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Export flux of particles at the equator in the western and central
Pacific ocean

MARTINE RODIER and ROBERT LE BORGNE*

Abstract—Export of particles was studied at the equator during an El Nifio warm event (October
1994) as part of the French ORSTOM/FLUPAC program. Particulate mass, carbon (organic and
inorganic) (C), nitrogen (N), and phosphorus (P) export fluxes were measured at the equator in the
western and central Pacific during two 6-7 day-long time-series stations located in the warm pool
(TS-I at 0°, 167°E) and in the equatorial HNLC situation (TS-II at 0°, 150°W), using drifting
sediment traps deployed for 48 h at four depths (between, approximately, 100 and 300 m).

The particulate organic carbon (POC) fluxes at the base of the euphotic zone (0.1% light level),
were approximately four times lower at TS-I than at TS-II (4.1 vs. 17.0 mmol Cm™~2day™!).
Conversely, fluxes measured at 300 m were similar at both sites (3.6 vs. 3.7 mmol Cm™2day~! at
TS-I and TS-II, respectively). This change in export fluxes was in good agreement with food-web
dynamics in the euphotic zone characterized by an increase in plankton biomasses and metabolic
rates and a shift towards larger size from TS-I to TS-II. The POC flux profiles indicated high
remineralization (up to 78%) of the exported particles at TS-II, between 100 and 200 m in the
Equatorial Undercurrent. According to zooplankton ingestion estimates from 100-300 m, 60% of
this POC loss could be accounted for by zooplankton grazing. At TS-I, no marked increase of flux
with depth was observed, and we assume that loss of particles was compensated by in-situ particle
production by zooplankton. Fluxes of particulate nitrogen and phosphorus followed the same
general patterns as the POC fluxes. The elemental and pigment composition of the exported particles
was not very different between the two stations. In particular, the POC:PN flux molar ratio at the
base of the euphotic zone was low, 6.9 and 6.2 at TS-I and TS-II, respectively.

For particulate inorganic carbon (mainly carbonate) flux, values at the base of the euphotic zone
averaged 0.9 mmol Cm™2day™! at TS-I and 2.3 mmol C m~% day ™" at TS-II (corresponding to a
2.6-fold increase) and showed low depth changes at both stations.

POC export flux (including active flux associated with the interzonal migrants) at the 0.1% light
level depth represented only 8% of primary production (**C uptake) measured at TS-I and 19% at
TS-1I. For the time and space scales considered in the present study, new primary production, as
measured by the >N method, was in good agreement with the total export flux in the HNLC
situation, thus leading to negligible dissolved organic carbon (DOC) or nitrogen (DON) losses from
the photic zone. Conversely, export flux was found to be only 50% (C units) and 60% (N) of new
production in the oligotrophic system, either because of an overestimation by the '*N method or of a
significant export of DOC and DON.

Comparison with other oceanic regions shows that export flux in the warm pool was within the
same range as in the central gyres. On the other hand, comparison with EqPac data in the central
Pacific suggests that there is no straightforward relation between the magnitude of the export and
surface nitrate concentrations. © 1998 Elsevier Science Ltd. All rights reserved
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INTRODUCTION

The Pacific equatorial belt covers 44% of the earth’s circumference and is recognized to be
the main natural ocean source of carbon dioxide source for the attnosphere (Keeling and
Revelle, 1985; Tans et al., 1990; Murray et al., 1994). It is divided into two contrasted
ecosystems characterized by different interactions of phytoplankton communities with
surface-ocean hydrodynamics. The central and eastern equatorial Pacific is dominated by
upwelling and corresponds to a high nutrient-low chlorophyll (HLNLC) regime (Minas e?
al., 1986). Even though upwelling provides high concentrations of nutrients, biological
production is lower than expected. In contrast, the western Pacific is generally characterized
by .';;’ two-layered structure (Typical Tropical Structure of Herbland and Voituriez, 1979),
with a nutrient depleted surface layer overlying a deeper nutrient-rich layer and a deep
chlorophyll maximum. The zonal extension of the two systems undergoes large temporal
variations on an interannual time scale (Mackey et al., 1995; Radenac and Rodier, 1996),
which can be followed by remote sensing imagery of surface chlorophyll (Dupouy-
Douchement et al., 1993; Halpern and Feldman, 1994). These variations influence the
ocean carbon cycle and, consequently, the global carbon budget by acting both as a source
or as a sink of atmospheric CO;.

The sink effect occurs because of carbon fixation by photosynthesis and its transfer from
surface to deep waters by sedimentation and zooplankton vertical migration. Because the
efficiency of this sink may be conceptually evaluated by the downward carbon flux and its
relation to primary production, the vertical flux of particulate carbon became an important
component of international programs such as the Joint Global Ocean Flux Study (JGOFS,
1990). Many studies have shown that this particle flux is not a simple function of primary
productivity (Suess, 1980; Pace et al., 1987; Karl et al., 1996; Jickells ef al., 1996), but is also
highly dependent on the pelagic community structure and trophic pathways (Longhurst and
Harrison, 1988; Michaels and Silver, 1988; Angel, 1989; Longhurst er al., 1990; Legendre
and Le Févre, 1991). Thus, Michaels and Silver (1988) suggested that the composition and
magnitude of sinking flux out of the euphotic zone are determined by the size distribution of
pelagic producers and the size and trophic position of their consumers. Other potential
factors that may influence the downward particle flux are the particle decomposition (Karl
et al., 1988), the sinking rates (Bienfang, 1984) and the physics of the surface mixed layer
(Gardner et al., 1993).

Based on these previous studies, we can predict that the two ecosystems that characterize
the equatorial Pacific will present different functioning of the “carbon sink™ and, therefore,
have distinct effects on the CO, budget. A comparative evaluation of the efficiency of this
pump in these two regimes is, therefore, of great interest to an overall evaluation of regional
and basin-scale carbon budgets in the Pacific.

In the central and eastern equatorial Pacific, intense observations were conducted during
the EqPac U.S. JGOFS EgPac Process Study in 1992, in order to study the carbon fluxes
and related elements and processes controlling those fluxes in a HNLC regime. Due to the
limitation of new production in spite of high levels of nutrients, it has been demonstrated
that the downward flux of sinking particles was rather low in this HNLC regime (Buesseler
et al., 1995; Murray et al., 1996). In contrast, little is known about the downward particle
flux and its relation to primary production in the western oligotrophic equatorial Pacific.

In October 1994, during the FLUPAC cruise on board R/V I’Atalante, we were able to
collect a data set to conduct a comparison of the export flux between the western and central
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equatorial Pacific. The downward fluxes of carbon, nitrogen and other biogenic elements
were measured during two time-series stations at the equator: TS-I at 167°E in an
oligotrophic region and TS-II at 150°W in a HNLC regime. This paper focuses mainly on
the sinking particle flux as captured by drifting sediment traps. The downward flux achieved
by interzonal migrants was presented by Le Borgne and Rodier (1997). In this work, we use
sediment trap data to quantify the downward flux of particles, and to assess the concomitant
changes in functioning of the “biological pump” in two well contrasted situations of the
equatorial Pacific. Despite the numerous inherent biases in sediment traps, we consider that
they offer the only available tool to investigate directly sinking particles fluxes in the ocean.

FIELD WORK AND ANALYSIS

FLUPAC cruise plan

This study was conducted as part of the Frerch contribution to the multi-national
JGOFS Process Study in the equatorial Pacific. Samples were collected during the FLUPAC
cruise (23 September—30 October 1994) organized by the ORSTOM-FLUPAC group,
aboard the French R/V L’Atalante. There were two legs and two time-series stations, as
detailed in the cruise report (e Borgne ef al., 1995). Data presented in this paper are from
the two time-series stations at the equator, where sediment traps were deployed. The first
time-series station (TS-I) was made in the western Pacific at 167°E and sampled for 6
consecutive days. The second time-series station (TS-1T) took place for 7 days in the central
Pacific at 150°W.

During both time-series stations, the sampling strategy consisted of two day-long
sediment trap deployments- associated with daily in-sifu primary and new production
experiments, routine CTD casts with water collection, incident light measurements and
zooplankton net hauls. The ship followed the track of the drifting sediment traps (Fig. ). In
addition, current data were obtained with two acoustic Doppler current profilers (ADCP)
from RDI.

CTD casts and water column sampling

Hydrocasts were made daily, every 4 h, during both time-series stations with a Sea-Bird
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Fig. 1. Drift of the sediment traps during the two FLUPAC time-series stations at 167°E and
155°W, 0° (see Table ! for additional information on trap experiments).
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SBE-911 plus CTD. The CTD probe was attached to a 24-bottle Sea-Bird carrousel®
sampler equipped with 121 Niskin (General Oceanics) and 101 Noex (Technicap, Cap d’All,
France) bottles for discrete samples. Typically, water samples for nutrients, pigments, flow
cytometry, and microscopy were collected for every hydrocast at 12-14 discrete depths
within the upper 300 m of the water column, using the Niskin bottles. Particulate matter
data were obtained once per day at 08:00.

Sediment traps and settling particle flux

Material settling through the water column was collected using short-term free-drifting
sediment traps. Our trap array consisted of six or eight individual polycarbonate cylinders
mounted on an circular frame. Each cylinder (collection area, 0.0050 m?) was opaque to
prevent pigment photodegradation and had an aspect ratio (length-to-width) of 6.5. The
collectors were fitted with a “honey comb” grid baffle system at the top. Details on trap
design are given by Le Borgne and Gesbert (1995).

Traps were deployed on a surface floating package, attached with the array to a line
weighted at the bottom. All drifting buoys were outfitted with a VHF radio and ARGOS
satellite transmitter, strobe-light, and radar reflector, which provided direct measurements
of the drift vectors (Fig. 1 and Table 1). Two internal recording pressure—temperature
sensors (Micrel) were attached to the first and third multitrap systems to record vertical
motion of the array.

Four trap arrays were typically set for about 46 h at four depths near the base of the
photic zone (i.e 125 m at TS-I and 105 m at TS-II) down to about 300 m. For each time-
series station, traps were deployed three times consecutively (Table 1). Prior to deployment,
all collectors were cleaned with (1 M) HCl acid and rinsed with deionized water, then filled
with 0.2 um filtered surface seawater up to ~2/3 of the volume. A high density solution
(excess of 50 compared to ambient salinity) was introduced in the lowermost third part of
the trap, as recommended by the US JGOFS (1989) report. A portion of the trap solution
was saved for analysis of the blank solution. Traps were lowered closed down to their
deployment depth, rapidly opened by a candy release system (Knauer et al., 1979), and
closed again by a clock release system, prior to retrieval.

Upon recovery, the content of each trap was sieved through a 700 pm nylon screen to

Table 1. Deployment dates, durations and other selected information during the trap experiments at the two time-

series stations. Drift vectors (drift speed in nautical miles per day/true direction in degrees) are averages during the

approximately 2 day deployment. Shear and currents correspond to the mean current measured over 10 m above and
below the deployment depth during each trap experiment

Duration Drift vector
Time-series station Deployment Deployment time (h) (nm day ™! /deg)
TS-I(0°, 167°E) I 3/10, 6:50 ' 45 6.1/285°
u 5/10,9:20 42 13.2/311°
I 7/10, 8:35 39 11.8/311°
TS-II (0°, 150°W) I 19/10, 5:30 46 11.4/86°
11 21/10, 8:42 43 14.3/135°

11 23/10, 8:30 43 11.7/119°
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remove contaminating zooplankton and micronekton. The 700 pm screens were examined
and stored for subsequent analyses (mass, C, N, P). Immediately after sieving, the
prescreened trap content was homogenized, split and analyzed for a variety of parameters
including: mass, elemental composition (C, N, P, Si), pigments, and microscopic and flow
cytometry observations. The use of eight or six tubes at each depth enabled us to obtain two
to six replicates for all analyses. The intra-trap collection variability, i.e. standard error/
mean ratio as determined from several sets of replicates at a given depth, ranged from 1-
19% and averaged 7%, except for mass where the variability was much higher (9—47% with
a mean of 18%). In comparison, Knauer et al. (1990) reported an intra-trap variability of
approximately 10%, and Murray et al. (1996) gave an error estimate for trap organiccarbon
flux of 12%.

Recognizable zooplankton “swimmers™ were meticulously hand-picked on each filter
under the microscope, counted and determined, but they were not taken into account in the
flux calculations. Partially decomposed zooplankton and exuviae were not removed.
Finally, some prescreened samples were re-sieved through a 100 um screen to study the
contribution of the two size fractions: <100 pm and 100-700 pm.

Analytical methods (water and trap samples)

Nutrient analyses (NO;~ and NO, ™) were performed immediately on board with a
Technicon Autoanalyzer II, using both the classical colorimetric methods (Strickland and
Parsons, 1972; Bonnet, 1995) and the high sensitivity method described in Oudot and
Montel (1988).

For mass determination, samples were filtered onto preweighed 25 mm GF/F filters,
rinsed with 25 ml of an isotonic (1 M) ammonium formate solution to remove salt, dried
and stored at —20°C. Filters were weighed before and after combustion (4 h, 450°C) in
order to obtain total and combustible mass.

For C, N, P analyses, samples were filtered onto previously combusted 25 mm GF/F
filters, dried and stored at —20°C until analyses. Carbon and nitrogen analyses were
performed with a CHN 2400 Perkin Elmer analyzer. Samples were determined with and
without treatment with excess HoSO; to remove carbonates (Verardo et al., 1990). Total and
organic C were determined on untreated and treated samples, respectively, and the
difference gave us the inorganic C content. Carbonate flux was computed assuming that
all inorganic carbon was represented by CaCOs, i.e. using a carbonates/carbonate carbon
ratio of 8.33. Phosphorus analyses were carried out by wet oxidation and colorimetric
method, according to Pujo-Pay and Raimbault (1994). Note that no distinction will be made
between organic and total N and P fluxes as the percent contribution of inorganic N and P is
negligible.

Chlorophyll a (Chl a) and pheopigments (Ph) were determined on board by fluorometry
on methanol (95%) extracts using a Turner fluorometer (Le Bouteiller er al.,, 1992).
Chlorophyll 2 measurements were made by A. Le Bouteiller.

Optical microscopy and flow cytometry (FCM) data on trap samples were provided by
M.-J. Dinet and J. Blanchot, respectively. Details of the procedures are described in the
cruise reports (Le Borgne ez al., 1995; Le Borgne and Gesbert, 1995). Flow cytometry data
(i.e. cell abundances) were converted into C biomass according to Blanchot and Rodier
(1996).
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Phytoplankton production

Primary production (**C fixation) and new production (>NOj; uptake) were obtained by
in-situ incubations carried out on each of the six or seven days of the two time series. Water
was collected from rosette casts at 04:00, and production data were obtained from dawn to
dusk (12 h incubation) and from the surface down to 150 m (10-12 depths). For a detailed
description of the procedures, the reader is referred to Le Borgne and Gesbert (1995).
Primary and new production data were provided by A. Le Bouteiller and C. Navarette,
respectively. A constant molar Redfield C/N ratio of 6.6 was used to convert nitrogen
uptake data into carbon uptake. In this paper, we integrated the primary and new
production to the base of the euphotic zone, as defined by the 0.1% light level, for
comparisons with export production data.

Zooplankton biomass and metabolic rates

Mesozooplankton biomass was studied on 0—500 m vertical hauls for the 200-500 and
500-2000 pm size fractions. Additional information on the 35-200 um size class was
obtained on 0-200 m vertical hauls. Downward filuxes of carbon and nitrogen due to
migrating zooplankton were calculated from migrant biomass and metabolic rate data (Le
Borgne and Rodier, 1997). Migrant biomass was obtained with an Hydrobios Multiple
plankton sampler (MPS II), and respiratory and excretion rates were measured with deck
incubations at different temperatures. Fecal pellet production was assessed from
zooplankton N and P excretion rates, constituent and particle N/P ratios and assimilation
efficiencies.

Statistical analysis

For testing variability within and between data sets of each studied area, we used the ¢-test
(one tailed). Conventionally, the difference is considered significant if P<0.05 and highly
significant if P <0.01.

GENERAL OCEANOGRAPHIC SETTING AND STUDY SITES

During the FLUPAC cruise, the equatorial system was under the influence of a
moderately warm El Nifio event. The general current and hydrographic situation was
closely linked to the westerly forcing and equatorial waves (Eldin et al., 1997)

The two time-series stations (TS-I, 167°E and TS-II, 150°W) sampled two different
situations at the equator: an oligotrophic situation in the western Pacific warm pool and a
mesotrophic or HNLC condition in the central Pacific. Following is a summary of the main
features (Figs. 2 and 3) encountered at each station, but more details can be found elsewhere
in this issue (Dupouy et al., 1997; Le Borgne and Rodier, 1997; Blain et al., 1997).

TS-1(0°, 167°E): western Pacific “‘warm pool”’

During TS-I (Fig. 2), the hydrological structure was typical of the \/zvarmpool, with a deep
(80 m) homogeneous high temperature layer (>29°C) of low salinity (< 34). In the lower
part of that layer, a salinity gradient forms a “barrier layer”’, which prevents vertical mixing.
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Fig. 2. Mean temperature, salinity, nitrate and chlorophyll a vertical profiles at the time-series

stations TS-I(0°, 167°E) and TS-II (0°, 150°W), calculated on 67 day-long periods, respectively. The

0.1% light level defines the base of the euphotic zone. Dark squares represent the trap deployment
depths.
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Fig. 3. Average typical phyto- and zooplanktonic community structures at TS-I (0°, 167°E) and

TS-II (0°, 167°E). Percentages refer to contribution of each size class and taxa to the total biomass.

Prochlorococcus (Pro.), Synechococcus (Syn.) and picoeukaryotes (Peuk.) FCM counts were

provided by J. Blanchot and were converted into C units as described in Section 2. Phytoplankton
data were provided by J. Blanchot and A. Le Bouteiller.

This site was a “Typical Tropical Structure” (Herbland and Voituriez, 1979) with a two-
layered system: the deep thermocline separated the nitrate-rich deep water from the nitrate-
depleted (close to detection limit) surface euphotic layer. Chlorophyll exhibited a well-
contrasted profile with low values in the surface (0.08 mg m ~?) and sharp maximum (up to
0.32 mg m ) located in the upper part of the nitracline. The plankton community structure
(Fig. 3) was dominated by smaller size classes: Chla <1 pym accounted for 52% of the total
chlorophyll a, Prochlorococcus contributed 66% of the total picoplankton carbon as
estimated by flow cytometry, and 35-500 um zooplankton represented more than 50% of
the total zooplankton biomass.

TS-IT (0°, 150°W): “HNLC” central Pacific

During TS-II (Fig. 2), the study site was representative of the “equatorial cold water
tongue”: the surface temperature was lower than in the west (<28°) and the salinity was
higher (> 35); the thermocline was less sharp and there was no strong vertical salinity
gradient. This site is representative of a high nutrient low chlorophyll (HNLC) regime. The
surface nitrate reached 3.55 uM, but surface chlorophyll, while higher than at 165°E,
remained relatively low, around 0.2 ugl~™!. The chlorophyll profile was typical of an
upwelling situation with a smooth maximum at 50 m. The biological food web at this station
(Fig. 3) was dominated by larger size phytoplankton compared to TS-I: Chl a >1 pm,
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picocukaryotes, and zooplankton (200-2000 pm) accounted for more than 60% of their
respective total biomass.

The integrated biomass for TS-II in the HNLC regime was greater than that observed
during TS-1 in the oligotrophic regime, in the following proportions: x 1.4 for chlorophyll
(27 vs.19 mg m~?), x1.2 and x 1.4 for particulate C and N (350 vs. 435 pmol m™%; 42 vs.
60 pmolm™3), x2.6 for zooplankton (1914 vs. 737 mgash-free dry weightm™2).
Moreover, integrated primary production was increased by a factor of 1.8, from an
average value of about 52 mmol C m~2 day ™' at TS-I to about 94 mmol C m~2 day ™! at
TS-11.

RESULTS

In this paper, we define “particle export flux™ as the sinking particulate flux measured at
the first trap depth (125 m at TS-I and 105 m at TS-II), which was just above the base of the
euphotic zone (0.1% light level) and below the mixed layer at both sites.

Observations on swimmers

During the FLUPAC cruise, two protocols were applied in order to exclude the living
zooplankton that entered the traps and died there. Large swimmers were removed by sieving
through a 700 pm mesh. These swimmers and other large material represented an average of
38% (25-60%, data not shown) of the <700 pm mass flux considered as “‘passively-
sinking” flux. Maximum values were observed in the shallower trap. Microscopic
observations revealed the presence of foramineferans, coccolithophorids and pteropods
shells in the > 700 pm fraction. Hand-picking was the second method used to exclude the
swimmers of the smaller size fraction from trap samples. These small organisms were
abundant at all depths and in most of the samples, with a predominance of pteropods and
copepods. The relative importance of these swimmers in terms of mass was not estimated,
but we observed a relatively larger contribution of swimmers at 150°W (TS-II) than at 167°E
(TS-I). In this paper, material > 700 um and hand-picked organisms are not considered to
be part of the “passive” vertical flux, and, therefore, not included in the sinking flux
calculations

Particulate fluxes

Total mass flux. Mass flux distributions (Fig. 4 and Table 2) had the following general
characteristics, which were valid for most of the constituent fluxes presented and discussed
below: (i) the particle mass fluxes at the base of the euphotic zone were markedly lower
(~3.5-fold) at TS-1thanat TS-11: 277+ 81 vs 973+ 72 mg m~2 day~’; (ii) the flux below the
eliphotic zone did not vary significantly with depth at TS-I, while it declined rapidly down to
225m at TS-II (by 54%); (iii) the mean total mass fluxes measured at 300 m were not
significantly different at the two sites, within methodological errors. Note that TS-IT showed
large variability between and within flux data, especially at 150 m, which may be partly due
to the relatively larger abundance of swimmers at this station.

The “combustible’ fraction of sinking flux, which consists mostly of organic material,
represented between 43% and 64% of the total mass flux and decreased with depth, this
trend being more obvious for TS-II (Fig. 4). Sieving experiments on trap samples revealed
that ~86% of the mass flux was due to <100 um particles at both locations.
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Fig. 4. Particulate mass fluxes measured at TS-1 and TS-II, using drifting sediment traps. Total

mass fluxes are presented in the left panels and averaged percent contribution of combustible fraction

and of the < 100 pm fraction in the right panels. During each time-series station, traps were deployed

three times consecutively; deployments I, II, III are identified by *, 4, and M, respectively (see
Table 1). Shown are the average values (1 SD) obtained at each deployment.

Particulate carbon, nitrogen and phosphorus fluxes. The depth profiles of C, N and P fluxes
are shown together in Fig. 5, and the averaged values are presented in Table 2.

The particulate organic carbon (POC) export flux at TS-I (4.2 +1.0 mmol m~2day™")
was roughly five times lower than at TS-II (21.2 4+-2.4 mmol m~2day~"). In contrast, there
was no significant difference in the POC fluxes measured at 300 m at in the two stations. As
for mass flux, this similarity in the export at 300 m is due to the fact that the depth profiles of
POC fluxes were considerably different between the two regions (Fig. 5), with a relatively
sharp decrease of the flux with depth at TS-II, and a very smooth one at TS-L
Approximately 78% of the POC flux disappeared between the base of the euphotic zone
and 300 m at TS-II and less than 15% at TS-1. Note, however, that the null hypothesis (i.e.
variations of POC flux with depth) cannot be rejected at TS-I.

The pattern of variations of inorganic C (mainly Ccaco,) differed slightly from the total
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Table 2. Summary of the average fluxes for carbon (total, organic and carbonate), nitrogen and phosphorus at TS-I
and at TS-II. Data represent meanx SD, over the 6-day stations (cf. Figs. 4 and 5 for individual data)

Trap depth Mass flux Corg flux Ccaco, flux N flux P flux
(m) (mgm~? day ") (mmol m~? day~") (mmol m~2day™") (mmol m~?day™~") (mmol m~2day™")
TS-1(0°, 167°E)

125 277481 42+1.0 0.9+0.2 0.6340.21 0.0351+0.017
175 297+77 2.94+0.3 1.34+0.1 0.44+0.09 0.02410.002
240 302+65 3.6+1.0 14403 0.431+0.16 0.02140.003
340 326+50 3.6+0.8 1.6+03 0.444-0.22 0.021+0.005
TS-II (0°, 150°W)

105 973172 21.2+2.4 23403 3.624-057 0.241+0.034
155 6394-264 12.143.0 3.01+0.7 2.38+0.69 0.168 +0.059
225 3844118 4.8+40.5 1.1+0.1 0.704-0.05 0.04440.005
320 309471 3.7+04 1.9+0.2 0.65+0.08 0.03910.004
Difference between TS-I and TS-I1 .

at 125/102 m %x3.5 x 5.0 x2.3 x 5.7 x6.9

at 340/320 m * n.s n.s p<0.05 p<0.01 p<0.05

* t-test comparing time-series means; n.s., not significant difference; p<0.05, significant difference; p <0.01,

highly significant difference.
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and POC variations. The export Ccaco, fluxes, measured at the shallowest traps, were
significantly lower at TS-I (0.94+0.3mmolCm~*day~!) than at TS-II
(2.340.3 mmol C m~? day™"), although the variation factor ( x 2.3) was smaller than for
POC flux. Besides, the fluxes measured at the deepest traps were significantly different
between TS-I and TS-II (Table 2), which contrasts with mass and POC flux data as
presented above. Finally, the changes of the carbonate flux with depth were relatively small
at both sites, and, surprisingly, presented opposite trends, i.e an increase of the flux at TS-I
and a decrease at TS-II between 125/105 m and 340/320 m. These trends were weak though
highly significant.

The inter-site and vertical distributions of particulate N (PN) and P (PP) fluxes were close
to that of POC (Table 2 and Fig. 5). Small differences between the three elements are
presented below through the study of the C:N:P ratios.

To parameterize the depth decline of the POC, PN, PP fluxes, the best fit was obtained by
using a normalized power function, as derived by Martin ez al. (1987), of the form:

Fz = Fy(Z)Z,), o

where F is the flux at any depth, Z is the water depth (m), and F, is the flux at a reference
depth Z, (in our case, 120 m for TS-I and 100 m for TS-II). Fits obtained with equation (1)
applied to our data are presented in Table 3 and compared to the results of Martin e? al.
(1987) established for an “open ocean composite” (OOC). It appears that the model
parameters obtained from our data are different from Martin er al. (1987): values of
exponent b, which represents the importance of the depth decrease of the flux, are either
lower (for TS-I) or higher (for TS-II) than the one given by Martin e al. (1987). As
mentioned by Sarmiento and Armstrong (1997), particle cycling dynamics are probably
more complex than can be formulated by a simple power law relationship.

Table 3. Best fit values for POC, PN and PP fluxes obtained during the two FLUPAC time

series, compared to the Martin et al. (1987 ) OOC model derived from data obtained in the north

Pacific ocean. The model uses a normalized power law as detailed in Section 4, where F, is the

flux normalization constant (the log-log intercept), b is the power exponent (log—log slope ), and
¥ is the determination coefficient

POC, PN, PP fluxes TS-1 TS-I1 OO0C model
(mmol m~2 day~1) (0°, 167°E) (0°, 150°W) (Martin et al., 1987)
Carbon

F, 42 21.23 4.20

b —0.316 —1.648 —0.858

2 0.24 0.91 0.81
Nitrogen

F, 0.633 3.622 0.592

b —0.525 —1.658 —0.988

P 0.35 0.83 0.84
Phosphorus

F, 0.035 0.241 -

b —0.856 —1.737 -

* 0.25 0.84 -
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Table 4. Percent contribution of each constituent in total flux of

particles (% of mass flux). Comparison betweeen TS-I and TS-II.

Carbonates are calculated from inorganic carbon (Cc,co, ) determination
using a CaC03/Ccaco, ratio of 8.33

Trap depth Corg Ccaco; N P Caco;
(m) (%) (%) (%) (%) (%)
TS-1(0°, 167°E)

125 18.2 3.8 3.2 0.4 325
175 11.7 5.3 2.1 0.3 43.8
240 14.3 5.6 2.0 0.2 46.3
340 13.2 5.9 1.9 0.2 49.0
TS-II (0°, 150°W)

105 26.1 2.8 5.2 2.8 23.6
155 22,7 5.6 5.2 1.8 46.9
225 15.0 3.4 2.6 0.5 28.6
320 14.4 7.4 3.0 0.4 61.5

Elemental composition

The percentage contributions of each biogenic constituent to the total flux are shown in
Table 4. The percentages of the organic constituents (C, N, P) decreased with depth at both
stations, whereas the contribution of the CaCO; increased. The CaCOj; represented more
than 28% of the total flux, but never exceeded 61%.

The Corg:N:P and Copp:Ccaco, molar ratios for the particles falling in the traps are
presented in Fig. 6. They may be compared to the classical Redfield ratio for living plankton
which is 106:16:1 for C:N:P (Redfield et al., 1963). In spite of a high variability of the ratios
between replicates, several comments can be made. At the base of the euphotic zone, the
settling particles have an elemental composition of approximately 122:18:1:18:1 at TS-I and
89:15:1:15:1 at TS-II for C,r,:N:P, which is close to the Redfield ratio. These ratios increased

" slightly with depth, up to 140:21:1 at TS-I and 129:17:1 at TS-II below 300 m, indicating a

preferential release of P during sinking at both sites. Interestingly, the C,,:N ratios
observed at the base of the euphotic layer were relatively low at both stations, close to
Redfield at TS-I (6.9) and even lower at TS-II (5.9). These ratios increased slightly with
depth up to 8.3 at TS-I, although the trend was somewhat hidden by the high variability of
the values. The C,,:N depth distribution at TS-II was more variable, with an anomalously
low value at 300 m.

The particulate Ceaco, flux was always smaller than the corresponding POC flux, even at
300 m (Tables 2 and 4 and Fig. 6). The Cq,:Ccaco, ratios varied with depth from 4 to 2 at
TS-Iand 10 to 2 at TS-II.

Size structure, taxonomic composition

Direct observations by microscopy (Dinet, personal communication) provided some
information on the nature of sinking particles, but no numeric or quantitative estimations
are available yet. The material trapped in our collectors had a major fecal pellet and
“marine snow” component, regardless of the sampling sites, but marine snow was
numerically more important in the shallower traps. The smallest feces (20-100 pm) were
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Fig. 6. Mean elemental molaratomic ratios and Cq./Ccaco, ratios for sinking particules at stations

TS-I and TS-II. Shown are the 6-day mean values (errors bars indicate (1 SD). Vertical dashed line
indicates the Redfield molar ratios (106:16:1 for C:N:P)

always an order of magnitude more abundant than the largest ones (> 100 yum), which
agreed with sieving data (Fig. 4). Large phytoplanktonic cells were identifiable in the trap
samples, either free or incorporated into aggregates. Coccolithophorids were relatively
more abundant at TS-I than at TS-II, whereas the foraminifers were important
contributors to the <700 um size particles at TS-II. This result is interesting because it
shows that the calcareous organisms that contributed to the carbonate flux were different
between TS-I and TS-II. The biogenic opal flux was mostly composed of diatoms and, to a
lesser extent, silicoflagellates and radiolarians. Finally, dinoflagellates made a little
contribution to the settling particles.

Flow cytometry observations on the trap samples revealed the presence in the sinking
material of undegraded <80 pm phytoplanktonic cells (i.e. fluorescent prochlorophytes,
orange cyanobacteria and picoeukayotes) in the sinking material. These “intact” pico- and
utraplanktonic cells, which are probably amalgamated with marine snow, represented less
than 1.8% of particulate export flux (in terms of C) at both sites and were mainly
picoeukaryotes (61+21% of total cell abundance converted into C units at TS-I vs.
82+ 12% at TS-II). However, the percent contribution of prochlorophytes to the sinking
flux was more important at TS-I than at TS-II (37 +:20% vs. 124 11%). The importance of
orange cyanobacteria in the sinking material was always negligible. These observations are
consistent with the phytoplankton community structures observed in the euphotic zone of
each of the two study areas (Fig. 3).
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Pigment content

Pigment contents of the settling particles (Table 5) were used as biomarkers of the nature
and history of sinking particles (Downs and Lorenzen, 1985; Downs, 1989). Some
undegraded chlorophyll was found in the sinking material, although the proportion of
chlorophyll to total fluorescent pigments was low and never exceeded 18%. For comparison
purposes, we note that this proportion in the euphotic zone varied from 40 to 60% at TS-I
and TS-IL. The relative amounts of undegraded chlorophyll found in our trap samples are
higher than the amounts of chlorophyll (< 10%) generally found in fecal pellets (Downs,
1989), but they are identical to the average value obtained in the central Pacific during the
two EqPac surveys (18%, Newton and Murray, 1993).

According to the model of Downs and Lorenzen (1985), the organic carbon flux was
divided into two pigment-based categories: Fop, the fraction of carbon flux associated to
chlorophyll which represents the direct sinking phytoplankton; and Fpy, the fraction of
carbon flux associated to pheopigment which is an index of herbivorous feeding. Although
this model has been criticized, results give some additional information on the origin of the
sinking material. It appears that less than one-fourth of the POC flux was pigmented
(Fcni+ Fpn)- In addition, the contribution of direct sinking phytoplankton (Fcy) to the
sedimenting material was very low (<7%), which confirms the flow cytometry
observations. This contribution decreased with depth at TS-I but remained unchanged at
TS-II down to 320 m, which suggests that the direct sinking phytoplankton was mainly
composed of large rapidly sinking cells. We also note that the contribution of recent
herbivory (Fpp) to the sedimenting material varied from 5 to 21% at both sampling sites,
leading to the conclusion that most of sinking carbon was the result of repeated ingestions.

Table 5. Pigment composition of the sinking particles at the two
sampling sites. Shown are the means+ SD. Chla is expressed as a
percentage of total pigment. Fy, and Fcyy represent the fraction of
POC (%) associated with direct sinking phytoplankton (Fo,) and
herbivores feces (Fp,), according to the Downs and Lorenzen

(1985) model
Trap depth Chla Fop Fon
(m) (% of total pigment) (%)* (%)*
TS-1(0°, 167°E)
125 14.933.6 742 21x11
175 73419 240 1141
240 8.3+04 240 83413
320 9.84+2.0 3+2 1448
TS-II (0°, 150°W)
105 157+1.5 52 12+6
155 18.245.7 210 543
225 12.542.6 440 13+4
320 10.0+1.0 4+0 171

*% of POC, assuming a C:Chl ratio of 75 for living
phytoplankton, a pigment conversion efficiency of 0.66 (on a
molar basis), and an average mesozooplankton assimilation
efficiency of 0.70.
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The absence of significant differences in Fp, between sites and with increasing depth
indicates a consistent contribution from herbivory.

DISCUSSION

The primary purpose of this paper is to present data on sinking particulate flux in the
western Pacific warm pool, which was previously poorly studied in this regard, and compare
them with fluxes in the central equatorial Pacific. This comparison is based on flux data
obtained during the same cruise using drifting traps at multiple depths from 100 m to 340 m.
Considering the present debate on the accuracy of the shallow drifting traps, we first
evaluate the potential biases in sedimentation measurements before going any further into
the discussion.

Potential trap biases

Traps could be inaccurate because they either miss or oversample short-term variability.
In our study, the inter-deployment (i.e. intra-site) variability of trap data was relatively
modest (17%, on average, with a maximum at 155 m at TS-II) as was the intra-trap
collection variability (7%, see Section 2). Statistically, this variability was not significant
whatever the data set, which suggests that export fluxes were somewhat similar over a small
region; but this does not preclude the possibility of episodic fluxes of higher or lower
intensities over larger temporal and spatial scales.

Trap accuracy is also a function of the biases in collecting sinking particles, which take
three main forms: swimmer occurrence, solubilization of particles in the traps (Knauer et al.,
1979; Lee et al., 1988; Karl and Knauer, 1989; Hansel and Newton, 1994), and
hydrodynamical effects (Gardner, 1980, 1985; Giist et al., 1994). Such potential biases are
well known but are still not well controlled.

The two methods used to reduce the bias related to swimmer occurrence (sieving and
hand-picking) were probably not perfect, and they may introduce both negative and
positive errors in the measured fluxes (Biscaye ef al., 1988). For instance, it was difficult to
discriminate between decomposed zooplankton, exuviae, and empty shells and actual
swimmers by hand-picking. Also, the presence of foraminiferans, coccolithophorids and
pteropods shells in the > 700 pm fraction may lead to an underestimation of the sinking
flux. In addition, the presence of swimmers in the traps may have other consequences that
are difficult to quantify, including an overestimation due to the fecal pellet production from
trapped swimmers or an underestimation due to consumption of trap material (Karl and
Knauer, 1989; Michaels et al., 1990). In our case, however, these problems probably were
reduced by short-term deployments and by the use of a brine solution in the traps.

The accumulation of dissolved products in the sediment trap samples was not measured,
and therefore we cannot estimate the dissolution of trapped organic particles during trap
deployment. Thus, the particle flux data presented in this paper should be considered as
lower limits of in-situ fluxes. Again, we assume that biases due to dissolution on flux data
were limited by the short deployment duration (Honjo ez al., 1982). According to Murray et
al. (1996), less than 10% of the particulate C flux disappeared by solubilisation after ~2 day
deployments. Moreover, the microbial alteration was probably slowed down in the presence
of the high saline solution at the bottom of the traps (Fletcher, 1979)

Trap errors due to hydrodynamics are a function of the interaction between traps, brine
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solutions and the ambient flow field. In the equatorial area, velocity shears and velocities are
relatively high in the 100-300 m layer (Eldin ez al., 1997). However, recent calculations of
the velocities at the top of the trap (Fig. 7) have showed no obvious correlation between
differential velocities and trap-collected particles. These results suggest that measured trap
fluxes are not influenced directly by the horizontal flux of material passing over them.

On the whole, and as pointed out by Michaels et al. (1994a), there is no nnambiguous
method for determining whether traps do or do not sample “correctly” the sinking material.
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Fig. 7. Estimates of average velocities across the traps and measured POC fluxes during the two

time-series stations TS-I and TS-IL. (a) average velocity for each deployment as a function of the

depth; (b) POC flux vs. average velocities across the trap. The estimates for the velocity field across

the traps were calculated from the average ADCP data during each deployment and the trap
trajectories (J. Dunne, personal communication).
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However, we are quite confident in our trap data because measurements aimed at
minimizing most known bias and our results agree with other parameters measured
simultaneously with completely independent approaches.

Particulate organic fluxes at the equator: warm pool vs. central Pacific

Export fluxes and relation to the euphotic zone food web. According to our trap data, POC
export flux (i.e. flux measured at 125 m at TS-1 and 105 m at TS-II) at the equator varied by
a factor of five between the western Pacific warm pool (4.2+1.0 mmol m =2 day ! at TS-I)
and the central Pacific HNLC (21.2+2.4 mmol m~> day ! at TS-II). Similar results also
were observed for total mass, PN and PP fluxes. Such differences were much larger than
those observed for primary production, which only varied by a factor of 2 between TS-I and
TS-II. In fact, the export flux from the surface layer depends on the structure of the food
web, which controls the conversion of primary production into -export flux. Thus, the
increase in export fluxes from TS-I to TS-II both reflects an increase of planktonic
biomasses and a shift of the phyto- and zooplankton communities towards larger forms
(Fig. 3). Indeed, higher abundance of large cells such as diatoms also was reported by Blain
et al. (1997) in the central Pacific during FLUPAC, and it is likely that diatoms were partly
responsible for the higher export flux observed in this region. The role of diatoms in the
export flux is confirmed by the higher values of opal flux at TS-II reported by Hauvespre
(1995). Lower export flux in the warm pool and higher export in the central equatorial
Pacific is also associated with changes in both grazing and fecal production rates of
mesozooplankton (Le Borgne and Rodier, 1997) at the FLUPAC time-series stations.
According to our pigment flux data (Table 5) the contribution of herbivorous zooplankton
to sedimentation was low but consistent (less than 20% of the POC flux) at the two stations.
Similar observations were made during EqPac Surveys along 140°W, with a consistent
contribution of herbivory representing roughly 25% of the POC flux (Newton and Murray,
1993).

In a system where production and standing stocks are dominated by small cells, little
material is exported because the microbial food web is largely a recycling loop (Legendre
and Le Févre, 1991). According to this concept, recycling should be more intense at TS-I
than at TS-II. Using trap and zooplankton data, we showed that 85% of the
mesozooplankton fecal production (in N units) in the 0-100 m upper layer was recycled at
TS-1 vs. 65% at TS-II (Le Borgne and Rodier, 1997). With our data, we also calculated the
residence times of particulate organic C, N, P in the euphotic zone by dividing the standing
stocks of particulate matter in the euphotic zone by the export flux just below it (Table 6).
Results point out three general findings: (i) C, N, and P recycling were 75-85% greater at
TS-I than at TS-II, which is consistent with the food web structure; (ii) P recycling was 20—
40% larger than that of C and N, which agrees with the well-known idea that particulate P is
more labile than C and N; and (iii) surprisingly, C and N were recycled similarly at both
stations. It is noteworthy that our residence time data are in substantial disagreement with
those calculated by Eppley et al. (1992) for March 1988 data along 150°W: 4-5 days in the
upwelling part of their transequatorial transect and 12 days in the oligotrophic waters. One
possible explanation refers to the hydrological situation at the equator: whereas the
upwelling was a well-developed upwelling at 150°W during Eppley ef al.’s study, because of
a La Nifia cool event, there was no equatorial divergence during FLUPAC because of El
Nifio conditions (Eldin et al., 1997). If this hypothesis is correct, it would indicate that
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Table 6. Residence time of particulate C, N and P in the euphotic

zone at the two sampling sites. {PC, [PN (PP represent the

particulate matter integrated over the euphotic zone and PC, PN,
PP correspond to the export fluxes out of the euphotic zone

TS-I TS-II

(0°, 167°E) (0°, 150°W) *
{PC/PC flux (days) 94 16 (25)
JPN/PN flux (days) 95 15 (22)
[PP/PP flux (days) 58 13(17)

* Values in parentheses represent residence time calculated
with the downward flux at 150 m instead of 105 m.

particle residence times of particles are reduced in the central Pacific during the cool phases
of the ENSO cycle compared to the warm events. On the other hand, the oligotrophic
situations observed at 150°W and in the equatorial warm pool originate from distinct
physical and biological conditions and likely produce different residence times, as observed
in the two studies.

Considering that changes of the food-web structure in the euphotic zone influence not
only the magnitude but also the nature and composition of the settling particles (Michaels
and Silver, 1988), differences were expected in the elemental and pigment composition of the
exported material between TS-1 and TS-II. More striking, however, is the fact that theses
changes remained relatively modest (Fig. 6 and Tables 4 and 5), except for the proportion of
organic to inorganic matier. The most notable result in this regard is the fact that the
particles exported out of the euphotic zone typically had low molar C,,,:N ratios at both
stations (6.9 at TS-I and 5.9 at TS-II). This fairly high nitrogen content relative to carbon in
the sinking particles is not rare. For example, low Cory:N ratios in sediment trap material
(around 6.2) were measured down to 500 m in the northeastern Pacific ocean by Karl and
Knauer (1984). Inversely, Murray et al. (1989) reported high molar Cog:N ratios in the
export flux material (about 10) and showed that N was recycled in the euphotic zone about
50% more than C. In our case, it still remains unclear why the C,,,:N ratio is so low in spite
of reworking of particles and feces before sinking, particularly at TS-I. Several explanations
may be given, dealing with the kind of ingested particles and taking into account an equal
assimilation efficiency for C and N (Le Borgne, 1978). Firstly, high abundances of bacteria
on marine snow or feces (Karl ez al., 1988) may lead to lower particulate C,:N ratios.
Secondly, a carnivorous diet on zooplankton with a lower C:N ratio (Le Borgne, 1978) leads
to low fecal C:N ratios. In either case, we conclude that C,,,:N ratios of sinking particles
themselves do not yield information on the degree of reworking of C and N in the euphotic
zone in the two studied regions of the equatorial Pacific, but rather probably reflect changes
in species assemblages and trophic links.

Fate of the organic particles below the euphotic zone. Unlike the export fluxes out of the
euphotic zone, which were significantly higher at TS-II than at TS-I, we found low (or no)
differences in the fluxes measured at ~ 300 m at the two sampled sites (Table 2). Compared
to primary production, our data also showed that 6.9% of carbon fixed in the upper layer
reached 300 m at TS-I versus 3.7% at TS-II, which indicates that the efficiency of carbon
transfer to this depth is the same for the two equatorial systems.
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Processes implied in the fate of the sinking particles (ingestion, microbial degradation,
remineralization/solubilisation, change of the size spectrum by either active or passive
processes) are beyond the focus of this paper. However, some comments can be made with
respect to the different sedimentation patterns observed below the euphotic zone during the
two time-series stations. At TS-II, the particle flux decreased drastically with depth,
especially in the 100220 m layer, where 78% of POC is regenerated. This important
decrease in flux just below the surface layer is a common feature of the HNLC equatorial
Pacific (Murray et al., 1996; Bacon et al., 1996), but according to Murray et al. (1996) part of
the decline could be due to overtrapping by shallow traps compared to deeper ones.
However, if we consider our shallow fluxes at face value, this indicates that much of the
downward exported material was remineralized rapidly, inside the Equatorial
Undercurrent, which was centered from 100-150 m (Eldin ez al., 1997). In our study, this
intense and rapid degradation of the particles with depth at TS-II coincided with a slight
increase of the C,;:N:P ratios [excluding the anomalous C,:N ratio at 300 m (Fig. 6)] and
with an increase of the particle size (Fig. 4). In order to specify the nature of the regeneration
processes, we calculated the changes of the organic C, N, P fluxes at 100-300 m interval (3F/
0Z, Table 7) and compared them with zooplankton assimilation rates obtained for the same
water layer. This comparison suggests that zooplankton grazing could account for at least
60% of the POC and 46% of the PN flux decrease observed between 100-300 m at TS-II, but
less than 28% of the PP loss. Consequently, about half of the POC and PN decline with
depth could be due to other degradative processes, and up to 72% for PP.

At TS-I, the particle fluxes varied less with depth than at TS-II (Table 2 and Fig. 5), which
can be ascribed to the compensation of POC (NP or PP) losses during settling by increased
sinking velocity thanks to an increase of the size of the particles. Zooplankton compacting
action by fecal production is a possible explanation for the size increase. This mechanism

Table 1. Changes with depth of the sinking particulate C,
N, P fluxes compared to zooplankion assimilation (Le
Borgne and Rodier, 1997 ) in the ~ 100-300 m layer, at the
two sampling sites. Regeneration rates calculated from trap
data and zooplankton assimilation are expressed in

wmol m™? day™! and are mean values over each 6-day
station
TSI TS-II
(0°, 167°E) (0°, 150°W)
Trap data
3(POC flux)/dz 2.8* 814
9(PN flux)/dz 0.88 13.7
(PP flux)/az 0.07 0.94
Zooplankton assimilation **
C 294 48.7
N 3.5 6.3
P 0.17 0.26

* Not significant.
** Same calculations as in Table 8 in Le Borgne and
Rodier (1997), but for the 100-300 m layer.
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leads also to a progressive enrichment of the particles in inorganic carbon as they sink due to
successive ingestions as actually observed (Table 2), since zooplankton do not assimilate
inorganic compounds. Indeed, the role of zooplankton in the fate of settling particles is
consistent with their observed deeper distribution at TS-I (Le Borgne and Rodier, 1997)
compared to TS-IL

Particulate Ccaco, flux distributions and Corg:Ccaco, ratios

While the main focus of this study was the export of particulate organic matter, our trap
data also provided insights into the export of the calcium carbonate in the western and
central equatorial Pacific.

Firstly, Ccaco, fluxes varied much less than POC flux from one region to another. The
factor of variation of Ccaco, fluxes between the warm pool and the central Pacific was <2.6,
whatever the depth, which is 50% smaller than that of POC fluxes. It is noteworthy that this
factor of variation is close to the areal factor (2.2) given by Tsunogai and Noriki (1991) ata
2 km depth for the global ocean, from a compilation of data collected in various oceans.
Thus, our data seem to confirm the previous assumption that calcareous organisms are
rather uniformly distributed in the world ocean. Note, however, that the calcareous
organisms which contributed to the CaCOj; fluxes were not the same at the two stations,
with a shift from coccolithophorids at TS-I to foraminifers at TS-II, exactly as observed in
the water column (Le Borgne and Rodier, 1997). On the other hand, it is noteworthy that
our Ccaco, flux data obtained at 0°, 150°W are three to four times higher than the fluxes
estimated by Bacon et al. (1996) at 0°, 140°W during the EqPac time-series cruises: 0.45 and
0.71 mmol m~%day~! at 200 m, respectively, during El Nifio and the cold event that
followed. Such a discrepancy may be partly ascribed to the utilization of different
approaches (P*Th measurements and the in-situ pumping system for Bacon et al.).

Secondly, changes of carbonate fluxes with depth were relatively small at both sites, and
showed opposite trends. The increase of carbonate flux observed at TS-Iis unclear, owing to
the lack of available comparative data, but zooplankton packaging is a possible explanation
(see Section 5.2.2). In contrast, the slight but significant loss of carbonates from 100 to
320 m observed at TS-II indicates some dissolution of carbonates in the upper water column
above 300 m. Tsunogai and Noriki (1991) showed that the inorganic C flux decreased
globally by only 5% per km in depth, averaged over various oceans. However, our Ccaco,
fluxes at 300 m (Table 4) are approximately three times higher than fluxes measured at
800 m with deep sediment traps by Honjo et al. (1995) at 140°W. Hence, assuming that our
shallow trap data can be compared to Honjo et al.’s data, there appears to be a significant
loss of Ccaco, in the top 1000 m of the water column above the calcium compensation
depth.

Finally, the Cor:Ccaco, flux ratios obtained at the base of the euphotic zone (5 at TS-I
and 10 at TS-II (Fig. 5)) were slightly larger than the ratios reported by Bacon et al. (1996):
4 and 3 at 120 m during the two EqPac time-series studies. Similarly, Balch and Kilpatrick
(1996) reported that the ratios of organic carbon photosynthesis to calcification in the
euphotic zone were about 7-9 in the oligotrophic part of their meridian transect along
140°W and 8-32 near the equator in the HNLC regime. According to these authors, such
values—which are comparable to our CoiCcaco; ratios in the sinking flux—are
significantly lower than global ratios predicted by models (i.e. 20-30). Thus, our data
support the conclusion of Balch and Kilpatrick (1996) that surface calcite production plays
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a more important role in the equatorial Pacific. The Cyyy:Caco, flux ratios at 300 m were
similar at the two sites and higher (~ 2) than those reported by Honjo et al. (1995) at 800 m
(0.2-1.3) in the central equatorial Pacific.

Production and export rates of organic matter. local nitrogen and carbon balances

The studies linking primary production and the downward flux of biogenic particles to
the deep sea are closely related to the concept of new production, initially developed by
Dugdale and Goering (1967). The vertical particle flux, commonly termed export
production, should balance NOs-fueled new production when the system is at steady
state (Eppley and Peterson, 1979). However, modelled data (Najjar et al., 1992) and
recent measurements on particle export, new production and dissolved organic carbon
(DOC), have questioned this picture for many regions of the world ocean from
oligotrophic (Carlson et al, 1994) to HNLC regimes (Carlson and Ducklow, 1995;
Murray et al., 1996; Bacon et al., 1996; Buesseler et al., 1995; Peltzer and Hayward,
1996). These observations have provided strong support to the idea that DOC may play
an important and dynamic role in the oceanic carbon cycle and, therefore, should be
introduced into a balance calculation. In the equatorial Pacific, most studies on the
carbon-cycle balance were conducted in the central and eastern region, but rare historical
data exist in the west.

In Table 8, we compare the sinking particle export flux (or passive flux) at TS-I and TS-II
to total and new primary production, considering also the potential role of migrants in the
export (or active flux, Longhurst and Harrison, 1988). To validate such a comparison, it is
important to begin with several comments. Firstly, all the fluxes and calculations presented
in Table 8 were based on direct measurements made during the same cruise and synoptically.
This implies a tight temporal and spatial coupling between trap-derived export flux and the
other biological processes. Secondly, this comparison is based on different hypotheses
including biological steady-state, one-dimensional conditions and, therefore, negligible
horizontal transport. Although we know that the horizontal currents are strong (Eldin ez al.,
1997), we believe it is reasonable to compare particle export and production because each
ecosystem is zonally homogeneous in terms of biological processes (Dupouy et al., 1997; Le
Borgne and Rodier, 1997). Finally, the calculations and data interpretation are obviously
sensitive to the choice of the reference depth. For this section, the depth of 0.1% light level
(0.1% 1,) is preferable to the 1% I,,, because it refers to the base of the productive layer and
is located under the mixed layer at both sites. This was also the choice of Murray et al. (1996)
working on EqPac data. Therefore, we calculated the trap flux at 0.1% I, using our fit
correlation (Table 3).

The POC export flux represented 8% and 18% of the total primary production at TS-I
and TS-II, respectively. Similar results were obtained in terms of nitrogen. This fraction of
primary production exported from the euphotic zone is defined as the e-ratio (Murray et
al., 1996), by analogy to the f-ratio definition (Eppley and Peterson, 1979). On the one
hand, our e-ratio values for TS-I are within the range of e- or f-ratios given in the literature
for oligotrophic areas (Eppley and Peterson, 1979; Knauer ef al., 1990; Karl et al., 1996).
On the other hand, our data for TS-II are similar to the values previously reported for the
central equatorial Pacific, which varied from 6 to 20% in relation to the ENSO cycle
(Dugdale ez al., 1992; McCarthy et al., 1996), and which is in agreement with the usual low
ratios of the HNLC regime. Besides, omission of the active flux would lead to an
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\
Table 8. Export production vs. prim\gry and new production at the two sampling sites. Primary production ( “c
values), total N uptake and new production ("N values) were measured in-situ at the same mooring. Values are
integrated over the euphotic zone defined by the 0.1% light level (0.1% I,). Redfield ratio (C:N=6.6) is used to
convert nitrogen to carbon units. Sinking POC and PON fluxes refer to trap-collected passive fluxes and are
interpolated to the 0.1% I, depth, using the fit presented in Table 3. Migrant C and N fluxes refer here to active fluxes
due to nekton and zooplankton diel migrations ( Le Borgne and Rodier, 1997). All presented values are averaged over
the 6-day stations (SD)

TS-1 TS-II
(0°, 167°E) (0°, 150°W)

0.1% I, depth (m) 140m 120m
Primary and new production * (mmol m™? day~!)
Primary production, '*C (C units) ’ 5243 9443
New production, pNO; (C units) 9.2 19.1
Nitrogen uptake, p(NO;+NO, + NHy) (N units) ** \ 10.6 16.3
New production, pNO3 (N units) 1.4 2.9
Export (mmol m™? day™")
Sinking POC flux 4.140.5 17.04+2.5
Migrants C flux 0.32 0.66
Sinking PON flux 0.5840.10 2.9040.65
Migrants N flux 0.26 0.26
Ratios (%)
“f-ratio” = new production:primary production
(a) f=pNO; x 6.6:"C 18.1 20.2
(b) f=pNO;3:p(NO;+ NO,+ NHy) 13.2 17.8
“g-ratio” = export production/primary production
(a) e=sinking POC flux:"4C 7.840.9 18.1+2.1
(b) e=sinking PON flux:p(NO; + NO,+NH,) 5.5 17.84
(c) e= (sinking POC+ migrants C flux):'“C 8.5 18.8
(d) e= (sinking PON + migrants N flux):p(NO3 + NO,+ NH,) 7.9 194

* 15N and *C data were provided by C. Navarette and A. Le Bouteiller, respectively.
** Assuming urea uptake is negligible.

underestimation of the e-ratio by 8% in terms of C and 29% in terms of N at TS-I, and 4%
and 8%, respectively, at TS-II, which makes clear that the active export flux is smaller in
the C than N budget.

Comparison of the export flux with new production shows a very good agreement at TS-
II (Table 8). Such good correspondence of two completely independent approaches
increases our confidence in our trap data as a reliable estimators of the vertical particulate
fluxes. This result indicates that new production and export flux were balanced at TS-II on
the temporal and spatial scales considered in the present study. Therefore, most of the new
production at the equator was accounted for by sinking particles and migrants transport,
with a negligible contribution of DOC export flux. These results agree also with those
obtained with the same approach at 140°W during the 1992 El Nifio for a restricted 2°S—2°N
equatorial band (Murray et al., 1996). Conversely, these authors showed that, in a non-El
Nifio situation, export production was only half of the new production, which they ascribe
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Table 9. Summary of surface nitrate concentrations, primary production and export flux in the global ocean. Primary

production (**C uptake) represents integrated values over the euphotic zone. All particulate C export fluxes were

measured with floating cylindrical particle traps deployed on a shori-term period (1-3 days, except during the Cayuse

cruise where traps were deployed for 7 days). Values represent the mean + SD (this study) or the mean with the range
of measured values in parentheses (literature data)

Cruise, date Location Surface  Primary production Particulate C flux Reference
nitrate  (mmol C m~2 day %) (mmol C m~*day ™)
(M)
HNLC regions
Central equatorial Pacific
Flupac TS IT 150°W, 0° ~3.5 94 (£3) 21.24-24at105m This work
{October 94) 12.14+3.0at155m
EqPac Survey I 140°W,2°N-2°S 2.0-2.8 62 (49-83) 16.2(11.4-20.9)at 100 m *  Murray et al. (1996)
(February—March 92) 4.5(2.8-6.3)at 150 m
EgPac Survey IT 140°W, 2°N-2°S  5.1-6.2 89 (58-105) 18.3(6.7-33.4)at 100m *  Murray ¢ al. (1996)
(August—September 92) 8.4(4.0-13.5)at 150 m
Oligotrophic regions
Western equatorial Pacific
Flupac TS T 167°E, 0° <0.01 5243 4241.0at125m This work
(October 94) 2940.3at175m
North Pacific
ALOHA station 158°W,22°45N  <0.1 38(10-88) 2.4(1.8-3.0)at 150 m Karl et al. (1996)
(October 88-November 93)
VERTEX station 139°W, 33°N - 27(1846) 7.8(4.9-12.9)at 150 m  Knauer ef al. (1990)
{October 87-May 88)
R/V Cayuse cruise 144°W, 32°47N ~ 12 3.8at 150 m ** Knauer et al. (1979)

Sargasso Sea

BATS station (October 88—September 90)  64°W,32°N  <0.1 27(15-68) 2.1(1.3-4.7)at 150 m Michaels et al. {1994a)
(April-December 92/93) 2.0at 150 m Michaels ez al. (1994b)

* Raw trap data reported without **Th corrections andfor hydrodynamic bias.
** Calculated value at 150 m from measured trap flux at 575 m, using the ocean composite relationship of Martin ez a/. (1987).

to an important potential DOC export flux escape by divergent advection away from the
equator (Peltzer and Hayward, 1996). Thus, our El Nifio results and those of others indicate
that less organic carbon DOC is exported away from the equator in El Nifio conditions,
because the equatorial divergent velocity field disappears.

Conversely, there are some significant differences between new production and export
flux at TS-I. New production was higher than the export production (export=65% of new
production), and the resulting “‘f~ratio” was higher than the “e-ratio”. This difference may
be due to methodological uncertainties. For instance, an overestimation of new production
is known as being caused by the addition of too high levels of °N-NO; addition in
oligotrophic N-depleted waters (Murray et al., 1989; McCarthy et al., 1992). This error
would explain why the “fratio” is partly reduced when calculated from >N total nitrogen
uptake rather than from the '*C primary production converted into N (Table 8).
Conversely, if we accept our estimates at face value, the imbalance found between new
production and export suggests that as much as 50% of new production would be exported
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as DOC (or 40% as DON), and the remainder by sinking particles or migration of
zooplankton.

POC export fluxes: comparison with other studies

In order to place FLUPAC results in a general context of carbon export, we have
summarized published data on POC export flux from other selected stations in the tropical
and equatorial oceans (Table 9). These data were obtained with methods nearly identical to
ours. Comparisons with data using other approaches would have been less significant since
there is too high a disagreement between the resulting estimates (US JGOFS, 1993). Primary
production and nutrient data also were reported for discussion.

Most of the previous measurements of export fluxes in the central equatorial Pacific
HNLC regime, were made during the 1992 EqPac Study along 140°W and showed a
reduction of the POC export from the euphotic zone during the El Nifio period (Survey I)
compared to the non-El Nifio one (Survey II). Our estimates obtained during an El Nifio are
still somewhat higher than Survey I EqPac values, but within the same range as those
obtained in non-El Nifio conditions. Interestingly, primary production showed similar
variations, in contrast to surface nitrate conditions. For example, particle export flux and
primary production at TS-II and EqPac Survey II are comparable for different surface NO3
concentrations and for different periods of ENSO. Thus, in the HNLC regime, surface
nitrate is definitively not a good indicator of export flux and primary production, so that
there should not be any straightforward relationship between surface nitrate and observed
values of export flux and primary production in the equatorial HNLC Pacific, (Le Borgne et
al., submitted).

Unlike the eastern and central Pacific, there are no other historical data of measured
export fluxes in the western oligotrophic equatorial Pacific with which to compare our
data. Therefore, data obtained in other oligotrophic waters have been reported in Table 9,
even when the prevailing physical and biological conditions were not exactly the same as in
the warm pool. From such a comparison, it appears our POC flux at TS-I is within the
range of values in other oligotrophic oceanic habitats such as the north Pacific Central
Gyre and in the northwestern Sargasso Sea. More data will be needed, however, to assess
the temporal variability of the export flux in the warm pool, particularly in relation to the
depth of the nitracline, which acts on the primary production level (Herbland and
Voituriez, 1979). ‘
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