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Nitrogen dynamics at the VERTEX time-series site
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Abstract—Euphotic zone concentrations and fluxes of nitrate, ammonium, particulate and
dissolved organic nitrogen were measured over an 18 month period at the VERTEX time-series
site in the oligotrophic northeast Pacific (33°N, 139°W). Variations in all N-forms were significant
but not clearly linked to the temporal hydrographic cycle. Inorganic-N uptake (nitrate +
ammonium) from >N tracer experiments generally paralleled primary productivity variations,
peaking in summer; ammonium accounted for most of the uptake (~90%) and temporal
variability. Comparisons of 1N results with estimates of autotrophic N-uptake from ' C incorpor-
ation into protein suggest that as much as 40% of the annual inorganic-N uptake was due to
microheterotrophs; peak heterotrophic N-uptake occurred in summer when heterotrophic bio-
mass was at its maximum. Nitrate uptake (new production) was less variable than ammonium
uptake and annually equivalent to particulate nitrogen export from sediment traps. Dissolved
organic-N (DON) represented the largest and most variable N-pool, accounting for 80-90% of the
total nitrogen in the euphotic zone. Vertical DON gradients. however, were small and temporally
invariant, implying little contribution to the biogenic nitrogen export from the euphotic zone.

INTRODUCTION

A Basic understanding of the major biogeochemical cycles in the ocean is fundamental to
current international research initiatives aimed at elucidating the role of the oceans in the
global carbon cycle and climate change (SCOR, 1990). Marine phytoplankton, through
their photosynthetic activity, constitute the major biological sink for oceanic CO,. Most of
the carbon fixed by primary productivity, however, is respired near the sea surface, with
only a small fraction of the biogenic matter transported to the ocean interior, in the form of
particles (EppLEY and PETERSON, 1979; KNAUER et al., 1979); it is this “export” production
that is most relevant to the CO, problem (PLATT et al., 1989). With respect to climate
change, there is general consensus that ocean productivity will not respond directly to CO,
increase but will be controlled by second-order processes such as ocean mixing which,
among other things, regulates the supply of nutrients essential for photosynthesis (LoNG-
HURST, in press). Indeed, in most ocean regions, the exportable fraction of production is
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thought to be balanced by the upward transport of NOj that fuels the so-called “new”
primary production (DUGDALE and GoERING, 1967), i.e. export production = new
production. More recent studies have suggested that dissolved organic matter may also be
a significant contributor to the biogenic export flux (Suzuxi et al., 1985; TOGGWEILER,
1989; LEGENDRE and GOSSELIN, 1989; SARMIENTO et al., 1990).

It is clear therefore that an understanding of the dynamics of the nitrogen cycle,
particularly on the annual time scale (PLATT and HARRISON, 1985; PLATT et al., 1989), is a
critical consideration for ongoing and future climate-related ocean research. Although
much has been learned about nitrogen cycling in the past two decades (e.g. CARPENTER and
CAPONE, 1983; BrLackBURN and SoRENSEN, 1988), the open oceans, in particular, have
been grossly undersampled in space and time. With this in mind, the Vertical Transport
and Exchange (VERTEX) program had as one of its objectives a detailed temporal
description of the production and export of biogenic matter from the euphotic zone in the
oceanic Pacific (33°N, 139°W). KNAUER et al. (1990) have recently described particulate
organic carbon and nitrogen export fluxes at the VERTEX time-series site. Here, we
expand the analysis to include a description of the temporal dynamics of dissolved
inorganic and organic nitrogen in the euphotic zone.

METHODS AND MATERIALS

Studies were conducted at the VERTEX time-series site (33°N, 139°W) from October
1986 to May 1988 (Table 1). Over this 18 month period, the study site was visited on seven
occasions (~90 day interval) and occupied for approximately 1 week for retrieval/
redeployment of sediment traps and to carry out various short term flux measurements
(KNAUER et al., 1990).

Sampling

Samples for water chemistry, microbial biomass and flux measurements were collected
from pre-dawn Niskin bottle casts. Niskin bottles were acid-cleaned prior to use and
equipped with silicone rubber tubing for bottle closure. During sampling, the Niskin

Table 1. Inorganic and organic-N concentrations at the VERTEX time-
series site; integration over upper 150 m (mmol m™2), H/L = ratio of

highllow value

Cruise Dates NO; NH; PON DON
Sea-1 24 Oct.—8 Nov. 86 91.5 17.9 36.3 671.3
Sea-2 18-31 Jan. 87 34.2 13.8 39.5 755.5
Sea-3 1-15 May 87 24.3 15.4 13.5 586.1
Sea-4 6-19 July 87 49.3 1.6 50.5 665.4
Sea-5 19-30 Oct. 87 34.2 5.1 29.7 715.1
Sea-6 27 Jan.-12 Feb. 88 70.9 7.8 35.6 672.9
Sea-7 1-18 May 88 5.9 4.2 38.2 620.6
Mean 443 9.4 34.8 669.6

S.D. 29.0 6.3 11.3 56.1

H/L 15.5 11.2 3.7 1.3
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bottles were attached to Kevlar hydroline. All incubation procedures followed those
outlined by FITZWATER et al. (1982) to minimize metal contamination.

Hydrography and water chemistry

Temperature—salinity profiles were generated using the Moss Landing Marine Labora-
tories CTD/rosette multichannel profiling instrument (BROENKOW et al., 1988). Samples
for nutrient analysis were drawn from the Niskin bottle casts (~20 depths over the upper
400 m). Nitrate (NO3 ) was determined using automated methods (AtLas et al., 1971) and
ammonium (NH}) determined manually by the method of SoLorzaNo (1969). In most
cases, NO3 analyses were performed aboard ship on freshly collected samples; all NH;
analyses were done on fresh, filtered (GF/F glass fiber) samples. Total dissolved nitrogen
(TDN) was estimated by measuring NO3, NO; and NHJ in previously filtered and frozen
samples following a 24 h ultraviolet photo-oxidation treatment (ARMSTRONG et al., 1966).
Dissolved organic nitrogen (DON) was calculated by difference between
[NO; + NO;3 + NHy ] before and after photo-oxidation. Comparisons of the DON
estimated by ultraviolet photo-oxidation with a non-catalytic high-temperature (1100°C)
combustion method indicated no significant differences for samples collected at the
VERTEX study area (WaLsH et al., 1989). Particulate organic nitrogen (PON) was
determined by high temperature combustion using a Carlo-Erba NA 1500 nitrogen/carbon
analyser (KNAUER et al., 1990). Detection limits for NO3, NH;, DON and PON were
0.05, 0.03, 0.05 and 0.1 mmol m~> with coefficients of variation of replicate analyses
averaging 5, 20, 5 and 10%, respectively (see also KARL et al., 1990).

Microbial biomass and productivities

Total microbial biomass was estimated from the adenosine triphosphate (ATP) content
of the particulates (HoLM-HANSEN and KArL, 1978). Autotrophic (phytoplankton) bio-
mass was derived using the '*C labeled chlorophyll a technique (REDALJE and Laws, 1981;
REDALIE, 1983). Heterotrophic biomass was calculated by difference.

Primary productivity was determined using the 14C-method (STRICKLAND and PARSONS,
1972; FITzZWATER et al., 1982). Samples were collected prior to sunrise from eight depths
between the surface and ~1% light level and incubated in situ in trace metal clean 4 1
polycarbonate bottles for 24 h. Recovered samples were filtered through GF/F glass fiber
filters and the filters processed as described in KNAUER et al. (1990). Autotrophic N-uptake
was determined in subsamples by measuring the incorporation of “C into protein
(D1TurLio and Laws, 1983).

Nitrate and ammonium productivities were determined by the 1°N stable isotope tracer
method first described by DucpaLE and GoerING (1967). Samples for the '*N and *C
tracer experiments were drawn from the same Niskin bottles; sampling and incubation
protocols were identical. >N isotope (99 atom %) was added at “trace” concentrations of
0.05 and 0.03 mmol m ™~ for NO3 and NHJ , respectively, our operational detection limits
for NO3 and NHJ concentrations. After incubation, samples were filtered through
precombusted GF/F filters, oven dried and analysed onshore for nitrogen isotope ratios by
emission spectrometry (FIEDLER and ProkscH, 1975). Long incubations (24 h) introduce
errors from a variety of sources in °N experiments, resulting in apparent non-linearity of
isotope uptake, particularly when ambient nutrient concentrations are low (e.g. HARRI-



1538 W. G. HARRISON et al.

soN, 1983). Experiments designed specifically to evaluate isotope uptake linearity were
carried out on a number of the VERTEX cruises. Results showed that ’NO3 uptake rates
were essentially constant (i.e. uptake was linear) over the 24 h incubation period.
However, "NH; uptake decreased with time; uptake rates were underestimated by a
factor of 2.5 after 24 h based on comparisons with short-term (<6 h) incubations (KNAUER
etal., 1990; see also SAHLSTEN, 1987). This factor was subsequently used to correct all 24 h
NH; uptake rates.

RESULTS
Hydrography, inorganic and organic-N

The expected temporal development and erosion of a shallow mixed layer were evident
in CTD profiles (Fig. 1). Mixed layer depths (>0.02°C m™!) varied from 30 m in summer
to 130 m in winter and were consistently shallower than the euphotic depth (depth of zero
primary production; D. REDALJE, in preparation) which averaged ~140 m (Fig. 2).

Temporal changes in NO3 and NH; concentrations were less clear (Fig. 3). NO3
concentrations were always at or below the conventional analytical detection limit (0.05
mmol m™?) in the upper 50-100 m. Values below 100 m peaked (>1 mmol m™3) during
wintertime; however, mixing was not sufficient to increase residual concentrations in the
upper water column. NH; concentrations were marginally greater (~0.06 mmol m™?)
than detection limits and exhibited no recurrent temporal pattern. However, maximum
concentrations were observed in the upper 50 m in the summer of 1987 (Cruise Sea-4,
Table 1) and the following winter of 1988 (Cruise Sea-6); elevated concentrations also
were observed below 100 m during the Sea-4 cruise.

Conspicuous maxima in PON concentrations near surface and below 100 m were
observed during the summer Sea-4 cruise, similar to NH; concentrations (Fig. 4). A
near-surface peak also was noted during the previous winter (Sea-2). DON concentrations
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Fig. 1. Temporal variations in temperature (°C) and density (g,) in the upper 150 m at the
VERTEX time-series site (33°N, 139°W). Dots are sampling depths.
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Fig. 2. Temporal variations in mixed layer depth (MLD) and euphotic depth (Ze) at the

VERTEX time-series site. MLD derived from CTD or XBT profiles using a temperature change of

>0.02°C m™"! as the criterion. Ze determined by extrapolation of primary productivity profiles to
depth of zero production (D. REDALJE, in preparation).

also peaked during the Sea-2 cruise but differed from PON distribution in that elevated
concentrations were not observed during the summer (Sea-4). However, a clear surface
maximum was seen during the following fall cruise (Sea-5). Lowest PON and DON
concentrations were observed during the spring 1987 cruise (Sea-3).

The temporal amplitude in total-N (sum of inorganic and organic-N pools) was small
and influenced predominantly by DON, accounting for 80-90% of the total (Table 1).
There was no clear co-variance, either direct or inverse, among the nitrogen pools
although elevated surface DON in the fall of 1987 did follow the summer PON maximum
(Fig. 4). Among the various N-pools, temporal concentration changes were greatest for
DON, followed by NO5, PON and NH; .

Microbial biomass and productivities

Temporal variations in autotrophic and heterotrophic biomass were similar during the
first three cruises (Sea-1 to Sea-3: October 1986-May 1987). However, heterotrophic
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Fig. 3. Temporal variations in nitrate (NO3') and ammonium (NH ) concentrations (mmol m?)
in the upper 150 m at the VERTEX time-series site.
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Fig. 4. Temporal variations in particulate organic nitrogen (PON) and dissolved organic nitrogen
(DON) concentrations (mmol m™~?) in the upper 150 m at the VERTEX time-series site.

biomass far exceeded autotrophic biomass during the following summer and fall (Sea-4
and 5), particularly during the summer cruise (Table 2; see also KNaUER et al., 1990). Only
during the winter 1987 cruise (Sea-6) did autotrophic biomass exceed heterotrophic
biomass.

Temporal patterns in primary productivity and autotrophic N-uptake were similar with
highest rates observed during the 1987 summer cruise, Sea-4 (Fig. 5). Patterns of NO3 and
NH{ uptake showed some similarities to primary productivity and autotrophic N-uptake,
particularly with regard to the maximum during the Sea-4 summer cruise (Fig. 6). They
differed, however, in that elevated NO3 and NH; uptake rates were observed during the
winter 1987 cruise (Sea-2). Also, significant NO3 and NH} uptake occurred deeper within
the water column than primary productivity and autotrophic N-uptake, particularly in the
case of NH; uptake during the Sea-4 summer cruise. The near-surface and deep peaks in
NH{ uptake were similar to the patterns seen in NH; and PON concentrations during this
cruise; there was no corresponding NO3 uptake peak below 100 m. NOj uptake showed
less temporal variation than did NHj uptake (Table 2). f-ratios [NOj
uptake/(NO3 + NHY') uptake| showed no clear temporal pattern, but ratios increased
with depth on all cruises, with values generally <0.1 in the mixed layer and >0.4 below the
nitracline (Fig. 6). Autotrophic N-uptake was comparable to the summed NO3 + NH;
uptake in three of the five cruises where comparisons were made (Table 2). At the
remaining two stations, NO3 + NH; uptake significantly exceeded autotrophic N-
uptake. One of these, the summer cruise (Sea-4), also exhibited the highest heterotrophic
biomass (see above).

DISCUSSION
The temporal cycle: NO3 and NH uptake and primary productivity

Seasonal primary production studies in the open ocean are few (e.g. MENZEL and
RYTHER, 1960, 1961; BIENFANG et al., 1984), but recent investigations of carbon and
nitrogen export fluxes have renewed interest in seasonal cycles (e.g. ALTABET, 1989;
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Fig. 5. Temporal variations in primary productivity (mgC m™* day™!) and autotrophic N-uptake
rates (umol m > day~!) in the upper 150 m at the VERTEX time-series site.
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Fig. 6. Temporal variations in NO; and NH; uptake rates (umol m™? day™!) and the f-ratio
[NOj3 uptake/(NO3 + NHY) uptake] in the upper 150 m at the VERTEX time-series site.
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KNaUERetal., 1990; LoHRENZ et al., 1992; CHISWELL et al., 1990). Much less work has been
done on temporal nutrient dynamics (EPPLEY et al., 1973, 1977; HaAywarp, 1987), and the
few studies reported have suffered from very limited temporal coverage. Ecosystem
models (FasHAM et al., 1990) have been useful in “filling in the gaps” but must be
experimentally validated.

The conceptual model for the open ocean production cycle is based on the regulation of
primary productivity by the supply of nitrogen to the euphotic zone (DUGDALE and
GOERING, 1967). Nitrogen is made available principally by two mechanisms, one biological
and one physical. Reduced N-forms (e.g. NH) are provided in situ from biological
sources as waste products of plankton metabolism and support the so-called “regenerated”
primary production. Oxidized-N forms (e.g NO3), provided most often by physical
mechanisms such as vertical mixing, support the so-called “new” production. New
production has been equated with the fraction of primary production in excess of
community metabolic demands and is approximately equivalent, under steady state
conditions, to the biogenic matter exported from the euphotic zone (DUGDALE and
GOERING, 1967; ErPLEY and PETERSON, 1979). Moreover, the absolute primary productiv-
ity is thought to be positively correlated with the fractional new production the “f-ratio”,
i.e. high primary production regions are characterized by a higher relative proportion of
new production and therefore a higher proportion of exported primary production
(EppLEY and PETERSON, 1979). By inference, the more productive regions are those
characterized by greater temporal variability due in large part to their physical dynamics.
More intense mixing and greater availability of new nitrogen in the North Atlantic, for
example, may explain higher and more variable production levels there than in the Pacific
(EppPLEY, 1981).

Because of the paucity of data, primary productivity and related variables often are
perceived to be low and temporally uniform in the open ocean. At the VERTEX time-
series site, however, primary productivity, microbial biomass and nitrogen concentrations
and uptake rates in the euphotic zone varied substantially (2-15X) over the 18 month study
period (Tables 1 and 2; see also KNAUER et al., 1990). In many respects, temporal
variations were comparable to or exceeded those observed in other studies of the
subtropical Pacific (EppLEY et al., 1977; HAYWARD et al., 1983; BIENFANG et al., 1984;
HaywarD and McGowaN, 1985; Laws et al., 1989) and the subtropical Atlantic (MENZEL
and RYTHER, 1960, 1961; LLOHRENZ et al., 1992).

Maximum primary productivities in the oligotrophic subtropical gyres typically occur in
the winter/spring periods when nutrient resupply is greatest, driven principally by winter
convective (MENZEL and RYTHER, 1960, 1961; LOHRENZ et al., 1992) or wind-induced
(BIENFANG et al., 1984) mixing. In more permanently stratified oceans also, variations in
primary productivity have been clearly linked to nitrate supply (HERBLAND and VOITURIEZ,
1979; KinG, 1986). In contrast, highest primary productivities at the VERTEX site
occurred in summer, out of phase with the winter nutrient maximum conditions. EPPLEY et
al. (1977) and HaYywarD (1987) noted a similar pattern in the central North Pacific Gyre.
Total inorganic-N uptake at the VERTEX site also peaked in summer, but this was largely
due to variations in NH7 uptake. New production (NO3 uptake) was relatively constant,
0.59 + 0.21 mmol m 2 day ! (Table 2), with fractional new production (f-ratio) highest in
the lower euphotic zone (Fig. 6). This vertical pattern of f-ratio is consistent with the
classical two-layer system (DUGDALE and GOERING, 1967; BIENFANG et al., 1984; KNAUER e?
al., 1984; CoaLE and BRULAND, 1987; SMALL et al., 1987). Primary productivity was not
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NOj gradient (mmol m™*) and NO3 flux (mmol m ~?day ~") at the VERTEX time-series site.

clearly related to any of the conventional indices of nitrate availability (nitracline depth,
NOj gradient, NOj3 flux; Fig. 7), although f-ratios did increase with productivity (EppLEY
and PETERSON, 1979) except for one cruise, the summer (Sea-4) cruise (Fig. 8). It is also
noteworthy that these f-ratios are considerably lower for comparable productivities than
predicted from the Eppley and Peterson relationship, due in part to the higher productiv-
ities using “clean” techniques (FITZWATER et al., 1982; Laws et al., 1984, 1989). HAYWARD
(1987) similarly failed to detect any relationship between primary productivity and nitrate
distribution in his thorough investigation of the nutrient sources fuelling primary produc-
tivity in the North Pacific Gyre. Moreover, his calculations suggested that NO3 supply
based on classical Fickian diffusion was insufficient to meet primary productivity require-
ments. Sources of new nitrogen originating from episodic or mesoscale processes were
offered as an explanation for this discrepancy but direct evidence was lacking. Significant
new nitrogen sources arising from isopycnic and episodic diapycnic processes also have
been suggested for the subtropical Atlantic (JENKINS, 1988; MARTIN et al., 1987; BigG etal.,
1989; SARMIENTO et al., 1990; see also HAMILTON et al., 1989). -
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Fig. 8. Relationship between fratio [NOj uptake/(NO; + NH{) uptake] and primary
productivity (mgC m~2 day™!) at the VERTEX time-series site. Solid line is the EppLEY and
PETERSON (1979) relationship, numbers over data points are cruises (i.e. Sea-1 to Sea-7).
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The absence of a link between NOj3 availability and the high primary productivity
during the summer (Sea-4) cruise at the VERTEX site was unexpected. Although NO3
gradients and new production rates were highest then (relative to values observed during
the other cruises), fractional new production (f-ratio) and euphotic zone NO5 concen-
trations were lowest and nitracline depth was the deepest observed during the 18 month
study (Figs 3, 6 and 7). In addition, there was no suggestion of enhanced mixing associated
with the Sea-4 productivity peak; estimated eddy diffusivities were relatively invariant
during the 18 month study (0.82 * 0.26 10~*m?s™%; Table 3) and at the low end of the
range expected for oceanic waters (DENMAN and GARGETT, 1983; KiNG and Devor, 1979;
EpPLEY et al., 1979; LEWIS et al., 1986; HAYywarD, 1987; JENKINS, 1988). Coincident also
with the high primary productivity during Sea-4 were the highest heterotrophic biomass
and heterotrophic N-uptake rates (see below). Current concepts require an external
nutrient input to explain the elevated productivity during the summer cruise. Regenerated
production can be simulated by an increase in new production (EppLEY et al., 1979),
therefore it is plausible that some undetected “event” occurred in the intervening time
between the Sea-3 spring and Sea-4 summer cruises, supplying an external source of new
nitrogen to the euphotic zone that fuelled the primary productivity increase and, in turn,
stimulated microbial growth and regenerated production, resulting in the elevated levels
observed during the Sea-4 cruise. Evidence for a large scale advective perturbation,
however, was lacking based on similarities of the hydrography of the time-series stations
with long-term patterns for the region (D. REDALIE, in preparation; BATHEN, 1972).
Unfortunately, the critical long term (~90 day) sediment trap deployment (KNAUER et al.,
1990) between cruises Sea-3 and Sea-4 that could have provided evidence for an
intervening source of new (export) production was lost. The underlying cause for the
anomalous summer peak in primary productivity, therefore, remains unresolved. It is
clear, nonetheless, that more highly resolved temporal sampling will be essential to detect
and evaluate properly these shorter term/episodic events (HAywarb, 1987; JENKINS, 1988;
BIGG et al., 1989). This is now underway, for example, at the Joint Global Ocean Flux
Study (JGOFS) time-series sites in Hawaii and Bermuda.

Particulate organic nitrogen

KNAUER et al. (1990) have discussed the temporal particle flux at the VERTEX time
series site based on sediment traps. Trap PON fluxes varied temporally, but highest
fractional export (trap flux/primary productivity) occurred in winter/spring when primary
productivity was lowest. This unexpected (EPPLEY ez al., 1979; PLaTT and HARRISON, 1985)
inverse relationship between fractional PON flux (and f-ratios) and primary productivity
also has been observed in the subtropical North Atlantic (LOHRENZ et al., 1992). The latter
authors have suggested that the apparent inverse relationship could result from a
mismatch between sampling and process-interaction time scales, a point well illustrated in
ecosystem models (FasHAM et al., 1990). The temporal forcing underlying the observed
PON fluxes at the VERTEX site was not evident; neither suspended PON concentrations
nor NOj; fluxes were correlated with PON fluxes (Fig. 9) as has been observed in the
North Atlantic (ALTABET, 1989).

Annual PON fluxes and fractional export at the VERTEX site were in line with earlier
estimates for the oligotrophic North Pacific (MARTIN et al., 1987) but generally lower than
estimates for the subtropical Atlantic (PLATT and HARRisON, 1985; ALTABET, 1989;
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Fig. 9. Relationships between PON flux (mmol m~? day~') and NO5 gradient (mmol m™*) and
suspended PON concentration (mmol m~2), NOj3 gradient and PON concentrations are averages

of adjacent cruises. Solid lines are relationships derived from studies in the subtropical Atlantic
(ALTABET, 1989).

LoHRENZ et al., 1992). Vertical flux of suspended PON was an insignificant fraction of the
trap-derived PON flux at the VERTEX site (Table 3) in contrast to results obtained from
the subtropical Atlantic where 40% of the annual particulate flux was attributed to
suspended PON losses (ALTABET, 1989). Annual f-ratios based on conventional measure-
ments of NO; and NH; uptake compared well with ratios from trap flux/primary
productivity (KNAUER et al., 1990; see also MURRAY et al., 1989).

Dissolved organic nitrogen

Dissolved organic-N represented the largest and temporally most variable (in absolute
terms) nitrogen pool in the euphotic zone at the VERTEX time-series site. No temporal
pattern was evident, although elevated surface DON concentrations occurred in the fall,
following high PON, primary productivity and nitrogen uptake rates in summer (Fig. 4).
Whether the observed variations in DON represented local biological processes or were a
consequence of advective processes is difficult to evaluate. Hydrographic analysis, as
mentioned earlier, provided no evidence that large-scale advection strongly influenced the
temporal patterns observed during our 18 month study. Furthermore, the observation that
DON changes decreased in amplitude with depth (Fig. 10) is easiest explained by local
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Fig. 10. Depth profiles of DON concentrations (mmol m™>) and DON concentration changes
between crusies (6 DON: mmol m > t™!) at the VERTEX time-series site. Data are mean values
for all cruises.

biological processes. The largest observed variation in DON concentrations between
cruises (2.12 mmol m~2 day~!) translated to a turnover rate (~0.003 day ') which is
consistent with other workers’ estimates of biologically-mediated DON turnover in
oceanic waters (JACKsoN and WILLIAMS, 1985).

Despite large temporal changes in DON concentrations, vertical gradients were small
and relatively invariant. Vertical DON fluxes (downward) averaged 0.033 (£0.014) mmol
m ™2 day ! over the 18 month study, represented only 6% (£1%) of the annual NO3 flux
(upward) and accounted for little of the total nitrogen export flux (Table 3). This result
further supports the suggestion made by KNAUER et al. (1990) in their analysis of temporal
PON fluxes that the activity of the heterotrophic communities acted to effectively conserve ~
products of autotrophic production within the euphotic zone, i.e. the large temporal
variations in primary productivity were not translated into comparable variations in export
flux. SMITH ez al. (1986) found correspondingly low DON fluxes (compared to NO3™ fluxes)
in the North Pacific Gyre. These low values are clearly insufficient to balance the vertical
material fluxes envisaged in present day ocean biogeochemical models (e.g. TOGGWEILER,
1989). If, however, the substantially higher DON concentrations reported by Suzuki et al.
(1985), ~40 instead of the ~4 mmol m~> we report, are more representative, then
estimated DON fluxes become significant, approaching 60% of the NO3 and PON flux.
The importance of resolving the current discrepancies in estimates of dissolved organic
matter in the surface ocean is obvious.

Autotrophy versus heterotrophy

Results from this study support earlier findings in coastal (WHEELER and KIRCHMAN,
1986) and oceanic waters (EPPLEY et al., 1977; LAws et al., 1985; see also Laws, 1991) that a
significant portion of the uptake of inorganic-N may be mediated by microheterotrophs.
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Based on comparisons of NO3 + NH; uptake and autotrophic N-uptake (Table 2), only
60% (1.47/2.45 mol m~2 y~!) of the annual inorganic-N productivity was attributable to
autotrophs. The maximum heterotrophic N-uptake coincided with highest heterotrophic
microbial biomass during the summer cruise (Sea-4). Moreover, close similarities in
biomass and NH7 uptake in particular, suggested that NH; was a more important
N-source than NOj for the heterotrophs (e.g. WHEELER and KIRCHMAN, 1986). Micro-
heterotroph biomass equalled or exceeded autotroph biomass in all except one cruise
(Table 2), an observation not uncommon in oceanic waters (e.g. LAws et al., 1984,
FUHRMAN et al., 1989). The implications of these findings reinforce concerns previously
expressed regarding the interpretation of new production and f-ratios using conventional
assumptions of autotroph dominance (WHEELER and KIRCHMAN, 1986; HARRISON et al.,
1987; Laws, 1991). For example, basing f-ratio computations on autotrophic N-uptake
rather than total (NO5; + NH,) uptake resulted in a significantly higher fractional new
production estimate at the VERTEX site (0.15 vs 0.09; Table 2). These findings clearly
illustrate the importance of differentiating the relative roles of heterotrophs and auto-
trophs in nitrogen cycling studies in the upper ocean.

SUMMARY

In some respects, results from the VERTEX time-series study did not conform to the
conventional model of new and regenerated production (DuGDALE and GOERING, 1967,
EppLEY and Peterson, 1979). (1) The hypothesized positive co-variance between new
production, f-ratio and total production was not evident in our study. Our lowest f-ratios
(and fractional PON fluxes), in fact, were associated with highest observed primary
productivities. Among the possible explanations considered, inadequate matching of
sampling and physical forcing time scales seemed the most plausible. Oceanographic
properties compared on time scales shorter than the annual one are likely to deviate
substantially from the assumed steady state condition, even in the relatively stable
oligotrophic open ocean (PLATT and HarrisoN, 1985). (2) Our f-ratios were significantly
lower than expected (EppLEY and PETERSON, 1979) based on observed productivity levels.
This could be attributed to improvements in primary productivity measurements through
the use of “clean” techniques; contemporary values are significantly higher than the
historical ones at comparable f-ratios. Also, our '*N-derived f-ratios are likely lower than
historical values because of corrections to regenerated production to account for non-
linearity in NHZ uptake (see Methods and Materials). (3) The conventional new and
regeneration model has not adequately addressed the role of microheterotrophs in
inorganic-N dynamics. From our VERTEX work and that of others, it is clear that
microheterotrophs can account for a significant fraction of the nitrogen productivity in the
euphotic zone, particularly with regard to regenerated production, and that f-ratios can be
in error if this is not taken into account.

In other respects, the new and regenerated production model provides a good represen-
tation of the oceanic euphotic zone. (1) The perceived two-layer system (DUGDALE and
GOERING, 1967) was clearly evident in the VERTEX time-series study. Temporal depth
profiles of f-ratios revealed that much of the new production occurred in the lower
euphotic zone as others have shown or suggested. (2) Annual estimates of new production
based on ’NOj uptake compared well with estimates from PON flux, revealing among
other things that the appropriate comparison time scale is, indeed, the annual one (PLATT
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and Harrison, 1985). Interestingly, DON flux represented a relatively insignificant
component of the nitrogen balance in the surface ocean. This observation is clearly at odds
with current views that dissolved organic matter may play a very important role in the
export of biogenic matter to the ocean interior and underscores the need for further study.
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