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Abstract

Coastal upwelling zones support some of the highest rates of primary production in the oceans. The settling and subsequent decom-
position of this organic matter promotes oxygen depletion. In the Eastern tropical North and South Pacific and the Arabian Sea, large
tracts of anoxic water develop, where intensive N, production through denitrification and anammox accounts for about 1/3 of the total
loss of fixed nitrogen in the marine realm. It is curious that despite extensive denitrification in these waters, complete nitrate removal and
the onset of sulfate reduction is extremely rare. A simple box model is constructed here to reproduce the dynamics of carbon, oxygen and
nutrient cycling in coastal upwelling zones. The model is constructed with five boxes, where water is exchanged between the boxes by
vertical and horizontal mixing and advection. These primary physical drivers control the dynamics of the system. The model demon-
strates that in the absence of nitrogen fixation, the anoxic waters in a coastal upwelling system will not become nitrate free. This is
because nitrate is the limiting nutrient controlling primary production, and if nitrate concentration becomes too low, primary production
rate drops and this reduces rates of nitrate removal through N, production. With nitrogen fixation, however, complete nitrate depletion
can occur and sulfate reduction will ensue. This situation is extremely rare in coastal upwelling zones, probably because nitrogen-fixing
bacteria do not prosper in the high nutrient, turbid waters as typically in these areas. Finally, it is predicted here that the chemistry of the
upwelling system will develop in a similar matter regardless whether N, production is dominated by anaerobic ammonium oxidation
(anammox) or canonical heterotrophic denitrification.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Coastal upwelling occurs when winds or bottom topog-
raphy push surface water away from the coast, and this
surface water is replaced by water originating from deeper
in the water column. A classic example is the upwelling sys-
tem off the coast of Peru and northern Chile. Here, pre-
dominantly southeasterly winds, acting through the
Coriolis force, move water to the West, away from the
coast, and deeper water upwells to replace this water. Upw-
elled water typically originates from depths of 100 to 200 m
(Smith, 1995), but off the coast of Central Chile, for exam-
ple, the water source may be as deep as 300 m (Leth and
Middleton, 2004). Upwelled water is usually nutrient rich,
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typically promoting rapid rates of primary production.
High rates of primary production lead to high sinking flux-
es of particulate organic carbon, and the decomposition of
this carbon substantially reduces oxygen concentrations in
the water column.

In some instances, such as in the North and South
tropical eastern Pacific, the Arabian Sea, and in parts
of the Benguela upwelling system in northwestern coastal
Africa, the particulate flux is so intense that oxygen is
completely removed (e.g., Codispoti and Packard, 1980;
Olson et al., 1993; Helly and Levin, 2004). When this
happens, fixed nitrogen is removed as N, gas through
the processes of heterotrophic denitrification and anaero-
bic ammonium oxidation (anammox) (e.g., Goering and
Cline, 1970; Cline and Richards, 1972; Codispoti and
Packard, 1980; Howell et al., 1997; Codispoti et al.,
2001; Dalsgaard et al., 2003, 2005; Kuypers et al.,
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2005; Thamdrup et al., in press). The anammox process,
where ammonium is combined with nitrite to form N,
gas (NO,” + NH,* — N, +2H,0; Jetten et al., 1999),
has only recently been described in the marine realm
(Thamdrup and Dalsgaard, 2002; Dalsgaard et al.,
2003), and it may be a very significant process of N,
production in anoxic upwelling zones (Dalsgaard et al.,
2003; Kuypers et al., 2005). Overall, water column N,
production is estimated to account for about one-third
of the total fixed nitrogen loss in the oceans (Codispoti
et al., 2001). In many instances, the intensity of N, pro-
duction varies in step with climatic forcing. For example,
in the Arabian Sea and in the tropical North and South
Pacific, nitrogen isotope evidence suggests that N, pro-
duction is most intense during interglacial periods. By
contrast, it is much reduced, if present at all, during gla-
cial times (Ganeshram et al., 2000; Altabet et al., 2002;
Pol-Holz et al., 2006). Rates of N, production also re-
spond to less extreme climate variability, and at least
in the Arabian Sea, its intensity is significantly correlated
to the occurrence of Dansgaard-Oeschger events (Altabet
et al., 2002). In many cases, increases in N, production
rate are apparently coupled to increased rates of primary
production, and probably increased upwelling intensity
(Ganeshram et al., 2000). However, in the eastern South
Pacific, increases in deglacial denitrification were proba-
bly caused by increased stratification resulting from the
melting of the Patagonian ice sheet (Pol-Holz et al.,
20006).

In general, increased primary production leads to in-
creased N, production, but one might reasonably ask, does
this ever naturally lead to complete nitrate depletion and the
onset of sulfate reduction? A survey of coastal upwelling
systems suggests that this situation is rare indeed. Where
oxygen depletion occurs, nitrate (plus nitrite) concentra-
tions are typically rather high, in the 15-40 uM range
(e.g., Fiadeiro and Strickland, 1968; Goering, 1968; Codis-
poti and Richards, 1976; Codispoti and Packard, 1980;
Codispoti, 1983; Morrison et al., 1998), sufficiently high
to inhibit sulfate reduction (e.g., Froelich et al., 1979; Ber-
ner, 1980). Occasional nitrate (plus nitrite) depletion, and
even sulfide accumulation, has been observed in the Peruvi-
an upwelling system (Dugdale et al., 1977; Copin-Montégut
and Raimbault, 1994). However, these are typically isolated
pockets of water, and they are not particularly common.
They do not seem to represent the upwelling system in gen-
eral (Codispoti, 1983) but may be related to short-lived sto-
chastic events such as bursts of unusually high upwelling
rates (Codispoti, 1983). Sulfide also accumulates in the very
bottom waters of the Namibian shelf in water depths up to
about 100 m (Briichert et al., 2003). In this case, however,
sulfide accumulation is probably related to an oxygen sink
and sulfide source from the sediments (Briichert et al.,
2003). This is also true, at least occasionally, in the inner
shelf regions of other upwelling areas (Ahumada et al.,
1996; Naqvi et al., 2000). Such sulfide accumulation is not
normal, however, in coastal upwelling situations where

oxygen-depleted water is underlain by oxygenated water,
and where the sediment plays a minor role in controlling
water column chemistry (Bange et al., 2000).

We are then left wondering if feedbacks might operate
within the upwelling system to maintain nitrate-rich condi-
tions within the anoxic zone. More generally, we are left
wondering how the mix of physical and biological param-
eters including upwelling, water exchange, primary produc-
tion and carbon decomposition act in concert to control
the chemistry of coastal upwelling zones. In this contribu-
tion, an upwelling model is constructed which explores the
controls on water chemistry. Specific attention is paid to
nitrogen and to which factors control N, production rate
and nitrate concentration, and how these factors feed back
into controlling rates of primary production. The model is
first developed and explored assuming fixed nitrogen is re-
moved by canonical heterotrophic denitrification. The
influence of N, fixation on water column chemistry is also
explored, and the influence of the anammox on water
chemistry is discussed.

2. The model

The model developed here is a simple five box model
which seeks to capture the basic features controlling
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Fig. 1. A simplified box model representing a coastal upwelling zone. The
U box represents the upper ocean region into which water is upwelled. The
UM box underlies the U box, where some fraction, x, of the new
production coming from the U box decomposes. It is in this box where
anoxic waters may develop. When this happens, nitrogen can be lost by
denitrification (Denif). The S box represents ocean surface water away
from the upwelling zone, while the I box represents water of intermediate
depth, also away from the upwelling zone, but which exchanges with the
UM box. The deep box, D, represents the deep ocean. Water is exchanged
by vertical mixing between the U box and the UM box, through the
mixing coefficient Ky, while Ky expresses vertical mixing between the
UM box and the deep box, D. Horizontal mixing, K, occurs between the
intermediate box, I, and the UM box. Water is also transported by
advection from the deep box, D, to the UM box and the advection rate is
represented by A. likewise, water is also connected from the I box into the
UM in this rate is represented by B. The advective flux of water into the U
box is given by the sum 4 + B. See text for further details.
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nutrient chemistry, oxygen, and carbon dynamics in a
coastal upwelling zone (Fig. 1). The model has two surface
boxes, U and S, where the first represents the surface
waters in the coastal upwelling region, and the second rep-
resents the surface waters away from the influence of
upwelling. There are also two intermediate boxes, UM
and I, where the first represents the region below the sur-
face mixed layer of the upwelling zone, and it is here where
oxygen depletion occurs. The second box represents waters
of intermediate depth, and away from the influence of the
upwelling zone, but which exchanges water with the UM
box. The last box, D, represents the deep water. Two of
these boxes are active, UM and U, whereas the others pro-
vide prescribed chemical boundary conditions feeding into
the active boxes. In principle, these boxes could also be-
come active if fed by other models controlling global ocean
chemistry. This would be a natural extension of the model,
but outside the scope of the present contribution.

In the model here, vertical exchange occurs between the
surface upwelling box (U) and the lower region of oxygen
depletion (UM), and is represented by Ky (cm h™"). Veloc-
ity units are used here to describe vertical exchange and
these are obtained by combining the unit used for eddy dif-
fusion (cm? h™') with the length scale (cm) over which dif-
fusion applies (e.g., Sarmiento et al., 1988), which is in the
range of 20-100 m for coastal upwelling zones. Vertical ex-
change, Kuym (cm h™'), also occurs between the UM box
and the deep box (D) while horizontal exchange, K;
(cm h™') operates between the UM box and intermediate
box (I). Horizontal exchange normally occurs over great
distances (hundreds of kilometers) due to rapid mixing
along isopycnal surfaces. In this model, horizontal ex-
change influences the box where oxygen depletion occurs
(UM box). This box normally has a vertical dimension of
100’s of meters and a horizontal dimension of 100’s of kilo-
meters. Thus, any chemical constituent mixed into the box
across the vertical dimension of the box will be spread out
across its horizontal dimension. To obtain the values of K;
used in this model, we start with the horizontal diffusion
coefficient Kyjo presented in units of diffusion (cm®h™'),
and this is multiplied by a scalar representing the ratio of
the height (H) to the length (L) of the box. This value is
then divided by the length over which diffusion applies.
Thus, K; = HKyo/L?. Horizontal exchange will also occur
between the two surface boxes U and S, but this has been
ignored here. This is because in all modeling scenarios, ni-
trate will have a concentration of zero in the U box, and
since nitrate will also be depleted in the S box, horizontal
exchange between U and S will have no influence on nitrate
systematics. There would be a small influence on the con-
centration of phosphorus in the U box, but only under cir-
cumstances, where P does not control primary production
and can accumulate here. Ignoring this exchange signifi-
cantly simplifies the equations and has absolutely no influ-
ence on the final results and conclusions.

Advective upwelling, 4 (cm h™'), delivers water from
the deep box, D, to the UM box, and since upwelled water

is usually sourced from rather shallow depths of 100-200 m
(Codispoti, 1983; Smith, 1995), another advective flow, B
(cm h™"), has been introduced from the intermediate box
(I) to the region of oxygen depletion (UM). The term B
does not represent the actual velocity of water through
the vertical dimension of the intermediate box, but rather
the contribution of this water to vertical upwelling from
the intermediate box into the surface box. The total flux
of water from the UM box to the surface ocean of the
upwelling zone (U box) is given by the sum of flows 4 + B.
Organic matter productivity is driven by the upwelling
of nutrients from the zone of oxygen depletion (UM) into
the upper box (U). This input of nutrients stimulates pri-
mary production, a portion of which falls back out of this
box into the underlying water column. In the following
analysis, nitrogen is followed, and the particulate flux of
organic nitrogen out of the surface box (U) is defined as
PartU. A fraction of the organic nitrogen, xPartU, is liber-
ated into the zone of oxygen depletion just below, the rest
of which, (1 — x)PartU is liberated in the deep water. When
the zone of oxygen depletion becomes oxygen free, fixed
nitrogen is lost as N, through denitrification and annamox.
In the following model, N, production is assumed to occur
through denitrification, which can be given as follows with
the organic matter stoichiometry of Anderson (1995) and
Gruber and Sarmiento (1997). Note that this equation is
written so that ammonium does not accumulate, which is
consistent with observations (e.g., Richards, 1965):

CiosHi7504N 6P + 104NO,
— 102HCO;~ +4CO, + 60N, + HPO,* + 36H,0 (1)

Nitrogen limitation in upwelling waters is a natural conse-
quence of nitrogen gas loss through N, production (e.g.,
Dugdale et al., 1977; Mantoura et al., 1993; Copin-Monté-
gut and Raimbault, 1994; Davies and Morales, 1998). This
is seen clearly when comparing phosphate and total inor-
ganic nitrogen (in this case nitrate + nitrite) concentrations
from oxygen-depleted upwelling zones. In all three cases,
the tropical North Pacific, the tropical South Pacific and
the Arabian Sea (Fig. 2), a substantial nitrogen deficit is
observed at high concentrations of phosphate, a clear sign
of nitrogen loss through denitrification and anammox (see
also Codispoti and Richards, 1976; Codispoti, 1983; Bran-
des et al., 1998; Voss et al., 2001). The nitrate deficit is, in
part, advected into surface waters, generating a significant
nitrogen deficit relative to phosphate. This is easily seen
when N and P concentrations in upwelling zones are com-
pared to areas distal to the zone of upwelling and the influ-
ence of denitrification and anammox (see also Gruber and
Sarmiento, 1997; Louanchi and Najjar, 2000). This is par-
ticularly true for the Eastern tropical South Pacific and the
Arabian Sea, whereas the surface nitrate deficit in the East-
ern tropical North Pacific is less pronounced.

Therefore, when zones of intense upwelling generate
complete oxygen consumption and N, production in the
underlying waters, primary production in surface waters
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Fig. 2. Nutrient chemistry of coastal upwelling regions supporting anoxic
water columns and influenced by N, production (black diamonds),
compared to the nutrient chemistry of adjacent water bodies unaffected by
water column anoxic conditions (open circles). For the Arabian Sea, data
for the upwelling region come from JGOFS cruises TNO53 (early NE
monsoon) and TNO050 (late SW monsoon) (see Morrison et al., 1998),
compared to WOCE cruise 107C for the Southern Indian Ocean
uninfluenced by N, production. For the Eastern Tropical South Pacific,
upwelling zone data come from WOCE cruise P21, stations 5 to 300,
which are compared to stations 176-294 from the same cruise in the
Western tropical South Pacific. For the Eastern tropical North Pacific,
data for the coastal upwelling region come from WOCE cruises PO4E
(stations 120-220) and P19C (stations 360 to 422), compared with WOFS
cruise PO4W from the Northern tropical Western Pacific. For data sources
see, http://whpo.ucsd.edu/index.htm and, http://usjgofs.whoi.edu.

is often severely nitrogen limited. This situation will be
modeled below. Also considered is the situation where
nitrogen fixation in the surface waters makes up any nitro-
gen deficit. Nitrogen fixation, along with blooms of nitro-
gen-fixing cyanobacteria (7Trichodesmium spp.), has been
identified in the Arabian upwelling system (Capone et al.,
1998). A nitrogen deficit in coastal upwelling regions could
also be supplemented with terrestrial runoff if the N/P ratio
of the runoff water exceeded the demands of the primary
producers. This could be a natural extension of the present
model, but this situation will not be formally explored.
Nitrogen fixation is incorporated into the model in the
case where denitrification produces a nitrogen deficit in

upwelled waters. In the modeling, the fates of nitrogen, oxy-
gen, and phosphorus are followed. Somewhat different
equations must be written for when oxygen persists in the
UM box and for when it is depleted. Beginning with the
condition where oxygen persists, the following mass balance
equations are written for nitrogen inputs and outputs in
both the U box and the UM box. Starting with the U box:

NUM(A +B)+KU(NUM—NU> :NU(A +B)+PartU (2)

After assuming that nitrate in the U box, Ny, is zero, and
simplifying, we have:

NUM(A +B+Ku) = PartU (3)
The mass balance for nitrate and the UM box is:
AND +BN1 + xPartU = NUM(A +B) + KU(NUM — NU)

+ Kum(Num — Np)
+ Ki(Num — N1) 4)

After substituting Eq. (3), and solving for Nym:
(A + Kuym)Np + Ni(B+K;)

N = B Ko+ Kom + K —xd+ BT K] O
The equation for O, in the UM box is:
AO,p + BOyi + K1 (Oy — Oyom) + Kiym(Opp — Oyum)

+ Ky(Ou — Oyum) = (4 + B)Oyum + ryxPartU (6)

After substituting Eq. (3) and solving for O,um, we have:

O, (A+Kum) + 051 (B4 K1) +KyOyu —raxNuym(A+B+Ky)

Oyom =
2 (A+B+Ky+Kum+K1)

(7)
Here, r, is the stoichiometric relationship between oxygen
utilization and nitrate production during organic matter
decomposition (see Table 1). From a phosphate mass bal-
ance in the U box, and after substituting Eq. (3), the fol-
lowing expression is obtained for the concentration of
phosphate in the upper U box:

Num

PU:PUM_ , . (8)
p

Here, r, is the stoichiometric relationship between nitrate
and phosphate liberation during oxic respiration
(Table 1). A mass balance equation can also be written
for phosphate in the UM box, which takes a very similar
form to the mass balance equations for oxygen and
nitrate (Eqs. 4 and 6). After substituting Eq. (8), the
expression for phosphate concentration in the UM box
is:

Po(A+Kuwm) +Pi(B+Ky) —FUi 5508 (4 + B+ Ky)
(A+B+Kum+Ki) '

Puym =

©)

We now switch to the condition, where the concentration
of O, in the UM box is 0, and denitrification can occur.
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Table 1
Constraints on model parameters

Parameter Description Range Units Most likely Refs.

Ky, Kum Vertical exchange 0.1-1.0 cm?s™! 0.1-0.3 1-6

A+B Upwelling rate 0.27-7.2 ecmh™! 1-3 7-10

K Horizontal exchange 100-1800  m?s~! 500-1800 11-13
newprod New production 2.5-24 nmol Necm 2 h™! 10-20 3, 14-17
Denif Denitrification rate 10-28 nmol Nem 2 h™! 10-20 4,5 7,17, 18
X Remineralization ratio in UM box 0.3-0.85 Dimensionless 0.6-0.7 14, 15,17, 18
Nyeficit Nitrate deficit 5-20 M 10-15 3,7,8,19
O,p Deep water O, in coastal upwelling zone 100-200 M 140 20

Oy Intermediate depth O, adjacent to UM box 50-150 M 100 20

Fa 0,-used/NOs-produced during OC oxidation 8.6-10.6 Dimensionless 10.6 21, 22, 25

p N/P liberated during OC oxidation 15-16 Dimensionless 16 21, 22, 23, 25
e C/N ratio of OC oxidation 6.63-7.31 Dimensionless 6.63-7.31 21, 22, 23, 25
Fden OC oxidized/NOs used in denitrification, w/o NH, accumulation 1.02 Dimensionless 1.02 23

F'sR OC-used/sulfate reduced 2 Dimensionless 2 24

1, Shaffer (1989); 2, Wunsch and Ferrari (2004); 3, Voss et al. (2001); 4, Codispoti et al. (1988); 5, Yakushev and Neretin (1997); 6, Pacanowski and
Philander (1981); 7, Codispoti and Christensen (1985); 8, Codispoti (983); 9, Ianson and Allen (2002); 10, Sarma (2002); 11, Saunders et al. (1999); 12,
Richards and Pollard (1991); 13, Huck et al., 1999; 14, Schlitzer (2002); 15, Escribano et al. (2004); 16, Olson et al. (1993); 17, Bange et al. (2000); 18, Bange
et al. (2005); 19, Brandes et al. (1998); 20, World Ocean Circulation Experiment (http://whpo.ucsd.edu/index.htm); 21, Anderson and Sarmiento (1994);
22, Shaffer et al. (1999); 23, Gruber and Sarmiento (1997); 24 Berner (1980); 25, Kortzinger et al. (2001).

In this case, the mass balance for nitrogen needs to include
nitrogen loss by denitrification, which is given by:

AND +BN1 + xPartU = NUM(A +B) +KU(NUM —NU)
+ Kum(Num — Np)
+K1(NUM 7N1) + Denif (10)

To solve for Nym, an independent expression is needed for
the rate of denitrification. This is obtained from a carbon
balance, where the input of organic matter from the photic
zone is balanced with its oxidation by oxic respiration and
denitrification.

xrePartU = % [40,0 + BOy + KOy + K10y

a

+ Kuozu] + rgenDenif (1 1)

Here, r. is the ratio between carbon and nitrogen in decom-
posing organic matter (Table 1) and rg4., is the ratio between
carbon oxidation and nitrate utilization during denitrifica-
tion. Substituting Eq. (3) and rearranging Eq. (11) yields
an expression for denitrification (Eq. (12)), which can be
inserted into Eq. (10), allowing a solution for Nyn (Eq. (13)):

Denif erNUM[A +B +Ku} 7%[14020 +BOZI +KUMOZD +K102| +KU02u}
enif = -

Vden
(12)
Num
_ 7aen[N1(K1+B) +Np(Kum +4)] +2[(4 4+ Kum) Oy +(B+ K1) Oy + KyOy]

rden[(A +B+Ky+Kum +K1) —X(A +B+Ku)]+x;ﬁ(z‘1 +B+KU)
(13)

The expressions for the concentration of phosphate in the
surface upwelling box, U, and in the UM box remain the
same as those given above (Egs. (8) and (9)). When denitri-
fication occurs, the nitrate deficit is calculated as the differ-

ence between the measured nitrate concentration and the
concentration of nitrate expected in the absence of denitri-
fication. The nitrate deficit, Nyscit, 18 calculated as:

Neficit = VpPUM — Nywm (14)

Here, r,, is same as for oxic organic matter decomposition
(Table 1), consistent with current stoichiometric models
for anaerobic organic carbon decomposition (Gruber and
Sarmiento, 1997). The new production in the system is also
calculated, and it is represented relative to nitrogen. Thus,
the new production is the settling flux of particulate nitro-
gen from the U box into the UM box and is given as PartU
(Fig. 1). The settling flux of particulate nitrogen is balanced
by the inputs of nitrate into the U box and therefore new
production, newprod, is given as (the expression is identical
to Eq. (3)):

newprod = Nym(4 + B + Ky) (15)

Nitrogen fixation can, in principle, make up the nitrogen
deficit caused by denitrification, and this case is also con-
sidered. It is assumed that N-fixation adds nitrogen to
the point where nitrogen and phosphorus are available in
the U box in amounts just balancing the needs of the pri-
mary producers. When oxygen is greater than 0 in the
UM box, denitrification does not occur, and nitrogen fixa-
tion is not necessary. In this case, the equations regulating
water column chemistry are the same as those presented
above for when oxygen persists. The equations, however,
are different when oxygen is depleted in the UM box, and
these are developed by first considering the mass balance
for phosphate in the U box:

PartU
Tp

Pum(4 + B) + Ky(Pum — Py) = Py(4 +B) + (16)
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which, after assuming that Py is zero, gives:

PartU

Pym(4 +B+Ky) = p
p

A phosphorus mass balance for the UM box yields:

X
APD +BP1 —|—r—PartU :PUM(A +B) +KU(PUM —PU)
p

+ Kum(Pum — Pp)
+ Ki(Pum — Pr) (18)

Eq. (17) is substituted into Eq. (18) giving an expression
for the concentration of phosphate in the UM box,
PUM:

Pp(4 + Kum) + Pi(B+K;)
A+ B+ Kym + Ky + K1) —x(4+ B+ Ky)

The concentration of nitrate in the U box is also taken as 0,
and the concentration of nitrate in the UM box can be ob-
tained from the same mass balance as given in Eq. (10),
yielding, upon simplification:

Pum :( (19)

(A +KUM)ND +N[(B+K1) +xrp(A +B+Ku) *Denif
(A+B+Ky+Kum+Ki)

Nuym =
(20)

Thus, to know Ny, one needs to know the denitrification
rate, which can be obtained from a carbon balance as be-
fore (Eq. (11)). Combining Eq. (11) with Eq. (17) yields:

Denif =
Vden

(21

This equation is similar to Eq. (12), except that denitrifica-
tion rate is now expressed in terms of phosphorus concen-
tration in UM box rather than nitrate concentration.

The mass balance equation for nitrogen in the upper U
box is given as:

Nuym(d + B) + Ky(Num — Nu) + N
= Ny(4 + B) + PartU (22)

from which an expression can be derived for the rate of
nitrogen fixation, Ngy:

NﬁX:PartU—NUM(A +B+KU) (23)

As will be demonstrated see below, when nitrogen fixation
is allowed, nitrate can become depleted in the UM box, and
when this happens, sulfate reduction ensues. In order to
compute the significance of sulfate reduction, a carbon
balance must be constructed. This carbon balance accounts
for all of the carbon oxidized by oxic respiration and deni-
trification, and any remaining carbon oxidation is attribut-
ed to sulfate reduction. Therefore:

xrerpPum(A+B+Ky) —=[050 (4 +Kum) +Ox (B+K1) +KuyOy]

rexPartU = :— [(A+ Kom)Oyp + (B + K1)Oy + KyOyu]

+ rden[(A + KUM)ND + (B + K])N] + xPartU]
+ SRrsr (24)

where, in addition to the terms already defined, rgg is the
ratio between moles of organic carbon oxidized per mole
sulfate reduced which is taken as 2 (Table 1). The term
on the left gives the total flux of carbon decomposed in
the UM box. The first term on the right gives the rate of
carbon oxidation by oxic respiration when O,uwm is reduced
to zero, whereas the next term gives the rate of carbon oxi-
dation by denitrification, leaving the remaining for sulfate
reduction. This equation is rearranged to yield rates of sul-
fate reduction:

SR = {roxPartU — ; (4 + Kum)Op + (B + Ky)Oy

+ KyOyu] — 7gen (4 + Kum)Np
+ (B + K1)Ny + xPartU]} /rsg (25)

The sulfide concentration in the UM box, Syym can be cal-
culated from the sulfate reduction rate, and it is given by:

Suu = SR

(A+ B+ K+ Kym + Kv)
When sulfate reduction occurs, all of the nitrogen fueling
primary production comes from nitrogen fixation, and thus
the nitrogen fixation rate is equivalent to the new produc-
tion rate as expressed in Eq. (15).

In all of these models, the chemistry of the deep and
intermediate boxes develops as would be expected with
water derived from high latitudes with an oxygen concen-
tration of 325 uM, and with a preformed phosphate
concentration of 1.2 pM. The concentration of nitrate is as-
sumed to be 16 times that of phosphate (r,, Table 2), and

(26)

Table 2

Model input parameters

Parameter Value Units
Kum 0.1 emh™!
Ky 0.1 emh™!
K 0.4 ecmh!
A 0 emh™!
B 0.4 ecmh™!
X 0.7

OZU 250 },lM
O, 140 uM
O, 100 uM

Ny 40.43 M
Np 36.65 M

Py 2.53 M
Pp 2.29 M

Ta 10.6

p 16

Te 6.63

Fden 1.02

ISR 2

Fan 8.6
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Table 3

Equations used in model calculations

Parameter 0, in UM box Eq. used
Nym (w/o N-fix) >0 5
NUM (W/O N-ﬁX) =0 13
OZUM (W/O N-ﬁX) >0 7
Pynm (w/o N-fix) >0 9
Py (w/o N-fix) =0 8
Denif (w/o N-fix) =0 12
NUM (W/N-ﬁX) >0 5
Num (W/N-fix) =0 20
Pyn (W/N-fix) >0 9
Pum (W/N-fix) =0 19
Denif (w/N-fix) =0 21
Nﬁx :O 23
SR (W/Ngyx) =0 24
Sum (W/Nﬁx) =0 25
newprod =0 15

phosphate is liberated as oxygen becomes depleted with a
ratio of AO,/P of 170/1 (Shaffer et al., 1999). Thus, the con-
centrations of nitrate and phosphorus in the deep and inter-
mediate boxes adjust with the choice of oxygen
concentrations within the boxes. A summary of the equa-
tions used to calculate water chemistry under the different
model conditions is summarized in Table 3.

3. Results and discussion
3.1. Standard model

The model variables include choices for A4, B, x, Ky,
Kuym, K1, Opp, O,v and Oy, the magnitudes of which can
be constrained from observations from anoxic upwelling
zones such as found in the Arabian Sea or the Eastern
Tropical North and South Pacific (Table 1). Within these
ranges, choices were made to reproduce, as best as possible,
the observed chemistry within the zone of complete oxygen
depletion (UM box) as well as rates of denitrification and
new production. The resulting model inputs are presented
in Table 2, and the outputs are shown in Table 4. This
model run will be referred to as the ‘“standard model”.
Most of the model inputs for the standard model are within
the observed range, except for the upwelling rate (4 + B),
which is smaller than values usually assigned to coastal
upwelling zones. The lower rates used here were necessary,
however, to reproduce the observed and estimated rates of

Table 4

Standard model output

Parameter Value Units

OZUM 0 ;,lM

Num 37.26 M

Neficit 13.10 uM

Denif 11.79 nmol N cm ™2 h~!
newprod 18.63 nmol Ncm 2 h™!
Py 0.82 M

denitrification and new production (Table 1). Part of the
discrepancy between the upwelling rate used here, and val-
ues presented in the literature, is that in some cases, partic-
ularly in Eastern tropical South Pacific, relatively high
concentrations of both nitrate and phosphate are found
in the surface waters (although phosphate is still in excess)
(Codispoti and Christensen, 1985; Copin-Montégut and
Raimbault, 1994). This means that not all of the upwelled
nutrients are used in primary production, reducing rates of
export production compared to the situation where all of
limiting nutrient is used as is assumed in the model.

The variable model parameters are adjusted from the
standard model conditions, and changes in water chemistry
are monitored. Modeling begins with the situation where
nitrogen fixation does not occur, and upwelling rate
(A + B) is varied holding all other parameters constant.
Actually, in the present calculations, upwelled water is
sourced only from intermediate depths, meaning that B is
the only upwelling parameter used. This is because, as dis-
cussed earlier, upwelled water is mainly sourced from inter-
mediate depths (Codispoti, 1983; Smith, 1995; Leth and
Middleton, 2004). However, A (the deep water source),
could also be adjusted in concert with, or in addition to,
B, providing very similar results to those presented here.
Of all of the variable parameters, upwelling velocity is
the one most frequently called upon to influence water col-
umn chemistry (Codispoti, 1983; Ganeshram et al., 2000;
Altabet et al., 2002).

Modelling reveals that the UM box is oxic at low
upwelling rates (Fig. 3), where the settling flux of decom-
posing primary production is insufficient to completely
consume all of the oxygen advected and diffused into the
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Fig. 3. Results of the standard model with variable rates of upwelling. In

this case the upwelled water is sourced from the intermediate box, 1. See
text for details.
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box. However, as upwelling rate increases, primary produc-
tion rate increases, and the oxygen concentration in the
UM box decreases. For the parameters used in the model,
the box becomes anoxic with upwelling rates of
>0.17 cm h™!. After this, nitrate concentrations decrease
as a result of denitrification, and a nitrate deficit accumu-
lates. With increasing upwelling rate, the new production
increases as would also be expected, but the trend breaks
in slope between oxic and anoxic conditions due to the ni-
trate deficit under anoxic conditions. Greater new produc-
tion provides more organic matter for decomposition
within the UM box, which drives progressively higher rates
of denitrification. With increasing upwelling, the concen-
tration of phosphate in the UM box stabilizes at about
3 uM. The phosphate concentration in the upper, U, box
is zero when the UM box is oxic, but it begins to increase
as denitrification produces a continually larger nitrate def-
icit. As demonstrated in Fig. 2, excess phosphorus relative
to nitrate is a common feature of coastal upwelling zones.

Perhaps the most important model observation is that,
rather counter to intuition, nitrate does not become com-
pletely removed from the UM box with increasing rates
of upwelling and primary production despite increasing
rates of denitrification. Indeed, the concentration of nitrate
plateaus at around 20 pM, and this value persists to the
highest rates of upwelling. The persistence of high nitrate
concentrations, despite increasing rates of new production
and denitrification, points to the operation of internal feed-
backs to stabilize nitrate concentration. On close inspec-
tion, such feedbacks are in fact necessary for anoxia to
persist. We can think about it like this: if nitrate becomes
to depleted in the UM box, then the source of nitrate to
the upper box will be reduced. As a result, the primary pro-
duction rate will drop, dropping the flux of organic matter
into the UM box, which will reduce the rate of denitrifica-
tion and the nitrate sink. This will allow nitrate concentra-
tion to increase. Complete nitrate depletion is untenable as
primary production would cease, allowing nitrate to accu-
mulate again in the UM box. Thus, there exists a dynamic
balance between primary production rate, denitrification
rate and nitrate concentration which combines to ensure
that nitrate persists in the UM zone. This dynamic balance
is proposed as the main reason for the persistence of nitrate
within the oxygen-depleted waters of coastal upwelling
zones.

Codispoti (1989) proposed a rather similar mechanism
for stabilizing global nitrate concentrations, where increas-
ing nitrate concentrations and new production would in-
crease the extent and activity levels of oxygen minimum
zones supporting denitrification. This would draw nitrate
concentrations back down. Codispoti (1989) also surmised,
as is explored further below, that the efficiency of this feed-
back mechanism would depend on the extent to which the
nitrate deficit is augmented by nitrogen fixation. The dis-
cussion of Codispoti (1989), however, is not quantitative.
Also, it does not focus on the controls of water column
chemistry in oxygen-depleted oxygen minimum zones and

it does not consider what mix of processes might lead to
the initiation of sulfidic water column conditions.

Variable parameters other than upwelling, of course,
have a bearing on water chemistry. Starting with the “stan-
dard model”, a number of these parameters were varied in
turn and their influence on water chemistry and nitrogen
dynamics is shown in Figs. 4-6. In each case, the results
are roughly comparable to those obtained by varying
upwelling rate. In other words, values for a number of
the variable parameters (O,p, Kym and Ky are explored
here) can be found where the UM box is oxic, and with fur-
ther variation, the UM box can be driven to anoxic condi-
tions. For example, when the oxygen concentration of the
deep (D) and intermediate (I) boxes increase above around
170 uM, the UM box becomes oxic. At lower deep water
oxygen concentrations, the UM box is anoxic and denitri-
fication ensues. As oxygen concentration decreases, there is
an increase in the nitrate deficit, and rates of denitrification
also increase. This increase in denitrification rate is in the
face of decreasing rates of new production, which are driv-
en by decreasing nitrate concentrations in the UM box.
Increasing denitrification rate, therefore, is driven mostly
by decreasing rates of oxic respiration (not shown) as a re-
sult of lower inputs of oxygen to the UM box. With less
oxic respiration, there is more organic matter available to
fuel denitrification. As with changes in upwelling rate, ni-
trate persists even at low oxygen concentrations.

The present model does not consider the development of
anoxia outside of the coastal upwelling zone. This could
become important when the oxygen concentration in the
deep and intermediate boxes becomes low and denitrifica-

4
=
3. 37
[]
T o
c 2
3
] 11 —8—U box
L
o

0 -0 L 4 @
o —e— Denitrification
< 304 —0— New Production
o
£
O 20
°
g 10
=

0 & L 4

] -0,
80 —A—NO3
—O—NO; deficit

60

0 50 100 150 200 250
05 in deep and intermediate boxes, mM

Fig. 4. Results of the standard model with variable concentrations of
oxygen in the deep box, D, and the intermediate box, I. For these
calculations, the oxygen concentrations in the deep box and the interme-
diate box were equivalent. See text for details.



Models of oxygen minimum zone chemistry 5761

4
Z 3
Q
T 2
<
&
o 16
=
o
0
-
£ 201
o Q
£ 15‘ —®— Denitrification
2 10 1 —O—New Production
]
€ 51
=
0 *—&
A
40 1
E 30 ——0,
= 20 ——NO;
—O—NO; deficit
10
0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

Kum, cm h-1

Fig. 5. Results of the standard model with variable rates of vertical
exchange, Ky, between the deep box, D, and the UM box. See text for
details.

Phosphate uM

I

Py
p

—&— Denitrification
—O—New production

nmol cm-2 h-1

®

@
-0,
40 1 —A—NOj3

°
*
A\Aﬂﬂ—‘ﬁ_ —O—NO deficit /

uM
8

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Ku,cm h™a

Fig. 6. Results of the standard model with variable rates of vertical
exchange, Ky, between the upper box, U, and the UM box. See text for
details.

tion occurs in these boxes as well. Therefore, the present re-
sults do not adequately reflect the influence of very low
oxygen concentrations on the global ocean nutrient inven-
tory and how this would influence the chemistry of the
upwelling zone. This is worthy of study, but outside of
the focus of the current manuscript.

Changes in the vertical mixing rate, both Ky and Ky,
also influence water chemistry, and in both cases, high rates
of vertical mixing result in oxic conditions. A similar pic-
ture is also observed by increasing Kj, the horizontal mix-
ing rate between the intermediate box, I, and the UM
box (not shown). The mixing rates required to produce oxic
conditions are extremely high, especially for Ky, and thus,
vertical mixing rates may have less of an influence on water
chemistry than upwelling rate on oxygen concentrations in
the deep water and intermediate boxes.

3.2. Standard model with N, fixation

In a modification of the “standard model”, nitrogen fix-
ation in the upper U box adds nitrogen to the point where
the demand of primary production is satisfied. Thus, both
nitrogen and phosphorus are available in the proportions
required and, therefore, each limits primary production.
Starting with the initial conditions of the “standard model”
(Table 2), nutrient chemistry and carbon dynamics are al-
lowed to develop with increasing upwelling rate (Fig. 7).
At low rates of upwelling, oxygen persists in the UM
box, and the system behaves exactly as explored earlier
(Fig. 3). As upwelling rate increases beyond about
0.2cm h™!, the UM box becomes anoxic, and denitrifica-
tion begins. However, unlike the situation explored above,
complete nitrate depletion occurs at modest upwelling rates
(around 0.4cmh™'), and sulfate reduction begins just
after, with the accumulation of dissolved sulfide. Therefore,
sulfidic conditions in coastal upwelling zones can occur if
upwelling rates are high enough and if nitrogen fixation
makes up the nitrate deficit. In an earlier model, Shaffer
(1989) found that the oxygen minimum layer of the global
ocean could become sulfidic under certain circumstances if
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Fig. 7. Results of model where nitrogen fixation is allowed to completely
supplement any nitrate deficits in the surface box. In this case, both
nitrogen and phosphorus are available to phytoplankton in the amounts
they require, and therefore, both limit primary production. The model is
generated starting with the same input conditions as in the standard
model, and upwelling rate is allowed to change. As in Fig. 3, upwelled
water is sourced from the intermediate box, I. See text for details.
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N, fixation fully amended the nitrogen deficit of the upper
ocean.

Nitrogen fixation indeed has been identified in coastal
upwelling areas. For example, a massive bloom of Trichodes-
mium erythraeum was observed in the Arabian Sea (Capone
etal., 1998) during the spring intermonsoon. In this case, the
bloom extended over about 20% of the Arabian Sea surface.
Such booms, however, are relatively short-lived. Direct mea-
surements suggest an annual fixation of about 1 Tg of N,
which is only 3% of the estimated loss of nitrate by denitrifi-
cation (Bange et al., 2000). Capone et al. (1998) noted, how-
ever, that the annual patterns of the Trichodesmium bloom
formation are poorly known, and that their estimate of nitro-
gen fixation rate may be low. In another approach, Brandes
et al. (1998) estimated N-fixation rates of 1-6 Tgy ' from a
surface-water nitrate isotope balance. Taking all data
together, Bange et al. (2000, 2005) choose 3.3 Tgy ' as the
most likely value for N-fixation in the Arabian Sea. This is
still 10 times less than estimated rates of denitrification and
consistent with nutrient concentration data which show a
pronounced phosphate excess over nitrogen in Arabian
Sea surface water (Fig. 2).

The author is unaware of any direct determinations of N
fixation rate in the upwelling areas of the Eastern tropical
North and South Pacific. The results of Voss et al. (2001),
however, are pertinent. They measured the isotopic compo-
sitions of water-column nitrate and organic particulate
nitrogen intercepted in sediment traps running parallel to
the Mexican coast between 10° N and 24 °N. The §'°N of
organic nitrogen settling from the photic zone ranged from
8.5%, to 11.59,, with an average of 9.8%,; values more closely
reflecting the isotopic composition of the nitrate sourced
from anoxic deeper waters than the isotopic composition
of around —0.69%, expected for nitrogen fixation (Brandes
and Devol, 2002). Thus, only a relatively minor role is indi-
cated for nitrogen fixation as a nitrogen source for primary
producers.

Still, as mentioned above, there have been scattered re-
ports of sulfidic conditions in the upwelling zone off the
coast of Peru during periods of intense upwelling (Dugdale
et al., 1977). These conditions, however, are regionally and
temporally restricted, and they do not represent the chem-
istry of the upwelling zone in general. There is no evidence
that they are supported by high rates of nitrogen fixation,
and as such, they would not appear to be sustainable ex-
cept locally, as they seem to occur.

Overall, we can conclude that persistent sulfidic condi-
tions are possible in coastal upwelling zones, even with rel-
atively modest rates of upwelling, but this situation is rare
due to limited nitrogen fixation. As nitrogen fixation has
been poorly studied in these regions, we can only speculate
as to why rates are so far reduced. However, we may take
some clues from the growth physiology of Trichodesmium,
the most important N-fixer in the marine realm (Capone
et al., 1998, 2005). In a survey of the available information
on Trichodesmium growth, Hood et al. (2004) argue that
the optimal growth environment for Trichodesmium is clear

water with high light intensity, low concentrations of dis-
solved inorganic nitrogen (DIN) and relatively weak verti-
cal mixing. Low concentrations of DIN encourage low
phytoplankton growth and clear water, whereas shallow
mixing allows Trichodesmium to prosper in the high-light
regions of the upper photic zone. Furthermore, elevated ni-
trate levels of even 10 uM have a direct physiological effect
on Trichodesmium by significantly reducing nitrogenase
activity, where nitrogenase is a key enzyme in N, fixation
(Holl and Montoya, in press).

When viewed in this way, it becomes obvious that coast-
al upwelling zones are not ideal environments for 7rich-
odesmium. For example, the high nutrient flux due to
upwelling produces high phytoplankton biomass (Olson
et al., 1993; Ryabchenko and Gorchakov, 1998; Kawa-
miya, 2001; Montecino et al., 2004), yielding turbid water
with significant light attenuation with depth (Copin-
Montégut and Raimbault, 1994; Montecino et al., 2004).
Also, when upwelling is most intense close to shore, high
phytoplankton biomass is also accompanied by high sur-
face water DIN concentrations (still depleted relative to
phosphate) as seen in the Eastern tropical South Pacific
(Codispoti and Richards, 1976; Codispoti, 1983; Copin-
Montégut and Raimbault, 1994) and the Arabian Sea
(Morrison et al., 1998). In this case, some factor such as
light or trace nutrient (such as Fe) availability may be lim-
iting the complete utilization of nitrate. It is also possible
that in these cases, the supply rate of nutrients outpaces
the utilization rate by phytoplankton. In any event, despite
large nitrate deficits in coastal upwelling zones, high pro-
ductivity and excess nutrients produce turbid water, and
taken together, these conditions are not conducive for
Trichodesmium growth. This may be why N, fixation in
these regions is limited. Other N-fixing cyanobacteria are
also found in marine waters (Mahaffey et al., 2005), but
their role in coastal upwelling zones is unknown.

3.3. Anammox

The nitrogen liberated during anaerobic organic matter
mineralization usually accumulates as ammonium (Berner,
1980), and for this reason, one might expect ammonium to
accumulate in the oxygen-free marine water column. It
does not, however, at least to significant amounts (Rich-
ards, 1965; Codispoti, 1983). The present model, consistent
with older discussions of coastal upwelling zone chemistry
(e.g., Richards, 1965), has dealt with this observation by
assuming that ammonium is somehow oxidized through
denitrification (see Eq. 1), without worrying too much
about how this actually occurrs. Recent work, however,
shows that the anammox process is active and responsible
for significant ammonium oxidation in anoxic non-sulfidic
environments including coastal upwelling zones (Dalsgaard
et al., 2003; Kuypers et al., 2003, 2005; Thamdrup et al., in
press). Indeed, in the Benguela upwelling zone (Kuypers
et al., 2005) and in the upwelling waters off the northern
coast of Chile (Thamdrup et al., in press), most of the N,
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production apparently goes through anammox, with a very
limited role for canonical denitrification.

This challenges our classical view of nitrogen and carbon
cycling in the oxygen-free marine water column, For exam-
ple, if denitrification is unimportant, how is carbon oxidized
in these oxygen-free waters as anammox is usually viewed as
an autotrophic process? Denitrifying bacteria might possibly
couple carbon oxidation with the reduction of nitrate to ni-
trite, and then anammox bacteria oxidize the ammonium lib-
erated with nitrate to N, gas. If this was the case,
approximately 2 moles of nitrite would accumulate for every
mole of organic carbon oxidized, liberating about 0.15 moles
of ammonium for oxidation by anammox, assuming Red-
field stoichiometry for the decomposing organic matter.
Thus, accounting for the nitrite used in anammox, 93% of
the nitrate reduced in carbon oxidation would persist as ni-
trite. Nitrite does not accumulate to this amount in the anox-
ic water column of upwelling areas, but only to around 20—
40% of the nitrate reduced (e.g., Codispoti and Packard,
1980). This means that the coupled carbon and nitrogen cy-
cle described above provides insufficient N, production.

There may be other possibilities as to how the carbon and
nitrogen cycles are coupled. Anammox cultures enriched
from waste-water treatment reactors are able to heterotro-
phically oxidize propionate with nitrate (and nitrite) and to
couple this to N, production by anammox (Giiven et al.,
2005). Thus, they apparently oxidize propionate to CO,
while reducing nitrate (and nitrite) to ammonia. They then
combine ammonium with nitrite producing N, as in the
anammox process. If this also occurs in nature with a broad
spectrum of organic substrates, then anammox bacteria can
both oxidize organic carbon to CO,, and couple this to N,
production by anammox. This would be completely consis-
tent with the chemistry of nitrogen cycling in oxygen mini-
mum zones as envisioned by Richards (1965), and as
modeled here using Eq. (1). Future study will hopefully re-
veal the true relationship between denitrifiers and anammox
bacteria in the anoxic water column of upwelling regions.

4. Conclusions

A simple 5-box model was developed to explore the mix of
processes controlling the cycling of carbon, oxygen and
nutrients in oxygen-depleted upwelling zones like those
found in the Arabian Sea and the Eastern tropical North
and South Pacific. The model incorporates the major pro-
cesses operating in these upwelling zones including vertical
and horizontal exchange, advection, upwelling, new produc-
tion, oxic respiration, denitrification, nitrogen fixation and
sulfate reduction. The following major conclusions are
offered:

e Anoxic waters in coastal upwelling zones can be gener-
ated through a variety of physical processes including
low upwelling rate, reduced vertical and horizontal
exchange, and low oxygen concentrations in adjacent
water bodies exchanging with the upwelling zone.

e In the absence of nitrogen fixation, the anoxic zones
in coastal upwelling areas should always contain rela-
tively high concentrations of nitrate and support N,
production through denitrification and anammox.
This is because nitrogen is a limiting nutrient. As
nitrate concentrations fall in upwelling waters, rates
of primary production are reduced which in turn
reduces rates of carbon export to the oxygen mini-
mum zone. This decreases rates of nitrate loss
through N, production by denitrification and anam-
mox. Thus, a natural feedback mechanism keeps
nitrate from disappearing completely from the anoxic
waters.

o With nitrogen fixation meeting the nitrogen demands of
the primary producers, sulfidic conditions in the anoxic
region of the upwelling zone can develop. The situation,
however, is rare. It seems that the activities of N,-fixing
organisms are restricted by the high nutrient concentra-
tions that sometimes persist in the surface waters of
upwelling zones and by the turbidity resulting from high
rates of primary production.

e The anammox process is distinctly different from deni-
trification as N, production is directly coupled to the
oxidation of ammonium with nitrite. Recent work sug-
gests that denitrification is of limited significance and
that anammox may be the most important pathway of
N, production in anoxic upwelling areas. The details
of how the anammox process works in nature are still
obscure, but the model presented here may still apply
even if anammox contributes to the bulk of N, produc-
tion in anoxic upwelling areas.

Acknowledgments

The author wishes to first thank Bo Thamdrup, who was
a foil for ideas and a source of continuous inspiration. In
addition, discussions with Andy Knoll, Christian Bjerrum
and Doug Capone are greatly appreciated, as well as the
insightful comments of four anonymous reviewers and
Jay Brandes. The author also wishes to acknowledge the
generous funding of the Danish National Research Foun-
dation (Dansk Grundforskningsfond). This paper is dedi-
cated to the remarkable career of Bob Berner, mentor
and friend.

Associate editor: Jay A. Brandes
References

Ahumada, R., Rudolph, A., Martinez, V., 1996. Circulation and
fertility of waters in Concepcion Bay. Estuar. Coastal Shelf Sci. 16,
95-105.

Altabet, M.A., Higginson, M.J., Murray, D.W., 2002. The effect of
millennial-scale changes in Arabian Sea denitrification on atmospheric
CO». Nature 415, 159-162.

Anderson, L.A., Sarmiento, J.L., 1994. Redfield ratios of remineralization
determined by nutrient data analysis. Global Biogeochem. Cycles 8,
65-80.



5764 D.E. Canfield 70 (2006) 5753-5765

Anderson, L.A., 1995. On the hydrogen and oxygen content of marine
phytoplankton. Deep-Sea Res. I 42, 1675-1680.

Bange, H.W., Rixen, A.M., Siefert, R.L., Ramesh, R., Ittekkot, V.,
Hoffmann, M.R., Andreae, M.O., 2000. A revised nitrogen budget for
the Arabian Sea. Global Biogeochem. Cycles 14, 1283-1297.

Bange, H.W., Naqvi, S.W.A., Codispoti, L.A., 2005. The nitrogen cycle in
the Arabian Sea. Prog. Oceanogr. 65, 145-158.

Berner, R.A., 1980. Early Diagenesis: A Theoretical Approach. Princeton
University Press.

Brandes, J.A., Devol, A.H., Yoshinari, T., Jayakumar, D.A., Naqvi,
S.W.A., 1998. Isotopic composition of nitrate in the central Arabian
Sea and eastern tropical North Pacific: a tracer for mixing and nitrogen
cycles. Limnol. Oceanogr. 43, 1680-1689.

Brandes, J.A., Devol, A.H., 2002. A global marine-fixed nitrogen isotopic
budget: implications for Holocene nitrogen cycling. Global Biogeo-
chem. Cycles 16, 1120. do0i:10.1029/2001GB001856.

Briichert, V., Jorgensen, B.B., Neumann, K., Riechmann, D., Schlgsser,
M., Schulz, H., 2003. Regulation of bacterial sulfate reduction and
hydrogen sulfide fluxes in the central Namibian coastal upwelling zone.
Geochim. Cosmochim. Acta 67, 4505-4518.

Capone, D.G., Subramaniam, A., Montoya, J.P., Voss, M., Humborg, C.,
Johansen, A.M., Siefert, R.L., Carpenter, E.J., 1998. An extensive
bloom of the N,-fixing cyanobacterium Trichodesmium erythraeum in
the central Arabian Sea. Mar. Ecol. Progr. Ser. 172, 281-292.

Capone, D.G., Burns, J.A., Montoya, J.P., Subramaniam, A., Mahaffey,
C., Gunderson, T., Michaels, A.F., Carpenter, E.J., 2005. Nitrogen
fixation by Trichodesmium spp: An important source of new nitrogen
to the tropical and subtropical North Atlantic Ocean. Global Biogeo-
chem. Cycles 19, Art. No. BG2024 Jun 8 2005.

Cline, J.D., Richards, F.A., 1972. Oxygen deficient conditions and nitrate
reduction in the Eastern tropical North Pacific Ocean. Limnol.
Oceanogr. 17, 885-900.

Codispoti, L.A., Richards, F.A., 1976. An analysis of the horizontal
regime of denitrification in the eastern tropical North Pacific. Limnol.
Oceanogr. 21, 379-388.

Codispoti, L.A., Packard, T.T., 1980. Denitrification rates in the eastern
tropical South Pacific. J. Mar. Res. 38, 453-477.

Codispoti, L.A., 1983. Nitrogen in upwelling systems. In: Carpenter, E.J.,
Capone, D.G. (Eds.), Nitrogen in the Marine Environment, pp. 513—
564.

Codispoti, L.A., Christensen, J.P., 1985. Nitrification, denitrification and
nitrous-oxide cycling in the eastern tropical South-Pacific Ocean. Mar.
Chem. 16, 277-300.

Codispoti, L.A., Friederich, G.E., Packard, T.T., 1988. Remotely driven
thermocline oscillations and denitrification in the Eastern South
Pacific: The potential for high denitrification rates during weak coastal
upwelling. Sci. Total Environ. 75, 301-318.

Codispoti, L.A. (1989). Phosphorus vs nitrogen limitation of new (export)
production. In: eds. Berger, W., Smetacek, V, Wefer, G. (Eds.),
Productivity of the Ocean: Present and Past, pp. 377-394.

Codispoti, L.A., Brandes, J.A., Christensen, J.P., Devol, A.H., Naqvi,
S.W.A., Paerl, H.W., Yoshinary, T., 2001. The oceanic fixed nitrogen
and nitrous oxide budgets: moving targets as we enter the anthropo-
cene? Scient. Mar. 65 (suppl. 2), 85-105.

Copin-Montégut, C., Raimbault, P., 1994. The Peruvian upwelling near
15 °S in August 1986. Results of continuous measurements of physical
and chemical properties between 0 and 200 m depth. Deep-Sea Res. 41,
439-467.

Dalsgaard, T., Canfield, D.E., Petersen, J., Thamdrup, B., Acuna-
Gonzalez, J., 2003. N, production by the anammox reaction in the
anoxic water column of Golfo Dulce, Costa Rica. Nature 422, 606—
608.

Dalsgaard, T., Thamdrup, B., Canfield, D.E., 2005. Anaerobic ammoni-
um oxidation (anammox) in the marine environment. Res. Microbiol.
156, 457-464.

Davies, A.G., Morales, C.E., 1998. An appraisal of the stoichiometry of
dissolved oxygen/nutrient inter-relationships in the upwelling system
off northern Chile. J. Mar. Biol. Assoc. UK 78, 697-706.

Dugdale, R.C., Goering, J.J., Barber, R.T., Smith, R.L., Packard, T.T.,
1977. Denitrification and hydrogen sulfide in the Peru upwelling region
during 1976. Deep-Sea Res. 24, 601-608.

Escribano, R., Daneri, G., Farias, L., Gallardo, V.A., Gonzales, H.E.,
Gutiérrez, D., Lange, C.B., Morales, C.E., Pizarro, O., Ulloa, O.,
Braun, M., 2004. Biological and chemical consequences of the 1997-
1998 El Nino in the Chilean coastal upwelling system: a synthesis.
Deep-Sea Res. 11 51, 2389-2411.

Fiadeiro, M., Strickland, J.D.H., 1968. Nitrate reduction and the
occurence of a deep nitrate maximum in the ocean off the West Coast
of South Africa. J. Mar. Res. 26, 187-201.

Froelich, P.N., Klinkhammer, G.P., Bender, M.L., Luedtke, N.A., Heath,
G.R., Cullen, D., Dauphin, P., Hammond, D., Hartman, B., Maynard,
V., 1979. Early oxidation of organic matter in pelagic sediments of the
eastern equatorial Atlantic: suboxic diagenesis. Geochim. Cosmochim.
Acta 43, 1075-1090.

Ganeshram, R.S., Pedersen, T.F., Calvert, S.E., McNeill, G.W., Fontu-
gne, M.R., 2000. Glacial-interglacial variability in denitrification in the
world’s oceans: Causes and consequences. Paleoceanography 15, 361—
376.

Goering, J.J., 1968. Denitrification in oxygen minimum layer of the
eastern tropical Pacific Ocean. Deep-Sea Res. 15, 157-164.

Goering, J.J., Cline, J.D., 1970. A note on denitrification in seawater.
Limnol. Oceanogr. 15, 306-308.

Gruber, N., Sarmiento, J.L., 1997. Global patterns of marine nitrogen
fixation and denitrification. Global Biogeochem. Cycles 11, 235-266.
Giiven, D., Dapena, A., Kartal, B., et al., 2005. Propionate oxidation by
and methanol inhibition of anaerobic ammonium-oxidizing bacteria.

Appl. Envir. Microbiol. 71, 1066-1071.

Helly, J.J., Levin, L.A., 2004. Global distribution of naturally occurring
marine hypoxia on continental margins. Deep-Sea Res. I 51, 1159—
1168.

Holl, C., Montoya, J.M. (In press). Interactions between nitrate uptake
and nitrogen fixation in the marine diazotroph, Trichodesmium.
Journal of Phycology.

Hood, R.R., Coles, V.J., Capone, D.G., 2004. Modeling the distribution
of Trichodesmium and nitrogen fixation in the Atlantic Ocean. J.
Geophys. Res. 109, C06006. doi:10.1029/2002JC001753.

Howell, E.A., Doney, S.C., Fine, R.A., Olson, D.B., 1997. Geochemical
estimates of denitrification in the Arabian Sea and the Bay of Bengal
during WOCE. Geophys. Res. Lett. 24, 2549-2552.

Huck, T., Weaver, A.J., De Verdiere, A.C., 1999. On the influence of the
parameterization of lateral boundary layers on the thermohaline
circulation in coarse-resolution ocean models. J. Mar. Res. 57, 387—
426.

Ianson, D., Allen, S.E., 2002. A two-dimensional nitrogen and carbon flux
model in a coastal upwelling region. Global Biogeochem. Cycles, 16.
doi:10.1029/2001GB001451.

Jetten, M.S.M., Strous, M., van de Pas-Schoonen, K.T., Schalk, J., van
Dongen, U.G.J.M., van de Graaf, A.A., Logemann, S., Muyzer, G.,
van Loosdrecht, M.C.M., Kuenen, J.G., 1999. The anaerobic oxida-
tion of ammonium. FEMS Microbiol. Rev. 22, 421-437.

Kawamiya, M., 2001. Mechanism of offshore nutrient supply in the
western Arabian Sea. J. Mar. Res. 59, 675-696.

Kuypers, M.M.M., Sliekers, A.O., Lavik, G., Schmid, M., Jergensen,
B.B., Kuenen, J.G., Damsté, J.S.S., Strous, M., Jetten, M.S.M., 2003.
Anaerobic ammonium oxidation by anammox bacteria in the Black
Sea. Nature 422, 608-611.

Kuypers, M.M.M., Lavik, G., Woebken, D., Schmid, M., Fuchs, B.M.,
Amann, R., Jorgensen, B.B., Jetten, M.S.M., 2005. Massive nitrogen
loss from the Benguela upwelling system through anaerobic ammoni-
um oxidation. Proc. Natl. Acad. Sci. USA 102, 6478-6483.

Kortzinger, A., Hedges, J.I., Quay, P.D., 2001. Redfield ratios revisited:
Removing the biasing effect of anthropogenic CO,. Limnol. Oceanogr.
46, 964-970.

Leth, O., Middleton, J.F. (2004). A mechanism for enhanced upwelling off
central Chile: Eddy advection. J. Geophys. Res.-Oceans 109, Art.No.
C12020 Dec 14 2004.


http://dx.doi.org/10.1029/2001GB001856
http://dx.doi.org/10.1029/2002JC001753
http://dx.doi.org/10.1029/2001GB001451

Models of oxygen minimum zone chemistry 5765

Louanchi, F., Najjar, R.G., 2000. A global monthly climatology of
phosphate, nitrate, and silicate in the upper ocean: Spring-summer
export production and shallow remineralization. Global Biogeochem.
Cycles 14, 957-977.

Mahaffey, C., Michaels, A.F., Capune, D.E., 2005. The conundrum of
marine Ny-fixation. Am. J. Sci. 305, 546-595.

Mantoura, R.F.C., Law, C.S., Owens, N.J.P., Burkill, H., Woodward,
E.M.S., Howland, R.J.M., Llewellyn, C.A., 1993. Nitrogen biogeo-
chemical cycling in the northwestern Indian Ocean. Deep-Sea Res. 11
40, 651-671.

Montecino, V., Astoreca, R., Alarcon, G., Retamal, L., Pizarro, G., 2004.
Bio-optical characteristics and primary productivity during upwelling
and non-upwelling conditions in a highly productive coastal ecosystem
off central Chile (~36 °S). Deep-Sea Res. I 51, 2413-2426.

Morrison, J.M., Codispoti, L.A., Gaurin, S., Jones, B., Manghnani, V.,
Zheng, 7., 1998. Seasonal variation of hydrographic and nutrient fields
during the US JGOFS Arabian Sea process study. Deep-Sea Res. 1145,
2053-2101.

Naqvi, S.W.A., Jayakumar, D.A., Narvekar, P.V., Nalk, H., Sarma,
V.V.S.S., D’Souza, W., Joseph, S., George, M.D., 2000. Increase
marine production of N,O due to intensifying anoxia on the Indian
continental shelf. Nature 408, 346-349.

Olson, D.B., Hitchcock, G.L., Fine, R.A., Warren, B.A., 1993. Mainte-
nance of the low-oxygen layer in the central Arabian Sea. Deep-Sea
Res. II 40, 673-685.

Pacanowski, R.C., Philander, S.G.H., 1981. Parameterization of vertical
mixing in numerical-models of tropical oceans. J. Phys. Oceanogr. 11,
1443-1451.

Pol-Holz, R.D., Ulloa, O., Dezileau, L., Kaiser, J., Lamy, F., Hebbeln, D.,
2006. Melting of the Patagonian ice sheet and glacial perturbations of
the nitrogen cycle in the eastern South Pacific. Geophys. Res. Lett. 33,
L04704. doi:10.1029/2005GL024477.

Richards, F.A., 1965. Anoxic basins and fjords. In: Riley, J.P., Skirrow,
G. (Eds.), Chemical Oceanography, vol. 1. Academic Press, London,
pp. 611-645.

Richards, K.J., Pollard, R.T., 1991. Structure of the upper ocean in the
western equatorial Pacific. Nature 350, 48-50.

Ryabchenko, V.A., Gorchakov, V.A., 1998. Seasonal dynamics and
biological productivity in the Arabian Sea euphotic zone as simulated

by a three-dimensional ecosystem model. Global Biogeochem. Cycles
12, 501-530.

Sarma, V.V.S.S., 2002. An evaluation of physical and biogeochemical
processes regulating perennial suboxic conditions in the water column
of the Arabian Sea. Global Biogeochem. Cycles 16, 1082. doi:10.1029/
2001GB001461.

Sarmiento, J.L., Herbert, T.D., Toggweiler, J.R., 1988. Causes of anoxia
in the world ocean. Global Biogeochem. Cycles 2, 115-128.

Saunders, P.M., Coward, A.C., de Cuevas, B.A., 1999. Circulation of the
Pacific Ocean seen in a global ocean mode (OCCAM). J. Geophys. Res.
104, 18281-18299.

Schlitzer, R., 2002. Carbon export fluxes in the Southern Ocean: results
from inverse modeling and comparison with satellite-based estimates.
Deep-Sea Res. 1149, 1623-1644.

Shaffer, G., 1989. A model of biogeochemical cycling of phosphorus,
nitrogen, oxygen, and sulphur in the ocean: one step toward a global
climate model. J. Geophys. Res. 94, 1979-2004.

Shaffer, G., Bendtsen, J., Ulloa, O., 1999. Fractionation during
remineralization of organic matter in the ocean. Deep-Sea Res. [
46, 185-204.

Smith, R.L., 1995. The physical processes of coastal ocean upwelling
systems. In: Summerhayes, C.P., Emeis, K.-C., Angel, M.V., Smith,
R.L., Zeitzshel, B. (Eds.), Upwelling in the Ocean: Modern Processes
and Ancient Records. Wiley, New York, pp. 39-64.

Thamdrup, B., Dalsgaard, T., 2002. Production of N, through anaerobic
ammonium oxidation coupled to nitrate reduction in marine sedi-
ments. Appl. Environ. Microbiol. 68, 1312-1318.

Thamdrup, B., Dalsgaard, T., Jensen, M.M., Ulloa, O., Farids, L.,
Escribano, R., in press. Anaerobic ammonium oxidation in the
oxygen-deficient waters off northern Chile. Limnol. Oceanogr.

Voss, M., Dippner, J.W., Montoya, J.P., 2001. Nitrogen isotope patterns
in the oxygen-deficient waters of the Eastern Tropical North Pacific
Ocean. Deep-Sea Res. 148, 1905-1921.

Wunsch, C., Ferrari, R., 2004. Vertical mixing, energy, and the
general circulation of the Oceans. Ann. Rev. Fluid Mech. 36, 281-
314.

Yakushev, E.V., Neretin, L.V., 1997. One-dimensional modeling of
nitrogen and sulfur cycles in the aphotic zones of the Black and
Arabian Seas. Global Biogeochem. Cycles 11, 401-414.


http://dx.doi.org/10.1029/2005GL024477
http://dx.doi.org/10.1029/2001GB001461
http://dx.doi.org/10.1029/2001GB001461

	Models of oxic respiration, denitrification and sulfate reduction in zones of coastal upwelling
	Introduction
	The model
	Results and discussion
	Standard model
	Standard model with N2 fixation
	Anammox

	Conclusions
	Acknowledgments
	References


