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separated from genuinely new NO 5 (i.e., that derived from
the ocean depths or atmosphere). Consequently, there is
a need for accurate measurements of nitrification, partic-
ularly in the oligotrophic oceans, in order to determine the
contribution to the photic zone NO ; pool.

The new production paradigm is further complicated
by new insights into the impact of N, fixation on the
marine N cycle (Deutsch et al. 2007). Fixation of
atmospheric N, leads to the synthesis of “new” PON and
the release of “new”” DON. Therefore, NH | regenerated
from this “new” PON/DON by the microbial community
should also be considered as “new” in contrast to the
convention.

Compounding this complicated distinction between new
and regenerated forms of N are unquantified errors
associated with estimating N assimilation by the phyto-
plankton community due to in vitro N regeneration.
During short-term incubations with 15N, the regeneration
of N in the incubation vessel will lead to a dilution of the
added tracer. This invalidates the assumption that the 1N
enrichment of the N source does not change during an
incubation experiment to determine N assimilation rate
(Dugdale and Goering 1967). The magnitude of tracer
dilution and the error introduced will depend on the rate of
N regeneration. However, very few studies have made
simultaneous measurements of N assimilation and N
regeneration (as both NH / regeneration and nitrification;
Diaz and Raimbault 2000). Consequently, the implications
for the accuracy and utility of F-ratio measurements in
oligotrophic oceans remain unresolved.

In this study, we measured the rates of N regeneration at
16 stations in the oligotrophic Atlantic Ocean as part of the
Atlantic Meridional Transect (AMT) program (Robinson
et al. 2006a). The study demonstrates that sensitive gas
chromatography/mass spectrometry (GC/MS)-based meth-
ods (Clark et al. 2006, 2007) can be applied to the
conditions found in the oligotrophic ocean. The results
highlight the need for simultaneous measurements of N
regeneration to be more widely applied in studies of N
assimilation, particularly in those regions of the ocean that
were once perceived as oceanic “deserts.”

Material and methods

Sampling—A latitudinal transect through the central
Atlantic Ocean and the northwest African upwelling was
conducted on board RRS James Clark Ross, which left
Grimsby, United Kingdom, on 10 September 2003 and
arrived at Port Stanley, Falkland Islands, on 14 October
2003. Sixteen stations were sampled. At each station,
seawater was collected before dawn from two depths. These
were at the depths equivalent to 55% and 1% of the surface
photosynthetically active radiation (SPAR) for the last light
profile obtained on the previous day (i.e., a time lag of 8-
10 h). Vertical profiles of temperature and salinity were
obtained with a Seabird 911 conductivity-temperature-
depth (CTD) unit attached to a rosette fitted with 20-L
Niskin bottles. Chlorophyll a (Chl a) concentrations were
determined from a fluorometer mounted on the CTD unit,
which was calibrated against pigment concentrations

determined on extracted samples by high-performance
liquid chromatography (HPLC; Robinson et al. 2006).

Nitrogen regeneration and nitrification determinations—
The methods used to determine NH ] regeneration and
nitrification rates in oligotrophic waters have been de-
scribed previously (Clark et al. 2006, 2007). Briefly, the
rates of NH ;* regeneration and nitrification (as separate
measurements of NH; and NOj; oxidation) were de-
termined by the isotope dilution method in conjunction
with GC/MS. The ambient concentration and isotopic
enrichment of NH and NO; (NOj; was quantitatively
reduced to NO; using a high-capacity cadmium column)
were determined in triplicate by synthesizing indophenol
and Sudan-1, respectively. These compounds were collected
at sea by solid-phase extraction (SPE) from 500-mL
seawater samples before and after deck incubations with
ISN tracer. SPE cartridges loaded with samples were
transported back to the land-based laboratory for analysis.
Deuterated indophenol and deuterated Sudan-1 internal
standards were synthesized, purified by HPLC, and added
to samples during laboratory processing for the quantifi-
cation of sample N. Samples were purified by HPLC prior
to derivitization (silylation) and analysis by GC/MS.

At each station, 20 L of seawater were collected from 1%
and 55% sPAR depths for N cycling investigations.
Samples were taken to measure ambient NH;, NO;,
and NO ; concentrations by GC/MS analysis. In order to
determine N cycling rates by isotope dilution, 5-L samples
of seawater were incubated with 0.5-1 nmol L—! 15NH,4CI
(to measure NH, regeneration), 0.3-0.5 nmol L—!
NalSNO, (NH, oxidation), or 0.3-0.5 nmol L—!
Nal>NO; (NO; oxidation). Samples were also taken to
determine preincubation N concentration and isotopic
enrichment. These additions typically resulted in preincu-
bation enrichments of <4% for NH ; regeneration studies.
However, because of the very low ambient concentrations
of NO; and NO ; encountered during this investigation,
average preincubation enrichments of NO jand
NO;(NH; and NO; oxidation studies) were higher at
17% and 11%, respectively. The remaining enriched
seawater was used to fill 2.4-L vessels that were placed in
deck incubators. Plexiglas screens simulated 1% and 55%
SPAR according to JGOFS protocols (IOC, 1994). After
24 h, incubations were terminated, and samples were
treated as described above for the subsequent determina-
tion of postincubation N concentration and isotopic
enrichment. NH ;| regeneration and nitrification rates were
derived using the Blackburn—Caperon model (Blackburn
1979; Caperon et al. 1979).

Results

AMT 13 cruise track—The major oceanographic pro-
vinces (Longhurst 1998) and the locations of sampling
stations are identified in Fig. 1. The 16 stations were in
contrasting regions of the Atlantic Ocean including the
North and South Atlantic gyres and the northwest African
upwelling region. Temperature and Chl ¢ data (Fig. 2) put
the N cycling measurements into a wider geographical and
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Fig. 1. Cruise track of AMT 13 indicating the approximate

boundaries of the biogeochemical provinces: North Atlantic Drift
Province (NADR), North Atlantic Subtropical Gyral Province
(NAST), Eastern Canary Coastal Province (CNRY), Western
Tropical Atlantic Province (WTRA), and South Atlantic Gyral
Province (SATL).

environmental context. The oligotrophic gyres (NAST and
SATL) were characterized by a deepening of the isotherms,
but doming of the isotherms toward the surface was evident
in the equatorial and upwelling regions. Elevated Chl
a concentration (relative to the surface waters of the gyres)
was detected in the region of upwelling. At the majority of
stations sampled on the transect, higher concentrations of
Chl @ were measured at the 1% sPAR depth, and
concentrations at the surface were generally very low,
except in the upwelling region.

Ambient N concentrations—Ambient DIN concentra-
tions were low at all stations (Figs. 3, 4) but were greater at
the depth of 1% compared to 55% sPAR. This was
a consequence of the higher concentrations of oxidized N at
the 1% sPAR depth. In contrast, NH; concentrations
were very similar between depths (the mean ratio between
depths was 1.0, with SD 6 0.2, omitting data from one
station at 48.22°N). NH ] concentrations in the NADR
and NAST were ~20 nmol L—! and increased toward the
equator through the CNRY and ETRA provinces, reaching
values ~100 nmol L—!. In contrast to the northern gyre,
NH [ concentrations in the southern gyre (SATL) were
more variable between stations and fell within the broader
range of 20-100 nmol L—1.

Of the three inorganic N species, NO; generally
contributed least to the inorganic N pool. At 1% sPAR,
NO; concentrations were generally less than 5 nmol L-1,
except at stations in the upwelling region (CNRY) where
values as high as 40-50 nmol L—! were measured. At 55%
sPAR, NO; concentrations were generally less than
4 nmol L—! with the exception of two northern stations
where concentrations were ~10 nmol L—1.
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Fig. 2. (a) Temperature (°C) from CTD profiles of the water
column at sampling stations throughout the transect. (b)
Chlorophyll concentration (ug L—1) from a continuously re-

cording fluorometer mounted on the CTD. Depth corresponding
to 55% sPAR (dashed line) and 1% sPAR (solid line) are indicated.

At 1% sPAR, NOj; concentrations were generally
within the range of 10-40 nmol L—!, but, as would be
expected, concentrations were substantially higher in the
upwelling region (~190 nmol L—!). In general, NO
concentrations in the deeper samples were significantly
higher (on average 20-fold) than those measured at 55%
sPAR. There were also differences between hemispheres
with four times the NO ;~ concentrations at 55% sPAR in
the northern than the southern Atlantic stations.

NH ; was the dominant component of the DIN pool
(Figs. 3c, 4c), especially in the near-surface waters at 55%
sPAR depths. The proportion of NO; in the DIN pool
was variable at 1% sPAR, being greater in the northern
than southern regions with a maximum in the upwelling
region. In contrast, at 55% sPAR, NO; was <5% of the
DIN pool throughout the transect, except at three northern
stations where contributions as high as 30% were mea-
sured. The contribution to the DIN from NO ; was more
significant at 1% sPAR than 55% sPAR, particularly in the
northern regions.
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Fig. 3. (a) Concentrations (nmol L—1) of NH ", NO;, and
NO ; measured at the 1% sPAR depth at 16 stations identified in
Fig. 1. Data points are mean of triplicate values 6 1 SD. (b)
Replotted after the NH " concentration data have been omitted
to expand the scale for NO; and NOj concentrations. (c)
Percentage contribution of each inorganic N species to the total
DIN pool.

Ammonium regeneration and nitrification rates—N cy-
cling rates were measured as NH " regeneration, NH
oxidation, and NO ; oxidation (Figs. 5, 6). In addition, the
percentage contribution of the individual processes to the
total N flux has been estimated. NH ;| regeneration rates
were generally higher at the shallower sampling depths and
were in the range of 24-160 nmol L—1 d—!. Rates were
typically 10-65 nmol L1 d—! at 1% sPAR. Along the
transect, the highest rates measured at both depths were in
the upwelling and equatorial regions.

Nitrification was determined at both the 1% and 55%
sPAR depths. A notable feature was the relatively high

Fig. 4. (a) Concentrations (nmol L—1) of NH ", NO;, and
NO ; at the 55% sPAR depth at 16 stations (Fig. 1). Data points
are mean of triplicate values 6 1 SD. (b) Replotted after NH ;]
concentration data have been omitted to allow for the expand the
NO; and NOj scales. (c) Percentage contribution of each
inorganic N species to the total DIN pool.

rates of NO; oxidation (~25 nmol L—! d—1) at 1% sPAR
in both the North and the South Atlantic gyres. In contrast,
stations outside the gyres were dominated by NH
regeneration. The importance of nitrification to overall N
flux at 55% sPAR generally decreased from northern to
southern regions, and the N flux at this depth was
dominated by the regeneration of NH ;.

Turnover of the DIN pool—The contribution to the
turnover of the NH /' pool due to NH ] regeneration and
oxidation has been estimated (Fig. 7). NH ] regeneration
was capable of completely replacing the NH ; pool within
24 h at the majority of stations investigated. There was
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Fig. 5. (a) NH, regeneration, NH; oxidation, and NO 5
oxidation rates (nmol L—! d—!) measured at the 1% sPAR depth.
(b) NH; regeneration rate data omitted to allow for scale
expansion. (c) Percentage contribution from NH " regeneration,
NH " oxidation, and NO; oxidation to total measured N flux.

a tendency for turnover rates due to NH | regeneration to
decrease from northern to southern stations (Fig. 7), and
this was most apparent for the samples from the 1% sPAR
depths. NH ] oxidation generally accounted for <10% of
the NH ; pool turnover, although at two stations ~50% of
the turnover was due to oxidation. The relationship
between the source (NH ] regeneration) and sink (NH
oxidation) for NH ; appeared to fit a hyperbolic curve
(Fig. 8). The significance of this correlation was greater for
1% sPAR than for 55% sPAR (r2 = 0.97 and r? = 0.80,
respectively).

The turnover of the NO; pool due to N regeneration
ranged from <10% to >1,000% (Fig. 9). NH " oxidation,
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Fig. 6. (a) NH; regeneration, NH; oxidation, and NO ;
oxidation rates (nmol L—! d—!) measured at the 55% sPAR depth.
(b) NH regeneration rate data to expand the scale. (c) The
percentage contribution from NH, regeneration, NH ] oxida-
tion and NO; oxidation to total measured N flux.

providing a NO 7 source, could replace at least half of the
NO ; pool within 24 h at most of the stations investigated.
At nine stations, NH ; oxidation could completely replace
the NO 5 pool within 1 d. This was most apparent at 55%
sPAR and reflected the relatively low NO ; concentrations
measured at this depth. The largest contributions to N
turnover by NO 5 oxidation were found in the oligotrophic
gyres of the North and South Atlantic Ocean. In these
regions, the rate of NO; oxidation was sufficient to
replace this pool in <5 h, while at other stations turnover
times of <24 h were a consistent feature of these results.
The oxidation of NO; to NOj contributed sub-
stantially to the daily turnover of the NO ; pool at both
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Fig. 7. Percentage of the NH ;| pool that turns over each day
because of (a) NH, regeneration and (b) NH, oxidation at
depths equivalent to 1% and 55% sPAR.

depths (Fig. 10). The highest contribution to NO
turnover was at 1% sPAR at a single station at the
northern extremity of the transect, although substantial
contributions were also found in the gyres of the North and
South Atlantic Ocean. NO ; oxidation at 55% sPAR could
replace the NO ;” pool in as little as 6-8 h. Curiously, NO ;
oxidation at 55% sPAR was either large (>200% of NO 7
turnover) or small (<20%) and did not show strong
geographical bias.

Discussion

There is an urgent need to improve predictions of the
ability of the oceans to sequester anthropogenic CO,. If
NO 7 is assumed to represent a “new’ input of N to the
photic zone from the deep ocean, then phytoplankton
production that results from NO; utilization offers
a means to estimate the downward flux of C to the deep
ocean. However, the assumption that all NO 5 is derived
from outside the photic zone is crucial. Dugdale and
Goering (1967) recognized that if nitrification operates at
higher rates than they had originally considered, then the
assumption that NOJ is a nonregenerated N form would
have to be modified. Partly the assumption was justified
because it was thought that nitrifying bacteria were
sensitive to light inhibition. However, recent evidence
(Dore and Karl 1996; Diaz and Raimbault 2000; Rees et
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Fig. 8. The relation between the percentage contribution to
NH, pool turnover due to NH, regeneration and oxidation.
The parameters were related by hyperbolic functions. At 1%
sPAR, % regeneration = (244.43 3 % oxidation)/(6.81 + %
oxidation); 2 = 0.97. At 55% sPAR, % regeneration = (398.81 3
% oxidation)/(7.14 + % oxidation); 2 = 0.80.

al. 2006) suggests that nitrification is not restricted to the
aphotic depths of the water column. The present in-
vestigation has confirmed this; nitrification takes place
within the photic zone of the oligotrophic Atlantic Ocean at
rates that are capable of completely replacing the NO ;-
pool within 1 d. In these regions, NO ;- must be considered
as a regenerated N source, with clear implications for new
production estimations in oligotrophic oceans.

Inorganic nitrogen concentration profiles and contribu-
tions to the total DIN pool—As would be expected of data
obtained in a number of contrasting provinces, the
concentrations of the three inorganic N species (NO 7,
NO;, NH/) showed significant differences in their
relative contributions to the total inorganic N pool. The
upwelling region was clearly identified by elevated con-
centrations of both NO; (reaching values >50 nmol L—1)
and NO; (approaching values of 200 nmol L~!) at the
base of the photic zone (1% sPAR). This contrasted with
concentrations measured within the gyres, which were
typically 6 nmol L=! for NO ; and 25 nmol L~! for NO ;.
Near-surface (55% sPAR) concentrations of oxidized N
within the upwelling region were extremely low, suggesting
an almost complete utilization by the phytoplankton
community as the upwelled seawater approached the
surface.

NO 7 concentrations in the gyres were characteristic of
oligotrophic marine waters, but the total DIN pool in the
northern gyre (north of 20°N) was exceptionally low
(<25 nmol L—1) and may be classified as extremely
oligotrophic. The relatively large contribution of NO
and NO; to the DIN pool at stations north of 20°N
(Figs. 3c, 4c) may have been due to autumnal transitions in
water column structure of the temperate North Atlantic
and mixing of deep water into the surface ocean (Lochte et
al. 1993). However, such processes would be restricted to



58 Clark et al.

e <
2% £ E ¢
zZ Z c B %

< 1050 4, [ @ ©E  1%sPAR NHy" oxidation ]

< 3007 O 55% SPAR NHy" oxidation _

z 250 - I

2 ]

2 200 1

= ]

'_§ 150j )

g 100 A

Q, 4

=St ' | IFAIA AR |

o LI gl

~ 1200 b ] 1% sPAR NOy" oxidation

X ] _

T 1000 A O 55% sPAR NO;™ oxidation

3 ' I

2 800 -

E J

2 600 -

5 ]

o

5 400 N w

Q

=3 ]

o 200 A

= Ll

g o LUl8le w.p¢ﬁ$.W1W.
LLLZELLLLZZLZLPLDADADN
NEEEEEgEEEnRa2RY
oo'l\'oxooo—1ooom\o\°22g£g
<ttt nenon AN —~

Latitude

Fig. 9. Percentage of the NO 5 pool that turns over each day
because of (a) NH ; oxidation and (b) NO 5 oxidation at depths
equivalent to 1% and 55% sPAR.

the northern extremes of the transect and do not explain
the relatively high contribution of NO 3 to the DIN pool
within the three North Atlantic subtropical gyre (NAST)
stations (Figs. 3c, 4¢). It may be more appropriate to ask
why NH [ (at both depths) was such a small component of
the DIN pool at these northern provinces compared to
stations south of 20°N.

NH ; concentrations in the surface ocean (55% sPAR)
at the stations south of 20°N were ~75 nmol L—1! (Figs. 3,
4), which was up to eightfold higher than oxidized N
concentrations. In coastal regions where DIN concentra-
tions are typically umol L—1, such a dominance of NH /
can suppress NOj assimilation by the phytoplankton
community (Harrison et al. 1996). It is unclear if such
a mechanism would operate at the extremely low concen-
trations measured in this study. A curious feature of the
NH data was that, despite a 10-fold range in NH
concentrations along the transect, the ratio of NH,
concentration at the two depths at each station was 1 6
0.2. That is, although NH ; concentrations varied between
stations, they were similar at both depths at all stations. We
have insufficient data to suggest a mechanism by which the
NH ;| concentration may have been so tightly constrained
within the water column at each location. However,
a similar feature has been previously reported in this
region (Rees et al. 20006).
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Fig. 10. Percentage of the NO; pool that turns over each
day because of NO; oxidation at depths equivalent to 1% and
55% sPAR.

NH | regeneration and nitrification—Very few measure-
ments of NH, regeneration or nitrification have pre-
viously been made in the oligotrophic ocean with which to
compare the present study. This reflects the lack of
sensitivity of previous methods. NH ]~ regeneration rates
in the present study are comparable with some previous
studies (Table 1), particularly those of Raimbault et al.
(1999) in the oligotrophic Pacific Ocean. NH ;~ regenera-
tion rates were higher in the upwelling region relative to the
gyres and were associated with higher concentrations of
chlorophyll. These results are comparable to previous
studies that have demonstrated a close relation between
phytoplankton production, dissolved organic N release,
and N recycling (Bronk et al. 1994; Le Corre et al. 1996).
Average rates of NH | regeneration were generally higher
in near-surface waters than at the base of the photic zone,
although at both depths NH ; regeneration was the largest
component of total N flux for the majority of stations
investigated. A caveat is that sampling at a different time of
day might reveal different NH ;" regeneration rates. In this
study, seawater was collected just before dawn and may
have contained an enhanced population of vertically
migrating plankton that could positively or negatively
affect the rate of N cycling (Glibert 1998; Maguer et al.
1999).

Published values for nitrification rates (Table 2) are for
marine waters with a broad range of ambient DIN
concentrations (up to 27 umol L—1), but there are very
few measurements in truly oligotrophic waters. Nitrifica-
tion has been difficult to measure because of the extremely
low oxidized N concentrations in oligotrophic waters, in
conjunction with sensitivity limitations of isotope ratio
mass spectrometer (IRMS) methods that often necessitate
the addition of unlabeled carrier N. The most sensitive
methods to date have estimated nitrification indirectly (e.g.,
14C incorporation with C: N conversion factors; Dore and
Karl 1996; Rees et al. 2006) and have high degrees of
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Table 1.

Comparison of NH ; concentration and NH " regeneration rates with other studies.

[NH ] NH " regeneration rate

Location (nmol L—1) (nmol L—-1 d—1)
Pacific Ocean—equatorial surface water <100 >100
Mesotrophic 100-500 >60
Oligotrophic gyre (Raimbault et al. 1999) <100 5-20
Mediterranean Sea—coastal region (Selmer et al. 1993) 60-270 120-960
Mediterranean Sea—coastal region (Diaz and Raimbault 2000) 10-230 50-220
Western English Channel coastal region (Maguer et al. 1999) 120-500 0-648
Western English Channel coastal region (Le Corre et al. 1996) 50-700 0-664
Sargasso Sea (Glibert 1982) 0-400 9-2,088
Arabian Sea (McCarthy et al. 1999) 0-400 240-1,800
Southern Ocean—permanently open ocean zone (Goeyens et al. 1991) 100-700 50-60
This study (average and range provided)
Oligotrophic and equatorial Atlantic
1% sPAR 38.4 (4-102) 32.9 (9.1-79.5)
55% sPAR 34.4 (10-77) 64.8 (20.8-157.4)
Northwest African upwelling region
1% sPAR 30.3 (12-46) 38.0 (20.9-62.7)
55% sPAR 35.4 (12-56) 71.5 (28.4-138.4)

uncertainty. The results from the present investigation are
toward the lower end of previously published values,
although the high ambient DIN concentrations in a number
of the studies in Table 2 make direct comparisons difficult.

The nitrification rates reported here are the first direct
measurements for the extremely oligotrophic North and
South Atlantic gyres. They confirm the findings of Dore
and Karl (1996), Diaz and Raimbault (2000), and Rees et
al. (2006); nitrification takes place within the photic zone of
oligotrophic oceans. This is contrary to the long-held view
that light inhibition of nitrifying bacteria would render this
process insignificant in the near-surface ocean. Our results
are consistent with modeling studies (e.g., Mongin et al.
2003) that indicate that nitrification must occur in the
upper 200 m of the water column in order to realistically
simulate the biogeochemistry of the western Sargasso Sea.
We now need to further our understanding of the
biological, physical, and chemical factors that influence
these rates by employing the very sensitive methods used in
this study to directly probe these N transformations over
a wide range of ambient N concentrations and marine
provinces.

A novel finding in this study was the elevated rates of
NO ; oxidation at the base of the photic zone (1% sPAR) in
the North and South Atlantic gyres (Fig. 5b). We speculate
that the spectral composition of the light field within the
oligotrophic gyres of the Atlantic may influence the depth
distribution of nitrifying activity observed here due to the
different light sensitivities of NH, and NO; oxidizing
bacteria (Olson 1981), in particular the greater sensitivity to
blue light inhibition of NH ] oxidizing bacteria (Guerrero
and Jones 1996). The collection of samples at specific SPAR
depths reflects only the intensity of the light field and not its
spectral composition. The latter will depend on the
properties of the overlying water column (e.g., plankton
composition, concentration of photosynthetic pigments and
organic matter, abiotic particles, and so on), which differ
substantially between gyre and upwelling regions. If elevated

NO; oxidation rates prove to be a common feature of low-
light-intensity environments in oligotrophic regions (e.g., the
Atlantic and Pacific gyres, the Indian Ocean, and the
Mediterranean Sea), such niches of substantial nitrification
activity within the photic zone would have important
implications for our understanding of the biogeochemical
N cycle, the structure of mathematical models, and our
estimates of “new’” production in the photic zone.

Factors influencing N cycling rates—An important
aspiration of N cycle investigations is to determine which
biological, physical, and chemical factors exert the most
influence on rates of N regeneration. Previous investiga-
tions have suggested that there may be no simple,
significant, linear relationships between N cycling rates
and ambient nutrient concentrations (Ward 1987;
McCarthy et al. 1999; Ward 2005). Similarly, in the present
study we found no significant linear relationships between
N regeneration rates and ambient DIN concentrations.
This finding may not be unexpected, given the rapid
turnover of the DIN pool, which has profound effects on
the ambient concentration of NH;, NO;, and NO; .
Further, multivariant analysis, which included inorganic
nutrient concentrations, temperature, oxygen saturation,
and heterotrophic bacterial numbers as variables, explained
only between 40% and 70% of the variance in N
regeneration rates. However, this does not imply that such
relationships do not exist. Rather, they suggest that
interactions between N regeneration rates and environ-
mental variables are complex and that components that
were not examined in this study, such as time of sampling
(i.e., diel variability), may be important.

DIN pool turnover—This study has shown that, even in
the oligotrophic oceans, the turnover of the inorganic N
pool can be extremely rapid. N regeneration processes were
capable of completely replacing the DIN pool within 1 d at
both depths and all provinces examined within the
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Table 2. Comparison of nitrification and associated DIN concentrations with other studies.
NH " or NO;
[NH ] [NO;] [NO;] oxidation rate
Location nmol L—1 nmol L1 nmol L1 Note (nmol L—1 d-1)
Mediterranean Sea (Bianchi et al. 0-150 NH oxidation 150-300
1999) NO; oxidation 50-100
Pacific—Washington coast 250-1,000 50-200 30-270 NH ;r oxidation 0-20
(Ward et al. 1984)
Atlantic Ocean (Rees et al. 2006)
Benguela upwelling (BENG) 25-180 NH " oxidation 0-400
Eastern tropical Atlantic (ETRA) 0-700 0-600 NH " oxidation 0-150
North Atlantic gyre (NAST(E)) 25-40 0-150 NH oxidation 0-500
North Pacific—ALOHA 0-200 Up to 4,000 NH j oxidation 0-240
(Dore and Karl 1996)
(<0.05% sPAR) (NO; +NOj3) NOj; oxidation 0-240
Mediterranean—coastal region 10-230 0-250 0-5,000 “Nitrification” 10-30
(Diaz and Raimbault 2000)
Pacific Ocean
(Raimbault et al. 1999)
Mesotrophic 100-500 0-1000  100-4,000 NH " oxidation 240-840
Oligotrophic gyre <100 <100 <100 NH " oxidation 48-480
Arabian Sea (McCarthy et al. 1999) 100-200 NH " oxidation 9.6-96
This study (average and range
provided)
Oligotrophic and equatorial Atlantic
1% sPAR 38.4 (4-102) 6.0 (2-22) 25.1 (0-89) NH " oxidation 3.1 (0-9.8)
NO; oxidation 13.2 (1-30.9)
55% sPAR 34.4 (10-77) 3.0 (1-12) 6.3 (1-22) NH " oxidation 3.1(0.1-9.2)
NO; oxidation 4.7 (0.4-12.3)
Northwest African upwelling region
1% sPAR 30.3 (12-46) 35.6 (12-53) 75.1 (0-188)  NH oxidation 1.6 (1.2-2.4)
NO; oxidation 4.7 (0-8.3)
55% sPAR 35.4 (12-56) 3.6 (1-8) 1.1 (1-2) NH ; oxidation 3.8 (2.0-5.5)
NO; oxidation 1.6 (0.3-4.1)

oligotrophic Atlantic. At individual stations, turnover
times were as low as 5 h. These findings have implications
for 15N tracer experiments, including those presented here,
that aim to investigate the assimilation or regeneration
rates of inorganic N.

The determination of N assimilation rates using !>-N
methods assumes a constant enrichment of the substrate
pool for the duration of the incubation (Dugdale and
Goering 1967). Earlier studies acknowledged that in vitro
NH " regeneration invalidated this assumption, leading to
an emphasis on simultaneous N assimilation and NH ]
regeneration rate determinations (Glibert et al. 1982;
Sambrotto 2001). The extremely high turnover rates
reported here demonstrate that the dilution of tracer due
to both in vitro NH j regeneration and nitrification should
be accounted for when estimating rates of N assimilation by
marine phytoplankton. Our results are consistent with those
of Lipschultz (2001), who reported a 50% dilution of SN
tracer during 9-10-h incubations at the Bermuda Atlantic
Time series Station (BATS). While short incubation times
diminish rather than remove this source of error, sensitivity
constraints of IRMS systems dictate a minimum incubation
period to achieve detectable enrichment of particulate
organic N. Consequently, in order to refine F-ratio

measurements, future studies of short duration need to
assess the direct impact of tracer dilution due to in vitro
NH " regeneration and nitrification.

High DIN turnover rates clearly have implications for the
results presented here, which were from relatively long
incubations. Two main factors influenced our choice of 24-h
incubations. First, we assumed that the low biomass
associated with oligotrophic regions would equate to
extremely low rates of N regeneration, especially for
nitrification within the photic zone. Second, at the time of
the study, the strengths and limitations of the methods used
were untested in extremely oligotrophic conditions. We
believed that our choice of 24-h incubations, guided by the
precedence set by previous studies (Dore and Karl 1996;
Raimbault et al. 1999; Diaz and Raimbault 2000), would
maximize the potential for the detection of N regeneration in
this challenging environment. However, we acknowledge
that long incubation times can lead to other possible sources
of error, such as the regeneration of 15N tracer that has been
assimilated, released as DON, and regenerated as DIN by
the microbial assemblage. This would lead to the un-
derestimation of N regeneration rates. In subsequent studies
we have measured N regeneration rates during 8-h incuba-
tions in oligotrophic waters, demonstrating the sensitivity of
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the method and further diminishing the potential for
underestimation of rates due to tracer regeneration.

Finally, a curious feature of the DIN pool turnover
results was the hyperbolic relation between NH, re-
generation and oxidation. This suggests that as the NH
supply rate increased beyond a threshold, the proportion of
NH " entering the nitrification pathway increased sub-
stantially. This was most significant for the 1% sPAR
depth, possibly reflecting a tighter coupling between NH
production and oxidation under diminished competition
from phytoplankton at these lower light conditions.

The regeneration of N within the photic zone is an
important component of the N cycle that sustains the
microbial community of the oligotrophic ocean. We have
demonstrated that the low primary production rates that
characterize the oligotrophic ocean do not reflect the
surprisingly high levels of N cycling activity. The rapid
turnover of the NO ;- pool within the photic zone supports
the caveat of Dugdale and Goering (1967) that substantial
rates of nitrification would require a reassessment of the
assumptions relating to new production. We need to
consider that a substantial majority of NO; 1is in fact
a regenerated N source in oligotrophic regions of the ocean.
This increases the uncertainty associated with the estima-
tion of C export based on the F-ratio concept. We should
be cautious in interpreting the results from previous
investigations of the oligotrophic marine N cycle in which
I5N techniques have been applied.
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