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One of my all-time favorite papers is Codispoti and Christensen [1985], in which the
authors proposed an unbalanced fixed-N oceanic budget with sources of 90 Tg N/yr,
and sinks of 158 Tg N/yr. Given my graduate education, which was similar to that
described by Codispoti in Codispoti, et al. [2001], where “the principle of parsimony
encouraged many to assume an ocean that was in steady-state,” (Note: Codispoti also
included “limited observations” as an additional reason for assuming steady-state, but
in fact my experience was that the observations tended to support the steady-state
assumption), I found this analysis to be highly provocative. It was thus very exciting
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for me to be able to make a contribution to this debate with Niki Gruber in Gruber and
Sarmiento [1997], where we found a much larger nitrogen fixation rate in the North
Atlantic than had previously been estimated. Extrapolated globally, our pre-industrial
total source estimates increased to 181 +/- 44 Tg N/yr, now roughly in balance with a
slightly revised total pre-industrial sink estimate of 184 +/- 29 Tg N/yr.

In the meantime, however, there began to be indications that denitrification might be
larger than we had thought. In particular, in a paper published in December of 1996
(our paper appeared in June of 1997, but we missed this earlier study), Middelburg,
et al. [1996] used a sediment model to estimate a sedimentary denitrification sink of
230 to 285 Tg N/yr, as contrasted with our estimate of only 85 +/- 30 Tg N/yr based
on Codispoti and Christensen [1985]. In 2001, Codispoti, et al. [2001] dramatically
upped the ante with a new synthesis of the fixed-N budget in which the most important
modification from earlier work was a denitrification estimate of >450 Tg N/yr! The
basic elements of the 2001 synthesis of fixed-N sinks as summarized also in the new
manuscript by Codispoti are the following:

_____________________

CODISPOTI DENITRIFICATION BUDGET:

(1) SEDIMENT DENITRIFICATION: The large Middelburg, et al. [1996] model based
estimate of 230-285 Tg N/yr for global sediment denitrification, supported by various
and sundry in situ measurements, and revised upwards to 300 Tg N/yr to account for
production of N2 by the annamox reaction.

300 Tg N/yr

(27) WATER COLUMN DENITRIFICATION: The excess N2 measurements in the Ara-
bian Sea reported on by Codispoti, et al. [2001] and now starting to appear in various
papers by Devol et al., which suggest that the N* deficit is only seeing about half the
total effect of denitrification. Extrapolated globally, this increases the water column
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denitrification rate estimate to 150 Tg N /yr.

150 Tg N/yr

(3) RATIO OF NON-FRACTIONATING TO FRACTIONATING DENITRIFICATION: The
oceanic 15N isotopic budget analysis of Brandes and Devol [2002], which implied that
the ratio of fractionating denitrification (thought to occur primarily in the water column)
to non-fractionating denitrification (thought to occur primarily but not exclusively in the
sediments), should be about 3.5. Assuming that 5̃0 Tg N/yr of the N2 in the water
column is produced by non-fractionating processes in the water column (per Codispoti)
gives a fractionating denitrification of (150 - 50) = 100 Tg N/yr in the water column, and
a total non-fractionating sediment plus water column denitrification of (300 + 50) = 350
Tg N/yr for an overall ratio of 3.5, as required by Brandes and Devol [2002].

3.5 (unitless)

_____________________

The fixed-N source estimates increased modestly to 2̃50 Tg N/yr (supported by ad-
ditional analyses such as that of Deutsch, et al. [2001]), which gave an imbalance of
order 200 Tg N/yr in the annual budget, almost three times larger than that proposed
by Codispoti and Christensen [1985]!

What has happened since 2001 that merits this new review of the problem by Codis-
poti? Scientifically, there have been many new measurements, but there are no break-
through insights comparable to the sediment denitrification estimate and N2 and iso-
topic measurements that formed the backbone of the Codispoti, et al. [2001] paper.
From what I infer, a major motivation for this new paper is that Gruber in 2004 pub-
lished another synthesis of the nitrogen cycle in which he basically stuck to our old
numbers and went through a long series of arguments discounting the larger denitrifi-
cation estimates of Codispoti, et al. [2001] (cf. Gruber [2004]). In this new manuscript,
Codispoti comes back with a counter-analysis disagreeing with Gruber [2004] and de-

S434

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/3/S432/2006/bgd-3-S432-2006-print.pdf
http://www.biogeosciences-discuss.net/3/1203/2006/bgd-3-1203-2006-discussion.html
http://www.biogeosciences-discuss.net/3/1203/2006/bgd-3-1203-2006.pdf
http://www.egu.eu


BGD
3, S432–S440, 2006

Interactive
Comment

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Discussion Paper

EGU

fending the Codispoti, et al. [2001] analysis.

Before proceeding with my review, I should point out in all fairness that I am squarely
on the Gruber side of this disagreement (cf. Sarmiento and Gruber [2006]). My first
reaction upon reading this manuscript was thus to begin marshalling all the arguments
as to why the ocean denitrification rates could not be as large as claimed by Middel-
burg, et al. [1996] and all the other studies described by Codispoti. These will come
in a moment, but before that, I think the most important message of this historical re-
construction of the debate is that we do not have sufficient constraints on the fixed-N
budget of the ocean. What we really need in order to solve this problem are some
breakthrough insights and/or new measurements.

From this point of view, I must confess to being somewhat disappointed in Codispoti’s
paper in that I think the most appropriate emphasis in the end would have been on
what we could do in the future in order to truly resolve these disagreements other than
by arguments that tend to degenerate into hand-waving. I have a few suggestions: (1)
model simulations of how the oceanic and atmospheric distribution of properties would
change in time if the fixed-N budget were as far out of balance as Codispoti’s budget
shows it to be. I have a feeling that this will prove highly instructive, and I am doing this
right now with Curtis Deutsch. (2) A global scale map of the dissolved N2 distribution.
In combination with tracers and ocean model simulation analyses, such observations
should prove to be a powerful constraint on denitrification in the ocean. While we
are at it, I would think that a global scale map of del15N would also prove useful.
I note that GEOTRACES includes del15N measurements, but not N2. (3) Improved
quantitative rate estimates from tracers like N* and del15N and N2 including a more
thorough exploration of uncertainties especially using models as testing grounds. I am
certain others could come up with better suggestions. (Note: I personally tend to be
skeptical of our ability to get global estimates from in situ rate measurements due to
the large spatio-temporal variability of biological processes in the ocean, which is why
I have chosen to emphasize large scale observational and modeling constraints.)
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Does this paper add anything constructive or new to the disagreement over the fixed-
nitrogen budget? Yes, in some respects. This is not a discussion that has been re-
solved, and anything that stimulates continued research on this important problem is
good. Codispoti’s speculations on how the budget might be closed are stimulating. This
paper is fun to read and gets the adrenaline flowing; as I am sure Codispoti intended it
to do. However, I believe that it is possible for reasonable people to disagree with him
on his budget, and in particular with his assertion that “reducing the sink term is not
the answer.” Rather than go into a detailed review of all of Codispoti’s arguments, I will
confine my comments below to what I see as the most important points of his analysis.

As regards Codispoti’s budget, I feel that his propensity to pick the highest estimate for
denitrification in every case gives an unfair impression of how great the uncertainties
are. His Table 1 gives a single number with no estimate of uncertainty or of the range of
estimates. Before this paper is accepted for publication, there should be some attempt
made to rectify this problem. Furthermore, the table should include all estimates for
fixed-N addition, not just nitrogen fixation. It is confusing that the total shown in the
table is not equal to the sum of the numbers given above.

As regards Codispoti’s assertion that “reducing the sink term is not the answer,” I offer
the following thoughts on the total denitrification estimate, hoping that perhaps this will
lead to a more flexible view if not a change of mind.

_____________________

ALTERNATIVE TO CODISPOTI BUDGET:

(1) SEDIMENT DENITRIFICATION: One thing that reading this manuscript of Codis-
poti’s made me realize is how strongly his argument depends on the Middelburg, et
al. [1996] model-based sediment denitrification estimate. This is perhaps a bit ironic,
considering that Codispoti, et al. [2001] et al. were moved to criticize “...the tendency
to call mathematical outputs, ‘data’” (a tendency which I also deplore despite being a
modeler myself).
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In recent work that is reported on in Sarmiento and Gruber [2006], John Dunne and I
with others have re-done the Middelburg, et al. [1996] meta model estimate of global
denitrification (a paper by Dunne et al., with further details is in preparation). We obtain
0.165 Pg C/yr, equivalent to a denitrification rate of 154 Tg N/yr using the Middelburg,
et al. [1996] N2:C ratio of 0.8, 190 TgN/yr if we use a ratio of 1̃, which assumes that
all ammonium gets converted to N2. Our global total benthic remineralization of 2.5 Pg
C/yr, is comparable to other estimates.

This result falls well below the Middelburg, et al. [1996] curve of global denitrification
versus total benthic remineralization (their Figure 5). I suspect that our lower denitri-
fication estimate arises from a different frequency distribution of total carbon fluxes.
Figure 8 from Middelburg, et al. [1996] shows that the % of organic matter that gets
remineralized by denitrification varies considerably (though systematically) with the per
unit area organic carbon flux. If the frequency distribution of our fluxes is different than
theirs, the mean % will also be different. Middelburg, et al. [1996] use a flux distribution
based on the oceanic hypsometric curve and a relationship between the organic mat-
ter flux and ocean depth, whereas we use satellite based estimates of ocean biological
production together with remineralization curves based on sediment trap observations
in a spatially resolved calculation.

1̃90 Tg N/yr (Scenario 1 & 2b)

1̃27 Tg N/yr (Scenario 2a)

(see item (3) for scenario descriptions).

(2) RATIO OF NON-FRACTIONATING TO FRACTIONATING DENITRIFICATION: The
ratio drops to <3 when corrected for the Deutsch, et al. [2004] dilution effect to Brandes
and Devol [2002] (cf. Gruber [2004]).

<3 (unitless)

(3) WATER COLUMN DENITRIFICATION: If we assume that all “true” water column
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denitrification is fractionating, then the water column denitrification implied by the sed-
imentary denitrification must be 1̃90/3 = 63 Tg N/yr. This number is consistent with
the water column denitrification estimates of Deutsch, et al. [2001] and Howell, et al.
[1997], but about a factor of 2 lower than implied by the excess N2 measurements in
the Arabian Sea reported on by Codispoti, et al. [2001]. Two extreme scenarios for
resolving this issue are:

SCENARIO 1: The most conservative assumption is that half the water column N2
signal must be due to sediment denitrification. In that case, the total denitrification will
sum to 190 + 63 = 253 Tg N/yr, and the fixed-N budget will be in balance. Note: as
regards why the sediment denitrification signal does not also show up in the N* data
used in some of the water column denitrification estimates, there are several lines of
evidence suggesting that this is due primarily to dilution by remineralization of high N:P
organic matter produced by nitrogen fixers, e.g., paragraph 46 of Sigman, et al. [2005].
Overall, this is the scenario that I tend to favor. Given that most of the sediment signal
of denitrification has to appear in the water column somewhere and that a high fraction
of this occurs in high productivity continental margin regions, it seems reasonable to
assume that much of it will appear in the oxygen minimum zones where the big water
column denitrification signals occur.

SCENARIO 2: Codispoti raises a valid question as to whether there is enough sedi-
ment exposure of the corresponding density surfaces to account for such a large N2
excess. This should be possible to test with models. He also provides a series of other
arguments as to why the conservative assumption might be incorrect. If we assume
for the sake of this discussion that all the N2 excess is in fact due to non-fractionating
water column denitrification, as does Codispoti, then the total water column denitrifica-
tion must be 1̃26 Tg N/yr. However, this violates the N-15 budget because the ratio of
non-fractionating to fractionating denitrification in this case would be (190+63)/63=4.0.

Two possible ways to resolve this problem are: SCENARIO 2a: reduce the sediment
denitrification by 63 to 127, giving a non-fractionating to fractionating ratio of (127 +
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63)/63 ˜ 3, with the same total denitrification as in Scenario 1 of 127 + 126 = 253
Tg N/yr. This is a big reduction in the sediment denitrification rate, but while I do not
tend to favor this scenario, I am not confident enough in the sediment denitrification
estimates to totally eliminate this possibility. SCENARIO 2b: increase the fractionating
water column denitrification to 95 Tg N/yr, and the total water column denitrification to
190 Tg N/yr. This gives a non-fractionating to fractionating ratio of (190 in sediments
+ 95 in water column)/95 = 3, and a total denitrification rate of 380 Tg N/yr. The fixed-
N budget will then be out of balance, though only about half as much as claimed by
Codispoti.

6̃3 Tg N/yr (Scenario 1)

1̃26 Tg N/yr (Scenario 2a)

1̃90 Tg N/yr (Scenario 2b)

_____________________

I tend to favor Scenario 1 whereas Codispoti, in addition to going for the larger Mid-
delburg, et al. [1996] sediment denitrification estimate, favors a variant of Scenario
2b. However, the overall evidence in favor of or against any one of these scenarios
is I think insufficient to assert that any one of them is anything more than marginally
more or less likely. I reiterate: what we truly need to resolve this controversy are new
observational and modeling constraints.
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