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1 The dynamics of themarine
nitrogen cycleand itsin uence on
atmospheric CO, variations

NICOLAS GRUBER!

Institute of Geophysics and Planetary Physics & Department of Atmospheric and
Oceanic Sciences, University of Californiaat Los Angeles, Los Angeles, California

1.1 INTRODUCTION

The bioavailability of nutrients represents one of the most important factors control>
ling the strength of the biological carbon pump and ultimately the impact of ocean
biology on atmospheric CO,. Among those nutrients, the macro>nutrients nitrate
(NO3 ) and phosphate (PO?1 ) play a particularly important role in limiting bio»
logical productivity as evidenced by their often near complete exhaustion in surface
waters. Asnear surfaceNO; concentrationsare generally somewhat lower than those
of POi relative to the demand by phytoplankton, biological oceanographers have
argued historically that NO; rather than POﬁ is the primary macro>nutrient con»
trolling phytoplankton productivity [Smith, 1984; Codispoti, 1989; Tyrrell, 1999].
Geologists, in contrast, regarded PO?1 as the primary controlling macronutrient
[Codispoti, 1989]. They argued that while NO; may indeed be the limiting fac>
tor at any given location and time, POf’1 is truly the limiting factor on geological
time>scales, because the biologically mediated xation of the much more abundant
dinitrogen gas (N>) into organic nitrogen is alleviating the scarcity of bioavailable
nitrogen (Figure 1.1). Phosphate on the other hand, does not have such abiologically
mediated source (Figure 1.1). It is therefore the geologically controlled balance
between the riverine (and atmospheric) input of PO?1 and its burial on the sea> oor
that ultimately controls marine biological productivity. Tyrrell [1999] provided a
synthesis of these two views by identifying NO; as the proximate nutrient, while
giving POZ the role of being the ultimate nutrient.

Over the last two decades, the clear distinction between the two views started to
disappear. A rst reason isthe growing evidence that marine N,  xation is quantita
tively much more important than previously believed [ Capone, 2001; Fuhrman and
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2 THE MARINE NITROGEN CYCLE AND ATMOSPHERIC CO2
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Fig. 1.1 Schematic representation of the marine nitrogen cycle and its coupling to the marine
oxygen, phosphorus, and carbon cycles. The marine nitrogen cycle sets itself apart from
that of phosphorus by the existence of two hiologically mediated processes, N> fi xation and
denitrifi cation, which can alter substantially the amount of fi xed nitrogen (mostly NQ ) inthe
ocean on timescales of afew centuries. The solid lines represent the ow and transformation
of the various properties, while the dashed lines indicate a controlling role of a property on a
particular process.

Capone, 2001; Karl et al., 2002]. Globa estimates of N, xation by marine phy>
toplankton have more than doubled since the 1980s with commonly accepted rates
now in the range between 100 and 200 Tg N yr * (1 Tg = 10'?q) [Falkowski, 1997;
Gruber and Sarmiento, 1997; Capone et al., 1997; Gruber and Sarmiento, 2002;
Karl et al., 2002]. In addition, N, xation appears to represent asigni cant fraction
of total productivity in a number of subtropical and tropical areas (e.g. Karl et al.
[1997]). Furthermore, the use of molecular techniques has led to the discovery of
many new phytoplankton speciesthat are capable of xing N (diazotrophic species)
[Zehr et al., 2000; Zehr et al., 2001]. This expanded dramatically the previously
relatively small number of diazotrophs, whose best studied genus is the cyanobacs
terium Trichodesmium [Capone et al., 1997; Karl et al., 2002]. These observations
motivated the biological oceanographers to relax their traditional paradigm of a ni>
trogen limited open ocean environment to adopt one where PO?1 and possibly iron
[Falkowski, 1997; Karl et al., 2002] play an equally or even more fundamental role.
The geologists also contributed to the blurring of the distinction of the argumentsin
the nitrogen vs phosphorus discussion. Over the last two decades, they increasingly
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recognized that the marine N, cycle is more subtle and has numerous feedbacks
that permit a behavior that is more complex than simply being slaved to the marine
phosphorus content. In particular, they became increasingly aware that the total
amount of  xed nitrogen (NOg , ammonium, and all forms of organic nitrogen) in the
ocean can be changed substantially by denitri cation processes [Ganeshram et al.,
1995, 2000; Altabet et al., 1995, 2002; Devol, 2002] (see Figure 1.1). Denitri cation
refers to a dissimilatory process in which NO; replaces oxygen as the terminal
electron acceptor during respiration. As a consequence, NO; is reduced to N,
which is not bioavailable for most phytoplankton. As the energy yield of this
process is substantially lower than that of oxygen based respiration, denitri cation
usually does not occur in oxygenated waters, and starts becoming quantitatively
important only at very low dissolved O, concentrations [Hattori, 1983]. In stark
contrast to N, xation, the majority of marine heterotrophic bacteria can switch to
denitri cation if oxygen becomes scarce. Asthewater column of the current oceanis
generally well oxygenated, water column denitri  cation occurs only in afew places,
the most important being the Arabian Sea [Nagvi, 1987; Burkill et al., 1993; Howell
et al., 1997] and the Eastern Tropical Paci c [Brandhorst, 1959; Cline and Richards,
1972; Codispoti and Richards, 1976; Deutsch et al., 2001]. By contrast, benthic
denitri cation is more uniformly distributed, with highest activities in the organic
rich sediments along the continental margins [Devol, 1991; Christensen et al., 1987;
Hammond et al., 1999; Jahnke and Jahnke, 2000].

Recent estimates of global denitri cation have aso increased dramatically over the
last few decades. Codispoti et al. [2001] suggested that oceanic denitri cation
might be as large as 450 Tg N yr 1, with the majority (300 Tg N yr ) caused by
benthic denitri cation and theremaining (150 TgN yr 1) coming from water column
denitri cation. Asevident from Table 1.1, thiswould cause alarge imbalance (order
of 200 TgN yr 1) inthe present>day marine nitrogen budget. However, uncertainties
of thetermsin Table 1.1 arelargeand it istherefore unclear whether such animbalance
existstoday, possibly asaconsequence of the massive alteration of the global nitrogen
cycle by humans [Codispoti et al., 2001; Falkowski et al., 2000] or whether any of
the source/sink terms have been seriously under/overestimated [Brandes and Devol,
2002]. In this paper, among other issues, | will review this unresolved issue, and
propose an updated budget (see Table 1.1).

Irrespective of whether the current marine nitrogen cycle is balanced or not, it is
important to realize that the large biologically mediated uxes of nitrogen in and out
of themarine xed nitrogen pool lead to a very dynamic marine nitrogen cycle, with
residence times of less than 3000 years [Gruber and Sarmiento, 1997; Brandes and
Devol, 2002]. This stands in stark contrast to the residence time of phosphorus in
the ocean, which is presently estimated to be about 30,000 to 50,000 years [Delaney,
1998]. As a conseguence of this short residence time, small imbalances, if they
persist for several hundred years or more, can cause substantial changes in the
marine inventory of xed nitrogen, with potential impacts on marine productivity
and atmospheric CO, [Devol, 2002]. Assuming that xed nitrogen is the only factor
controlling marine productivity, Gruber and Sarmiento [1997] estimated that an
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Table 1.1 Present-day Global Marine Nitrogen Budgets of Codispoti et al. [2001],
Gruber and Sarmiento [2002], and updated in this study

Process Codispoti et a.* Gruber and Sarmiento®  this study
2001 2002
TgNyr ?® TgNyr ! TgNyr ?
Sources
Pelagic N fi xation 117 117 40 120 50°
Benthic N fi xation 15 15 10 15 10
River input (DON) 34 34 10 35 10°
River input (PON) 42 42 10 45 10°
Atmospheric deposition 86 30 5 50 20°¢
Total sources 294 238 44 265 55
Snks

Organic N export 1 1
Benthic denitrifi cation 300 95 20 180 50°
Water column denitrifi cation 150 80 20 65 20°
Sediment Buria 25 25 10 25 10
N2O loss to atmosphere 6 4 2 4 2
Total sinks 482 204 29 275 55

a: See Gruber and Sarmiento [2002] and Codispoti et al. [2001] for details.

b: Rounded relative to Gruber and Sarmiento [2002].

c: Increased by 20 Tg N yr 1 to take into consideration enhanced DON deposition onto the open ocean [Cornell et al.,
1995]. Increased error estimate to reflect Iarsge uncertainty associated with this estimate.

d: Adjusted to be in agreement with the >N isotopic constraint proposed by Brandes and Devol [2002]. See text for

details.
e: Adjusted downward to take the possible contribution of benthic remineralization into account. Increased error bar to

refect this uncertainty.

imbalance of 100 Tg N yr 1 can cause a net airrsea ux of about 0.1 Pg C yr 1.
If such an imbalance continued for 1000 years, the marine xed N inventory would
change by about 30% and atmospheric CO, by about 50 ppm.

McElroy[1983] was rstinnoticingthislargeleverage of themarine nitrogen cycleon
atmospheric CO,, and proposed that it contributed substantially to the observed past
variations in atmospheric CO,. In particular, he proposed that the ocean oscillates
between a state of excess xed nitrogen during glacial periods and a state of de cit
during interglacial periods. Such imbalances can occur because of changes in both
the source and sink terms. McElroy [1983] suggested that the nitrogen excess during
the cold periods was due to erosion of organic nitrogen rich sediments along the
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exposed continental margins. On the other hand, Falkowski [1997] and Broecker
and Henderson [1998] argued, for example, that the excess during glacial timesisa
consequence of increased N, xation, while Altabet et al. [2002] and Ganeshram
et al. [2000] suggested that it is because of reduced denitri cation. While these
processes were proposed to act mainly in response to climate change, Michaels et al.
[2001] and Karl et al. [2002] went one step further and postulated the existence of
fully devel oped feedback loops, whereby changesin the marine nitrogen cycle would
impact climate through changes in atmospheric CO,, and where a changed climate
would impact marineN, xation through changesin the delivery of dust to the ocean.
Thelatter link builds on the hypothesisthat iron is one of the main controlson marine
N, xation.
Before it is possible to discuss and evaluate these hypotheses, it is necessary to
understand the factors that control N, xation and denitri cation. Of particular
concern is how these two processes are linked to each other. While imbalances
might have occurred in the past and contributed to variations in the inventory of
xed nitrogen in the ocean, these variations appear to have remained within relatively
well de ned limits. This requires feedback mechanisms between N, xation and
denitri cation that prevent themarine N cyclefrom running out of control. Accepting
thebasic tenet that xed nitrogen isaprimary factor controlling marine productivity,
these feedback mechanisms must have operated ef ciently over thelast 10,000 years,
as the absence of atmospheric CO, variations above 10 ppm [Indermghle et al.,
1999] indicatesthat marine productivity remained relatively constant over thisperiod.

A related puzzle arises by inspecting the global>scale oceanic distribution of NO,

versus PO;?{ (Figure 1.2a), which reveals a global trend that is well described by a
linewith aslope of about 16:1. Thisslope correspondsto the N:Pratio of demand and
composition of marine phytoplankton and suggests that photosynthesis, respiration,
and remineralization are controlling most of the observed variability of NO; and
PO; . The existence of a relative constant N:P ratio of these processes and their
impact on the chemical composition of seawater has been embodied by the Red eld
ratio concept [Red eld et al., 1963]. Although this concept explains why most points
lieonal6:1line, it does not provide an answer why the intercept of the line is close
to zero. A corollary question is why the ratio of the total inventory of NO; and
PO?1 in the ocean is close to the N:P ratio of phytoplankton (see also Figure 1.2b
and 1.2¢).

A rst hypothesisisthat the mean ocean NO, to PO; ratiore ectsthe N:Pratio of
the main external inputs and outputs. Apart from N, xation and denitri cation, the
main inputs for NO; and PO; areriver ow and atmospheric deposition, while the
mainlosstermisburial in ocean sediments. Asitturnsout, theratiosof xed nitrogen
and phosphorus in rivers and of atmospheric deposition are typically much higher
than 16:1 [Meybeck, 1993]. Therefore, if the mean ocean balance were set by these
input and loss processes alone, one would expect an intercept with strongly positive
NO, values (or similar to Figure 1.2b). Denitri cation appears to be removing this
excess xed nitrogen from the system and brings the intercept down to near zero.
But what keeps the system from running into a strong NO; de cit? N, xation






