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Abstract. According to current best estimates, the modernSince imbalance was sustained for one N residence time pe-
ocean’s N cycle is in severe deficit. N isotope budgeting pro-riod or longer, excursions in ocean N inventory of 10 to 30%
vides an independent geochemical constraint in this regardikely occurred. The climatic and oceanographic changes
as well as the only means for past reconstruction. Overallthat occurred over this period evidently overcame, for a time,
it is the relative proportion of pifixation consumed by wa- the capacity of ocean biogeochemistry to maintain N bal-
ter column denitrification that sets average ocedhtdl un- ance.
der steady-state conditions. Several factors (conversion of
organic N to N, Rayleigh closed and open system effects)
likely reduce the effective fractionation factar) (for water 1
column denitrification to about half the inherent microbial
value foregen If S0, the average oceanic®N of ~5%. is At present, there is considerable uncertainty regarding the
consistent with a canonical contribution from water column state of the oceanic combined N budget. This is particu-
denitrification of 50% of the source flux fromzNixation.  |arly so with respect to quantification of fluxes and whether
If an imbalance in oceanic N sources and sinks changes thiggyrces are in rough balance with sinks (Codispoti et al.,
proportion then a transient in average oceatN would  2001). With the possible exception of anammox (Kuypers
occur. Using a simple model, changing water column den-et a|., 2003), the microbial transformation pathways respon-
itrification by £30% or N> fixation by +15% produces de-  sjple for these fluxes, by contrast, have been well known
tectable £1%0) changes in average oceadicN over one  for almost a century. OceanicoNixation is now widely
residence time period or more with corresponding changegcknowledged as the dominant source with significant but
in oceanic N inventory. Changing sedimentary denitrification more minor contributions from riverine and atmospheric in-
produces no change #°N but does change N inventory.  puts (Capone et al., 1997; Gruber and Sarmiento, 1997;
Sedimens !N records from sites thought to be sensitive to Karl et al., 2002). Denitrification in suboxic regions of
oceanic averag&'°N all show no detectible change over the the water column as well as in continental margin sedi-
last 3 kyr or so implying a balanced marine N budget over thements is the predominant sink with very minor contributions
latest Holocene. A mismatch in time scales is the most likelyfrom sediment burial (Christensen et al., 1987). The mag-
meaningful interpretation of the apparent conflict with mod- nitude of total sources or total sinks are on the order of 200
ern flux estimates. Decadal to centennial scale oscillationso 400 Tg/yr. Given that current combined N inventory is
between net N deficit and net surplus may occur but on the N6x10° Tg (>95% in the form of NQ@), the residence time
residence timescale of several thousand years, net balance (isiventory/flux) for combined N in the ocean is less than
achieved in sum. However, sedimeni®N records from the 3kyr. In comparison, oceanic P residence time is about 5
literature covering the period since the last glacial maximumto 10-fold longer (Ruttenberg and Berner, 1993; Benitez-
show excursions of up to several %o that are consistent witiNelson, 2000).
sustained N deficit during the deglaciation followed by read- Inference of a quasi-balanced biogeochemical system be-
justment and establishment of balance in the early Holocenetween N sources and sinks was first made by Brandt (1902).
While it is a common geochemical approach to assume bal-
Correspondenceto: M. A. Altabet anced budgets to facilitate flux calculations (e.g. Gruber and
(maltabet@umassd.edu) Sarmiento, 1997), the oceanic N cycle is distinguished from
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76 M. A. Altabet: 15N constraints on oceanic N balance

other marine geochemical cycles by its short residence time&onstructions of past variation in regional processes such as
and that sources and sinks are largely biological processewater column denitrification (Ganeshram et al., 1995; Pride

occurring in the ocean proper. It has been argued, thoughet al., 1999; Ganeshram et al., 2000; Altabet et al., 2002;

that the latter implies close coupling between fikation Thunell and Kepple, 2004) and near-surface;Ndawdown

and denitrification to maintain the oceanic jJ@nventory  (Francois et al., 1997; Sigman et al., 1999). Attempts have

at the Redfield ratio to P (Redfield, 1934). Codispoti been made to reconstruct the averag of marine N and

et al. (2001), however, did not assume balance and cona number of theoretical studies point to this parameter as re-
cluded that the present-day oceanic N budget is in severéecting the balance between the largest N flux terms (Bran-
deficit. They estimated total denitrification to bet50Tg  des and Devol, 2002). Due to good organic matter preser-
N/yr. Their increase in estimated water column denitrifica- vation and a location remote from high-nutrient, low chloro-
tion is based on limited data showing the yield of Mla- phyll (HNLC) and denitrification regions, sediment records
tive to observed negative [\EOanomajy to be up to 2-fold for §1°N from the South China Sea have been cited as evi-
higher than calculated from canonical stoichiometry. Globaldence for little change in ocean averajéN over the last
oceanic sediment N loss was estimated to be higher than prelacial cycle (Kienast, 2000). This has led to the conclusion
viously thought based on extension of the water column rethat either N fixation changes compensated for any change

sults and recent discovery of anammox and other pathway# denitrification and/or there was no change in the propor-
involving Mn (Anschutz et al., 2000). tioning of denitrification between the sediment and the water

Implications of these findings include whether the mod- colum_n (Brandes and Devol, 2002).' I_-l_owever, sub_seque_nt
work in this area has shown that significant deglacial vari-

ern oceanic N inventory is stable or changing in response 15 . . oo
to anthropogenic and/or climate forcing. If sustained overtions ind™>N occurred in a nearby site (Higginson et al.,

a significant fraction of oceanic N residence time, a signif- 2003). ) ) _
icant drop in inventory would take place that would likely ~ The next section presents an overview of these theoretical

impact marine ecosystems and coupled biogeochemical cyconsiderations to evaluate the magnitudé'oN variations
cles. A sustained deficit in N budget further suggests loosefXPected in response to significant N imbalance. Follow-
coupling of the marine N cycle to P cycling than conceived of INd Sections present methodological information and data for
by Redfield (1934) and many marine geochemists singe. N marines'°N variation over the last 5 kyr (latest Holocene) as
fixation and denitrification may thus have sufficiently weak Well as the last deglaciation 20 to 10kyr ago. Finally, these

feedbacks between them to permit significant osciliation ind"°N records are interpreted as reflecting recent balance in
oceanic N inventory and N:P ratio. the marine N budget but imbalance across the last glacial to

. . . . ' interglacial transition.
Alternative explanations for Codispoti et al.'s (2001) find- terglacial transitio

ings that may allow for marine N budget balance include

larger than identified uncertainty in flux estimates. The last

4 decades of oceanic N budget literature shows sources angl  Controls on aver age oceanic §1°N
sinks have been consistently underestimated. Even with re-

cent recognition of the importance of;Nixation, its ac- | parallel with an oceanic N budget, there must also B
cepted magnitude may still be too low due to previously p,qget that controls the averagfN of the ocean. Several
unidentified or L_mder apprecia_ted sources (e.g. Zehr et alyacent papers have modeled oceadN including a rather
2001). Alternatively, observations made over the last fewgqphisticated time-varying box model with reasonable ocean
decades may have aliased natural decadal to centennial-scglgcylation and feedbacks between denitrification andind
variability in the magnitude of N sources and/or sinks. If 44jon (Deutsch et al., 2004). Here we take a simplified (sin-
so, the current “deficit phas_e” will b_e followed by a “surplus gle box) approach consideringNixation as the sole source
phase” such that over a residence time of the N cycle balancgg genitrification (water column and sediment) as the sole
is achieved. The Redfield perspective of strong feedbackgn 1o illustrate the rough magnitude and time scalg'8K
malntaln_mg the 16:1 N:P ra.tlo would pertain. A decad.al to changes in response to oceanic N cycle imbalance (Fig. 1).
centennial scale response time would be consistent with thes exercise is useful only because removal processes alter
time-scale of intermediate ocean circulation that would COM-(e g. fractionate) N isotopic ratio, otherwise average oceanic
municate the biogeochemical signals of NOoncentration 515\ would simply reflect the weighted average of sources
and N:P ratio between Nixation and denitrification zones. regardless of the magnitude of oceanic N fluxes or their bal-

Sedimentary N isotope compositiost¢N) has been used ance. The magnitude of isotopic fractionation for a process
to reconstruct the history of marine N cycle processes oris given by the fractionation factot), though as seen below
time scales from 100’s to millions of years. It is likely the there can be a substantial difference between an “effective”
only means to address the question of N cycle balance botbr observed:, which can also be referred to as the apparent
over its most recent residence time period as well as moréisotope effect”, and the fractionation factor inherent to the
distant past. The more successful applications have been rg@rocess.
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M. A. Altabet: 15N constraints on oceanic N balance 77

N> fixation has been widely observed to produce little

isotopic fractionation (Minagawa and Wada, 1986; Macko | " """ | i, Oceanic N

et al., 1987; Carpenter et al., 1997; Delwiche and Steyn,| ... | @ '2‘“1':;?,1{' W Eaion
1970) such that combined N produced by this process has e & | 5"'N-010-2
a 815N value close to that of atmospherie Kby definition scdmeniny |y | Ave. 8N ~5% e
§1°N=0%). In the marine environment, MNfixers such as |V o=l 2 “

Trichodesmium typically haves'°N values between 0 and
—2%o. Hence the averag&®N of N sources should aver-
age near1%o, unless the much smaller contributions from
riverine and atmospheric inputs are very enriched or depletedfig- 1. Schematic of the simple box model used to explore the in-
in 15N. In reality, average oceansd®N is near 5%o as mea- fluence on average ocearit®N an_d t_he re_lative propo'rtions _of N _
sured in deep ocean I\gO(Sigman et al., 1997), the result sources and sinks as well as variations in the effective N isotopic

of isotopic fractionation during denitrification which prefer- acionation £gen) associated with water column denitrification,

tially removes4N by producing N gas with lows15N The model is used under both steady and non-steady conditions.
entially . y p . gt}é 9 . : ’ Accepted values for isotopic composition, fractionation effect, N
The combined N remaining is thusN enriched with an inventory, and N fluxes are shown for reference.

averages®N higher than the K fixation sources. Average

oceanics°N (~average oceanig!°NO;), though, is well

below the one estimated from the known range indh& It had previously been thought that water column and sed-
inherent to the microbial process as estimated from bacteriaimentary denitrification each made roughly equal contribu-
cultures and/or from the relationship between]N@moval  tions to oceanic N loss. B&D conclude, though, that to
ands15NO; (20 to 30%; Wellman et al., 1968; Miyake and achieve an average steady stateN of 5%., sedimentary
Wada, 1971; Cline and Kaplan, 1975; Brandes et al., 1998denitrification must dominate and account for about 80% of

Altabet et al., 1999; Voss et al., 2001) assuming the systentotal oceanic denitrification.

is close to steady-state; The B&D model assumes that the appropriate value
for swcden IN Eq. (6) is the same as the value inherent
FlumeutXSlsNavg input = to the mICI‘ObIa| pI‘OCBSS SUCh IWNNZ|ostviadenitriﬁcation

(1) in the water column would be-—20%.. However there

15
FluXgenitrification X 6~ "NN2 lost via denitrification . . .
are at least three factors which would in reality increase

at steady state Flyngu=FluXdenitrification 81NNz lost via denitification@bove this value and alter the im-
pact of water denitrification on the ocean’s N isotope bud-

8% Navg input = 8*°NN2 st via denitrification (2)  get. The first takes into account the large partial removal of
NO3 within water column denitrification zones whose effect

85NN2 lost via denitrification= 8 "°Navg ocean— €den (3) s given by the accumulated product Rayleigh equation (Al-

tabet, 2005 and references therein):

15
87"NN2 lost via denitrification=

8PN avq inout = S°N — &den OF 1°N = ~
avg input avg ocean den avg ocean 615N03(u:0) + egenx (L — u)/u x IN(L — u) @)

315Navg input + Eden (4) ) ) o N
whereu is the fraction of the original N© pool utilized and
Average ocean'®N should be much higher than observed, for comparison to prior formulations is equal te- ¥ where
between 20 and 30%.! However, Brandes and Devol (2002,f is the fraction remaining.
hereafter B&D) have pointed out that lower than expected av- NO3 anomaly profiles from open ocean denitrification
erages’®N can be accounted for by the nil effectivg, as-  zones show that ND removal can reach 50%. Be-
sociated with sediment denitrification due to substrate transing more conservative and using a 40% removal, the
port limitation of overall rate. Average oceans¢®N at 815NIN2 lost via denitrification IS increased by 5%o to~—15%o.
steady state is thus largely dependent on the relative contriSecond, the nature of the physical flow through the sub-
butions of water column and sedimentary denitrification:  oxic zone also influences effective isotopic fractionation. At
15 one extreme, water parcels can be imagined as being iso-
6""Navg ocean= lated from each other as they pass through (advect) through
8% Navg input + fuwe X ewcden + (L — fwc) X esedden  (5)  the denitrification zone and the closed system approach of
Eqg. (7) would be most accurate. Alternatively at the other
where fy is the fraction of total denitrification occurring in - extreme, mixing between parcels greatly exceeds advection
water column suboxic zones and flic the fraction in sedi-  and open system assumptions apply:
ments. ConS|der|ngsed denitrfcation's close to 0: 515NN2Iostviadenitrification= 515NO§(M=0) — &den X (1 —u)

815Navg ocean™ 815Navg input + Jfwe X éwcden (6) (8)

www.biogeosciences.net/4/75/2007/ Biogeosciences, 4, 75-86, 2007
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izl%ntal line corresponds to the observed modern value for oceanic
81°N.
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Applying the open system Eq. (8), would further increase  °%; S0 i " . - .

815NN2 lost via denitrificationto @about —10%.. In models with cir- Time (years)

culation components, Rayleigh and open/closed system con-

siderations would be implicit but sensitive to the accuracyFig. 3. Temporal evolution of oceani&!®N (top) and N inventory

of the physical model. For example, Deutsch et al.’s (2004)(bottom) with up to£15% changes in total Nfixation (assumed

reference to dilution effects due to circulation through waterto be sole source). Initial conditions are of steady state and 50%

column denitrification zones likely include these elements.contributions from water column and sedimentary denitrification

They also pointed out that Rayleigh effects may change withf€SPectively. The value fargen (effective) is 12%.. Sedimentary

denitrification intensity through increasing the relative re- denitrificationis considered non-fractionating.

moval of NG;. The result would be an otherwise counterin-

tuitive result in which more intense water column denitrifica-

tion reduces effectivegen and lower oceanic averagé®N.  —7%o, Or —12%o relative t05*°Nayg which would be the

However, increasing water column denitrification is just as€ffective value ofegen for use in Eq. (6). Applying all

likely to expand the volume of the suboxic zone such that thethree conditions and using —12% fefen produces a steady

greater integrated denitrification is occurring over a largerState balance in which total oceanic denitrification is close

volume with a similar proportion removed. Only a 10 to 0 being equally apportioned between water column and

15% increase in relative removal is needed to produce théedimentary denitrification (Fig. 2). It should be emphasized

observed deglacial'>N records from water column denitri- that steady state oceanié®N is overall a function of the

fication zones. relative partitioning between water column and sediment
Finally, canonical denitrification stoichiometery has 16% denitrification or more generally the fraction ofNxation

of the N produced as actually derived from organic matter that is removed via_l water column denitrification. The greater

since no NH is apparently released (Richards, 1965). In wa- that fraction, the higher oceanic®N.

ter column denitrification regions, organic N has'aN be- Revision of the accepted sedimentary to water column
tween 8 to 10%. due to the elevat&tN of upwelled NGy . denitrification ratio has implications for the modern ocean N
budget. Codispoti et al. (2001) and Codispoti (2006) relied
81ONN2 lost via denitrification= on B&D's much larger ratio to estimate a high rate for sedi-
0.84 x [815NO§(M_0) — tgen X (1— )] +0.16x 9 (9)  mentary denitrification. Using a lower ratio as suggested here

would reduce estimated sedimentary denitrification propor-
Organic N conversion to N thus further raises tionally and make more likely a near-steady state in the mod-
S1ONIN2 ost via denitrification in the water column to about ern ocean N budget with a total sink of 200 Tg/yr as opposed

Biogeosciences, 4, 75-86, 2007 www.biogeosciences.net/4/75/2007/
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Fig. 5. Temporal evolution of oceani&l®N (top) and N inventory
Fig. 4. Temporal evolution of oceani&!®N (top) and N inventory ~ (bottom) with up to+30% changes in sedimentary denitrification.
(bottom) with up to£30% changes in water column denitrification. Initial conditions are of steady state and 50% contributions from wa-
Initial conditions are of steady state and 50% contributions from wa-ter column and sedimentary denitrification respectively. The value
ter column and sedimentary denitrification respectively. The valuefor éden (effective) for water column denitrification is 12%o.. Be-

for egen (effective) is 12%o. Sedimentary denitrification is consid- cause sedimentary denitrification is considered non-fractionating,
ered non-fractionating. no change iB1°N occurs despite changes in N inventory.

to 400 Tg/yr. The analysis presented above underscores those of balance with 50% partitioning between water col-
need for knowing more precisely the difference in effective umn and sedimentary denitrification. Effectisg gen is set
N isotope fractionation between sedimentary and water colto 12%. as discussed. Figures 3 to 5 show the effects of
umn processes. Uncertainties as low as 1%o correspond to ap10, 20, and 30% changes in either water column or sedi-
error of about 15 Tg/yr in the global budget. ment denitrification anek5, 10, and 15% changes irp Kix-

The effects of non-steady or imbalanced N fluxes on ocearation. Not surprisingly, a reduction (increase) ip fikation
N inventory ors®N would be manifested on the residence produces decreases (increases) in N inventor40% and
time scale. For example, a 20% deficit sustained over théncreases (decreases)dtPN of +1%. over a period of 1 to
last 3kyr would roughly result in a 20% decrease in N in- 3 N residence time periods (9 kyr; Fig. 3). This magnitude
ventory and average oceanic N@oncentration. Average of §1°N change could be detectable in high quality records.
oceanics°N may respond similarly to unsteady conditions Changes in water column denitrification produces inverse ef-
on this time scale. Altabet and Curry (1989) showed theo-fects with §1°N changes of+2%. which would be readily
retically that during periods of increasing N inventory that detectable in reliable records (Fig. 4). If the actual contribu-
819N decreases during the transition regardless of whethetion from water column denitrification was lower at the initial
the cause is anincrease in fikation or a decrease in denitri- steady state, then the subsequent changes in oceanic N inven-
fication. The magnitude of different perturbations to oceanictory would be proportionally smaller. However, the changes
N budget can be examined using a time-varying version ofin oceanics'®N would be of the same magnitude since for
the simplified model presented above. Initial conditions aresmaller initial water column denitrification, effectie@c den

www.biogeosciences.net/4/75/2007/ Biogeosciences, 4, 75-86, 2007



80 M. A. Altabet: 15N constraints on oceanic N balance

OXYGEN [UMOLIKG] on DEPTH [M=300 source (Altabet and Francois, 1994). Figure 6 shows the lo-

: T . cations of the sites chosen for this study which generally are

I at margin locations of moderate depth which satisfy these cri-

teria. Data from Chesapeake Bay is from the literature (Brat-

ton et al., 2003) with the remaining sites analyzed as part of

i this study. In the last section, possible average oceinld
-
]

b4 : g o changes across the last deglaciation and early Holocene are
Fw H considered using available data from deep-ocean sites that
T l 2B fulfill criterion #3 with locations also noted in Fig. 6. Most
@ U et e i LEMR o oot (B, | erpie | of the near-shore and margin sites used for late Holocene re-
construction are not suitable for these earlier time periods as
Fig. 6. Location map for sedimertN records discussed in this & result of sea level change. They were either exposed during
paper. High-resolution, good fidelity records spanning the latethe LGM or had changes in depositional environment and/or
Holocene are distinguished from those that cover the last glaciasource waters. While most of the deep-ocean sites are likely
maximum but have poor temporal resolution and likely diageneticinfluenced by diagenetic alteration &°N, a common pat-
influence. Oxygen at 300 m is contoured for reference to show lo-tern of variation will be shown to exist for them.
cations of subsurface suboxic zones which sustain water column |n many cases, individual sediment core age models were
denitrification (data from the eWOCE database). available from the literature. Where notédC dating was
carried out on bulk organic C with conversions fréfi€ age
) o to calendar age using a marine reservoir age of about 500
would need to be larger to obtain the same initial steady Va'”‘%/ears. The dating strategy was geared to identify which por-
for o.ceani0315N. Interestingly, a change in sediment denitri- jons of the cores corresponded to later Holocene and not to
fication alone produces no change in oceaifN because develop precise age models. F3PN analysis, aliquots of
of the relative lack of isotopic fractionation, despite the cor- gadiment core material were freeze dried and packed in tin
responding excursions in N inventory (Fig. 5). Thus it is not ¢4 cups. The analytical system was an elemental analyzer
the fraction of total denitrification that takes place in the wa- coupled by He continuous carrier flow to an isotope ratio
ter cplumn per se that controls oceafféN but its fraction mass spectrometer (EA-CF-IRMS). Samples were run either
relative to total inputs. on a Europa/EuroboPrep-Finnigan MAT 251 or EuroVector-
This theoretical exercise demonstrates that detectable Var-GV |Soprime System_glsN Va'ues are referenced to atmo-
ations in average oceanic°N would be produced in re- gpheric N and have a reproducibility of better tha0.2%o.
sponse to moderate N cycle imbalance if caused by fluctu-
ations in either N fixation or water column denitrification.
Though there has been speculation on possible variation ia  Holocene §1°N records
N> fixation and sediment denitrification in response to cli-
mate forcing, there is clear evidence for water column den-The §1°N record for Chesapeake Bay reported by Bratton et
itrification (e.g. Altabet et al., 2002). The next section lays al. (2003) covers the last 3kyr or about 1 residence time of
out the strategy for determining if there has been significanthe marine N cycle. While these authors focused on the an-
change in average oceadi®N over the latest Holocene (last thropogenic increase it°N due to land use changes and
Skyr), the period pertinent to the question of whether theincreasing eutrophication over the last 300 years, there is re-
modern oceanic N budget is in balance. markably little change prior to this point. The averageN
of the pre-colonial record is about 5%. and indistinguishable
from the modern oceanic average suggesting that this estu-
3 Sitesdection and analytical methods ary was dependent on marine §I@s its primary nitrogen
source. Pertinent to the question of oceanic N balance this
To examine Holocene variations in marié®N, sites were  records also suggests, though not conclusively, that average
chosen with the following criteria: 1) Sufficiently high accu- oceanics>N did not change over the last few kyr.
mulation rate to resolve any centennial or greater temporal Long Island Sound is another anthropogenically impacted
scale variability &20cm/kyr). 2) Sufficiently good preser- estuary along the Mid-Atlantic coast of the US. Similar to
vation of sedimentary organic matter to prevent diageneticChesapeake Bay, the history of that impact is marked by in-
alteration ofs1°N (Altabet, 2005). 3) A location not directly creasings'°N values, in this instance over the last 150 years
influenced by water column denitrification or HNLC condi- (Fig. 7). The prior 4 kyr also show no trendd*N with val-
tions. Under HNLC conditions, ND is only partially uti-  ues in this case averaging 2%o higher (7%o) with variations
lized by phytoplankton in surface waters which can impose aof about+0.5%.. While consistent with stable late Holocene
separate isotopic fractionation effect typically rendering theoceanics°N, the offset gives caution regarding local in-
organic matter produced depleted'iN relative to the NG fluences on N isotope composition. The most obvious one
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Fig. 7. Long Island Sound sedimest®N records spanning the last
4kyr. Age model established froMC dating, and known pollen
and contaminant horizons. The increasé%PN within the last 200

years corresponds to the onset of anthropogenic eutrophication.

Fig. 8. Sediment1°N record from a site on the continental slope
opposite the mouth of Chesapeake Bay (Delmarva) spanning the
last 11 kyr. Due to the few4C dates, the x-axis is depth in core
and the dates are noted on the figure. The last 6 or 7 kyr are consid-
ered to be reliable for indicating oceanit®N with lower sea level
would be input of terrestrial N, but this would most likely influencing the earlier period.
lower §1°N relative to marine values. Alternatively, strong
salinity stratification, warm summer bottom temperatures, 5
and limited exchange with the open ocean may produce sea __| cariaco Basin L i
sonally suboxic conditions and thereby stimulate local water | ©PP1002€
column denitrification.

5.5 4

$ 1

Going offshore of these estuaries to a continental slope site z * -
seaward of Chesapeake Bay, practically eliminates the like- ¢ 5°1 .
lihood of terrestrial or estuarine influences. Core CH07-98
GGC-19 from 1100 m depth on the Delmarva peninsula also
shows very little variation in N isotopic composition over the
latest Holocene (Fig. 8)1°N has varied between 5.5 and
6% for the last 8 kyr. As for Chesapeake Bay and Long Is- "o 2 + & & 10 1 1 15 15 20
land Sound, the Delmarva site most likely has slope water as Age (Ka)
it source of marine N@. This water mass has been shown
to have as'°N for deep water N@ equivalent to the oceanic

ﬁ\llerggﬁ (SStlgman ef: ?rll” ]I-\i%?,)ﬂltllt St!tS bet.weer:c the foaSt,\Ian ased on a combination éfC dating and foraminifera*®0. The
€ Lull Stream off the Mid-Atlantic reglon ot €astern IN. -1, 6 or 7 kyr are considered to be reliable for indicating oceanic

America and is hydrographically connected to deep N. At- 515y (though regional influence fromNixation is apparent) with
lantic water masses. Offshore subtropical waters of the Sarower sea level influencing the earlier period.
gasso Sea are 1 to 3%o Iower8H3NO§ due to the influence
of Ny fixation in these waters (Knapp et al., 2005). Certainly,
subtropical sources never had influence at this site over théevel which, for the purposes of this paper, pertains to the
last few thousand years. last 6 to 8 kyr. While the data are at lower temporal resolu-
By contrast, the Cariaco Basin is influenced by N. At- tion than at the estuarine and margin sites, very st is
lantic subtropical waters and hence has a corestopl of apparent for the last 4 kyr at the lower value of 3.5%.. Higher
3.5%0 (Fig. 9). With respect to paleoceanographic records$°N prior to this period will be discussed in the next section.
it has the unique advantages of high accumulation rate and The last site examined is distinguished by being at the east-
anoxic deep waters due to a sill at 150 m that restricts venern end of the equatorial Pacific on the Ecuadorian margin
tilation below this depth. A 580 kyr-long, lower-resolution (W7706-77K, 540 m water depth) but well north of the Peru
record showed a persistent pattern of high glacial and lowdenitrification zone (Fig. 10). It covers the last 4 kyr and has
interglacial s1°N that was thought to reflect changes ia N a sedimentation rate of 50 cm/kyr permitting centennial scale
fixation in this region (Haug et al., 1998). However, these sampling resolution. Its location implies Equatorial Under-
variations are now known to be due to sea level forcing ofwater as the source of new ijGor export production. The
sill depth and water mass source to this site. Hence, we canore tops*°N value of 6% is consistent with measurements
only be confident in thé1°N record reflecting N cycling pro- ~ for this water mass made to the west at A #0itude (Alta-
cesses (regional or global) only during periods of stable sedet, 2001). The 1%. higher than oceanic aversty&\ value

—~ 6.0 4

Sea Level (m)

Sediment 3'%
S
(%)

Fig. 9. Sediment1°N record from the Cariaco Basin covering the
last 20 kyr. Sea level change is shown for reference. Age model is
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8.0 - Second, oceanié!®N is not sensitive to all modes of N

7.5 [ cycle imbalance as noted above. Specifically, excursion in
3 70 S8 1y 815N occurs only in response to sustained changes in the ra-
s tio of the global rates of water column denitrification tg N

affectings®N. However such a phenomena on a global scale

a 6.0 ﬂff fixation given some initial steady state. Changes in sedimen-
; T WWW tary denitrification alone would alter N cycle balance without
g .

"]

5.0

45 | |1c age 1.2 ka ..c AT is difficult to imagine particularly during the latest Holocene.

4.0 Global sedimentary denitrification is a function of the area
1] 50 100 150 200 250

of shelf and upper slope sediments, the organic flux reach-
ing these sediments, and the oxygenation of overlying waters
Fig. 10. Sedimens15N record from a site on the Ecuadorian conti- (Partially oxygenated bottom waters actually stimulate sedi-
nental margin. Due to the feWC dates, the x-axis is depth in core mentary denitrification by promoting coupled nitrification-
and the dates are noted on the figure. denitrification). The first factor is a function of sea level
which changed dramatically between 10 and 20ka but not
over the last 6 kyr. Other factors are coastal upwelling inten-
probably represents a small contribution from recirculationsity and the nutrient andfxontent of intermediate waters. If
of intermediate waters of the denitrification zones found tothese were altered globally, changes in water column denitri-
the north and south. At first glance, lower sedimé&tN fication would have surely occurred in parallel making inde-
values would be expected since the equatorial Pacific is ongendent variations highly unlikely (Christensen et al., 1987),
of the three major HNLC regions of the world’s oceans in though not all analyses agree in this respect (Middleburg et
which Fe limitation prevents complete surface utilization of al., 1996). The other mode of N isotope insensitivity would
NO3. However, HNLC conditions would be expected to be be parallel changes inMNixation and water column denitri-
fully relieved near-shore due to Fe enrichment of upwelling fication that maintain their ratio while leaving sedimentary
waters by contact with slope and lower shelf sediments (Bru-denitrification unchanged. Such a possibility implies a tight
land et al., 2005). This record also shows very little variation feedback mechanism betweeas fikation and water column
in 815N, values are 5%50.5%o for the last 4 kyr. Modest cen-  denitrification but not with sedimentary denitrification. Since
tennial scale variability is suggested by th€.5 swings in  feedbacks likely include seawater J@ontent and N:P ra-
S1ON. tio which are influenced by denitrification wherever it occurs,
this too seems unlikely. However, margin sediments are also
where most of the loss of oceanic E&ccurs via the forma-
5 Implications of stable |late Holocene oceanic §1°N tion of authigenic minerals (Ruttenberg and Berner, 1993).
If denitrification and PQ3 sequestration in sediments were
The 5 records, taken together, indicate no detectable secdunctionally (and perhaps stoichiometrically) linked, these
lar change in oceanig'®N over the last residence time pe- processes would feedback on fixation in a manner rather
riod of the marine N cycle and perhaps somewhat longerdistinct from that of water column denitrification.
A secular change of at least 1%. would have been readily
detectable. Given the qualitative and quantitative consider-
ations presented above regarding ocedahi\ response to 6 Reconciliation with modern observations
marine N cycle processes, the simplest explanation is that
there has been relative steady state over the last few thousarithe down coré’°N data presented strongly support the case
years. There are several concerns that must be considered bier a near steady-state oceanic N budget for the last few thou-
fore this conclusion is accepted unequivocally. sand years or so. How is this squared with the conclusions
First, only the Chesapeake Bay record has values equivasf Codispoti et al. (2001) and Codispoti (2006)? A simple
lent to the oceanic averagé®N of near 5%.. The others have (but not provable at this time) assertion is that major flux
values higher or lower due to some degree of regional influ-terms continue to be known with insufficient accuracy or
ence such as Nixation in the case of Cariaco Basin or den- precision. N fixation may still be underestimated. As dis-
itrification in the case of Ecuador despite the criteria listedcussed above, sedimentary denitrification is likely overesti-
in Sect. 3.0. At any one site it is possible, though unlikely, mated through use of too large a ratio with water column den-
that regional or local variability occurred opposite in sign to itrification. Alternatively, anthropogenic effects have been
global variability, canceling each other. For this to happencited as the cause for the modern deficit and the Holocene
at all sites, though, is very remote indeed. Nevertheless, adrecords presented would not likely have recorded their global
ditional 1°N records at margin sites more strictly meeting impact. Perhaps just as likely if not more so is a mismatch in
criteria#’s 1-3 need to be obtained to firmly demonstrate thetime scale of natural processes. THeN records presented
global nature of these observations. have centennial to millennial scale resolution while the mod-

Depth (cm)
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ern flux estimates have, at their broadest, decadal resolutior%abl 1s 515N (%) ch ‘ ic sites which
Both sets of observations can be fundamentally correct with- €L summary o (%) changes at oceanic sites which are

L I . neither within an HNLC or denitrifying region for the time peri-
out contradiction. The implication is that the oceanic N cy- ods indicated. These are generally sites with low accumulation rate

cle can undergo periods of net inventory gain and l0ss tha}_g cm/kyr) and sufficiently poor N preservation that diagenetic ef-

are up to centennial in scale but average into a E’?'anCEd Stafgcts make any individual record suspect. However in aggregate,
on the millennial scale. Th&0.5%o variations is™>N seen  global signals are apparent. LGM (last glacial maximum) to early

in the Ecuadorian margin core (Fig. 10) may represent suclHolocene refers to the period from 20 to 10kyr b.p. Early to late
a phenomenon. It is also sensible with respect to the cirHolocene refers to the period from 10 to 5kyr b.p. Data sources
culation time of the ocean. While the circulation time of arelAltabet (2005)2Holmes et al. (1997)3Schubert et al. (2001),
abyssal oceanic waters have a thousand year time scale, inMartinez et al. (2000)?Nakatsuka et al. (1995bNakatsuka et
termediate waters have a decadal to centennial scale circ@- (1995a).

lation time. Biogeochemical feedbacks must exist between

denitrification and N fixation zones to maintain any control Region Early to LGM to

on the marine M cycle. Since these processes are geograph- Late Holocene  Early Holocene
ically remote from each other (e.g. Gruber and Sarmiento, pBermuda Rise 1 25
1997), these feedbacks must be communicated through the Bahama Outer Bark -1 3
intermediate water circulation of the ocean. Hence pertur-  Bengueld —0.5 2
bations in sources or sinks and N inventory imbalance can  Arctic Ocean -1 3

occur on shorter timescale but are attenuated through nega- Nw Africa® -1 3

tive feedback on longer time scales. Since the residence time w. Eq. Pacifi€ -1.5 35

scale of marine N is much longer, no significant changes in  Bering Sef -15 15

inventory or averagé'®N can occur. However, as discussed
in the next section, large-scale forcing associated with cli-
mate change can disrupt this balance and force the marine N
cycle into longer time-scale imbalance and readjustment.  (Fig. 9) clearly shows this latter signal. The earlier part of
this record as well as the one on Delmarva margin (Fig. 8)
appear to contradict the tabulated results, but these sites are
7 Deglacial and early Holocene changesin oceanic $*°N Jikely strongly influenced by sea level change during the last
deglaciation. Qualitatively, the literatusé®N records sup-
High quality 81°N records from the three major open ocean ports a global oceanic impact from changes in water col-
suboxic zones all show increases in water column denitrifi-umn denitrification; increasing (as a fraction of ﬁb(ation)
cation intensity during the last deglaciation (20 to 10 kyr bp). upon deglaciation with subsequent decrease perhaps due to a
In isolation, marine combined N inventory would decline “slow” feedback mechanism increasing filkation or clima-
and oceani’>N would increase given that modern open tological forcing that again leads to decreases in water col-
oceanic denitrification is 25 to 50% of total denitrification. A ymn denitrification. Peru margi&lE‘N records support the
South China Sea record (Kienast, 2000) showing no changgatter (Higginson and Altabet, 2004). If Fig. 4 is used to esti-
in 81°N across this time interval was used as evidence thamate the magnitude of these changes, water column denitri-
compensating changes such as increasgéiddtion would  fication varied by up to 30% between the LGM and present
mute excursion in oceanic combined N inventory. Of course,if effective eqen, is about half the fractionation factor inherent
given the theoretical considerations above, the ensemble ab the microbial process. The relative change in flux would
changes would have had to maintain a consistent ratio of wascale down if effective e, is higher. Alternatively, M fixa-
ter column denitrification to Nfixation. However, there is  tion could have decreased upon deglaciatios-b$%. How-
evidence that sediment transport processes have made ag@er at present, water column denitrification records as well
model construction problematic for these sites in the Southgs tentative1°N-based N fixation record from the Sargasso
China Sea (Higginson et al., 2003). Another approach is tosea (Altabet, 2005) favor the first view. These changes would
consider all published records from regions that are neithehaye resulted in significant variations in oceanic combined N
directly influenced by water column denitrification nor are in\/entory_ For examp|e, a 15 % increase in denitrification
within HNLC regions, regardless of organic matter preserva-relative to N fixation over 5 kyr would decrease total ocean
tion, to detect common trends (Fig. 6; Table 1). inventory by about 25%. Of course, this perspective assumes
While each of these records could individually be ques-no insidious compensation by opposite and equal changes in
tioned as to the influence of local processes or diagenesisedimentary denitrification.
a consistent picture is apparent in aggregate in which there
is a 2 to 3% increase iA°N from the last glacial maxi-
mum (LGM) to early Holocene and a subsequent 1 to 2%o
decrease to the late Holocene. The Cariaco basin record
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In addition to likely transient imbalance in the ocean tion is a steady and in balance marine N budget over the
N budget during the last deglaciation, the literatdféN latest Holocene. The best estimates for modern fluxes, in
records also suggests a late Holocene reorganization ofontrast, indicate losses well in excess of sources. Modern
oceanic N cycling relative to the LGM. LGM™®N is 1 to  flux estimates are likely insufficiently precise though a mis-
2%o lower than during the late Holocene. If the LGM was match in time scales is also probable. Decadal to centennial
also near-steady-state, water column denitrification stablyscale oscillations between net N deficit and net surplus oc-
accounted for a reduced proportion of total losses as supeur in response to periods of perturbation and readjustment
ported by the denitrification zone records. Examining Fig. 2,through biogeochemical feedback. This feedback is likely
that difference appears to be about 10%. transmitted through the intermediate circulation of the ocean

which occurs on these timescales. If so, current imbalance is
creating biogeochemical signals (reducedNéhd N:P) that
8 Summary and conclusions should either increase oceanig fikation or reduce denitri-
fication over the next century. On the N residence timescale
The major microbial transformation pathways within the ma- of several thousand years, net balance is achieved as the sum

rine N cycle have been well known for about a century in- of the swings between surplus and deficit as recorded by the
cluding the inference of long-term balance between sourcegyerage oceani!°N record.

and sinks (Brandt, 1902). Within the last 3 decades, serious Though not ideal, sedimedt®N records from the litera-
and credible efforts have been made to quantify global oceature covering the period since the last glacial maximum indi-
N fluxes and that with more detailed study estimates have:ate a 2 to 3%. increase during the deglacial period and subse-
mostly been steadily revised upward. It is not clear if therequent~1%. decrease in the early Holocene. Combined with
is modern balance between sources (primarifyfidation)  the 515N records from water column denitrification zones,
and losses (sedimentary and water denitrification). N isotopghese changes are consistent with sustained N deficit during
budgeting offers both geochemical constraints on considerathe deglaciation followed by readjustment and establishment
tions of the modern oceanic N cycle as well as the only meangf balance. Since imbalance was sustained for time peri-
for past reconstruction. There is a large effective isotopicods on order of the N residence time or longer, excursions
fractionation for water column denitrification as opposed toin ocean N inventory of 10 to 30% likely occurred. The
the nearly nil effect for Sedimentary denitrification. As a re- climatic and Oceanographic Changes that occurred over this
sult, it is the relative proportion of the source flux from N period (e.g. in water mass ventilation, sea level, coastal up-
fixation consumed by water column denitrification that setswelling intensity) evidently overcame for a time, ocean bio-
average oceanig™N under steady state conditions. If an geochemistry’s feedback mechanisms for maintaining N bal-
imbalance in oceanic N sources and sinks change this proance. This change ultimately produced a reorganized late

portion, then a transient in average oceatN will occur.  Holocene oceanic environment with proportionally greater
Given the modern averagé®N of near 5%o for deepwater ater column denitrification.
NO3, inherentegen of about 20 to 30%. for denitrification, Future progress in making use of N isotope biogeochem-

and thes!®N for fixed N of 0 to —2, water column denitri- istry to understand the ocean’s N cycle (past, present, and fu-
fication would appear to account for about 25% of the totalture) requires greater certainty in the magnitude of effective
sink assuming steady state. However, several factors (conisotope effects for sedimentary and water column denitrifi-
version of organic N to B Rayleigh closed and open system cation and better and more widely distribu®@N records
effects) likely reduce the effective for water column den-  reflecting changes in oceanic averageN as well as from
itrification by half implying a more canonical contribution regions sensitive to Nfixation intensity. Quantitative inter-
for water column denitrification of 50% as well as a global pretation of those records would also require development of
marine N budget closer to balance . Examining non-steadysufficiently realistic, coupled physical-biogeochemical mod-
conditions, changing water column denitrificati?80% and  els to simulate the relationships in water column denitrifi-
N2 fixation by+15% produces detectable {%o0) changesin  cation zones between water mass ventilation and circulation,
average oceanit!°N over one residence time period or more organic matter flux, denitrification intensity, and isotopic sig-
with corresponding changes in oceanic N inventory. Chang-al generation as well as the transmittal of the biogeochemi-
ing sedimentary denitrification produces no changéiN cal feedbacks created to sites of fikation.
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