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Abstract. Since the seminal paper of Redfield (1934), con- attributed to (sedimentary) denitrification for the N/P ratio
stant stoichiometric elemental ratios linking biotic carbon (Anderson and Sarmientd994 and in the oxygen mini-
and nutrient fluxes are often assumed in marine biogeochenmum zonesVYan Mooy et al, 2002, become apparent with
istry, and especially in coupled biogeochemical circulationrespect to changes in the carbon to nutrient ratios of or-
models, to couple the global oxygen, carbon and nutrient cy-ganic matter and the oxygen demand associated with its
cles. However, when looking in more detail, some deviationsremineralisation. As a result of these uncertainties, differ-
from the classical Redfield stoichiometry have been reportedent biogeochemical models focusing on different time and
in particular with respect to remineralization of organic mat- depth scales sometimes use different factors to convert from
ter changing with depth or with ambient oxygen levels. We nutrients to carbon. Most first-generation biogeochemical
here compare the assumptions about the stoichiometry of omodels avoid the explicit consideration of oxygen-sensitive
ganic matter and its remineralization that are used explicitlynon-Redfield processes like denitrification or anammox (e.g.
and implicitly in common biogeochemical ocean models. WeMaier-Reimer 1993. Although there is no agreement con-
find that the implicit assumptions made about the hydrogercerning the threshold in oxygen that defines the extent of the
content of organic matter can lead to inconsistencies in thelenitrification and anammox area (eRaulmier and Ruiz-
modeled remineralization and denitrification stoichiometries.Ping, 2008, these processes are limited to very low oxygen
It is suggested that future marine biogeochemical models exeoncentrations and lead to a loss of fixed nitrogen. There is
plicitly state the chemical composition assumed for the or-evidence that the intensity of this nitrogen loss has varied in
ganic matter, including its oxygen and hydrogen content.  concert with the extension of suboxic waters in the pakt (
tabet et al.1995 Ganeshram et al2002), and there is con-
cern that ongoing global change may lead to both the recent
1 Introduction decline of oxygen levels in the tropical oceastramma et

al,, 2008 and to a substantial increase in denitrification dur-
The relative success of coupled biogeochemical (BGC) cir-ing this century Qschlies et a).2008.
culation models in simulating the oceanic component of the So far, relatively little emphasis has been put on suboxic
global carbon cycle relies to a large extent on the assumpareas simulated by biogeochemical circulations models. A
tion of constant stoichiometric ratios linking biotic carbon cursory look at recently published results of various bio-
and nutrient fluxesRedfield 1934. On average, the “Red- geochemical climate models reveals that all models seem to
field picture” seems to work relatively well for net bioti- have considerable difficulties getting the extent and intensity
cally induced fluxes in the upper ocean (evtpier-Reimer of the main oceanic oxygen minimum zones (OMZs) right.
1993 Aumont and Bopp2006 Moore and Doney2007). Typically, simulated OMZs have too large extensions, both in
Some spatial/temporal deviations from the classical constanthe horizontal and in the vertical direction. Subsurface oxy-
Redfield stoichiometry Sambrotto et a).1993 Schneider  gen levels are too low along the equatorial Pacific and in the
et al, 2003 Koeve 2004, in particular at greater depths Bay of Bengal, whereas global models generally fail to reach
observed suboxic conditions in the Arabian Sea (@lgiss-
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The general tendency of too large extensions of the suband H/O ratios of particulate organic matter, as these ratios
oxic or even anoxic regions is expected to lead to overestiimpact on the oxidant requirements during aerobic and anaer-
mates in denitrification rates and the associated loss of fixedbic remineralization.
nitrogen. Potential explanations for this apparently system- In this paper, we will not consider dissolved organic mat-
atic deficiency across various different models include possiter because this is not included in all models. In contrast to
ble errors in the physical transport terms (too low ventilation, particulate organic matter, it will move with the water, i.e.
too low mixing), in the euphotic zone processes (too high ex-away from the surface its input to any domain will always
port production), and in the aphotic processes (too high rembe accompanied by the corresponding nutrient and oxygen
ineralisation/respiration rates). This note aims at a better unvalues. Here, we therefore employ the term “organic mat-
derstanding of the relevant stoichiometric assumptions useter” as synonym for particulate organic matter. As we will
by the different biogeochemical models to simulate oxic andsee below, large variations in the oxidant requirements dur-
suboxic remineralisation processes. We will comment whating remineralization can occur even for the assumed narrow
the different biogeochemical models have in common, howC:N:P ranges of particulate organic matter, mainly as a re-
they differ and how this could impact on the simulated distri- sult of different implicit assumptions on the hydrogen and
butions of oxygen and other biogeochemical tracers. To thisoxygen content of the organic matter.
extent we focus on four global BGC models: The paper is organized as follows: the subsequent section

- heHANOCC 1 model (Avurg Ocean Carbon y- o2 TEOT Dvion 0 SOSnionetle ey,
cle; Six and Maier-Reimerl996 Maier-Reimer et al. P P 9 )

2009 tiop 3 then focuse_s on the sto_ichi_ometric description of aer-
k obic and anaerobic remineralisation processes. The explicit

— the PISCES model (Pelagic Interaction Scheme for Carand implicit assumptions made by the different biogeochem-
bon and Ecosystem StudieAumont, 1998 Aumont ical models are discussed in Sect. 4, before Sect. 5 concludes

and Bopp2006; the short note with a discussion of the possible impacts of

) ) _using different stoichiometric assumptions in different bio-
— the BEC model (Biogeochemical Elemental Cycling geochemical models.

Moore et al.(2002 in the three-dimensional constant-
stoichiometry implementation oMoore and Doney

(2007 2 Organic matter stoichiometries
— the SCHMITTNER modelSchmittner et a).2008. 21 Classical notation

All these global biogeochemical models are extensions of
NPZD (nutrient, phytoplankton, zooplankton, detritus) type The classical expression for the composition of organic mat-
ecosystem models including aerobic remineralisation, deniter (OM), proposed byRichards (1969, assigns specific
trification and nitrogen fixation. All four use fixedfL/N/P ~ components to the different chemical elements, e.g. carbo-
ratios in organic matter and/or its production and decom-hydrates to the C-component, ammonia @)ito the N-
position, and simulate cycling of carbon, oxygen, nitrogencomponent, and POy to the P-component:
and phosphorus in the water column, and for HAMOCC
also in the sediment. HAMOCC and PISCES have explicit (CH20), (NH3), H3POy, (1)
O2/C/N/P ratios very similar to each other, whereas these ra-
tios are quite different for BEC and especially for SCHMIT- denoting the ratio of nitrogen to phosphorus in organic matter
TNER (e.g. Q/C of: ~1.4 for HAMOCC and PISCESy1.5 asy, and the ratio of carbon to phosphorus in organic matter
for BEC; ~1.9 for SCHMITTNER). In addition, PISCES asx.
and BEC explicitly include two phytoplankton and two zoo-  Phosphorus is contained in cells among others as nucleic
plankton size-classes, and four phytoplankton functionalacids, phospholipids, phosphoproteins, or inorganic phos-
groups (diazotrophs, diatoms, pico/nano-plankton, and cocphate. Making no assumption about the species of phos-
colithophores), respectively. SCHMITTNER uses an ex-phorus assimilated or released (see @sewer and Gold-
panded NPZD ecosystem model with a parameterization ofnan 1976 traditional notations assumed it in the form of
fast nutrient recycling due to microbial activity that emerged HzPQOy in water as well as in OM, without any change dur-
from a North Atlantic data assimilation studgchartau and ing remineralisation (e.gRichards 1965. Therefore, this

Oschlies 2003. form will be considered here, as phosphate is the classical
Referring to these models we will in this note examine theform of phosphorus used in BGC models.
specific assumptions about the C/P, N/P/foand -NQ/P Likewise for the nitrogen, OM nitrogen has been described

ratios used in the respective models, and how these diffem amino form (NH). Following Richards(1965, we as-
among the different models. We will also diagnose and dis-sume that the first step of organic decomposition is the hy-
cuss the implicit choices these models make about the C/Hirolytic release of NE{I (and corresponding OH ions. The
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ammonia released is then oxidized during the (autotrophic)lakahashi et al.1985, and even including negative values

nitrification to nitrite and nitrate. (~—80) when considering amino-acids from algal proteins
Concerning the C, H and the oxygen demand for reminer{e.g.Laws 1991). Here, we will consider the Redfield for-

alisation, the classical works Hyichards(19695 andRed-  mulation, as the historical reference, and the formulation of

field et al. (1963 used CHO for the composition of or- Anderson (1995), as one of the common formulation used

ganic matter, i.e., they referred to organic matter that con-since the last decade.

sisted mainly of carbohydrates (monosaccharides). How-

ever, in reality carbohydrates (not necessarily monosaccha2-2 General notation

rides) only constitute about 5-41% of the bioma&ader- . , " .
son 1995. The remainder consists of proteins (47-65% Using notatior? for the composition of organic matter, rem-

lipids (5-31%), and a small amount of nucleic acids (1_70/’;ineralisation under oxic conditions can be expressed as

from Anderson1995 Hedges et al2002. Especially lipids,
but also proteins can drive the H/O ratio of organic matter to- 1
wards higher values (e.4nderson1995 Fraga et a.1998. Cx (H20)w (NHgz)y H: H3PO + (x + 2 Z) O — ()

The above considerations lead to the modified notation of 1
organic matter: x CO2 + y NH3z + H3POy + <w + > z) H>O
Cx (H20)w (NF3)y H: HPOy @ This equation immediately shows that the amount of oxy-
wherex and y denote the same as for Ed)(and w de-  gen required to remineralise organic matter with one mole
notes the amount of water in organic matter (more preciselyof phosphorus depends on the excess hydrogen, i.e., on the
the H and O atoms that can be combined in a ratio of 2proportion of lipids, proteins, polysaccharides, etc. With
to form water), while z denotes “excess” hydrogen (e.g..increasingz, the oxygen demand for remineralisation in-
from |Ip|dS, polysaccharides or proteins). The oxidation of creases. For the Specia| caseuefx andz=0, we recover
this “excess” hydrogen (implying more reduced carbonatedeq. (1).
and/or nitrogeneous compounds for OM, elgws 1993, An alternative notation of the composition of organic mat-
increases the oxygen demand that is required to oxidize orter is based on the bulk chemical composition of OM. Allow-
ganic matter. While the “classical” value for oxygen demanding an easy access to estimates of bulk OM composition, this
is 138 moles oxygen per organic matter with one mole ofnotation has been used Byderson(1995 andFraga et al.
phosphorus, calculations based on the different constituentg199g and also by other approaches, e.gTakahashi et al.

of phytoplankton cells suggested an oxygen demand of 149¢1985. In this notation, OM is described by
150 moles Anderson 1995 Fraga et al.1998 and of up

to 154 moles using nuclear magnetic resonance determindsq H» Oc Ny P (4)
tion (Hedges et al.2002. Calculations from inorganic dis-
solved seawater properties (HNH3zPOy, Total CQ, Oy)
resulted in oxygen demands of about 165-178 moles per or-

ganic matter with one mole of phosphoriskahashietal.  _ . _4 (5)
1985 Anderson and Sarmient&994. Boulahdid and Min-

ster(1989 found a variation of the oxygen demand between * = ¢
108-200 moles per organic matter with one mole of phos-y = d

phorus for different isopycnals. Note that most of thesecal-; = p —2¢—-3d+5

culations from dissolved inorganic constituents implicitly in-

clude nitrification (i.e., they include the complete oxidation Wherea, b, c andd are the (measureable) stoichiometric ra-
of organic nitrogen to nitrate), and that accounting for this tios of particulate organic matter (in relation to one mole P),
process has an effect on the estimated oxygen demand (sé&d may potentially vary betweenr-53—108 andi~16—18
below). Note also that, in contrast to the “excess” hydrogen,(Copin-Montegut and Copin-Montegut983 Laws, 1991

the high level of organic oxygen proposed Rgdfield et al.  Anderson 1995 Hedges et a].2002), including the classi-
(1963 would lead to an underestimate of the amount of O cal Redfield values of 106 and 16 for carbon and nitrogen,
required for complete respiration of plankton biomass (e.g.respectively (see also Tablg. Note that the lowest~53
Hedges et a]2002. BGC models (e.g. HAMOCC, PISCES) correspond to algal proteins analysisvs 1993). The lat-
often use an oxygen demand similar to that proposdadka-  ter notation4 provides immediate insight into the elemental
hashi et al(1985. However, the “excess” hydrogen implic- ratios and is often used by modelers, although most mod-
itly associated with the elemental composition and oxygen ofels explicitly prescribe only €Ny P. As we will see below,
nitrate demand reveals considerable deviations among diffethe models do, however, make implicit assumptions about
ent estimates aof, ranging from 48-56 moles (edgndersom Hp O, via the parameterisation of the OM remineralisation
1995 Hedges et al.2002 respectively) to 148 moles (e.g. Processes.

The indices relate to the those of relat®mia:
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Table 1. Stoichiometric ratios of organic matter and its remineralisation as well as its effect on Total Alkalinity (34).Herg, Oorg,

Norg and Ryg denote C, H, O, N and P contained in organic matter, respectf/&ffpichiometric ratios of organic matter composition from
Redfield et al. 1963 Copin-Montegut and Copin-Montegut983 Laws 1991 (lowesta, b andc, considering algal proteinsjnderson

1995 Fraga et al.1998andHedges et al2002 b NH3/Porg =d for all specific processes. To minimize the number of parameters, the values
of the processes have been expressed in terrRg ofhenever possible.

Equation Ratio Name Value

Organic matter compositién
Corg/Porg a ~53—- 108
Horg/Porg b ~7 — 263
Oorg/Porg c ~23—- 110
Norg/Porg d ~16— 18

A DA DAD

Specific process8s

Oxic. Remineralisation

6 -0/Porg Ro a+1/4b—1/2¢—3/4d +5/4
6 TA/Porg d-—1
Suboxic Denitrification |
13 -HNO3/P0rg 2 RO
13 HNOy/Porg 2Rg
13 TA/Porg d—1
Suboxic Denitrification Il
14 -HNOy/Porg 4/3 Ry
Suboxic Denitrification I+lI
15  -HNOy/Porg 4/5Rg
15 TA/Porg 4/5Rg+d -1

Bulk processes

Oxic: Remineralisation plus nitrification

10 -O2/Porg Ro+2d
10 TA/Porg —d—1
Suboxic Denitrification I+ll1+oxidation of NH by HNO3
18  -HNO3/Porg 4/5Rq + 3/5d
18 N2/Porg 2/5Rqg + 4/5d
18 TA/Porg 4/5Ry+ 3/5d — 1
3 Stoichiometry of remineralisation processes ion concentrations is not the scope of this paper — for a com-

prehensive discussion, séplf-Gladrow et al.(2007). (For

This section describes the different heterotrophic and authe effects of phytoplankton growth on alkalinity see also
totrophic remineralisation processes that take place in thérewer and Goldmagmnl976 Goldman and Brewerl980or
water column. In our approach, as well as in the modelsFraga and Alvarez-Salgad®005) Instead of accounting for
discussed later on, any bacteria involved in the aerobic andDH™ ions, an alternative approach is to account for the fixed
the anaerobic processes are assumed to act simply as catatrogen ions (nitrate, nitrite, ammonia) directly, and to eval-
lysts. Making no specific assumptions about their physiol-uate the corresponding changes in alkalinity from Eq. (32) of
ogy and/or abundance, we simply assume zero net growth oVolf-Gladrow et al.(2007).
the bacteria, and that all processes happen at the same ratein our paper we assume that the bacteria release the un-
(in the following denoted by;, vy, ...). charged, non-dissociated forms of all nutrients. For phos-

Accounting for the “electroneutrality” of the bacteria re- phate, nitrite and ammonia, this directly feeds into the TPO
quires that they release or take up Okalternatively, H), THNO, and TNH; terms of Eqg. (32) ofWolf-Gladrow
and thus affect the alkalinity of the surrounding seawater.et al.(2007). Assuming immediate dissociation of HN@
The exact formulatiohowthe bacteria regulate their internal NOj + H* after bacterial release, the nitrate then also adds

Biogeosciences, 6, 92935 2009 www.biogeosciences.net/6/923/2009/
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to the alkalinity. The advantage of this expression is that the3.1.3 Heterotrophy+Autotrophy: a shortcut for

approach is explicitly conservative (to e.g. temperature and remineralisation of OM

pressure changes, sélf-Gladrow et al, 2007, and that

the alkalinity changes associated with release or consumpCombining Egs. §) to (9) provides a shortcut for the im-

tion of nutrients are easily inferred from the equations. mediate remineralisation of OM to nitrate, what we here de-
note as “Complete” aerobic Remineralisation (CR) for “het-

3.1 Aerobic processes erotrophic aerobic remineralisation (Ef) + nitrification
(Eq.9)™

Aerobic remineralisation will take place under oxic condi-

tions. In biogeochemical models, the oxygen threshold for 1 5

the transition from aerobic to anaerobic remineralisation pro-C, H, O. N; P+ (a +b—Zc+-d+ ) 0, — (10)
cesses is generally assumed to be ngavl,. 4 2 4

3.1.1 Heterotrophy: remineralisation of OM

1 1 3
a COp + d HNO3 + H3POy + (E b—zd—é) H20

Aerobic remineralisation of OM is a heterotrophic pro- This relationship is essentially the same as Egs. (2, Bpef
cess that produces ammonia and increases the alkalinity bferson(1999. Associated with this process is a decrease of
(d—1) moles for each mole phosphorus remineralised. Thealkalinity by (d+1) moles for each mole of organic phospho-

rate of this process is denotedwas rus remineralised.
The following two paragraphs show two examples for the

classical Redfield stoichiometry, as well as for a stoichiome-
C, H, O, Ny P+ <a 4+ = 1 b— }C _ §d + 5) 0, N (6) try that accounts for more realistic OM composition:
e 4° 27 4 Redfield stoichiometryconsidera=106,d=16. Assum-
1 3 3 ing that the OM consists mainly of monosaccharideszsNH
@ COz +d NH3 + H3POy + (5 b-3 d—§> H20 and HPOy, b=2 a+3 d+3=263 andc=a+4=110. Then
the equation for OM remineralisation and instantaneous,
The amount of oxygen that is required to reminer- complete nitrification is:
alise organic matter with one mole of phosphorus dur-

ing aerobic remineralisation can be e_xpressed_here by 4x 1064 263— 2 x 11045 x 16+ 5 11
Ro=a+1/4b—1/2c—3/4d+5/4 (expression used in Ta- C106H263°110N16P+< 4 )OZ_’( )
ble 1).

106 CQ + 16 HNGO3 + H3POy + <%> H,O

3.1.2 Autotrophy: nitrification of ammonia to nitrate . . . ) .
i.e., 138 moles of oxygen are required to remineralise organic

This is a two step process: first oxidation of ammonia to ni- matter with one mole of phosphorus to carbon dioxide, ni-
trite, then oxidation of nitrite to nitrate. These proceed attrate and 122 moles of water.

ratesv, andus for the oxidation of ammonia to nitrite, and ~ “Anderson” stoichiometry: Considera=106, b=175,
nitrite to nitrate, respectively. Thus, tllemoles of ammonia ¢=42 andd=16. This refers to the composition given by

obtained by heterotrophic remineralisation of OM (Bpare ~ Anderson(1999, calculated from observed constituents of
nitrified as follows: organic matter. Then the equation for OM remineralisation

and instantaneous, complete nitrification is:

3
dNH3+§dozi>dHNoz+deo 7)

. C106H175042N16P + (4 x 106+ 175— 24>< 42+ 5x 16+ 5) O > (12)
dHNOz+§d02£>dHN03 (8)

175-16-3
106 CQ + 16 HNGO3 + H3POs + <7> H.O

2
Note that only the oxydation of ammonia to nitrite has an;
effect on alkalinity (decrease by two moles for one mole ni-
trogen oxidised). Summing up the two equations yields

i.e., 150 moles of oxygen are required to remineralise organic
matter with one mole of phosphorus to carbon dioxide, ni-
trate and 78 moles of water.
dNH3z +2d O — d HNO3 + d H,0 9) Npte, 'Fhat the C/N/P stoighiometrigs of the two exampleg
are identical as are the remineralisation products that contain
C, N, and P. For biogeochemical models that focus on these
chemical elements, results would therefore be undistinguish-
able. The examples differ, however, in the O and H content of
organic matter and, as a result, in the oxygen demand during
remineralisation.

www.biogeosciences.net/6/923/2009/ Biogeosciences, 6 93532009
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. 2 3.1 9
3.2 Anaerobic processes aCOy + d NH3 + H3POy + (5 a+ : b_g c—g d—l) H,0

The following processes (anaerobic remineralisation by den- (E Ro) N,
itrification; anammox) will take place under suboxic con- 5

dglons, |.,$|.(;or ambient oxygen concentrations smaller than Richards(1965 and others have further assumed an im-
about 44M Oz. mediate, complete oxidation of the ammonia released from

3.2.1 Heterotrophy: remineralisation of OM by denitri- organic matter during denitrification:

fication 3 4 9

dNH3 + = dHNO3 — —d Nz + = d H20 a7)
Anaerobic remineralisation by denitrification of OM is a het- 5 5 5

erotrophic process that may involve several oxidation statef\dding this process (equation implicitly used in the BGC
of nitrogen. Here only nitrate, nitrite, and molecular nitrogen models to convert the ammonium produced by anaerobic
are considered. The oxidation of organic matter further pro-remineralisation (nitrate-respiration) intooNto Eq. (L5)
duces ammonia (contained in OM). First, there is reductionyields the equation for Complete Denitrification (CD):

of nitrate to nitrite proceeding at rate, which increases the

alkalinity by (d—1) moles for each mole phosphorus rem-

arRaitt 4 1 2
ineralised: C,Hy O Ny P+ (Ea+§b—§c+l> HNO3 — (18)
1 3 5 vg
C.HyO.N;P+(2a+=b—c—=d+ =) HNO 13 2 3 1
P (“ 2”772 2) s (13 aC02+H3PO4+<§a+§b—§c—1>H20
1
a COy + d NH3 + HaPOs + <§ b—gd—g) H2O 2 1 1 1 1
Sa+—b—Zc+Zd+=|N
+<5“+1o 5°7 3 +2> 2

1
+(2a+§b—c—gd+g) HNO>
CD results in an increase in alkalinity of
Then, nitrite is reduced to molecular nitrogen, with the rate (4/5a+1/5b—2/5c¢) moles.

constantvs, and with an associated increase in alkalinity by

(4/3a+1/3b—2/3c+2/3) moles: 3.2.2 Autotrophy: anammox
C Hy Ou Ny P+ (ﬂa 2 §> HNO, % (14) Ammonia and nitrite can be combined in an autotrophic pro-
3 3 3 3 cess called “anaerobic ammonium oxidation” (anammox),
2 2 1 2 with ratewvg to molecular nitrogen and without any effect on
NHs + HaP Sa+Sb-Zc-2d—)H ra
@ COz +dNHs +Hs O4+<Sa+3b gcm2d 3) 20 alkalinity:
2 1, 1. 1. 5\ ,

tlgdtgh—3e 34t ™ dNH3 + d HNO, 2 d Ny + 24 H,0 (19)

Note that while Eq. 13) yields (2a + 1/2b — ¢ — The ammonia required may have been produced either by

3/2d + 5/2)moles nitrite per organic matter with one anaerobic oxydation of OM (e.g. denitrification; DNRA or
mole of phosphorus remineralised, Eql4) requires  pissimilatory Nitrate Reduction to Ammonium), or by aer-
(4/3a+1/3b—2/3c—d+5/3) moles nitrite to remineralise  gpjc remineralisation and subsequent transport into the low-
organic matter with one mole of phosphorus. oxygen “anammox region”. In both cases, the ammonia will
Summing up the two equations —more precisely: 2/5 timescome from the decomposition of organic matter. Thus, as for
Eq. (13) plus 3/5 times Eq.14) - yields the “net” equation pjtrification, organic matter (particulate or dissolved) is re-
for denitrification, which is accompanied by an increase inqyired to feed this process. The nitrite required in the anam-
alkalinity by (4/5a+01/5b—2/5¢+2/5d) moles: mox reaction will either come from the first (aerobic) nitrifi-
cation step (with subsequent transport to the “anammox” en-
4 1 2 vironment), or it may be produced as an intermediate product
CaHp OcNa P+ <g atgb—ge—gd+ 1) HNO; —  (15)  of denitrification (i.e., a heterotrophic process).
2 3 1 9 The extent to which anammox will change the ammonia,
a COz2 + d NH3 + H3POy + (* a+cb—ze—¢ d—1> H20 nitrite, nitrate and dinitrogen pools depends on the rates at

5 5 5 5
which the different processes operate. So far, we have as-

2 1 1 3 1 .
+lza+-—=b—=c——d+=| Ny sumed that all processes take place at the same speed (in par-
5 10 5 10 2 . .
ticular: vy=vo=v3 for the aerobic, ands=vs for the anaer-
or obic processes). For oxic conditions, anammox would com-
4 pete with the first nitrifying step (Edf) for ammonia, and
CaHp OcNg P+ ( z RO) HNOs — (16)  with the second step of nitrification (E8) for nitrite. For

Biogeosciences, 6, 92935 2009 www.biogeosciences.net/6/923/2009/
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suboxic conditions, anammox would compete with the sec- However, as none of the models discussed below explicitly
ond step of denitrification (EdL4) for nitrite. In addition,  considers anammox, for now we will skip further considera-
especially in the transition zone from oxic to anoxic condi- tion of the stoichiometric relation of anammox with the dif-
tions the rates of the processes may be affected by the oxygefierent steps of denitrification and nitrification.
sensitivity of the different organisms and processes involved.
However, at this stage we can make the following thought3.3 Implications
experiment;

For oxic conditions, let us assume that anammox replace$.3.1 A stoichiometric oxygen switch
the second step of nitrification (i.eug>>v3). Then, adding

Egs. ) and @9), dividing by two, and adding thisto Eqg ~ EQs. 6-18) present the process equations for aerobic and
yields: anaerobic remineralisation processes and their stoichiome-

tries in terms of the composition of organic matter, as
specified by the subscripts, b, ¢, and d. The sto-
C,Hy O, N, P+ <R0+ §d> 0,—>a COp (20)  ichiometric relationships between the different processes
4 can be easily expressed by the amount of oxygen that
is required to remineralise organic matter with one mole
of phosphorus during incomplete aerobic remineralisation
(Ro=a+1/4 b—1/2 ¢—3/4 d+5/4 according to Eq.);
Thus, in contrast to complete remineralisation (i.e., aer-used to express the stoichiometric ratios of the different pro-
obic remineralisation with the two steps of nitrification) cesses in Tabl#).
which requiresRo+2d oxygen, this process requires less  Making use of termRp, we can now easily evaluate stoi-
(Ro+3/4d) oxygen (e.g. 14% less for Redfield organic mat- chiometric relationships between the different processes and
ter, cf. Sect. 3.1.3 and Table 1), but also removes fixed nitro-their requirements in the oxic and suboxic zones: first,
gen and decreases alkalinity by 1 mole for each mole phosassume that all organic matter is remineralised to,CO
phorus of remineralised organic matter. HsPQy, water and NH under suboxic and oxic conditions
For suboxic conditons, we assume that anammox uses anfcf. Eqs.16 and6). In this case the relation between nitrate

monia provided by both steps of denitrification (Eg8and  demand (suboxic) to oxygen demand (oxic) is expressed by
14); Adding anammox to Eqs18) and (L4) separately, and

then dividing the sum of these by two, yields the net gain . 4/5Ry 4
of denitrification of organic matter associated with one mole RrNoz:0, = “Re 5 (22)
phosphorous, plus anammox:

1 1 3
ZdNy+ HgP Zb—>) He0
+5d N2+ Hs O4+<2 2) 2

i.e. 0.8 mole nitrate replace one mole oxygen. This is
equivalent to the fact that 1 mole of HN@an accept 5e
Ca Hp Oc Ng P+ (Ro) HNOs—>a CO; + H3POy (21) (if converted to N) while 1 mole of Q can accept only 4e
+ (} a+ 7 b_ }C + }d _ 1_3) H,0 (when reduced to water). As an exampRichards(1965
evaluates 106 moles oxygen demand for the aerobic reminer-

1 1 alisation to NH, and 844=4/5x 106 moles nitrate demand
+ (5, Ro— d> HNO; + <§ Ro+ d) N2 for denitrification of organic matter to N
However, ammonia does not accumulate significantly, but
l.e. this combined process results in a higher HN- s readily converted to HN@in oxic waters through nitrifi-

mand with less N produced (e.g. +12% and7%, respec-  cation and similarly in suboxic waters, obviously since some
tively, for Redfield organic matter, cf. Sect. 3.1.3 and Ta- reaction such as anammox convert it te (¢.g. Richards
ble 1), but in a surplus of nitrite, as classically observed1965. This is why the notations e.g. IBichards(1965 and
izn denitrifying waters, and an increase of alkalinity by Anderson(1999, as well as many models proceed by imme-
5 Ro+d—1moles for each mole phosphorus of remineraliseddiate nitrification of the released ammonia to nitrate under
organic matter. Note, that the presence of anammox coul@xic conditions (Eq9), or by immediate oxidation of ammo-
explain an N production exceeding the HNQdeficit, as  nia to N, under suboxic conditions (E4.7). In this case, the
suggested by the observationsizévol et al.(2009, only if  right hand sides of the oxic (Ej0) and suboxic (EqL8) pro-
anammox is tightly coupled to nitrification (ERO; cf. Lam  cesses differ both in terms of products as well as in oxidation
etal, 2009. states of nitrogen. As a consequence the relationships be-
tween nitrate vs. oxygen requirement deviate from the clas-
sical 4/5 ratio. For example, the relationship between “Com-
plete” Denitrification (CD, i.e., denitrification with immedi-
ate oxidation of the ammonia released from organic matter to
N> which, according to Eq1@), needs 45 Ro+3/5d moles
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of nitrate) and aerobic remineralisation with subsequent nitri- In the “Complete” Denitrification, the moles of N pro-
fication (CR which, according to EqLQ) consumesRog+2d duced in form of N (i.e., 2moles of N per mole § versus

moles of oxygen) gives: moles of HNG consumption can be calculated from:
4/5Ro + 3/5d
RHNO3:0, = ———5 7 — 23 resno. =14 — 4 25
Ro+2d Np:HNO; = 1+ 4/5Ro 1 3/5d (25)

For example Richards(1969 (and Anderson 1995 eval- o o )
uate 138 (and 150)moles oxygen demand for complete(see also.TabI&). ConS|der_|rlg the stoichiometric range for
remineralisation to nitrate under oxic conditions, and the organic matter composition (see Tabjethe N, produc-
94.4=4/5%106+3/5x 16 (and 104) moles nitrate demand tion (in moles of N) versus HN@consumption from +115%
under suboxic conditions, the ratio thus beir@ 7 (0.68 and ~ (a=106 b=175 c=42, d=16; Anderson 1993 to +145%
069, respectively; cf. also in Tab. (a_:53; b=T, c:2_3; d=16; Laws(19_9]) fo_r algal proteins).
Through Ro the ratio given by Eq. 23) depends Sllght_ly more N is produced than nitrate is consum.ed. How-
on the amount of “excess” hydrogenRd=a+1/4z: ever, it has. recently bgen reported that the excesditdctly
see Eq.5) and increases with increasing excess hy_meas_ured in the_Arablan Sea (Devol et al., 2006) may exceed
drogen. Thus, the more hydrogen-rich substancedhe nitrate deficit by more than a factor 2. From E@sl) (
(lipids > polysaccharides proteins) the organic matter con- and @5) we can deduce that more;Nan be produced than
tains, the higher the nitrate demand of denitrification be-HNOs is consumed. However, for reasonable assumptions
comes in comparison to oxic remineralisation. In the the-a0out the composition of organic matter the excesphd-
oretical limit of Ry— oo We obtain Rinos.0,—4/5. Note duction is Ilmllted to about 145%. If the F:ons@erably higher
also that CR decreases the alkalinity (TA) 1) moles, ~ €XCess @estlmated fr_om observatl_ons is confirmed, one of
whereas CD increases TA by/3l a+1/5b—2/5¢ moles the possible explanations (cf. Codispoti et al., 2001) is that
(=17 and +93.5, respectively, according to Redfield Stoi_qenitrification does not follow the stoichiometries reported
chiometry: cf. Sect. 3.1.3 and Taule in Tablel.
In the above comparison of “Complete” Denitrification
3.3.2 How much fixed N and nitrate is removed during  (CD: denitrification with oxidation of the ammonia) and also
complete denitrification? of “Complete” aerobic Remineralisation (CR: remineralisa-
tion plus nitrification), we assumed that during both aero-
The above considerations provide some insight into the depjc and anaerobic remineralisation ammonia is immediately
pendence of fixed N (as organic matter, ammonia, nitratepxidised to nitrate and dinitrogen, respectively (no accumu-
or nitrite) removal on the supply of organic matter to the |ation of ammonia;Richards 1965. In this case, models
deep ocean: taking the “Complete” Denitrification (CD as of considering only dissolved inorganic nitrogen would induce
Eq. 18), i.e., assuming the “Richards” approach to anaerobicthe same biogeochemical effect associated with the reminer-
ammonia oxidation), and relating it to the amount of organic glisation mechanisms as models that explicitly distinguish
nitrogen denitrified (cf. Tabl@), yields the ratio between nitrate and ammonia. Nevertheless, the coupling
and decoupling between different processes or intermediate
2/5Ro+ 4/5d = 4 Rot2d (24) steps, mainly depends on the speed of the different process
d 5 d rates. Resolving these rate dependencies requires the sepa-
That is, per mole organic NNorg) denitrified,~7 moles  rate consideration of at least two pools of inorganic nitrogen
fixed N are lost from the system (e.g. according to the Red{ammonia and nitrate).
field ratio with Rgp=106 andd=16, Rn:norg=6.9; cf also
—2N32/Norg for CD in Table2). On long time scales, for the
global oceanic nitrogen inventory to be in equilibrium, the 4 Parameterisation of stoichiometry in global models
fixed nitrogen lost via denitrification would have to be sup-
plied again to the system either via nitrogen fixation or atmo-Using the above considerations about the relation between
spheric deposition. Interestingly, such a supply does not auerganic matter stoichiometry and the stoichiometries of the
tomatically lead to an increase in fixed nitrogen: results fromdifferent aerobic and anaerobic processes, we now aim to
a box model study suggest that if the newly fixed N is trans-examine the parameterisation in four different global bio-
formed into organic matter above suboxic areas and, upomgeochemical models: HAMOCC (in the setup presented in
sinking into the suboxic environment, is denitrified, nitrogen Wetze| 2004 Maier-Reimer et a)2009, PISCES (afteAu-
fixation may generate an even greater loss of fixed nitrogenmont 1998 Aumont and Bopp2006, BEC (as described in
in the suboxic areas below (e @anfield 2006. Note how-  Moore and Doney2007 and SCHMITTNER (as irschmit-
ever that these results depend on the location of N additioriner et al, 2008.
relative to the suboxic waters and on the circulation pathways Note that our investigation refers to specific setups of the
connecting OMZ and upwelling areas. different models; the exact parameterisation (e.g. C/P ratio,

RNZ:Norg = 2
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oxygen demand of remineralisation) may differ in later ex-
periments and be subject to change in the future. Therefore
the model structures as described here should not be regarde
as static, but mainly as examples for numerical simulation of
oceanic biogeochemistry. Our aim is not to criticize some
models used in the past, but to point out possible sources of
inconsistencies in the implicit assumptions of biogeochemi-
cal ocean models in general, and to encourage the use of ful
and consistent stoichiometric descriptions of organic matter
in the models’ formulations and descriptions.

— HAMOCC
— PISCES

o
w0
T

EC
SCHMITTNER|

=)
o
T

=]
e
T

4.1 Process parameterisations

o
[
T

In the models investigated, aerobic remineralisation is a func-
tion of both particulate and dissolved organic matter, except
for the SCHMITTNER model, where only particulate or-
ganic matter remineralisation is considered. In addition, rem-
ineralisation is a function of depth (PISCES) or a function ig 1 pjot of the remineralisation, normalised to 1 at high oxygen
of temperature (BEC, SCHMITTNER). All four models ex- |evels, rate versus £concentration, illustrating the different for-
plicitly simulate denitrification, although its parameterisation mulations used in HAMOCC, PISCES, BEC and SCHMITTNER
differs from that of the aerobic remineralisation in their sub- BGC models.

strate requirements. For example, in HAMOCC's suboxic

zones only particulate matter is subject to anaerobic degrada- i o

tion. Anaerobic remineralisation of Dissolved Organic Mat- Among the models considereds l¥roduction is modeled
ter (DOM) may only be required if the remineralisation of €Xplicitly only in the HAMOCC model. NO production is

DOM in the overlying oxic layers is slow enough to allow a_Iso considered in HAMOCC as well as in unpublished ver-
the build-up of significant DOM concentrations in the sub- Sions of PISCES and the SCHMITTNER model. None of

oxic zones. the models considered here includes anammox. With the ex-
For denitrification, the maximum rates are always lower C€Ption of HAMOCC, they do not include sedimentary den-
than for aerobic remineralisation, between a factor of 1 itrification, which would provide a large and possibly less
(PISCES) and 5 (SCHMITTNER). The oxygen threshold climate-sensitive (long timescale) sink for fixed nitrogen. Ni-
below which denitrification and nitrate consumption start, is tfification is taken into account explicitly in PISCES and
typically set to values betweenM (e.g. BEC) and 5:M BEC, and implicitly in HAMOCC and SCHMITTNER, as
(e.g. SCHMITTNER). The different formulations of the rem- these two latter models consider only dissolved inorganic ni-
ineralisation and denitrification rates as a function of ambientf©gen (usually interpreted as nitrate) but not ammonium.
oxygen levels are illustrated in Fig. The G threshold im- _Nitrogen fixation, being the counterpart (on long enough
plicitly separates the rate corresponding to aerobic reminerlime scales) to the removal of fixed N via denitrification,
alisation (CR) and to denitrification (CD). For HAMOCC, 'S considered in all models at different levels of complex-
the illustration of the slope (here between 4 and\) cor- ity, from a simple relaxation towards fixed stoichiometric ra-
responds to a case with sufficiently detritus (DET) and Dis-lios of nitrate qnd phosphate, to explicit consideration of di-
solved Organic Matter (DOM) for CR, and DET and nitrate @Z0troph physiology.
for CD (no limitation of the remineralisation by the organic L _—_
matter). For PISCES, the total aerobic and anaerobic reme"2 il:a:alrrett(iarlnsatlon of OM stoichiometry and rem-
ineralisation does not depend on,®ut below 6uM a frac- eralisatio
tion is remlnerahsedoby denitrification, increasing when O 114 four BGC models considered in this study all use the
becomgrs] Igwe;](logﬁ) for;@OMdM)i Ths CR an C?] ra;es same N/P ratio of 16, but differ with respect to the C/P ra-
vary with depth and DOM, and also depend on the bactey, (see Table2). Whereas C/P are similarL20) in the

rial activity, parameterised as a function of zooplankton. Fory AMOCC. PISCES and BEC models. the OM contains less
BEC, the CR and CD rates depend on temperature, and 0, (c/P=112) in the SCHMITTNER model. Apparently,
nitrate, turning off CD when nitrate concentration is higher the SCHMITTNER model considers an OM with less car-
than 32uM. For the SCHMITTNER model, the CR and CD bon (e.g. carbohydrates) and therefore relatively more nitro-

rates depe_nq.on -tem.perature. T_h? threshold;ifodthe on- geneous reduced matter (e.g. proteins), as also considered by
set of denitrification is &M, but it is a “smooth” transition Redfield et al(1963 andAnderson(1995.

mediated by the tanh function.

[estimation of the nommalized remineralisation rate for the different models in d!

1 1 1 I 1 I
8 10 12 14 16 18 20
0, concentration in pM

=

=
.
o

www.biogeosciences.net/6/923/2009/ Biogeosciences, 6 93532009



932 A. Paulmier et al.: Stoichiometry for global biogeochemical coupled ocean models

Table 2. Stoichiometry in main BGC models for organic matter with 1 mole of phosphorus: HAMOCC, PISCES, BEC and SCHMITTNER,
with organic matter (gH;O.N;P), complete aerobic remineralisation (CR: cf. BEf) and complete denitrification (CD: cf. E48) as
considered in Tabld. Stoichiometry fromRedfield et al(1963 andRichards(1965, and fromAnderson(1995 are called RR and AN,
respectively. For the SCHMITTNER model, values in brackets refer to the set-up usgsthijes et al(2008.

HAMOCC PISCES BEC SCHMITTNER RR AN

Organic matter ratios

CP @) 122 122 117 112 (112) 106 106

NP () 16 16 16 16 (16) 16 16

H excess{°R), aerobid 72 72 84 256 (102.4) 0 48

H excess{CP), anaerobié —43 64 84 256 (102.4) 0 48
Process ratios

-O,/P for CR 172 172 178 208" (169.6) 138 150

HNOs/P for CRP 16 16 16 16 (16) 16 16

-HNOg/P for CD o 98’ 120 150.4(119.68§ 94.£8 104

(-HNOg/P) for CD, theor 122 122 120  150.4 (119.68)

N,/P for CD 5% 688 68 83.2 (67.8f 55.28 608

-2 Np/Norg for CD0 7.1 8.5 8.5 10.4 (8.5) 6.9 75

Excess of N/-HNOg11 +15% +39% +13% +11% (+13%) +17% +15%

-HNOg/-0,12 0.58 057 071 0.72(0.71) 068  0.69

1calculated from Eq.27); 2Calculated from Eq.29); 3From OM stoichiometry according tAnderson and Sarmientd994; 4From
O/N=13 and N/P=16°From linec=N/P; 5From 172*2/3-16 for nitrate consumption, and 172*1/3 fop lroduction; subject to change, E.
Maier-Reimer, personal communication, 2008educed from N/C ratio of 0.8 for denitrification multiplied bch/P;BCaIcuIated from
Eq. (18) or Tablel; °Calculated from Eq.28), using the model's prescribed,@emand, C/P and N/P%From Ny/(Pxd); for RR and AN
this corresponds to Eq24); 11From (2 Nb/P)/(HNO3/P)-1; for RR and AN this corresponds to Eg5); 12From (HNO3/P)/(O,/P); for RR
and AN this corresponds to EQJ).

Whereas the -@JP ratio for aerobic remineralisation 4.3 Implicit assumptions on OM stoichiometry imposed
is similar (<170) for HAMOCC, PISCES and BEC, the by aerobic remineralisation
SCHMITTNER model assumes that about 20% mopeiO
consumed during aerobic remineralisation of organic mat-in numerical biogeochemical models, the C/P (ajirand
ter. The same tendency can be observed on thé>-@ero-  N/P (ourd) ratios of organic matter are generally prescribed
bic remineralisation ratio similar{1.4—1.5) for HAMOCC,  as explicit input parameters. In contrast, the H excess (deter-
PISCES and BEC, whereas the SCHMITTNER model as-mining H/P and O/P ratios modulo,®) is often determined
sumes about 25-30% more; @ consumed during aerobic implicitly through the choice of the -§P ratio for the aero-
remineralisation of organic matter. Further, the nitrate re-pic remineralisation (and, as we will see below, the choice of
quirement for denitrification varies widely among the mod- -HNOs/P for denitrification).
els, from 98 (PISCES) to 150.4 (SCHMITTNER) per organic T4 eyaluate the implicit assumptions about organic mat-

matter with one mole of phosphorus. . ter composition from the assigned stoichiometric ratios of
Comparing aerobic remineralisation and denitrification, 5erobic remineralisation (usually  and oxygen demand)

model descriptions often state the ratio of nitrate consumpyye nere refer to the “excess” hydrogen, (i.e., the hydrogen
tion during denitrification to oxygen consumption during aer- 51oms that cannot be combined in a ratio of 2 with oxygen:
obic remineralisation. In the case of the SCHMITTNER , f Eq.2). Equation 8) shows that the oxygen demand
model, this is 0.72, for HAMOCC it is 0.6, whereas BEC for gerobic remineralisation depends on the carbon content
uses a ratio of 0.7 similar to that Biedfield et al(1963 and (x=a, see Eq5) and onz via Ro=a-+1/4z. The models
Anderson(1993. parameterise “complete aerobic remineralisation”, i.e. rem-

ineralisation plus nitrification, prescribing a 2P ratio (in

the following RSR). Hence,

R§R=Ro+2d =a+2d+1/4z (26)
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(see Tablel), we can express the excess hydrogen that pro- A too low excess hydrogen content results in a too low ni-
vides the substrate for oxic remineralisation in terms of thetrate consumption. Taking the OM composition as implicitly
models’ prescribed oxygen demand for complete reminerali-defined viaR®R andd, from Eq. 8), we can evaluate the

sation,RgR, their C/P &) and N/P ) ratio: theoretical nitrate demand per organic matter with one mole
of phosphorus for a stoichiometrically consistent nitrate re-
{R=4RFR 44 -84 (27)  quirement (Tabl&: line 4 in the second block). Comparing

this theoretical value to the nitrate requirements prescribed in

The value o£“R thus indicates the implicitly assumed or- the models shows, that in the HAMOCC and PISCES mod-
ganic matter composition in the models that can be diagnosed|s, nitrate consumption by denitrification is too low by 23
from a=C/P andd=N/P ratios of Organic matter in combina- and, respective|y, 24 moles HNQ)er organic matter with
tion with the oxygen demand of aerobic remineralisation. Ta'one mole of phosphorus Supp"ed_ The remarkable differ-
ble 2 reveals that for the models considered hef& varies  ence in anaerobic H excess between HAMOCC and PISCES
between 72 and 256 and is always much hlgher than the Valueonstrained by Eq2@) is main|y due to a h|gh|y different
of 48 that we evaluate analogously from the organic mat-gSP very sensitive to the assumptions concerning the de-
ter composition determined by observations and compiled bytermination of N/P for CD: 57 for HAMOCC and 68 for
Anderson(1993. PISCES (see notes 6 and 8 in Table 2, respectively). Thus,
differences in the implicit OM composition not only exist be-
tween the models, but in some cases also between the differ-
ent remineralisation pathways considered in a single model,
the effect of which has yet to be investigated. Given the large
variability (and uncertainty; see above) in the parameterisa-
tion of sedimentation and remineralisation rate, however, the
effect of these important differences might turn out to have a
relatively low impact on simulated tracer fields.

4.4 Implicit assumptions on OM stoichiometry imposed
by denitrification

The nitrate demand of complete denitrificatioﬁ(‘):D =
4/5 Ro+3/5d (Tablel) can be expressed in terms of the oxy-
gen demand of complete remineralisati(mgﬁ, see EQ.Z6)
above):

RSP = 4/5R§R —d = 4/5(a +2d + 1/4z) —d (28)

The models usually prescribe the nitrate demand for den—5 Conclusions

itrification: RSP:'HN%/P and assume Nas end product.  the gpecific assumptions made about the elemental compo-
Like for aerobic processes, from this value, the C/P ratio o of organic matter simulated in biogeochemical models
and the N/P ratial we can derive the excess hydrogen of 5,6 consequences for the simulated fluxes of oxygen, nutri-
organic matter that served as substrate for complete del’lltl’léntsy and carbon. Assuming organic matter rich in hydrogen
fication as a function oRg®: (H excess), such as lipids or proteins (also rich in nitrogen),
implies more consumption of £during aerobic reminerali-
sation, and also more consumption of HN@nhd more loss
of fixed nitrogen as M by denitrification, but less production
of N2 per HNO; consumption.

All models considered in this study implicitly assume

P =5R§P —4a —3d (29)

Note, that the SCHMITTNER model does not prescribe
RSP, but instead employR$P+d=4/5 RSR, which yields

4 1 an efficient coupling between the aerobic remineralisation
RSP +d =4/5RSR = B <a +2d + 7 z) (30)  and nitrification, without any rate limitation of these pro-
cesses. In addition, the biogeochemical models do not con-
and sider the coupling and/or decoupling between the aerobic
D R (aerobic remineralisation, nitrification) and anaerobic (den-
2" =4R;" —4a—8d (31)  itrification, anammox, DNRA) processes, which can affect

the stoichiometry of the resulting total remineralisation. In-
deed, this coupling and/or decoupling between the aerobic

havez®R=zCP, which would be required for a consistent sto- : ; .
ichiometry — i.e., assuming that organic matter compositionand anaerobic processes is only taken into account by,an O
N threshold, which is still not very well defined. None of the

is the same everywhere, regardless whether in oxic or sub- . : .
. ) D . models considered take into account the coupling and/or de-
oxic zones. Evaluation of°P from a, d and the prescribed

nitrate demand for denitrification’{gD, shows, that among coupling due to the intermediate compounds such as nitrite.

the models considered, only BEC and SCHMITTNER fulfill Moreover, the effect of all these mec.hamsms on aIkaI!n|ty
) . o does not always seem to be included in the models, which is
this requirement. PISCES and HAMOCC implicitly assume ~ "~ :
: . . an issue that deserves further attention.
that the organic matter supplied to and degraded in the sub-

oxic zones contains less “excess” hydrogen (cf. Tahle

That is, for the SCHMITTNER model, we automatically
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Even in this simplified picture, biogeochemical models Devol, A., Uhlenhopp, A., Naqgvi, S., Brandes, J., Jayakumar, A.,
may implicitly assume a composition of organic matter that Naik, H., Gaurin, S., Codispoti, L., and Yoshinari, T.: Denitri-
differs for aerobic remineralisation and anaerobic denitrifi- ~fication rates and excess nitrogen gas concentrations in the Ara-
cation, with impacts on simulated biogeochemical tracer dis- Pian Sea oxygen deficient zone, Deep-Sea Res. |, 53, 1533-1547,
tributions. It is not impossible that such differences in the _ 2006- _ . N
remineralisation stoichiometry exist in reality. Models may 292 F- Rios, A., Perez, F., and Figueras, F.. Theoretical limits of
help to investigate the possible relevance of such differences. oxygen:carbon and oxygen:nitrogen ratios during photosynthesis

.. . .. and mineralisation of organic matter in the sea, Mar. Chem., 62,
In order to do so, however, the explicit and implicit assump-  151_168 1998

tions used by such biogeochemical models must be clearlyraga F. and Alvarez-Salgado, X.: On the variation of alkalinity

stated. This note is one attempt to do so. during phytoplankton photosynthesis, Cienc. Mar., 31, 627—639,
2005.
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