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[1] Emmpirical transfer functions are derived for predicting the total benthic nitrate loss
(Lnos) and the net loss of dissolved inorganic nitrogen (Lppy) in marine sediments,
equivalent to sedimentary denitrification. The functions are dynamic vertically integrated
sediment models which require the rain rate of particulate organic carbon to the seafloor
(RRPOC) and a proposed new variable (O,-NO3)y,, (bottom water O, concentration minus

NOj3 concentration) as the only input parameters. Applied globally to maps of RRPOC
and (O,-NO3),,, on a 1° x 1° spatial resolution, the models predict a NO3 drawdown

of 196 Tg yr ' (Lnos) of which 153 — 155 Tg yr™ ! is denitrified to N, (Lppy). This is in
good agreement with previous estimates using very different methods. Our approach
implicitly accounts for fixed N loss via anammox, such that our findings do not support the
idea that the relatively recent discovery of anammox in marine sediments might require
current estimates of the global benthic marine N budget to be revised. The continental shelf
(0 — 200 m) accounts for >50% of global Lyos and Lpy, with slope (200 — 2000 m)
and deep-sea (>2000 m) sediments contributing ca. 30% and 20%, respectively.
Denitrification in high-nitrate/low-oxygen regions such as oxygen minimum zones is
significant (ca. 15 Tg N yr~'; 10% of global) despite covering only ~1% of the seafloor.
The data are used to estimate the net fluxes of nitrate (18 Tg N yr~ ') and phosphate

(27 Tg P yr ') across the sediment-water interface. The benthic fluxes strongly deviate
from Redfield composition, with globally averaged N:P, N:C and C:P values of 8.3, 0.067
and 122, respectively, indicating world-wide fixed N losses (by denitrification) relative to
C and P. The transfer functions are designed to be coupled dynamically to general
circulation models to better predict the feedback of sediments on pelagic nutrient cycling

and dissolved O, distributions.

Citation: Bohlen, L., A. W. Dale, and K. Wallmann (2012), Simple transfer functions for calculating benthic fixed nitrogen
losses and C:N:P regeneration ratios in global biogeochemical models, Global Biogeochem. Cycles, 26, GB3029,

doi:10.1029/2011GB004198.

1. Introduction

[2] The marine fixed nitrogen (N) budget of the global
ocean is poorly constrained due to uncertainty in the magni-
tude of the major input fluxes by nitrogen fixation and removal
fluxes by denitrification. Benthic denitrification is believed to
be the major sink for fixed nitrogen [Codispoti et al., 2001;
Brandes and Devol, 2002; Galloway et al., 2004; Gruber,
2004]. Early estimates of global benthic denitrification rates
pointed toward values on the order of 100 Tg Ny~ " or lower
[e.g., Codispoti and Christensen, 1985]. More recently,
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however, these estimates have been revised upwards by as
much as a factor of 2 — 3 using a variety of different approa-
ches such as global N isotope budgeting [Brandes and Devol,
2002; Deutsch et al, 2004], reaction—transport modeling
[Middelburg et al., 1996] and data extrapolation and inter-
pretation [Codispoti et al., 2001]. Nonetheless, benthic deni-
trification, and preferential nutrient retention and release in
general, are only rarely considered in global biogeochemical
models of N cycling [e.g., Romaniello and Derry, 2010;
Somes et al., 2010].

[3] Shelf and hemipelagic sediments have been identified
as important sites for denitrification [Christensen et al.,
1987; Devol, 1991]. In recent decades, progress has been
made in determining the factors that ultimately control the
rate of benthic denitrification that explain these observa-
tions. Using a diagenetic model forced by parameterizations
based on seafloor bathymetry, Middelburg et al. [1996]
observed that denitrification in deep-sea sediments was
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most sensitive to the rain rate of labile particulate organic
carbon (POC) to the seafloor. However, nitrate (NO3) con-
centrations are also important, particularly for high nitrate
low oxygen (HNLO) waters that are depleted in dissolved
oxygen (O,) [e.g., Fennel et al., 2009; Dale et al., 2011].
Even though most denitrifying bacteria are facultative anae-
robes [Tiedje, 1988], the effect of bottom water O, is less
obvious. For example, higher O, concentrations may either
lead to an enhancement of denitrification via coupled nitri-
fication-denitrification or may inhibit denitrification though
reduced substrate availability because of higher aerobic res-
piration rates [Rysgaard et al., 1994; Middelburg et al.,
1996]. Ultimately, the relative concentrations of O, and
NOj3 appear to be critical in determining benthic denitrifi-
cation rates if organic substrate is plentiful [Dale et al., 2011].

[4] The aim of this study is to derive predictive algorithms,
or transfer functions, for depth-integrated denitrification rates
and nutrient regeneration ratios in marine sediments based on
a small number of globally accessible parameters. The
transfer functions are equivalent to the ‘level 3° dynamic
vertically-integrated sediment model described by Soetaert
et al. [2000] for coupling benthic and pelagic biogeochem-
ical models. To achieve this, we first developed a function
for total benthic NO3 losses (Lno3) using measured NO5
fluxes across the sediment-water interface. Lyos is equiva-
lent to the maximum rate of denitrification because it does
not account for the release of fixed N as ammonium (NH)
back to the water column. Thus, in a second step, Lyoz was
corrected using observed NH} fluxes, giving the net loss of
dissolved inorganic nitrogen, Ly (DIN = NO3 + NHj).
Lpn is then used as a proxy for benthic denitrification. Based
on previous results [Middelburg et al., 1996; Dale et al.,
2011], bottom water O, and NO;3 concentrations and the
rain rate of POC to the seafloor (RRPOC) were used as
master variables in the transfer function through a proposed
new variable (O,-NOj3)y,, (= bottom water O, concentrations
minus NOj3). These functions are then applied to global
fields of (0,-NO3),y and RRPOC to derive new estimates of
benthic denitrification that are consistent with previous esti-
mates. Finally, we used a model for carbon-to-phosphorus
regeneration ratios in marine sediments developed by
Wallmann [2010] to derive global maps of the ratios of C, N
and P fluxes in shelf, slope, deep-sea and HNLO regions.
These easy-to-apply functions are designed to be coupled to
biogeochemical general circulation models as a computa-
tionally efficient means of evaluating potential benthic
feedbacks on the global inventory of ocean fixed N, P and
dissolved O,.

2. Data Acquisition

2.1. Site Specific Data

[s] Literature data of NO3 (Jnos) and NH; (Jypa) fluxes
across the sediment-water interface, bottom water O, (M)
and NO3 (uM) concentrations and total benthic carbon oxi-
dation rates (C,y, mmol C m 2 d_l) from sites all over the
world were compiled. A global map and table listing all sites is
provided in the auxiliary material (Figure S1 and Table S1)."
At stations where bottom water O, and NO3 concentrations

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GB004198.
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were not provided in the original references, these values were
estimated from nearby stations or from the World Ocean Atlas
(WOA) 2005 [Garcia et al., 2006a, 2006b]. Since the rate of
solute transport across the sediment-water interface by bioir-
rigation may be up to 3 times higher than the molecular dif-
fusive flux [Devol and Christensen, 1993], only in situ fluxes
using benthic chamber deployments were included in the
database. However, for water depths >3000 m, bioirrigation
was assumed to be of minor importance [Glud, 2008] and
diffusive fluxes determined ex situ from pore water profiles
were used in addition to in situ chamber measurements. A total
of 180 NO5 and 122 NH; flux measurements were available.
In this work, negative fluxes denote uptake by the sediment.

[6] The transfer functions require knowledge of RRPOC as
an input parameter. However, in almost all cases only C,y
was given (see Table S1 in the auxiliary material). RRPOC
was therefore calculated by assuming that the accumulation
rate of POC below the bioturbated zone (APOC, mmol
Cm 2 d ") is equal to the difference between RRPOC and
Cox at steady state:

APOC = RRPOC — Cyy (1)

This equation introduces an unknown, APOC. To eliminate
APOC, we used the following equations that relate RRPOC
and APOC in shelf/slope (<2000 m) and deep-sea (>2000 m)
sediments [Flogel et al., 2011]:

0.14 x RRPOC!!!
0.014 x RRPOC!%

for water depths <2000 m
for water depths > 2000 m

)

RRPOC values were then obtained by solving equations (1)
and (2). Note that equation (2) is a nonlinear function in
RRPOC, such that the burial correction of the rain rate may
be >20% in cases with high rain rates in shelf settings, lead-
ing to a significant effect on derived global denitrification
rates. The burial correction for the deep sea has a negligible
impact on the global denitrification rate and is included for
completion only.

APOC = {

2.2. Completeness of the Database

[7] The database covers the broad range of redox condi-
tions encountered in the contemporary ocean, including sites
from intense HNLO regions (i.e., anoxic oxygen minimum
zones) to fully oxygenated regions of the ocean from the
shallow shelf to the deep sea (see auxiliary material).
Observed Jyos; (mmol N m™2 d™') were directed both into
and out of the sediment, yet higher rates were found for NO5
uptake (Figure 1a). Maximum NO5 uptake rates occurred on
the shelf and slope in conjunction with high Jy4 (Figure 1b)
and RRPOC (Figure 1c). These are also sites with low bot-
tom water O, concentrations, and maximum uptake rates in
our database corresponded to the highly productive oxygen
minimum zone (OMZ) off Peru [Bohlen et al, 2011],
northwest Mexico and Washington [Devol and Christensen,
1993; Hartnett and Devol, 2003]. Release of NO3 was often
observed at sites with low bottom water NO3 concentrations
that drive an upward diffusive flux of NO3 and at sites with
well-oxygenated bottom waters and low benthic carbon
degradation rates that favor nitrification of NH; to NO3
[e.g., Hammond et al., 1999]. The range of Jnoz and Jypa
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Figure 1. Benthic fluxes (mmol m~* d™ ') as a function of
water depth (m). (a) NO3 (including NO, data where pro-
vided); (b) NHy; (c) organic carbon rain rates (RRPOC).
Negative fluxes denote uptake by the sediment.

in the data set is similar to that reported by Middelburg
et al. [1996] in their global denitrification study.

[8] Maximum Jyp4 values occurred at shallow water depths
(Figure 1b). Very high fluxes (>2 mmol NHj m~ d ') were
found for sites exhibiting normal oxic bottom water conditions
and high POC degradation rates of >17 mmol C m 2 d™'
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[e.g., Hammond et al., 1999], probably as a result of high
ammonification and concomitant NH, release by bioir-
rigation [Dale et al., 2011]. However, fluxes in the
same range were also reported for the Peruvian OMZ
[Bohlen et al., 2011] despite lower POC degradation rates
(~6 — 8 mmol C m > d™"). These high NH fluxes result
from the activity of giant sulfur bacteria performing DNRA
[Bohlen et al., 2011]. In HNLO environments, DNRA can
be an important source of NHy [e.g., Otte et al., 1999],
but may also be significant in more oxygenated settings,
especially those where hypoxia occurs on variable time
scales [Dale et al., 2011].

[s] Carbon rain rates ranged from 0.3 —50 mmol Cm > d ™"
with highest values on the shelf as expected, and decreased
down the continental slope (Figure 1c). The wide range of
values on the shelf may be related to regional differences in
primary production or particle settling velocities [Rullkotter,
2006]. This variability in rain rate ensures that a wide range
of carbon deposition environments is included in the deriva-
tion of the transfer functions below.

3. Derivation of the Transfer Function

3.1. Defining Benthic NO3 and DIN Loss

[10] Jnos and C,x were used to calculate the depth—
integrated rate of NOj3 loss (Lyo3):

Lno3 = RPON — Jno3 = Cox X 16/106 — Jnos (3)

where RPON is the degradation of particulate organic nitro-
gen determined from C,, with a Redfield C:N ratio of
106:16. Thus, NOj3 losses are highest when Jyo3 is negative
(benthic uptake), and vice versa. The concept behind the
foregoing equation relies on the idea that all particulate
organic nitrogen mineralized as NH} is directly coupled to
nitrification at steady state (Figure 2). We consider that
nitrite does not accumulate to significant levels in the sedi-
ment or water column to warrant inclusion of this reactive
intermediate in the conceptual model. Thus, in view of this
highly simplified reaction network, our model does not dif-
ferentiate between fixed N loss to N, by canonical denitri-
fication or anammox, but instead provides the sum of these
potential pathways. Furthermore, solute burial is considered
to be negligible compared to diffusion and is ignored in
these calculations. In what follows, the term denitrification
refers to combined canonical denitrification and anammox.

[11] Highly irrigated organic-rich shelf sediments and
those underlying hypoxic bottom waters may release NH}
directly to the overlying water column. Since equation (3)
ignores the potential efflux of NHy, fixed N losses esti-
mated using this equation represents the maximum potential
denitrification rate. Lyos can be corrected to give an
expression for the net loss of DIN (Lppy) which is a more
realistic estimate of denitrification:

Lo = Lnos — Inis = Cox X 16/106 — Inos — Inus— (4)

Note that dissimilatory nitrate reduction to ammonium
(DNRA) by giant sulfur bacteria such as Beggiatoa [e.g.,
Otte et al., 1999] was not considered explicitly as a sink for
NO3 (Figure 2). However, this process is implicitly
accounted for in the Ly estimate since the NHj produced
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Figure 2. Conceptual model of the reaction network used to derive the transfer function. The arrow in
brackets symbolizes the potential fluxes of NHy across the sediment-water interface which was considered
for the calculation of net DIN loss (see section 3.1). Note that NO5 is defined as the sum of NO3 + NO; .
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by DNRA will be either nitrified to NO3 or released from the
sediment as NHj. Only sites with positive Lyoz and Lpny
values determined from equations (3) and (4) were consid-
ered for further analysis. Negative values imply that more
NO5 and/or NH; are released than produced in situ.
N cycling at such sites (e.g., some stations on the Porcupine
Abyssal Plain or in the Equatorial Pacific) may not be at
steady state or, alternatively, organic matter mineralization
may be occurring with C:N ratios lower than Redfield. While
there is some evidence to suggest a non-Redfield composi-
tion of organic material in marine sediments [e.g., Miiller,
1977], a constant C:N is considered here so as to be consis-
tent with the commonly assumed Redfield stoichiometry
adopted in general circulation biogeochemical models.

3.2. A Transfer Function for Denitrification

[12] A transfer function for predicting total benthic NO3
loss was derived using RRPOC and bottom water O, (M)
and NO3 (M) concentrations as master variables. Previous
studies have shown that denitrification and anammox are
highly sensitive to these variables [Middelburg et al., 1996;
Dalsgaard et al., 2005; Dale et al., 2011]. Since denitrifica-
tion rates are elevated in HNLO regions [e.g., Devol and
Christensen, 1993], a new variable (O,-NO3)y,, (= bottom
water O, concentration minus NOj3 concentration) is pro-
posed to embrace this observation. (0,-NOj),, describes
HNLO settings as negative values and normal oxic waters as
highly positive values. Using the information in our database
we identified a relationship between Lyos (mmol N m2d™Y),
RRPOC (mmol C m 2 d™") and (0,-NOs)yy, (tM):

Lnos

2*N03)bw
RRPOC

=a+bxcO

(5)

where a = 0.083 £ 0.006, » =0.21 4+ 0.013 and ¢ = 0.98 +
0.002. This function shown in Figure 3a (r2 =0.78, n = 180,
p < 0.001) indicates that the rate of N loss per mol of carbon

deposited on the seafloor (= Lyoz/RRPOC) increases as (O,-
NO3)pyw decreases. Rearranging equation (5) gives the trans-
fer function for NO5 loss:

Loz = <a +bx c(OZ*Noﬁbw) x RRPOC (6)
The error or uncertainty in equation (5), A(Lnoz/RRPOC),
was determined from the residuals of the fit against the data.
As shown in Figure 3b, A(Lno3/RRPOC) is not constant but

increases with decreasing (O,-NOs)y,, (Figure 3b) according
to the function:

L
A _NO3

=d f(Oz*NOg)bw
RRPOC 0 €%

(7)
where d = —0.0047 £+ 0.015, ¢ =0.085 4+ 0.016 and /= 0.99
4 0.002. Using error combination rules, ALyo3 was calcu-
lated from A(Lno3/RRPOC) and the mean relative error of
the POC rain rate (ARRPOC/RRPOC):

2
A (Lox ARRPOC)\
Alnos = LNO3\j < (E:;{cl;OC)) B ( RRPOC ) ®

RRPOC

The relative error in the rain rate was estimated as 20% based
on confidence limits of benthic total oxygen uptake in a
global study by Andersson et al. [2004].

[13] By ignoring the NHy efflux, Lyo3/RRPOC represents
the maximum fraction of RRPOC that is denitrified. There-
fore, two different approaches, a priori and a posteriori,
were used to correct Lyos for the NH, flux. In the a priori
approach, we identified (Figure 3c) a correlation between
Lpmn, RRPOC and (0,-NOs)y,,, in the same way as for Lyos
(r* = 0.67, p < 0.001, n = 122):

LpN
RRPOC

—a+bx C(Oz*Noz)bw

©)
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Figure 3. The ratio of (a) Lyos/RRPOC and (¢) Lpn/RRPOC as a function of (O,-NOs )., The solid lines
show the nonlinear fit through the data (equations (5) and (9)) and the dotted lines denote the error estimated
from the residuals given in Figures 3b and 3d. The nonlinear fit through the residuals (equations (7) and (11))
is denoted by the solid line with the standard deviation (c') and the correlation coefficient (%) indicated.

where here a = 0.060 + 0.01, »=0.19 £ 0.019, ¢ =0.99 +
0.003. Rearranging equation (9) gives an estimate for ben-
thic denitrification which we will denote DEN1:

DENI = Loy = (a b x c<Osz03>bw) x RRPOC  (10)

with the uncertainty given as:

Lpmw
RRPOC

where d=0.018 £ 0.007, e =0.068 + 0.011 and /= 0.99 +
0.004 (Figure 3d). The error for the a priori denitrification
estimate, ADEN1, was calculated analogous to equation (8).

[14] In the second approach, the correction for benthic
NHj efflux to Lyos was done a posteriori using as a fixed
percentage of the measured NH; flux to total NO3 loss
(Figure S2 in the auxiliary material). NH} release was gen-
erally minor for water depths >1000 m and for these sites we
assumed that the calculated Lyos equals the total loss of
fixed N in the sediment. In contrast, NH} effluxes were
equivalent to as much as 80% of NO; fluxes for water

=d+ex f(oz*NO.z)bw

(11)

depths <1000 m. The NH flux showed no robust correlation
with RRPOC and (0,-NO3)y,, (data not shown). Therefore,
as a first approximation, we assumed that for water depths
<1000 m the NH} flux was equal to the average fraction of
the NOj3 flux for these water depths, that is, 27 4+ 23% of
Lnos- The a posteriori benthic denitrification estimate
(DEN2) is thus calculated by correcting the transfer function
for the NO3 loss (equation (6)) directly:

for water depths > 1000 m
for water depths < 1000m

Lnos

0.73 x LN03 (12)

DEN2 = {

3.3. Stoichiometry of Benthic N and P Fluxes

[15] The transfer functions for benthic NO; and DIN
losses allow the flux of NO3 (Jyo3) and DIN (Jpy) across
the sediment-water interface to be estimated:

JN03 = CDX X 16/106 — LN03 (13)

Jow = Cox X 16/106 — Lpmy (14)
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Where C,, was estimated from globally-extrapolated rain
rate values (see Section 4.1). Note that Jyo3 includes NO3
uptake by denitrification and DNRA, whereas Jpy corrects
for any potential NO3 consumption by DNRA. The derived
and measured Jyo3 are significantly correlated (*=0.87,n=
180, p <0.001) (Figure S3 in the auxiliary material). The
measured DIN fluxes were also reproduced significantly by
equation (14) (> = 0.70, n = 122, p <0.001). Wallmann
[2010] collated literature data of worldwide benthic phos-
phate effluxes (Jpos) (mmol P m > d "), bottom water O,
concentrations (4#M) and, together with C,x (mmol C m
d™"), derived a relationship for the C:P regeneration ratio in
marine sediments, that is, the number of moles of POC
mineralized per mole of PO3~ released (rreg):

Cox (702)
=a—bx exp|—
Jpo4 c

where a (123), b (112) and ¢ (32 M) are empirical constants
[Wallmann, 2010]. This function shows that rrgg is higher
than Redfield under oxic conditions, indicating preferential
P burial in most sedimentary environments. However, excess
P is strongly released from continental margins when O,
<20 uM [Wallmann, 2010]. Rearrangement of equation (15)
enables the calculation of Jpp4 directly:

(15)

IREG =

_ Cox
Jpos = 5

a—bx exp(=2) (16)

The N to P stoichiometry of the fluxes across the sediment—
water interface, Jy.p, can thus be calculated as:

Ine = Joiv/Iros (17)
Note that Jy.p is not defined as Jyo3/Jpos since the NHj
released from the sediment will be rapidly oxidized to NO3
in the water column and it is the net flux of fixed N that is of
most interest to global biogeochemical modelers. The molar
N:C and C:P ratios of the fluxes (excluding the benthic C flux
associated with the dissolution of CaCOs) are:

Inie = Jonn/Cox (18)

(19)

These metrics are used in this study to assess the stoichiom-
etry and global distribution of benthic N and P fluxes.

Jo:p = Cox /Jp0o4 = TREG

4. Global Application of New Transfer Functions

4.1. Global Data Sets

[16] In addition to the site-specific data previously used to
derive the transfer functions, global maps of bottom water
0, and NOj3 concentrations and RRPOC are needed to apply
these functions at a global scale. O, and NO3 concentrations
were obtained from annual objectively analyzed mean con-
centrations from the WOA 2005 [Garcia et al., 2006a;
2006b] with a 1° x 1° horizontal resolution. These data were
available for water depths up to 5500 m with a vertical res-
olution varying from 10 m close to the sea surface to 500 m
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for water depths >2000 m. The annual mean data recorded at
the deepest water depth for a specific coordinate is assumed
to be representative of the bottom water concentration.

[17] RRPOC (Figure 4a) were estimated from primary
production data as follows. Mean monthly primary produc-
tion rates were derived from satellite imagery of chlorophyll
a (Chl a), photosynthetically available radiation (PAR) and
sea—surface temperature (SST) following Behrenfeld and
Falkowski [1997]. Monthly climatological data (1997—
2010) for Chl a and PAR were obtained by SeaWIFS (G. C.
Feldman and C. R. McClain, Ocean Color Web, SeaWIFS
Reprocessing 5, 2010, http://oceancolor.gsfc.nasa.gov/), and
monthly objectively analyzed means of SST were derived
from the WOA 2005 [Locarnini et al., 2006]. Based on the
spatially resolved monthly primary production estimates,
POC export production at each grid point was then deter-
mined using the pe-ratio [Dunne et al., 2005]. Particle
transport to the seafloor was subsequently calculated using
the Martin curve [Martin et al., 1987]:

RRPOC = Fjg x (z/100)° (20)
where RRPOC is the POC flux reaching the seafloor (mmol
Cm 2 d™Y), Foo is the POC flux at 100 m; assumed to be
equal to the POC export production, and z is water depth
(m). The value of the exponent (b = —0.82) was defined
according to Berelson [2001], and is discussed in more detail
later. The bathymetry of the seafloor was defined according
to ETOPOS [Sloss, 1988]. Finally, monthly RRPOC data
calculated using equation (20) were integrated to give annual
estimates.

[18] All data in the figures presented were processed on a
1° x 1° grid. Data available at higher resolution (SeaWIFS
data at 9 x 9 km, bathymetry at 5’ x 5') were averaged
within each 1° x 1° grid cell. Upscaling of areal rates to total
global fluxes (in Tg yr~') was achieved using the area of
each 1° x 1° grid given by the NASA ISLSCP GDSLAM
database [Meeson et al., 1995]. For the calculation of
globally-resolved Jno3, Jpiv and Jpos (Section 3.3), Co
was determined by substituting the RRPOC estimated
derived using Eq. (20) into Eq. (1) and (2).

4.2. Application of the Transfer Functions
and Comparison With Previous Work

[19] Global maps of total benthic NO3 losses (Lnoz =
maximum denitrification rate) and denitrification predict
broad areas with high rates on the continental shelf of
northern Russia, Europe, North America, Argentina and the
East China Sea (Figure 5). Predicted rates were much lower at
greater water depths, especially in the deep ocean basins. The
distribution of denitrification using the two estimates (DEN1
and DEN2) were very similar and only DENI1 is shown in
the figure. At eight grid points, denitrification rates of up to
13 mmol N m~? d~" were predicted, although for illustrative
purposes the upper limit of the scale in Figures 5b and 5c was
set to 5 mmol N m 2 d~'. These maximum rates were found
for the oxygen deficient waters off the Oregon coast
(13 mmol N m 2 d™ "), Pakistan (11.7 mmol N m 2 d 1),
Namibia (8.8 mmol N m 2 d '), Mexico (7.6 mmol N m >
d™"), the Red Sea (6.9 mmol N m~2d ") and Peru (5.9 mmol
N m 2 d7'). Although these areas generally exhibit high
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Figure 4. Global data sets on a 1° x 1° horizontal resolution. (a) POC rain rates (mmol C m 2 d ™), cal-
culated from primary production estimates (see section 4.1). (b) (0-NO3)py (#M).

denitrification rates, they are not always obvious on the figure
because of the narrow continental shelves there. For com-
parison, measured rates are <4.7 mmol N m > d~' for the
Washington shelf close to the Oregon coast, <3.8 mmol N
m >d~ for the Pakistan margin and <2 mmol Nm™>d ™" for
the Peru margin [Bohlen et al., 2011; Devol and Christensen,
1993; Schwartz et al., 2009]. These are a factor of 2 to 3
lower than our maximum values, which may be attributed to
spatial heterogeneities or uncertainty in the rain rate (see
below). An additional denitrification hot spot is predicted for
the Gulf of California, yet to our knowledge no denitrifica-
tion measurements are available for comparison. Neverthe-
less, the rain rates predicted for Guaymas Basin in the central
Gulf of California are 3.4 mmol m 2 d~' which is in the
range reported by [Thunell, 1998] at the same location
(0.2-4.2 mmol m 2 d™"). This area is known as an anoxic
site [e.g., Roden, 1958] and is thus most likely a location
with high rates of NO3 loss based on our current under-
standing of N losses in HNLO environments [Middelburg
et al., 1996; Bohlen et al., 2011]. Overall, our results
emphasize the importance of HNLO/OMZ environments as
areas of intense benthic denitrification.

[20] Denitrification rates in shelf, slope, and deep sea
sediments are presented in Table 1 alongside globally—
integrated rates. The model predicts that marine sediments
consume 196 + 33 Tg yr_1 of NO3 (Lno3), of which
more than half occurs on the continental shelf. After cor-
recting for the NH; release, the globally integrated rate of
denitrification amounts to 153 + 40 Tg N yr ' and 155 +
67 Tg N yr ' for DEN1 and DEN2, respectively. These
very similar estimates corroborate the a posteriori approach
that the NH efflux is equal to ca. 27% of the NOj3 influx for
water depths <1000 m (section 3.2). More than 50% of
denitrification takes place on the shelf despite the relatively
small surface area (6% of total). This contribution is higher
than the values predicted by the reaction—transport model
approaches of Middelburg et al. [1996] (35-44%) and
Thullner et al. [2009] (29%), most likely because of differ-
ences in the parameterization of the function describing the
organic carbon rain rate to the seafloor. Despite very low
denitrification rates in the deep sea (Figure 5), it contributes
roughly 20% to the global rate owing to the large expanse
of the deep ocean basins.

[21] Our benthic denitrification rates are well within the
range of previously published estimates (Table 2).
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Figure 5. (a) Global maps of the predicted NO3 loss (Lnoz, mmol N m 2d"); (b)a priori benthic deni-
trification estimate (DEN1, mmol N m~2 d™"); (c) enlargements of DEN1 in major HNLO regions. For
clarity the scale was set to a limit of 6 and 5 mmol N m = d~' for Lyos and DENI, respectively, although
higher rates were predicted for a limited number of grid points (see text).

Consequently, coupling of the transfer function (equation (10))
to global circulation models should provide a realistic estimate
of regional variations in benthic denitrification. Importantly,
since our approach implicitly includes anammox, our findings
show that the relatively recent discovery of anammox in marine
sediments likely does not require the present estimates the

global benthic marine N budget to be revised [e.g., Brandes
et al., 2007; Thamdrup and Dalsgaard, 2002]. The rates
reported by Deutsch et al. [2004], Gruber [2004], and Thullner
et al. [2009] are more similar to ours than the estimates by
Middelburg et al. [1996], Codispoti et al. [2001], Brandes and
Devol [2002], and Seitzinger et al. [2006] which are up to ca. 2
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Table 1. Mean Rates and Fluxes (Tg yr‘l) as Well as Atomic N:P, N:C, and C:P Ratios of the Fluxes®
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times higher. The value obtained by Archer et al. [2002] is an
order-of-magnitude greater than ours (1960 Tg N y '), which
may be due to their extrapolation procedure which is based on
bathymetry rather than biogeochemical gradients.

[22] The first systematic study estimating global denitri-
fication in sediments was carried out by Middelburg et al.
[1996] using a 1-D diagenetic model constrained by mea-
sured pore water concentrations and fluxes from different
marine settings. By varying bottom water O, and NO3
concentrations and rain rates over realistic ranges, these
authors derived a semi—empirical transfer function (‘meta-
model”) to predict benthic denitrification as a function of
these variables and water depth. Their globally integrated
denitrification rates of 230-285 Tg N yr ' (Table 2) are
around 70% higher than ours. This discrepancy is rooted in
the 76% higher rain rate used by these workers (1761 c.f.
3094 Tg C yr '; Table 2). In fact, Middelburg’s model
yields a much closer value of 170 Tg N yr~' for our global
carbon flux of 1761 Tg C (J. Middelburg, personal com-
munication, 2012). Thus, the modeling based meta-model
and the empirically derived transfer functions demonstrate a
high degree of coherency.

[23] Because most of the studies listed in Table 2 employ a
variety of simplifications and averaging procedures, the
spatial distribution of benthic denitrification remains poorly
understood. Seitzinger et al. [2006] provide a global map for
denitrification in continental shelf and OMZ regions which
highly resembles the distribution in this study, although their
denitrification estimate for continental shelf sediments is
62% higher (Table 2). Moreover, a recent study by Somes
et al. [2010] using a general circulation model reports similar
hot spots of benthic denitrification as our findings, yet with
distinctively lower maximum rates (<2.7 mmol N m 2 d™ ")
and much lower globally—integrated rates (38.2 Tg N yr ).
These workers calculated benthic denitrification based on
the labile organic carbon flux to the seafloor from the
parameterization by Middelburg et al. [1996]. Since the
function developed by these authors yields rates which are of
the same order of magnitude as ours, differences in rain rate
(i.e., productivity) are most likely the reason for the dis-
crepancy with the estimate of Somes et al. [2010]. In fact,
because denitrification scales linearly with the rain rate, the
spatial distribution of denitrification (Figure 5) and rain rate
(Figure 4a) is very similar.

[24] The shape of the curves in Figures 3a and 3d shows
that the effect of bottom water chemistry on denitrification
becomes more important at low or negative values of (O,-
NO3)pw, that is, in HNLO settings. Most of the oceanic
bottom waters are characterized by (0,-NO;),,, values in
excess of 150 puM. Oxygen minimum zones are extreme
examples of HNLO environments yet they impinge on only
ca. 1% of the seafloor (defined as <0.5 ml 1~ O, [Helly and
Levin, 2004] or (O,-NO3)py = 50 uM, Table 1). Neverthe-
less, OMZs accounted for around 10% of the total benthic
denitrification rate (Table 1). When normalized to surface
area, OMZ and shelf sediments are clearly seen to be key
regions for benthic denitrification (Figure 6). The figure
further demonstrates that denitrification in shelf, slope and
deep-sea sediments accounts for roughly 10% of the rain rate
in agreement with model results by Middelburg et al. [1996].
However, OMZs sediments denitrify on average 3 times as
much NOj3 per area as normal oxic shelves due to the HNLO
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Table 2. Comparison of Published Denitrification Rates (Lppy) and Organic Carbon Rain Rates (Tg yr~') Listed From Highest to Lowest

Parameter Value Reference Method
denitrification (global) 1960 Archer et al. [2002] reaction—transport model
300 Codispoti et al. [2001] data extrapolation and interpretation
230 — 285 Middelburg et al. [1996] reaction—transport model
200 — 280 Brandes and Devol [2002] N isotope budget
250% Seitzinger et al. [2006] model based on depth—integrated water column
primary production (PP)
190 Deutsch et al. [2004] N isotope box model
180 £+ 50 Gruber [2004] data extrapolation and interpretation
153 - 155 This study
154 Thullner et al. [2009] reaction—transport model
88°— 115° Romaniello and Derry [2010] intermediate—complexity box model
38.2 Somes et al. [2010] global circulation model
RRPOC (global) 3094¢ Middelburg et al. [1997] empirical function based on water depth
2300, 2628° Burdige [2007] global compilation of organic matter
remineralization rates
2290 £ 900 Dunne et al. [2007] satellite PP estimate plus series of
conversion functions (see text)
1761 This study
930 Muller-Karger et al. [2005] satellite PP estimate plus empirical settling function

RRPOC shelf and slope (<2000 m)

RRPOC deep sea (>2000 m)

1980 (86%)

1684, 2013
(73%, 77%)°
1449 (82%)
620 (67%)
616 (27%, 23%)°

312 (18%)
310 (33%)
310 (14%)

Dunne et al. [2007]
Burdige [2007]

This study
Muller-Karger et al. [2005]
Burdige [2007]

This study
Muller-Karger et al. [2005]
Dunne et al. [2007]

satellite PP estimate plus series of
conversion functions (see text)
global compilation of organic matter
remineralization rates

satellite PP estimate plus empirical settling function
global compilation of organic matter
remineralization rates

satellite PP estimate plus empirical settling function
satellite PP estimate plus series of conversion

functions (see text)

“Continental shelf only.
®Intermediate-complexity box model with 79 boxes.
“Intermediate-complexity box model with 13 boxes.

9Labile organic carbon flux calculated as described by Middelburg et al. [1996] with the bathymetric grid used in this study (see section 4.1).
“From sediment organic carbon budget with and without accounting for relict sand on the continental shelf, respectively.

conditions established there. Denitrification is predicted to
account for up to 50% of carbon respired in extreme cases,
which is in line with previous results [Burdige, 2006; Bohlen
et al., 2011]. In general, the global geographical distribution
of denitrification can mainly be explained by the rain rate of
organic carbon throughout much of the ocean except for
HNLO environments where the (O,-NOs),,, term dominates.
Similar findings have been described by Fennel et al. [2009]
who noted that sediment oxygen consumption (i.e., Cyx) and
the Jyos were the most effective predictors of the denitrifi-
cation rate. Interestingly, in their analysis they concluded that
0O, and NOj3 concentrations were the least effective pre-
dictors when analyzed as part of a multiple regression. Our
results suggest that the combination of these two variables is
a much more powerful predictor of denitrification, since
(0,-NO3)y,y, directly characterizes HNLO regions where
rates are highest.

4.3. Dependency of N Losses on the Rain Rate

[25] The estimation of the benthic NOj3 loss and denitrifi-
cation includes uncertainties within the global data sets of
bottom water O, and NO3 concentrations and the carbon rain
rate. While bottom water chemistry is well known for most of
the ocean, the accurate prediction of the rain rate is one of the
most critical issues in ocean biogeochemistry and is associ-
ated with the most uncertainty. In general, the organic carbon
flux to the seafloor may be quantified by two approaches:

‘top-down’ particle flux measurements using sediment traps
and ‘bottom-up’ estimates based on measured benthic min-
eralization rates. Particle traps involve hydrodynamic effects,
trapping of swimmers and solubilization of material once
caught inside the trap [Buesseler et al., 2007]. These pro-
blems are especially pronounced in the upper 1000 m of

54

denitrification rate per area

21 carbon rain rate per area

tons N km™? yr”
tons C km? yr'/10

0 == T .
shelf slope deep sea

oMz

Figure 6. Denitrification rate per area (tons N km 2 yr ')
and carbon rain rate per area (tons C km~2 yr—' /10) for
shelf, slope, deep sea and OMZ sediments.
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Figure 7. Globally integrated benthic NOj3 losses and
denitrification rates (DEN1 and DEN2) as a function of car-
bon rain rate (RRPOC). RRPOC for <2000 m water depth
were calculated with different values of the Martin curve
exponent, b, and following Dunne et al. [2007] while
RRPOC for >2000 m water depth are the same as the stan-
dard run (b = —0.82). The values used in this study are indi-
cated with larger symbols.

the water column where lateral flows are stronger and the
abundance of swimmers is higher. With regard to bottom-up
approaches, benthic degradation rate estimates may have to
be corrected for organic carbon burial which is itself a large
source of uncertainty [e.g., Jahnke, 1996]. Furthermore, the
seafloor is dramatically undersampled which creates large
uncertainties for regional upscaling.

[26] In this study, rain rates were estimated using the
‘Martin curve’ [Martin et al., 1987], a function based on
sediment trap data, with an exponent b = —0.82. This expo-
nent is a mean value derived from particle flux measurements
at 17 U.S. JGOFS stations [Berelson, 2001]. In fact, the
Martin curve exponent may vary substantially between
regions [Martin et al., 1987; Berelson, 2001] and the use of a
single exponent in global extrapolations may be a gross
oversimplification. The Martin curve may also not hold for
suboxic waters. The original work by Martin et al. [1987]
and a more recent study by Van Mooy et al. [2002] imply
exponents of —0.3 to —0.4 for oxygen-deficient waters, that
is, more carbon reaches to the seafloor at these sites. Average
rain rates estimated for the Peruvian OMZ at 11°S calculated
using the approach in this study are 8.9 mmol m = d™'
compared to 9.6 mmol m > d~' estimated from individual
sediment mass balances at 6 stations at the same location
[Bohlen et al., 2011]. Thus, although top-down and bottom-
up approaches yield similar carbon rain rates for this location,
it may not do so for other OMZs.

[27] Despite these uncertainties, our globally integrated
rain rate and distribution are similar to those previously
reported although there is much work to do to refine these
numbers (Table 2). Since the shelf and slope are the main
regions for benthic denitrification, the variability in rain rate
for water depths <2000 m is of most significance globally.

BOHLEN ET AL.: BENTHIC FIXED N LOSSES IN GLOBAL MODELS
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Accordingly, we tested the sensitivity of RRPOC to different
values of the Martin curve exponent, b. Loz and denitrifi-
cation were recalculated applying the standard deviation in b
(b = —0.82 £ 0.16) reported by Berelson [2001]. Further-
more, we also tested the Martin curve used by Dunne et al.
[2007], who estimated the POC rain rate based on the
export out of the 75 m depth horizon with b = —0.9, i.e.,
RRPOC = F;5 x (2/75)"*°. Global fields for RRPOC using
the 3 additional b values were derived for water depths
<2000 m and complimented with RRPOC data from the
standard run with b = —0.82. New globally integrated
RRPOC ranged from 1564 Tg C yr ' when applying the
Martin curve used in Dunne et al. [2007] to 1893 Tg C yr~'
for an exponent of —0.66 (Figure 7). This changes the esti-
mate for global NO3 loss and denitrification rate by +23 and
+17 Tg N yr ', respectively. In relative terms, these dif-
ferences roughly equate to a change of 11%, which
demonstrates that the error in the global benthic NO3 loss
and denitrification estimates scales with the uncertainty in
the rain rate. Consequently, our global benthic N losses are
accurate to the same order as the rain rate.

4.4. Enhanced N Loss in Sandy Sediments?

[28] The transfer functions are mainly derived from data
gathered from muddy sediments. Coarser—grained shelves
are not as well represented in the database, probably due to
sampling difficulties and hard-to-determine transport path-
ways for solutes [e.g., Huettel and Rusch, 2000; Jahnke et al.,
2005]. Nonetheless, up to 70% of the shelf is covered with
non-accumulating relict sands with low organic carbon con-
tent [Emery, 1968]. Some reports suggest that denitrification
rates in such settings could be lower, yet still significant, than
those in fine-grained sediments [Vance-Harris and Ingall,
2005]. Other studies claim that sandy shelves are important
sites for organic matter mineralization due to efficient ven-
tilation of surface sands by advective processes [e.g., Huettel
and Rusch, 2000; Rao et al., 2007]. In global terms, the
denitrification estimate by Brandes and Devol [2002] based
on an isotopic mass balance, and therefore inclusive of all
sediment types, yields rates which are 30-80% higher than
those obtained in our approach (Table 2). This discrepancy
may indeed allude to high rates of denitrification in sandy
sediments or reflect the uncertainty associated with the two
very different approaches. The magnitude of denitrification
in sandy sediments requires urgent attention, especially since
our study indicates areas of high N loss rates in regions where
sandy sediments are common such as the continental slope
off Argentina (Figure 5). Estimates at such locations are thus
subject to greater uncertainty. The range of estimates in
Table 2 illustrates that there is still much room for refining
global benthic denitrification rates, and more data from sandy
shelf sediments is required to resolve their importance as sites
of fixed N loss.

4.5. Benthic N and P Fluxes

[29] The geographical distribution of the benthic NO3 and
net DIN fluxes are shown in Figures 8a and 8b. In the deep-
sea areas, the fluxes were close to zero due to low organic
matter degradation rates and the dominance of aerobic res-
piration [e.g., Thullner et al., 2009]. As expected, maximum
uptake rates into the sediment were associated with the OMZ
regions (Oregon, Pakistan, Namibia, Mexico, Red Sea, Peru)
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Figure 8. Global map of the predicted (a) nitrate (Jno3), (b) DIN (Jp), and (¢) phosphate (Jpo4) benthic
fluxes in mmol m 2 d~'. The inset in Figure 8b shows an enlargement of Jpy for the Peruvian margin.

Note the non—linear scales in Figures 8a and 8b.

with Jyos and Jppy approaching —12 and —9 mmol N m >

d™!, respectively, for the Oregon shelf. Uptake of NO5 and
DIN was predicted for all locations with low goz-No3)bw.
High effluxes of NO3 (<0.3 mmol m 2 d') and DIN
(1.4 mmol m 2 d~') were mainly restricted to the high
latitude continental shelves and the Argentine Basin, most
likely due to high rates of nitrification of NH} released from

organic nitrogen as Hensen et al. [1998] have shown.
Interestingly, for the coastal OMZs offshore Peru and West
Africa, sites with net DIN uptake and release in close
proximity are predicted, as exemplified by the enlargement
of the Peruvian OMZ in Figure 8b. Regime shifts in benthic
N cycling dominated by denitrification (DIN sink) and DNRA
(DIN recycling) have been shown to be consistent with such
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features along a transect of the Peruvian OMZ at 11°S [Bohlen
etal,2011].

[30] For the global ocean, the transfer function yielded a
total benthic DIN release of 60.5 Tg N yr~!' (Table 1). The
shelf contributed 50% to this flux, followed by the deep sea
with 42% and the slope with only 8%. A comparison with
Jnos shows that the efflux of DIN was dominated by NO5
rather than NH} in the deep sea. In contrast, the large dif-
ference between Jyo3 and Jppy on the shelf shows that NHZ
release from organic matter and, potentially, DNRA sup-
ports most of the DIN efflux here.

[31] A net global NOj release rate of 18.1 Tg N yr~! was
estimated due to the contribution of shelf and deep-sea sedi-
ments that act as NOj3 sources due to nitrification [Middelburg
et al., 1996]. The model predicted a net uptake of nitrate of
—49 Tg N yr ' on the slope where the HNLO regions
impinge on the seafloor (<50 uM (O,-NO3),yw). The impor-
tance of HNLO areas as global NOj3 sinks is demonstrated by
their removal of 11 Tg N yr~', equivalent to 61% of the total
benthic flux NO3 input (Table 1).

[32] The distribution of benthic PO3~ effluxes (Figure 8c)
based on the algorithm of Wallmann [2010] was similar to
that for NO3 and the rain rate (Figure 4a), that is, low fluxes
in the deep sea basins and higher fluxes on the Arctic shelf,
Argentine Basin and OMZs. The globally integrated PO3 ™
flux was estimated to be 26.5 Tg P yr ', mainly due to
release from shelf sediments (Table 1). This is comparable
with the pre-anthropogenic global benthic release of 33 Tg P
yr~! derived by Wallmann [2010].

4.6. Benthic C:N:P Regeneration Ratios

[33] The atomic N:P (Jn.p), N:C (Jn.c) and C:P (Jc.p)
ratios of the benthic exchange flux between sediments and
seawater are shown globally in Figure 9. The values of Jy.p,
Jn.c and Jc.p expected from Redfield are 16, 0.15 and 106,
respectively [Redfield et al., 1963].

[34] On the continental shelf the mean Jy.p was very low
(5.5) despite the net DIN release, while in the deep sea where
nitrification was most prevalent the ratio was higher (9.0) but
still below Redfield (Table 1). For HNLO regions, a negative
N:P ratio was calculated as a result of net DIN uptake, illus-
trating extreme non-Redfield flux stoichiometry when (O,-
NO;)pw falls below ca. 100 pM. In general, low Jy.p were
associated with HNLO environments (Figure 9a), a feature
that has already been observed previously [Hartnett and
Devol, 2003]. These workers reported average N:P ratios of
2.9 and 10.6 (considering NH fluxes only) for the oxygen
deficient margins of northwest Mexico and Washington,
respectively. The globally—averaged Jy.p of the benthic
fluxes was 8.3 (Table 1), which takes into account NO3
uptake by the sediments on the slope. This value, and even
the maximum predicted ratio of 10.9 (Figure 9a), is much
lower than the Redfield value of 16 [Redfield et al., 1963;
Anderson, 1995]. These findings strikingly demonstrate that
the major ocean basins release nutrients to the bottom water
in a highly non-Redfield composition, implying either a loss
of DIN relative to PO~ or enhanced release of PO3 .

[35] Values for Jn.c were positive for most of the seafloor
due to DIN release (Figure 9b). Nonetheless, the globally
averaged Jy.c of 0.067 is a factor of 2 — 3 lower than Redfield
(0.151), and a factor of 2 lower than the revised N:C
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phytoplankton composition of 0.137 [Anderson and
Sarmiento, 1994]. The fluxes of solutes from shelf, slope
and deep sea sediments are deficient in N relative to C
(and P). Therefore, the low Jn.p throughout the ocean dis-
cussed in the previous paragraph is due to preferential N loss
rather than excess P release (see also following paragraph).
Hartnett and Devol [2003] also measured lower N:C ratios
(NH; fluxes considered only) than Redfield with average
values of 0.093 and 0.039 for the oxygen-deficient environ-
ments off Mexico and the Washington margin, respectively.
By comparison, our OMZ estimate for Jy.c is high and neg-
ative (—0.13) because it considers both NO3 and NH;, and
again demonstrates the strong sink for DIN in HNLO
settings.

[36] The global distribution of Jc.p (Figure 9¢) shows that,
for most regions of the ocean, carbon-to-phosphate flux ratios
were higher than predicted by Redfield. The same applies to
the shelf, slope, deep sea and global averages (Table 1). The
oceans are generally well-ventilated and C:P ratios up to
123:1 are expected for high bottom water O, concentrations
[Wallmann, 2010], which indicates preferential burial of
phosphorus and P-limiting fluxes with regards to C. How-
ever, some individual locations such as the Peruvian and
Pakistani OMZs or the Black Sea had considerably lower Jc.p
with a minimum of 13. Such low C:P regeneration ratios
in shelf sediments are believed to result from massive excess
P release under low-oxygen conditions due to the reductive
dissolution of P-adsorbed manganese and iron oxyhydr-
oxides and the preferential degradation of particulate organic
P in anoxic sediments [e.g., Ingall and Jahnke, 1994].
Consequently, and as expected from equation (15), the C:P
regeneration ratio decreases on eastern boundaries where
bottom water O, concentrations are diminished (Figure 9c¢).
The value of (O,-NO3)y,, where Jcp falls below Redfield is
predicted to be around 20 uM. At this concentration, sedi-
ments become net sources of excess phosphate while acting
as strong sinks for fixed N.

[37] To our knowledge, the impact of highly non-Redfield
C:N:P mineralization ratios and benthic fluxes on oceanic
nutrient cycles has yet to be evaluated in global models
which typically assume Redfield mineralization, with few
exceptions [e.g., Somes et al., 2010]. The preferential burial
of P in deep-sea sediments, the release of P in HNLO regions
and the drawdown of fixed N globally will feedback on the
simulation of nutrient distributions in global models inte-
grated over time-scales on the order or larger than the oceanic
residence time of N (<3000 yrs) [Gruber and Sarmiento,
1997; Brandes and Devol, 2002] and P (30,000 to 50,000
years) [Delaney, 1998]. A quantitative description of how
sediment processes affect the distribution of conservative
tracers, such as N* [Gruber and Sarmiento, 1997], in the
modern ocean is not trivial to provide at this stage and will
require analysis using global circulation models. This is
especially true for shallower sediments on the shelf and slope
of HNLO regions where the sediments will have the most
impact on water column distributions. Regional models in
these systems should therefore incorporate benthic dynamics
in future applications to test the significance of the benthos
[e.g., Koné et al., 2005; Lachkar and Gruber, 2011]. We
hypothesize that proper consideration of the C:N:P efflux
ratios from marine sediments in global models will lead to a
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Figure 9. Global maps of the atomic (a) N:P (Jy.p), (b) N:C (Jn.c) and (c) C:P (Jc.p) ratios of the pre-
dicted fluxes. Jc.p was calculated using the function derived by Wallmann [2010]. All negative ratios
in Figures 9a and 9b are represented in pink. Note the nonlinear scaling in Figure 9b.

more accurate spatial description of both benthic and pelagic 1088 by denitrification. The only input parameters required

denitrification which presently reply on dissolved N and P are the organic carbon rain rate and a newly proposed vari-
distributions [Sarmiento and Gruber, 2006]. able (0,-NO3)py; equivalent to the bottom water O, con-
centration minus that of NO3. Low or negative (0,-NO3),y

thus indicate high-nitrate low-oxygen regions (HNLO)
where denitrification rates are highest. Globally integrated

[38] A vertically integrated sediment model, or dynamic benthic denitrification rates estimated when applying this
transfer function, is derived to calculate rates of benthic N  transfer function to global databases of input variables yields

5. Conclusions
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values of 153—155 Tg N yr '. These are well within the
range of previously reported values. Importantly, this shows
that the implicit inclusion of anammox in our approach does
not enhance the magnitude of global N loss in marine
sediments, implying that a significant revision of the sedi-
mentary N sinks due to anammox is not required. Shelf
sediments contributed >50% to the total N sink, followed by
the slope (ca. 30%) and the deep sea (ca. 20%). Highest
areal rates were found for the HNLO regions off Oregon,
Pakistan, Namibia, Mexico, the Red Sea and Peru, as well
as the high latitude oxic continental shelf. Despite only
covering about 1% of the seafloor, sediments underlying
HNLO settings remove around 3 times as much N per unit
of carbon deposited and account for ca. 10% of global
benthic denitrification. By applying a similar transfer func-
tion for predicting carbon-to-phosphorus regeneration ratios
in marine sediments [Wallmann, 2010], a strong deviation
from Redfield N:P, N:C, and C:P stoichiometric ratios of
the benthic fluxes has been demonstrated for the entire
ocean. Although, on average, P is preferentially buried, the
loss of fixed N through denitrifying pathways is much more
intense and widespread, resulting in N limitation of benthic
fluxes with regard to both C and P.

[39] The transfer functions are based on empirical data.
Therefore, although they sidestep the need for global para-
meterizations required for reaction-transport modeling
approaches [e.g., Thullner et al., 2009], they rely on a suffi-
ciently large supporting database covering a broad range of
marine environments. The present function meets these
requirements although N cycling in sands is under-represented
due to a lack of field observations. Our work has shown that
the largest uncertainty is the rain rate of carbon to the sea-
floor, and differences between several independent global
denitrification estimates can be largely attributed to this
variable. The functions developed here are designed to be
coupled easily to biogeochemical general circulation models
which routinely employ organic carbon rain rates, nutrient
and O, concentrations. Given the importance of benthic
processes to N and P drawdown, we anticipate that global
circulation models that account for these sinks will reveal
new and exciting information on the importance of prefer-
ential nutrient mineralization during export and sinking of
new production, the potential spreading of oxygen minimum
zones and the scale of N limitation in the contemporary, past
and future ocean.
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