone particle export in the
subtropical North Pacific Ocean near Hawaii (Sta. ALOHA, 22°45'N, 158°W) with measurements
collected at approximately monthly intervals has revealed significant variability in both ecosystem
pracesses. Depth-integrated (0-200 m) primary production averaged 463 mg Cm~2day ™! (s = 156,
n = 54) or 14.1 mol C m~2 year™!. This mean value is greater than estimates for the North Pacific
Ocean gyre made prior to 1984, but conforms to data obtained since the advent of trace metal-clean
techniques. Daily rates of primary productivity at Sta. ALOHA exhibited interannual variability
including a nearly 3-year sustained increase during the period 1990-1992 that coincided with a
prolonged El Nifio-Southern Oscillation (ENSO) event. Export production, defined as the
particulate carbon (PC) flux measured at the 150 m reference depth, also varied considerably
during the initial 5 years of the ongoing field experiment. The PC flux averaged 29 mg C m~2day ™"
(s = 11,n = 43) or 0.88 mol C m~? year ~". A 5-fold variation between the minimum and maximum
fluxes, measured in any given year, was observed. During the first 3 years of this program (1989-
1991), a pattern was resolved that included two major export events per annum one centered in late
winter and the other in late summer. After 1991, export production exhibited a systematic decrease
with time during the prolonged ENSO event. When expressed as a percentage of the
contemporaneous primary production, PC export ranged from 2 to 16.9%, with a 5-year mean of
6.7% (s = 3.3, n = 40). Contrary to existing empirical models, contemporaneous primary
production and PC flux were poorly correlated, and during the ENSO period they exhibited a
significant inverse correlation. This unexpected decoupling of particle production and flux has
numerous implications for oceanic biogeochemical cycles and for the response of the ocean to
environmental perturbations. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The large and dynamic oceanic reservoir of carbon, approximately 4 x 10'° g distributed
unequally among dissolved and particulate constituents with various redox states, plays an
important role in global biogeochemical cycles. The two largest pools are dissolved
inorganic carbon (DIC = [H,COs] + [HCO5~] + [CO5%~]) and the less oxidized pool of
mostly uncharacterized dissolved organic carbon (DOC). A chemical disequilibrium
between DIC and organic matter is produced and maintained by numerous biological
processes. The reversible, usually biologically-mediated interconversions between dissolved
and particulate carbon pools in the sea collectively define the oceanic carbon cycle.
Primary conversion of oxidized DIC to reduced organic matter (dissolved and particulate
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pools) is generally restricted to the euphotic zone of the world ocean through the process of
photosynthesis. The supply of reduced carbon and energy required to support subeuphotic
zone metabolic processes is ultimately derived from the upper ocean and is transported
down by advection and diffusion of dissolved organic matter (Toggweiler, 1989),
gravitational settling of particulate matter (McCave, 1975) and by the vertical migrations
of pelagic animals (Longhurst and Harrison, 1989) and phytoplankton (Villareal et al.,
1993). Each of these individual processes, collectively termed the *““biological pump” (Volk
and Hoffert, 1985), is controlled by a distinct set of environmental factors and, therefore, the
relative contribution of each process may be expected to vary with changes in habitat or with
water depth for a given habitat. Longhurst (1991) has recently defined three components of
the biological pump, each representing a separate set of ecological processes. The rotary
pump circulates materials through the microbial food web, the Archimedian pump defines
the gravitational flux of fecal pellets and aggregated materials and the reciprocating pump
represents the daily bi-directional migration of animals in response to light. For open ocean
ecosystems, the relative contributions of these processes are poorly known. Although the
Archimedian pump is generally assumed to dominate total euphotic zone export (Martin et
al., 1987; Knauer et al., 1990; Karl et al., 1992), the role of yet another component, the
diffusion pump, may also be important (Toggweiler, 1989; Carlson et al., 1994). The rates at
which the individual components of the biological pump operate are under the control of
both physical (light, temperature, turbulence) and biological (species composition, growth
rate, food web structure) processes.

Each year, the biological pump removes an estimated 7 GT C (1 GT = 10'® g) from the
surface waters of the world ocean, a value that is equivalent to ~ 15% of the annual global
ocean primary production (Martin e al., 1987). Microbial transformation of sinking
particles in the thermocline (Taylor e? al., 1986; Karl et al., 1988) that gives rise to increased
C:N and C:P ratios with depth can potentially drive a net atmosphere—ocean flux of CO; in
the subtropical Pacific (cf. Winn et al., 1994). Episodic flux “‘events™ carry to the deep sea
large amounts of “fresh” organic matter with near-Redfield (Redfield et al., 1963) elemental
ratios. These events may represent the bulk of the flux reaching depths greater than 1000 m
(Anderson and Sarmiento, 1994), making processes within the main thermocline also
dependent upon the biological pump. In the North Pacific gyre, isopycnal surfaces below
about 500 m (6@ > 26.7) do not intersect the sea surface, so carbon remineralized in the
lower thermocline may be isolated from atmosphere—ocean exchange on timescales of
decades to centuries.

The role of the ocean as a net sink in the global carbon cycle is dependent largely upon the
balance between the export flux of planktonic primary production (Eppley and Peterson,
1979; Williams and von Bodungen, 1989) and the rate of dissolved inorganic resupply by
upward eddy-diffusion processes. When particulate export is expressed as a percentage of
contemporaneous primary production, this value is termed the export ratio (Baines e? al.,
1994). Results from broad-scale, cross-ecosystem analyses suggest that the export ratio
(generally measured/reported only as the Archimedian component of total export) in
oceanic habitats is a positive, non-linear function of total integrated primary production
(Suess, 1980; Pace et al., 1987; Martin et al., 1987, Wassman, 1990), with values ranging
from less than 10% in oligotrophic waters to greater than 50% in productive coastal
regions. It should be emphasized, however, that the field data from which the existing export
production models were derived are extremely limited and that open ocean habitats, in
particular, are underrepresented (Baines et al., 1994). Because most global ocean primary
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and export production occurs in oceanic habitats (Martin et al., 1987), it is important to
understand the mechanisms that control the biological pump so that we can make accurate
and meaningful predictions of the response of the oceanic carbon cycle to global
environmental change.

As part of the interdisciplinary Hawaii Ocean Time-series (HOT) research program (Karl
and Lukas, 1996) we have made direct measurements of the rates of primary production and
particle flux on approximately monthly intervals for a period of 5 years at Sta. ALOHA
(22°45'N, 158°W). This extensive data base provides an opportunity to investigate the
relationships between these two central ecosystem processes, and to test predictions of the
existing models.

MATERIALS AND METHODS

Sampling location and cruise chronology

All field experiments were conducted at Sta. ALOHA (22°45'N, 158°W), the U.S. WOCE/
JGOFS oligotrophic Pacific Ocean site (Karl and Lukas, 1996). The data presented in this
paper were collected on 50 cruises between October 1988 and November 1993, on
approximately monthly intervals (Table 1). During each 5-day cruise, except where noted,
a single, approximately 12 h, primary production experiment and a single, approximately
72 h, sediment trap experiment were performed. Numerous complementary
hydrographical, chemical and biological measurements were obtained (Karl and Lukas,
1996). The rationale for site selection is presented elsewhere (Karl and Winn, 1991; Karl and
Lukas, 1996).

Primary production experiments

Rates of primary production were estimated using water samples collected before dawn
and incubated either on deck in a simulated in situ light- and temperature-controlled
incubator (Lohrenz et al., 1992b) or in situ attached to a free-drifting, radio-tracked spar
buoy (Table 1). During 9 out of 10 cruises over a period of approximately 9 months, we
performed both types of incubation. A detailed comparison of these results is presented
elsewhere in this volume (Letelier et al., 1996). All field data, without regard to method, are
included in subsequent calculations, except for SIS on H-2 which we determined to have
been compromised. For cruises where both in situ and deck incubations were performed, the
mean production estimate was used. The sampling and incubation procedures followed the
recommendations of Fitzwater et al. (1982) to minimize metal contamination, including the
use of acid-rinsed Go-FloR bottles (General Oceanics Inc., Miami, FL), Kevlar® cable, a
plastic sheave, Teflon® messengers and a stainless steel bottom weight. A dedicated
hydrowinch was used in a further effort to control contamination.

Water samples were collected from eight depths (5, 25, 45, 75, 100, 125, 150 and 175 m)
and were subsampled directly into 500 ml acid-washed/distilled, deionized water rinsed
polycarbonate bottles. Generally six separate bottles were prepared from each depth, three
for incubation in the light and three for incubation in the dark. Each bottle was inoculated
with H'CO;™ to yield a final radioactivity of approximately 50-100 uCi 17!, Total
radioactivity was measured for each sample bottle by removing a subsample for liquid
scintillation counting. In this procedure, f-phenylethylamine was used as an inorganic
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carbon trapping agent and Aquasol-II was used as the scintillation cocktail. The 'C
activities of the samples were counted using a Packard model no. 4640 liquid scintillation
counter, and sample quench was determined using the spectral index of external standard
(SIE) estimation. Total DIC was measured using CO, coulometry (Winn et al., 1994) for
calculation of the DIC specific radioactivity (**C/*2C; mCi mol ~!). This value was used for
subsequent estimation of primary production.

Following either on-deck or in situ incubation, subsamples (100-500 ml) were filtered
onto 25 mm glass fiber filters (Whatman GF/F) and each filter was placed directly into a
glass vial for subsequent measurement of '“C incorporation into particulate matter. The
sample vials were stored for 2-3 days at —20°C until processed at our shore-based
laboratories. The samples were thawed and acidified by direct addition of HC1(1 ml, 2 M) to
each vial and vented for 24 h prior to the addition of 10 ml of Aquasol-II in preparation for
liquid scintillation counting.

Primary production, reported in this paper, is expressed as the mean carbon assimilation
rates in the light-incubated samples. These values do not include '*C-DOC that may have
been produced during the incubation period and are not corrected for daytime or nighttime
respiration, grazing losses or dark '4C uptake. The total euphotic zone primary production
values (mg C m~2 day™!) were calculated using the trapezoid rule (Hornbeck, 1975) and
were routinely integrated to 200 m to include net incorporation occasionally detected at the
deepest reference depth (175 m). For these calculations light assimilation was assumed to be
zero at 200 m.

Measurements of solar radiative flux at the sea surface were made using a Licor quantum
sensor and data logger (models LI-192SA and LI-1000, respectively) on most HOT cruises.
The sensor was positioned approximately 4 m above the deck to minimize the influence of
shadows from the ship’s superstructure. The quantum sensor was a cosine collector and
measured photosynthetically available radiation (PAR; 400-700 nm). Irradiance was
averaged over 10 min intervals and logged throughout each day.

Sediment trap experiments

A free-drifting sediment trap array of the Multitrap design (Knauer et al., 1979) was used
to collect sinking particulate matter. The array consisted of 12 individual polycarbonate
collector tubes fitted with baffles and attached to a PVC crossframe positioned at each of
three reference depths (150, 300 and 500 m). The shallowest depth was selected to
correspond to the estimated base of the euphotic zone. After several years of measurement,
we have determined this depth to be 173 + 7 m based on comparisons of '*C-HCO; ™ uptake
in the light to 1*C-HCO; ~ uptake in the dark (Letelier ez al., 1996). Because less than 2% of
total euphotic zone primary production at Sta. ALOHA occurs in the 150-200 m depth
stratum, we are confident that the sediment trap fluxes we measured at 150 m are
representative of euphotic zone exports. The sediment trap array was deployed routinely
within 6 nautical miles of Sta. ALOHA. During each experiment, the array was tracked
using the Argos satellite system. This provided a direct measure of the drift vectors, which
varied considerably (Table 1). A VHF radiotransmitter and a strobelight, both encased in
the spar buoy, assisted in recovery operations.

Prior to deployment, all collector tubes were acid-washed and rinsed thoroughly with
distilled, deionized water. The tubes were then filled with a high density seawater brine
solution to prevent loss of preservative during deployment and loss of sample materials
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during recovery (Knauer ez al., 1979). The trap solution used in our program consisted of a
sodium chloride-amended seawater solution (50 g NaCl 1™ surface seawater) containing a
final concentration of 1% formalin. The solution was filtered through a cartridge filter
(0.5 um) prior to use. Subsamples of this trap solution from each cruise were processed as
time-zero blanks.

Immediately following recovery of the traps, the baffles were removed and the collector
tubes capped. Care was taken not to homogenize the high density brine with the overlying
seawater that on deployment typicalily displaced the brine to a level beneath the collar that
joined the baffle to the tube. The position of this interface was marked, and the overlying
low-density seawater was removed by vacuum aspiration to a level 5 cm above the mark. At
this point the traps were either processed further or stored for a brief period of time (up to 1-
2 days), depending upon weather conditions and other cruise priorities. The contents of each
trap were then decanted through a 335 um Nitex screen to remove larger zooplankton. The
screen was retained for subsequent microscopic analysis, and the filtrate was processed for
total particulate mass, carbon (PC), nitrogen (PN) and phosphorus (PP), as described
below.

From the 12 collector tubes deployed at each depth, six were used for the determination of
PC and PN, three for PP and three for total mass measurements. From HOT-2 to HOT-7,
the contents of all 12 traps at a common reference depth were combined, homogenized and
subsampled for the individual analyses. Since HOT-8 (July 1989), the individual tubes have
been processed separately to gain additional information on replicate collector variability.
For PC/PN analyses, trap particulate matter was collected onto combusted (450°C, 4 h) 25
mm diameter glass fiber filters (Whatman GF/F), using a pressure filtration system (6-8 psi
of nitrogen gas). Filters were placed onto combusted foil and stored frozen (—20°C) in
plastic Petri dishes. All samples were dried at 60°C prior to analysis. A Perkin-Elmer model
2400 CN analyzer was used for all measurements with acetanilide (CgHoNO) as the primary
standard.

Particulate materials for PP analyses were collected onto combusted, HCl-washed GF/F
filters using pressure filtration as above. The samples were stored frozen in combusted, acid-
rinsed glass test tubes prior to analysis. PP was determined by a high temperature ashing
procedure (475-500°C, 3 h), which converts organic P to inorganic P. The samples were then
extracted in 10 ml of 0.5 M HCI (90°C, 90 min) and centrifuged (2800 x g, 30 min). A 5 mli
portion of the supernatant was removed for analysis of soluble reactive phosphorus (SRP)
by the molybdate blue spectrophotometric procedure (Strickland and Parsons, 1972).

Particulate materials for total mass determinations were collected from triplicate 250 mi
subsamples from each of three separate collector tubes. The solution was filtered onto tared
25 mm diameter Nuclepore filters (0.2 ym), which were then rinsed three times each with 5
ml of an approximately isotonic (1 M) solution of ammonium formate to remove sea salts.
Tared filters were prepared by first rinsing each filter with distilled water, followed by drying
at 55°C, cooling to room temperature in a dessicator and weighing to constant weight (i.e.
repeat drying, cooling and weighing steps until a relative standard deviation of <0.015% is
achieved). All measurements were made on a Cahn electrobalance capable of a 0.1 ug
resolution. The rinsed samples were enclosed in aluminum foil and placed into a plastic Petri
dish and dried at 55°C for at least 8 h until a constant weight was achieved. Blanks were
prepared by processing subsamples of the time-zero trap solutions. Following the
completion of the total mass analyses, the dried Nuclepore filters were archived.

Beginning with HOT-27, all GF/F filters were examined microscopically to quantify and
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remove recognizable organisms (i.e. swimmers) that may have passed through the 335 ym
screens. Swimmers were pooled and their C and N contents measured independently. For
cruises HOT-44 through HOT-50, a similar independent analysis was made for swimmer-
contributed PP and mass. The >335 um fraction is archived but, to date, has not been
routinely characterized.

To determine “total” fluxes it is necessary to analyze both the particulate and soluble
portions of the sediment trap collections because preserved sinking organic matter can leach
significant amounts of materials into the trap solutions (Knauer et al., 1984a; Karl et al.,
1988). The presence of swimmers further exacerbates the problem (Lee ez al., 1988; Karl and
Knauer, 1989; Peterson and Dam, 1990). The solute phases of our sediment trap solutions
were not measured routinely for leached materials, so the particle flux data presented herein
should be considered to be the lower bound of the actual in situ flux. The standard
procedures that we adopted for sediment trap processing in the HOT program were an
analytical compromise among various existing methodologies (Knauer and Asper, 1989).

In addition to these free drifting sediment trap experiments, we also deployed an array of
bottom-moored, PARFLUX type (MK 7-21; 0.5 m? opening) sequencing sediment traps
(Honjo and Doherty, 1988) for 1 year beginning 6 June 1992. Individual traps were deployed
at 800, 1500, 2800 and 4000 m. Each of the 21 individual cups collected particulate materials
for a period of 17.4 days. After the mooring was recovered, the samples were water-sieved
through a 1 mm Nitex mesh before quantitative splitting into four aliquots using a rotating
splitter device (Honjo, 1980). Subsamples were processed for PC and PN analyses, as
described above.

RESULTS

Primary production of organic matter

During the 5-year period of field observation, primary production ranged from a
minimum of 127 mg C m~2 day ! for the on-deck incubation during HOT-12 (November
1989) to a maximum of 1055 mg C m ™2 day ™! for the on-deck incubation during HOT-9
(August 1989), a variation of nearly an order of magnitude (Figs 1 and 2). The HOT-9 cruise
coincided with a large bloom of Trichodesmium spp. near Sta. ALOHA (Karl et al., 1992).
Euphotic zone depth-integrated dark '*C uptake averaged 6.20% (s = 5.13) of the
corresponding light uptake values. Dark respiration rates, estimated from paired
comparisons of 12-h (dawn to dusk) and 24-h (dawn to dawn) incubations performed on
HOT cruises 1-17, averaged 15.3% (s = 13.5).

The observed variation in primary production covers nearly the entire range of historical
measurements reported for the subtropical North Pacific Ocean (see Table 1 in Karl and
Lukas, 1996) despite using a standardized, modern '*C-based method. Based on variance
among triplicate light bottle uptake measurements, we estimate the precision of our
integrated primary production experiment to be on the order of 10%; the accuracy,
however, is not known. On a single cruise (HOT-15, March 1990), we made three
independent in situ primary production measurements on consecutive days (18-20 March
1990) to evaluate the reproducibility of such field experiments at our site. The results of this
experiment (¥ = 488 mg C m~2 day™}, s = 45, n = 3) support the above-referenced
precision estimate. Furthermore, this comparison assumes that the rate of primary
production did not change over this 3-day period, so it is probably an upper bound on in
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Fig. 1. Temporal variability in primary production estimates for Sta. ALOHA based on on-deck
and in situ incubation field experiments. Each data point represents the euphotic zone (0-200 m)
depth-integrated value for primary production based on trace metal-clean '*C-HCO; uptake at eight

depths, as described in the Materials and Methods section. During the HOT-15 cruise, primary
production was measured on three consecutive days.

situ primary productivity measurement precision. The accuracy of our estimates is neither
known nor easily determined.

The mean and standard deviation of the entire primary production data set is 463
(s = 156, n = 54), and the median value is 465 mg C m~2 day . On average, 90% of the
total euphotic zone (0—200 m) primary production occurred in the upper 100 m (Fig. 2),
despite chronic nutrient depletion (NO;~ <15 nM). Based on the average daily estimate,

annual primary production at Sta. ALOHA during our observation period is 169 g C m 2,

or 14.1 mol Cm ™2 year—!.

We resolved both seasonal and interannual variations in primary production (Fig. 2). For
example, in the lower portion of the euphotic zone (100200 m), we observed a regular
oscillation with winter minima and late spring maxima (Fig. 2). The double-peak in 1989
appears to be an anomalous feature in this emergent data base and may be, in part, related
to the Trichodesmium bloom (HOT-9) mentioned previously. The recurrent pattern of
increasing primary production in spring is probably controlled by light availability, which
had a minimum monthly average of 26.7 mol quanta m~2 day~! in December and a
maximum monthly average of 52.4 mol quanta m~2 day~' in May (also see Table 1).
Production in the upper euphotic zone (0-100 m) was poorly correlated with
contemporaneous production in the lower euphotic zone (100-200 m) at Sta. ALOHA
(r* = 0.12, n = 43), and did not reveal any consistent seasonal patterns (also see Winn e? al.,
1995).

We observed significant interannual variations in total euphotic-zone primary
production, a result that is largely attributable to changes in rates of primary production
in the upper (0-100 m) euphotic zone (Fig. 2). The most dramatic interannual variations in
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Fig. 2. Depth-integrated primary production measured at Sta. ALOHA. (Top) Total euphotic zone

(0-200 m) depth-integrated production rates; (center) upper euphotic zone (0-100 m) depth-

integrated production rates; (bottom) lower euphotic zone (100-200 m) depth-integrated production

rates. For cruises where more than one primary production measurement was made (see Table 1) the

mean values are displayed. The broken horizontal line in each panel is the 5-year mean value for that
data set.

primary production include: (i) the sustained, average or lower than average rates from
September 1989 to April 1991 with the exception of one cruise and (ii) the sustained higher
than average rates measured from May 1991 to October 1992 with the exception of three
cruises. Both of these interannual productivity features appear to be restricted to the upper
100 m of the water column (Fig. 2). Increased surface ocean primary production during the
period 1991-1992 is believed to be a consequence of the prolonged El Nifio—Southern
Oscillation (ENSO) event, resulting in other significant subtropical North Pacific Ocean
ecosystem changes including an increase in phytoplankton assimilation efficiency (primary
production per unit chlorophyll) and a shift from a N-limited to a P-limited habitat
attributed to the activities of N,-fixing cyanobacteria (Karl et al., 1995; Letelier and Karl, in
press; Letelier et al., 1996).

Particulate matter fluxes

As expected, the measured downward fluxes of PC, PN and PP were greatest at the 150 m
reference depth, and decreased systematically with increasing depth (Fig. 3). PC, PN and PP
fluxes at the 150 m reference depth averaged 29.0 mg Cm~2day ™' (s = 11.0, n = 43),4.3
mgNm~2day~' (s = 1.7,n = 43)and 0.44 mg Pm 2 day ' (s = 0.23, n = 43). From the
mean estimates presented, an annual PC export of 10.6 g Cm ™2 (0.88 mol Cm ~? year ") is
derived.
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Fig. 3. (Top) Particulate carbon (PC), nitrogen (PN) and phosphorus (PP) fluxes versus water

depth at Sta. ALOHA determined using free drifting sediment traps. The data shown are the 5-year

mean values (» = 43) with their respective 95% confidence intervals. (Bottom) Elemental

compositional ratios (by atoms) for sinking particulate matter collected at Sta. ALOHA. Shown
are the 5-year mean values (n = 43) with their respective 95% confidence intervals.

Our results indicate that particulate matter contamination from swimmers passing the
335 um Nitex screen used in the processing of our sediment trap samples is minimal (Fig. 4).
For the 19 cruises where swimmer contamination was determined, fluxes for samples with
swimmers removed averaged 88.0% (s = 8.4), 93.2% (s = 9.5) and 97.2% (s = 5.8) of the
uncorrected values for the 150, 300 and 500 m reference depths, respectively. Because the
removal of preserved zooplankton also, inadvertently, removes associated particulate
materials that should be included in the flux estimation, we consider these determinations to
be maximum corrections for the data presented. When presented as a combined data set, the
PC, PN and PP fluxes of particulate matter conform to the a priori expectations of previous
oceanic flux models for both the export magnitudes and depth-dependent attrition of the
sinking particles (Martin et al., 1987; Knauer et al., 1990; Fig. 3 and Fig. 5, and Table 2).
This provides both a confirmation of the smaller historical data set and a demonstration of
the internal consistency and reproducibility of these complicated field measurements.

Although changes in the magnitude of the total sinking flux of particulate matter with
depth appear to be predictable in open ocean habitats, the bulk elemental composition is
more variable both with depth and time (Fig. 3). At the base of the euphotic zone (i.e. 150 m
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Fig. 4. Particulate carbon (PC) fluxes at the 150 m reference level for HOT-28 (July 1991) to HOT-

50 (October 1993) with and without post-screening (335 um Nitex) removal of swimmers by direct

microscopy. Data shown are the mean and one standard deviation estimates: (lf) with small

zooplankton included, (@) with all zooplankton removed. Overall, the samples with zooplankton
removed averaged 88.0% (s = 8.4,n = 19).

reference level), the “average particle” has an elemental composition of approximately
Ci87:N24:P) compared to Redfield ez al. (1963) stoichiometry of C,¢6:N;¢:Py. This average
ratio increases to Cj03:N29:P; at the 500 m reference level (Fig. 3), indicating a preferential
release of P during descent.

The downward fluxes of PC, PN and PP at Sta. ALOHA displayed both seasonal
and interannual variations in particle export from the euphotic zone (Fig. 6, Table 3).
For example, during the first three years of the program (1989-1991) we detected two
major export pulses per year, one centered in late winter and the other in late summer.
This variation can best be seen by calculating the standard score, or “Z” score, given by
Z = (Y — X)/s where X is the mean of all Y values and s the standard deviation (e.g.
Z = [X — 29)/11; Triola, 1989). During the period 1989-1991, we observed a recurrent
pattern of high and low particle fluxes that appears to disintegrate in late 1991 (Fig. 7).

For the PC flux data set presented, there is a 5-fold variation between the minimum and
maximum fluxes observed in any given year (Fig. 6 top, and Table 3). The interannual
variability in export fluxes of PC, PN and PP is also quite large (Fig. 6). Again taking PC flux
as an example, the 1992 annual export was only 61% of the export measured during 1989
(Fig. 6 top, and Table 3) and, in general, there was a decreasing trend in the magnitude of
particle export over the entire 5-year observation period (Figs 6 and 7), despite increased
rates of primary production. With a single exception in February 1993, PC fluxes during the
period Sept. 1991 to Oct. 1993 were consistently below the 5-year mean value (Fig. 7). The
observed temporal variations in the export PN and PP were coherent with those presented
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Fig. 5. Best fit values for particulate carbon (PC) flux measured at several North Pacific Ocean
stations. The data were fit to a normalized power function of the form, Fz = F,50(Z/150)® where Z is
water depth and Fand F;sp are carbon fluxes at depth Z m and 150 m, respectively (also see Table 2).

Table 2. Summary of log-transformed normalized power functions of the form: PC-FLUX(Z) = PC-FLUX(150 m)
- (Z/150)°, where Z is water depth inm, for upper ocean particulate carbon flux data obtained during three independent
North Pacific open ocean studies

PC Flux at 150 m

Study Location (mgCm~2day™") b Reference
VERTEX ooc* 35.5 —0.858 Martin et al. (1987)
VERTEX' 33°N, 139°W 31.2 —0.800 Knauer et al. (1990)

time-series
HOT? ALOHA (22°45'N, 158°W) 287 —0818  Thisstudy

*00C is the “open ocean composite” derived from data obtained at six separate stations in the North Pacific
Ocean (35°N, 128°W; 33°N, 139°W; 28°N, 155°W; 18°N, 108°W; 16°N, 108°W; 14°N, 130°W).

*Based on mean values from six separate sediment trap deployments over an 18-month period.

*Based on mean values for the entire S-year data set at Sta. ALOHA that is comprised of 43 separate pooled
cruise mean estimates at each of three reference depths (see Fig. 4) derived from more than 500 individual carbon
determinations.
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Fig. 6. Temporal variability in (top) particulate carbon (PC) flux, (center) particulate nitrogen (PN)

flux and (bottom) particulate phosphorus (PP) flux, measured from free drifting sediment traps

positioned at 150 m. Data shown are mean values +1 standard deviation of the mean for 3-6
replicate determinations.

here for PC, including both the seasonal patterns and dramatic interannual variations (Fig.
6 center and bottom, Table 3).

Deep-sea particle fluxes

The above-referenced pattern of two major export pulses per year was confirmed for the
period June 1992-June 1993 using an array of sequencing, bottom-moored sediment traps
deployed at Sta. ALOHA (Fig. 8). The larger of the two PC flux events occurred in summer
(13 July 1992-16 August 1992) and averaged approximately 46 mg C m~2 day~! at the
4000 m reference depth. The temporal coherence of the main export event between 800 and
4000 m (Fig. 8) suggests that this sinking material had a relatively rapid sinking rate (> 200~
300 m day ~') and exhibited only minimal attrition of mass during descent. A more detailed
account of these patterns and their implications to deep-sea benthic ecology will be
presented elsewhere.

Coupling between primary production and particle flux

When expressed as a percentage of total euphotic-zone primary production measured
during the same cruise (Fig. 9), carbon export ranged from a minimum of 2% on HOT-41
{(October 1992) to a maximum of 16.9% on HOT-14 (February 1990), with a 5-year mean of
6.7% (s = 3.3, n = 40). If compared only to contemporaneous primary production
measured in the lower portion of the euphotic zone (100200 m), to test the two-layer
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Table 3. Fluxes of PC, PN, PP and total mass, all inmgm~2 day~', measured at the 150 m reference
depth at Sta. ALOHA during the 5-year period of observation. Also shown are data for total euphotic
zone depth-integrated primary production inmg C m~* day™!

PC flux PN flux PP flux Massflux ~ Primary Production
Observation Mean+ SD Mean+ SD  Mean+ SD  Mean+ SD Mean+ SD
Period (range) (range) (range) (range) (range)
1989 36 5.2 043 78 490
+12 +1.6 +0.17 +20 4230
(20-57) (2.8-7.6) (0.27-0.68) (59-105) (307-1055)
n=9 n=9 n=9 n=4 n=9
1990 35 5.2 0.54 72 359
+12 +1.9 +0.21 +29 +81
(18-54) (2.2-8.3) (0.28-0.95) (29-103) (288-499)
n=9 n=29 n=9 n=29 n=38
1991 27 44 0.42 64 535
+12 +1.9 +0.17 +29 +125
(13-50) 2.2-7.9) (0.24-0.71) (28-125) (366-793)
n=29 n=9 n=9 n=9 n=2_8
1992 22 3.1 0.29 58 539
+6 +0.7 +0.10 +18 +101
(11-29) (2.14.4) (0.17-0.46) (27-84) (439-732)
n=29 n=9 n=29 n=9 n=29
1993 25 3.2 0.41 62 442
+7 +0.6 +0.15 +31 +164
(18-37) (2.2-3.8) (0.20-0.63) (32-103) (219-689)
n==6 n==56 n=2=6 n=2=6 n==6

euphotic zone model (Small et al., 1987), carbon export ranged from a minimum of 22.5%
on HOT-17 to a maximum of 252% on HOT-33, with a 5-year mean of 78.4% (s = 51.0, n
= 40). Contrary to empirical model predictions extrapolated from other marine ecosystems
(Eppley and Peterson, 1979; Baines et al., 1994) particle export at Sta. ALOHA is poorly
correlated with primary production (Fig. 9). This observation is consistent with previous
investigations conducted in oligotrophic ocean environments (Knauer et al., 1990; Lohrenz
etal., 1992a).

DISCUSSION

Temporal variability in primary production

The concept of new production, first introduced by Dugdale and Goering (1967) and
subsequently expanded by Eppley and Peterson (1979), has provided a conceptual
framework for studies linking primary production and particle export. If biological
steady-state conditions are assumed, or if primary and new production measurements are
compared over sufficiently long time periods (months to years), then new production in a
given ecosystem is equivalent to the amount of primary production that is available for
export, a value that is quantitatively balanced by the resupply of production-rate limiting
nutrients (Eppley and Peterson, 1979; Eppley et al., 1982; Eppley, 1989; Knauer et al., 1990).
However, the export of particulate carbon also can be decoupled from the “expected” rate
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Fig. 7. Standard scores (Z-scores) for the export of particulate carbon (PC) from the euphotic zone
at Sta. ALOHA, relative to the 5-year mean and standard deviation of 29+ 11 mg Cm™2day~". See
text for derivation of Z-score.

extrapolated from the re-supply of the limiting nutrients (Michaels et al., 1994b), expecially
if there are deviations from Redfield stoichiometry (Sambrotto et al., 1993).

During the first 5 years of field investigation at Sta. ALOHA, we documented an
unexpectedly high level of variability in the rate of euphotic-zone primary production.
Although the full range of our data spans nearly all previous measurements reported for the
oligotrophic North Pacific gyre (see Table 1 in Karl and Lukas, 1996), it is important to
emphasize that the annual primary production either extrapolated from the mean daily rate
of primary production at Sta. ALOHA or calculated as the time-integrated rate exceeds
recently reported estimates by at least a factor of three (Berger, 1989). These revised
estimates of oligotrophic North Pacific gyre productivity, if applied to the world ocean gyres
as a whole, yield significantly greater global productivity rates and an increased potential for
carbon export (Table 4). It is also interesting to note that the average rate of primary
production at our “oligotrophic” site (170 g C m™? year ~ ') is only 2-3-fold lower than rates
measured in the “productive’” California coastal waters using similar trace metal-clean
techniques (Martin ez al., 1987). Although the subtropical gyre is characterized by low
biomass and low concentrations of inorganic nutrients, the past perception of low sustained
rates of primary production may be in need of revision.

While the mean rates of primary production are, on average, higher than those measured
prior to the advent of the “‘clean” technique (Fitzwater ef al., 1982), we are not suggesting
that all primary production estimates made prior to that time are invalid. First, the range of
primary production estimates in our own data set includes several values <350 mg C m 2
day ! (Figs 1 and 2) that are closer in magnitude to the values measured mostly in the 1970s
(Eppley et al., 1973, 1985; Hayward, 1987). It is possible that these decade-scale differences
may be due to habitat changes, rather than to methodological shortcomings of the previous
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Fig. 8. Continuous record of particulate carbon (PC) flux (mg C m ™2 day~') measured at four

separate reference depths (as shown) at Station ALOHA for the period 6 June 1992-8 June 1993.

The data presented are the duplicate determinations of PC made for samples collected in each cup

(nos 1-21), in chronological order. The collection dates are shown beneath each cup number; each
period was 17.4 days.

investigations. Climate analyses provide evidence for a substantial change in the North
Pacific Ocean during the period 1977-1988 ultimately resulting in increased productivity at
several trophic levels (Trenberth and Hurrell, 1994; Polovina et al., 1994).

On much shorter timescales (<1 year), we have documented considerable variability in
biological rates and processes. If we assume that this shorter-term variability in rates of
primary production is caused by changes in nutrient and light availability, we can begin to
explore some of the underlying causes of the observed changes in primary production at Sta.
ALOHA. Although poorly resolved by the HOT program data set at the present time,
waters of the subtropical gyre appear to be subjected to episodic mixing and stirring events
that supply nutrients to the euphotic zone at rates that overwhelm the calculated steady-
state eddy diffusive flux. To date, we have observed four major “events”, three during
February (Fig. 10) when the total 0-100 m integrated NO;™~ concentration was greatly
elevated above the long-term mean inventory. The physical mechanism(s) responsible for
these episodic nutrient injections is not well understood. These mixing events coincide with
both a shoaling of the nitracline depth, and a decrease in the nitrate concentration gradient
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Fig. 9. Plots of particulate carbon (PC) flux measured at the 150 m reference level versus primary
production at Sta. ALOHA for the complete S-year data set. (Top) Total euphotic zone (0-200 m)
depth integrated primary production, (center) lower euphotic zone (100200 m) depth integrated
primary production and (bottom) Sta. ALOHA data in relation to extrapolations predicted by
empirical models developed by Suess (1980), Pace et al. (1987) and Berger et al. (1987) (see also Table
6). The dashed lines shown in the upper two graphs represent lines of constant export ratio, from 2-
20% for top graph and from 25-250% for the center graph. During the period October 1988
December 1993, contemporaneous primary and export production are not significantly correlated at
Sta. ALOHA (r = 0.090, P > 0.5).

with depth and are all consistent with the hypothesized “bottom-up” mixing mechanism
described previously for breaking internal waves (McGowan and Hayward, 1978). Dueto a
general erosion of the pycnocline in winter as a result of surface ocean cooling (Bingham and
Lukas, 1996) and generally deeper mixed-layers (Karl et al., 1995), the vertical transport of
nutrients may be accelerated. During a recent HOT cruise (HOT-52; February 1994) we
observed relatively rapid (< 1 day) changes in the depth profiles of potential density that are
also consistent with the above-mentioned physical model (Fig. 11, top). Continuous
measurements of flash fluorescence, which revealed a disruption of chl « stratification on
casts 3-7, are further evidence of contemporaneous mixing at depths of 50-150 m (Fig. 11,
bottom). Nitrate concentrations of 53 nM at 85 m and 155 nM at 111 m measured for
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Table 4.  Revised estimates of total global ocean primary productivity and export production based on results from the
BATS and HOT time-series programs

Average Primary  Global Primary  Average Export  Global Export
Percentage  Area’ Production Production Production Production
Province® of Ocean (10”m?» (gCm 2year™!) (GTCyear’)' (gCm~2year™!) (GTCyear™))

Open 90 326 169 55 10.6 35
ocean
Coastal 9.9 36 250 9.0 42 1.5
zone
Upwelling 0.1 0.36 420 0.15 85 0.03
area
Total 362 66 5.0
“From Ryther (1969).
"1GT =10%g.

discrete water samples obtained on cast 19 also provided direct evidence of nutrient
entrainment into the euphotic zone. Other physical processes, including double diffusion
(Hamilton et al., 1989) and non-linear interactions between mesoscale eddies and wind-
driven Ekman processes (Klein and Hua, 1988; Lee et al.,, 1994), are also likely to be
important in the subtropical North Pacific.

Particulate matter export

Upper water column particle flux estimates at Sta. ALOHA yielded results similar to
other recent experiments in the northeast Pacific Ocean using similar sediment trap
collection protocols (Figs 3 and 5). The 5-year data set collected at Sta. ALOHA, supports
both the concept and quantitative validity of the “open ocean composite” flux profile
(Martin et al., 1987). Furthermore, particle flux data collected at our sister JGOFS time-
series station near Bermuda aiso conform to a similar particle export versus depth model
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Fig. 10. Temporal variability in the depth-integrated inventories of nitrate (NO,~ +NO,™)

concentrations (mmol m ~2) measured at Sta. ALOHA. The four “events” shown are believed to be

manifestations of mixing/stirring processes. With the exclusion of these four events, the mean and

standard deviation values for the upper water column (0100 m) inventories are 0.36 and 0.25 (mmol
m™2), respectively (n = 32).



558 D.M.Karlet al.

7 8 8 10 11 12 13 15 18 17 18 19

o T
50 4
1001 _
150 1
200~ g
250} 4

300 )\

Depth (m)

24 29 30
Potem:al Dersny
1]
50} -

100 -
E
§ 150+ -

2001 -

250 E

300 '

0 120 140 1 180
Fluorescence

Fig. 11. Stack plots showing the depth distributions of (top) potential density anomaly (kg m~?)

and (bottom) flash fluorescence (arbitrary units) for the water column at Sta. ALOHA during HOT-

52 (February 1994). The scale offsets are 0.2 kg m~> for potential density and 10 units for flash

fluorescence. Cast No. 1 began at 20:00 h (GMT) on 16 February 1994 and each consecutive cast was
obtained approximately 3 h later.

(Lohrenz et al., 1992a), suggesting an inter-ocean basin coherence in the mechanisms of the
regional Archimedian pump. Our revised estimates for open-ocean primary production and
particulate export production of 169 g C m~2year~! (14.1 molCm~2year ') and 10.6gC
m~2 year ! (0.88 mol C m~? year 1), respectively, emphasize the role of these vast, low
nutrient regions. Greater than 80% of global ocean production and ~70% of export
production is attributable to open-ocean habitats (Table 4).

Seasonal and interannual variability in particle export

Until now, we have focused attention on the mathematically-averaged, “mean
ecosystem” export condition, which rarely exists at Sta. ALOHA. From the Z-score PC
flux data analysis (Fig. 7), particle flux varies considerably about the 5-year mean value with
both higher frequency (seasonal) and lower frequency (interannual) components.

There are several processes, both predictable and stochastic, that might contribute to
temporal variations in particulate matter export from the euphotic zone. Increases in
biogenic particle export from the euphotic zone must, ultimately, be coupled to processes
controlling biogenic particle production, including nutrient and light availability. Potential
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sources of nutrients are physical mixing or stirring events discussed previously or
atmospheric deposition. The latter may be more important for controlling the availability
of trace elements (e.g. Fe, Mo, Zn; Donaghay et al., 1991) than macronutrients (e.g. N, P,
Si). For North Pacific Ocean ecosystems at the latitude of Sta. ALOHA, atmospheric fluxes
are seasonally-phased, with major depositional events in the spring (Donaghay et al., 1991)
and minimal to undetectable fluxes throughout the summer. Large interannual variations
are also apparent (Donaghay et al., 1991).

Although poorly resolved by our sampling frequency (~ monthly), we believe that the
waters of the subtropical gyre ecosystem are subjected to episodic mixing events of sufficient
magnitude to inject nitrate into the euphotic zone at rates that overwhelm the calculated
steady-state eddy diffusive flux. Three of the four major events observed to date (Fig. 10,
top) occurred in late winter when mixed-layer depths were at their seasonal maximum (see
Karl and Lukas, 1996). Although we have no information on the annual NO;™ flux
supported by these stochastic events, it is important to emphasize that a single instantaneous
injection of the magnitude observed in February 1990 and February 1993 (i.e. ~10 mmol
NO;~ m~?) is sufficient to re-supply approximately 10% of the nitrogen to support export
production for an entire year, assuming an f-ratio of 0.07. If there were several events each
winter season, this could easily account for the increased PC, PN and PP export that is
generally observed in the late winter season (Figs 7 and 8).

If we compare the depth distributions of NO; ™ and total production during one of these
event periods (HOT-45) to the mean conditions at Sta. ALOHA (represented by HOT-26),
it is apparent that nutrient injection could result in a coupled increase in new and export
production (Table 5). If we apply an existing biogeochemical model relating the f-ratio (i.e.
ratio of nitrate-based (new) production to total production) to ambient NO;~
concentration (Platt and Harrison, 1985) to Sta. ALOHA conditions, we calculate that
the “potential” export production during a typical mixing event exceeds that estimated
under steady-state conditions by a factor of four (Table 5). Consequently, NO; ™ -based
production may be expected to exhibit considerable variability depending upon the mean
position of the nitracline, the mixed layer depth and the euphotic zone NO; ™ concentration.
We hypothesize that the late winter export puises derive largely from these nutrient injection
processes. This interpretation is consistent with data collected from the CLIMAX region
(near 28°N, 155°W) which indicate the presence, in February, of deep-living phytoplankton
species in near surface waters during >50% of the study period (Venrick, 1993). If
stochastic events are a dominant source of nitrate to support export production, then our
inability to balance the estimated nitrogen demands of the euphotic zone phytoplankton
with the NO; ™ fluxes calculated from steady-state diffusion models (Hayward, 1987) should
come as no surprise.

The late summer—early fall export peak, which was especially evident in 1989 and 1990
(Fig. 6, top and Figs 7-8), is more difficult to explain. During this period of the year, the
water column is well stratified, average wind speeds are low and atmospheric storms and
atmospheric depositional events are at their annual minima. Although the annual cycle of
mean surface irradiance results in a systematic increase in carbon assimilation and
assimilation efficiency (Letelier ez al., 1996), especially in the lower portion of the water
column, which could lead to increased rates of new and export production (Fig. 2), this is
probably not responsible for the fail export pulse for several reasons. First, the magnitude of
the fall export pulse is highly variable from year to year whereas the radiance-induced
increase in lower euphotic zone primary production is nearly identical (compare Figs 2 and
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Table 5. Depth-dependent estimation of f-ratio and potential export production based on measured nitrate
concentrations and rates of primary production for “steady-state”’ (HOT-26) and ‘“‘perturbed” ( HOT-45) nutrient

conditions
Potential Export
HOT [NO;™] Total Production® New Production? Production®

Cruise  Depth (nM) fratio® (mgCm~3day™") (mgCm~3day™!) (mgCm~2day™))
26 25 2.2 0.012 10.69 0.13 33
48 3.0 0.016 7.00 0.11 5.8
81 1.8 0.010 3.80 0.04 7.1
104 1.9 0.010 2.17 0.02 7.6
113 3.0 0.016 1.97 0.03 7.9
126 1.1 0.016 1.64 0.01 8.0
132 1.2 0.007 1.31 0.01 8.1
135 1.9 0.010 1.14 0.01 8.1
141 18.5 0.095 0.80 0.08 8.6
143 41.0 0.197 0.69 0.14 8.9
152 98.9 0.398 0.28 0.11 9.9
157 260 0.681 0.23 0.16 10.7
162 278 0.698 0.19 0.13 11.4
170 453 0.788 0.11 0.09 12.1
179 677 0.821 0.05 0.04 12.5
45 5 2.4 0.013 6.39 0.08 0.4
15 1.9 0.010 5.39 0.05 0.9
24 2.3 0.013 4.46 0.06 14
36 23 0.013 4.25 0.06 2.2
45 5.5 0.030 4.16 0.13 33
59 65.8 0.293 2.68 0.79 144
74 172 0.563 0.47 0.27 18.5
85 275 0.695 0.67 0.47 23.7
95 429 0.781 0.87 0.68 30.5
100 360 0.83 1.07 0.89 35.0
110 1440 0.83 0.77 0.64 41.4
125 1900 0.83 0.31 0.26 45.3
144 2170 0.83 0.12 0.10 47.2
152 2720 0.83 0.10 0.08 47.8
175 3920 0.83 0.04 0.03 48.5

*Calculated according to Platt and Harrison (1985) as: f = fiax(1 — e~@NO//ms)) where finax = 0.83 (£0.08),
a = 5.48 (+0.77) and NO; ™~ (uM) is ambient nitrate concentration.

YCalculated from in situ '*C primary production data obtained during the cruise with linear interpolation
between the measured data points at 3, 25,45, 75, 100, 125, 150 and 175 m to correspond to the precise depths where
[NO; ] was measured.

*Based on total production and respective f-ratio.

SDepth integrated from surface to the reference depth indicated.

7; also see Karl et al., 1995). During periods of extreme water column stratification, vertical
migrations may become an important source of nutrients (Karl ez al., 1992; Villareal et al.,
1993) and the role of the reciprocating pump could be enhanced. Second, the increased
production occurs prior to June, whereas the timing of the export peak varies considerably
but generally occurs in late summer to early fall (Figs 6-8). Finally, the magnitude of the
observed seasonal increase in lower euphotic zone primary production (i.e. ~20-30 mg C
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m ™2 day ") could not support the contemporaneous PC flux increases of 30-40 mg C m 2
day~! (Fig. 6, top), even if the f-ratio were unity.

The late summer export pulses are well-resolved in at least 3 of the 5 years of field
observations (Figs 6 and 7) as well as in the continuous particle flux records recently
obtained from bottom-moored sequencing sediment traps deployed at Sta. ALOHA (Fig.
8). The fact that we apparently missed the 1992 summer export event with our short-term
traps but clearly resolved it with the continuous bottom-moored collectors is a sobering
example of the potential sampling bias in the HOT program data set.

Although evidence at this point is not extensive, we believe that this late summer export
production is supported by nitrogen (N,) fixation processes in the upper portion of the
euphotic zone. Once thought to be insignificant in the marine N cycle, there is now a
growing realization that cyanobacterial N, fixation is quantitatively important in the
subtropical gyre of the North Pacific Ocean (Karl e al., 1992, 1995; Letelier and Karl, in
press). Both primary and secondary blooms of phytoplankton could be supported by N as
a source of new nitrogen. The timing of the late summer export pulse is consistent with the
predictions of this hypothesis. Nevertheless, the rates and detailed mechanisms of the
coupling between N fixation and particle flux are sufficiently uncertain that closure of the N
budget at Sta. ALOHA is not possible at the present time.

Decoupling of primary production and export processes

Carbon flux at the base of the euphotic zone ranged from 2 to 17% of the
contemporaneous primary production, with an overall mean of 6.7% (Fig. 9, top). The
mean export ratio is well within the range of values predicted to occur in oligotrophic
oceanic habitats (Eppley and Peterson, 1979) and those previously observed (Knauer e? al.,
1990; Lohrenz et al., 1992a). However, the nearly order-of-magnitude range in the export
ratio was unexpected. It is obvious that accurate assessments of export production using
sediment traps rely upon selection of a meaningful reference depth below which regenerated
nutrients are not available to sustain net primary production until transported back into the
euphotic zone by diffusion or turbulent mixing (Knauer et al., 1984b). The selection of 150
m as the reference level for Sta. ALOHA was made based on our best estimates of
phytoplankton compensation depth. Although it is true that the values obtained for the
export ratio are dependent upon total flux and, hence, reference depth (Figs 2 and 5), it is
unlikely that the decoupling patterns observed at Sta. ALOHA between primary production
and particle export are the result of using an inappropriate reference level for our
comparisons.

Contrary to existing empirical models, carbon flux at Sta. ALOHA was not well predicted
from measurements of primary production or chl 4 concentrations (Table 6 and Fig. 9,
bottom). Selected model extrapolations (e.g. Suess, 1980; Betzer et al., 1984; Berger et al.,
1987) overestimated carbon flux at the base of the euphotic zone by up to 350%, while for
other models (e.g. Pace et al., 1987) particulate carbon flux was underestimated by up to
50% (Table 6). The best fit was obtained using the relationship derived by Lohrenz et al.
(1992a) for the BATS data set. It is possibie that the large-scale cross-ecosystem, positive
relationships that have been reported previously apply only over large trophic gradients,
and that over narrower ranges the slope of the relationship may be different or even of
opposite sign as is apparently the case for primary production and PC flux at Sta. ALOHA.

The apparent decoupling of primary production from export production observed both
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Table 6. Accuracy of predicted particulate carbon (PC) fluxes for Sta. ALOHA based upon existing empirical
models relating integrated primary production (P) or chlorophyll a (chl a) concentrations to particulate carbon

(PC) flux
Relative Per Cent Error’
Model Predicted PC Flux [(Predicted—Observed)/
Equation® (mg Cm~2day™ ") Observed x 100%]
ISOm 300m 500m 150m 300m 500m Reference
1 J = P[0.024Z 129 64 39 +349  +300 +255 Suess(1980)
logjo/ = —0.388— 67 43 31 +131 +169 +182  Betzer et al. (1984)
0.628log oD +
1.41 log,oP
3 J = 1.286p/Z07 15 9 6.2 —48 —44 —44  Pace et al. (1987)
4 J=20P/Z 62 31 19 +114 +94 +72  Bergereral. (1987)
5 J = 6.3P/Z°8 53 30 20 +83 +88 +82  Berger et al. (1987)
6 log.J = 24 — — -17 —_ — Lohrenz et al. (1992a)
0.88[log.(P)]—2.21
7 logiod = 2.09+ 22 —_ —_ —-24 — — Baines et al. (1994)

(0.81-log chl @)

“Abbreviations: J = C flux at specified depth (Z, m); P = total euphotic zone primary production (mg C m 2

day~'); chl @ = average euphotic zone concentration (mg m ~>).
*Mean and standard deviations, where shown, for measured properties at Sta. ALOHA are: P = 4631163 (n =
54); Jiso = 29+ 11 (n = 43); J3g0 = 16+ 8 (n = 41); Jspo = 11+5(n = 40);chla = 0.119.

at Sta. ALOHA especiaily during the 1991-1992 ENSO event (Karl et al., 1995; Fig. 12) and
at the BATS time-series station in the North Atlantic Ocean (Lohrenz et al., 1992a) was
unexpected. Of course it may be illogical to expect these two generally consecutive processes
(e.g. increases in primary production usually precede increases in export production) to be
correlated on contemporaneous timescales, especially in temporally-variable habitats.
However, even over fairly long periods of time (i.e. 3 years, Fig. 12) production and export
appear to be decoupled.

Hypotheses for production—flux decoupling

Although it is conceivable that the time and space scales of variability for oligotrophic
ocean ecosystems prevent mass balance closure using the sampling design and cruise
frequency adopted by the HOT program (Karl and Lukas, 1996), we believe that more
fundamental physical and biological processes are responsible for the trends that we have
observed. The data recently obtained using continuous sequencing bottom-moored
sediment traps deployed at Sta. ALOHA reveal flux patterns similar to the short-term, 3-
day near-surface ocean experiments (Fig. 8). Because deep-moored traps integrate over
larger space- and timescales (Siegel et al., 1990) this argues for the coherence of the observed
pattern over broad areas and argues against temporal sampling bias.

We present three hypotheses that focus on the apparent decoupling of production and
particle flux processes: (i) the relative strengths of the individual biological pumps vary in
proportion to primary production, with particle flux dominating when primary production
is low and the dissolved pump dominating when primary production is high. This results in
a more efficient retention of suspended particulate matter and, hence, longer residence times
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Fig. 12. Relationships between primary production, particulate carbon (PC) flux and export ratio
(PC flux/Primary Production x 100%) for samples collected at Sta. ALOHA during the period 1990—
1992. The data shown are the three-point running means for each parameter and +1 standard
deviation of the running mean estimate. The solid lines are the linear regressions for each data set.
The regression equations for each of the three lines are: (top) ¥ = 299.2+0.1823X, r = 0.655;
(center) Y = 44.01—0.01619X, r = —0.770; and (bottom) ¥ =13.30—0.006845X, r = —0.899. In all
cases X is time, in days, from 1 October 1988. All regression slopes are significantly different from
zero at o = 0.001 indicating that primary production and export are negatively correlated during this
3-year period of observation.

when primary production is high, and leads to a decoupling of production from particle
flux; (ii) the downward flux of particulate carbon does not adequately represent the
downward flux of biologically-available energy that ultimately controls ecosystem
dynamics. However, to date, no quantitative measurements of total detrital energy flux
have been possible (Karl and Knauer, 1984); and (iii) horizontal processes dominate the
movements of carbon and energy in oligotrophic ocean habitats. Although this latter
mechanism has recently been suggested to reconcile major carbon system imbalances at the
Bermuda time-series site (Michaels et al., 1994a), the generally rapid utilization of labile
organic matter would suggest that transport of recently produced dissolved and particulate
organic matter over long distances is unlikely in the open ocean. Any one, or a combination,
of these processes could decouple primary and export production processes, and none of
these hypotheses can be rejected at the present time.

The biological processes that we envision are occurring at Sta. ALOHA are inherently
transient and stochastic. From studies conducted elsewhere in the world ocean, diatoms are
known to be important in mediating particle export directly as aggregated, senescent cells or
indirectly as a result of macrozooplankton grazing (Peinert et al., 1989; Karl et al., 1991);
but they rarely dominate the standing stocks of phytoplankton cells. Mass sinking of
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rhizosolenoid diatoms may be a common occurrence across diverse marine habitats
(Sancetta et al., 1991) and may even be part of their normal life cycle (Smetacek, 1985).

Goldman (1988, 1993) has previously described two independent production cycles based
on the growth of small phytoplankton cells and sustained regeneration versus the growth of
large cells (in particular, diatoms) that respond to mixing events. Legendre and Le Fevre
(1989) have formalized this into a general “bifurcation” model. At Sta. ALOHA, we
observed three independent euphotic zone conditions: (i) “steady-state” growth of
picophytoplankton on regenerated nutrients, leading to low rates of new and export
production but high total production, (ii) periods of rapid growth of larger phytoplankton
cells, primarily in late winter (January—-March) following periods of nutrient injection,
leading to high rates of new and export production, and (iii) periods of rapid growth of N,-
fixing microorganisms, primarily in late summer (August—September) following periods of
prolonged stratification, leading to high rates of new production but variable rates of export
production. We emphasize that both strong and weak mixing can enhance new and export
production, the former by import of NO3; ™ and the latter by providing a habitat conducive
for N,-fixing organisms in surface waters (Karl et al., 1992, 1995).

At Sta. ALOHA, the growth and activities of the N,-fixing cyanobacterium
Trichodesmium already have been shown to result in major ecosystem changes including
increased primary and new production and a shift from N-limitation to P-limitation (Karl et
al., 1995; Letelier and Karl, in press). The decoupling of primary and export production at
Sta. ALOHA (Fig. 12) also may be partly explained by variations in Trichodesmium
abundance. During periods of elevated N,-fixation, euphotic zone production and
regeneration processes result in the accumulation of dissolved organic matter that is
enriched in C and N relative to P (Karl et al., 1995). For the period 1991-1992, primary
production increased 40% relative to the 1989-1990 observation period, but PC flux
decreased by 31% (Fig. 12; Karl et al., 1995). The net accumulation of dissolved organic
matter in the upper 50 m of the euphotic zone at Sta. ALOHA accounted for more than 50%
of the particle flux “deficit”, indicating a dramatic change in the relative efficiencies of the
various components of the biological pump.

The more efficient and intensive particle regeneration processes observed during “N»-
fixation driven” time periods may be simply a manifestation of shift from N- to P-controlled
new (and export) production. During periods when N, fixation dominates as the source of
new nitrogen a decoupling between C (or N) production and C (or N) export is expected.
The decoupling timescale will be determined largely by the combined rate of supply of P
from beneath the euphotic zone or as atmospheric deposition. As fall approaches, a light
level-induced phytoplankton cell senescence could result from a breakdown in density
stratification and mean mixed-layer depth. Increased turbulence also might provide a
physical mechanism for increased phytoplankton cell aggregation especially for particles
with the characteristically high C:P ratios that have been observed at Sta. ALOHA during
periods of increased rates of N-fixation (Karl ez al., 1992, 1995; Letelier and Karl, in press).
Alternatively, changes in secondary production and grazing resulting from anticipated
predator-prey oscillations (Vinogradov et al., 1973) may be responsible for decoupling
primary production and particle export. It is known, for example, that copepod grazing
retards rather than accelerates particle export by locally recycling organic matter
(Smetacek, 1985). In either case, these conditions could lead to an apparent negative
correlation between rates of primary production and export, as observed at Sta. ALOHA
during an extended 3-year period from 1990 to 1993 (Fig. 12). This model would explain
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both the existence and interannual variability of the fall export pulse observed at Sta.
ALOHA, as well as other ecosystem characteristics only partially summarized here.
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