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eLaboratoire de Microbiologie, Géochimie et Ecologie Marines (COM), UMR CNRS 6117, Faculté de Luminy,
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Abstract

Respiratory reduction of nitrate (denitrification) is recognized as the most important process converting biologically

available (fixed) nitrogen to N2. In current N cycle models, a major proportion of global marine denitrification (50–70%) is

assumed to take place on the sea floor, particularly in organic rich continental margin sediments. Recent observations indicate

that present conceptual views of denitrification and pathways of nitrate reduction and N2 formation are incomplete. Alternative

N cycle pathways, particularly in sediments, include anaerobic ammonium oxidation to nitrite, nitrate and N2 by Mn-oxides,

and anaerobic ammonium oxidation coupled to nitrite reduction and subsequent N2 mobilization. The discovery of new links

and feedback mechanisms between the redox cycles of, e.g., C, N, S, Mn and Fe casts doubt on the present general

understanding of the global N cycle. Recent models of the oceanic N budget indicate that total inputs are significantly smaller

than estimated fixed N removal. The occurrence of alternative N reaction pathways further exacerbates the apparent imbalance

as they introduce additional routes of N removal. In this contribution, we give a brief historical background of the conceptual

understanding of N cycling in marine ecosystems, emphasizing pathways of aerobic and anaerobic N mineralization in marine

sediments, and the implications of recently recognized metabolic pathways for N removal in marine environments.
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1. Introduction

Nitrogen occurs in a multiplicity of forms and

oxidation states, with organic and inorganic com-

pounds that exhibit a wide range of reaction/trans-

formation/transport pathways in the biosphere

(Carpenter and Capone, 1983; Kirchman, 2000a;

Table 1). It is a constituent of vital importance for

life on Earth, as all organisms, regardless of physiol-

ogy, require N for growth and fix it in relatively

consistent stoichiometric proportion to C and other

essential elements (Redfield, 1958). Also, forms of N

are directly involved in the energetic metabolism of

certain heterotrophic and autotrophic bacteria (Jør-

gensen and Gallardo, 1999; Seitzinger, 1988; Zehr

and Ward, 2002). Since the early 20th century,

patterns and quantities of nitrogen discharged to the

environment have changed dramatically, largely asso-

ciated with increasing human activities and technical

advancements (e.g., Herbert, 1999; Vitousek et al.,

1997). Although changes are most evident on a

regional scale, the global cycle of nitrogen has been

altered by human activities to a greater extent than

most other bioactive elements. Anthropogenic pertur-

bations that affect the balance between recalcitrant

and dynamic/bioavailable N include industrial pro-

duction of nitrogen fertilizers and agricultural dis-

charge, NOx emissions from combustion engines and

biomass burning, industrial and domestic sewage

effluents, and the cultivation of legumes (Herbert,

1999; Vitousek et al., 1997). Important incentives for

a better understanding of global N cycling have

derived from feedbacks in the overall dynamics of

global climate, the depletion of the atmospheric ozone

layer, and the anthropogenic inputs of N to aquatic

environments (Crutzen, 1970; Falkowski, 1997; Fal-

kowski et al., 1998; Vitousek et al., 1997).

In most areas of the ocean, the extent and duration

of phytoplankton production is constrained by the

availability of essential plant macronutrients, of which

nitrogen (mainly NO3
ÿ and NH4

+, but also urea, amino

acids and shorter peptides) is often considered limit-

ing (e.g., Antia et al., 1991; Dugdale, 1967; Dugdale

and Goering, 1967; Eppley et al., 1979; Howarth,

1988; McCarthy and Carpenter, 1983; Ryther and

Dunstan, 1971). Thus, the global nitrogen cycle often

modulates the short-term sequestration of atmospheric

carbon dioxide into marine phytoplankton, and the

export of carbon and associated elements from

oceanic surface waters (e.g., Carpenter and Capone,

1983; Falkowski et al., 1998). There are also

indications from the geological record that key

processes of the N cycle covary with marine primary

production and with climate change (McElroy, 1983).

The marine cycles of C, N, P and O2 are apparently

inextricably linked by a set of feedbacks, some of

which are most likely important also in the history of

the Earth and evolution of life (e.g., Anbar and Knoll,

2002; Bjerrum and Canfield, 2002; Falkowski, 1997).

In modern marine environments we also observe

complex links between N redox transformations and,

e.g., S, Mn, Fe, and I redox cycles (e.g., Aller and

Rude, 1988; Aller et al., 1998; Anschutz et al., 2000;

Bjerrum and Canfield, 2002; Hulth et al., 1999;

Lovley, 2000; Luther et al., 1997; Murray et al.,

1995; Straub et al., 1996; Ullman and Aller, 1985).

The marine nitrogen cycle sets itself apart from the

cycles of other macronutrients as some marine

organisms can alter the redox state of N and thereby

directly add or remove available N from the oceanic

pool. These transformations can also promote

exchange between global N-reservoirs, such as the

atmosphere and sediments (Carpenter and Capone,

1983; Kirchman, 2000a). Denitrification, a dissim-

ilatory process in which nitrate rather than oxygen is

used as electron acceptor by microorganisms, is

generally acknowledged as the main sink for available

N in marine environments (e.g., Seitzinger, 1988). In

denitrification, dissolved NO3
ÿ is reduced to N2 gas

through a series of intermediates (NO2
ÿ, NO, and

N2O) (Knowles, 1982). As most marine organisms

Table 1

Nitrogen-containing compounds can be found in a multiplicity of

forms at a wide range of oxidation states in marine environments

Compound Oxidation state

Nitrate NO3
ÿ +V

Nitrogen dioxide NO2 +IV

Nitrite NO2
ÿ +III

Nitric oxide NO +II

Nitrous oxide N2O +I

Di nitrogen N2 0

Hydroxylamine NH2OH ÿI

Hydrazine N2H4 ÿII

Ammonium NH4
+

ÿIII

Amino acids R-NH2 ÿIII

Urea NH2CONH2 ÿIII



that require nitrogen for nutrition cannot assimilate

either N2O or N2, denitrification generally results in a

net loss of N from the system. This sink of fixed N is

at least partly balanced by N2 fixation, an assimilatory

process where N2 gas is reduced to biologically

available NH4
+ by a wide variety of prokaryotes

(e.g., marine cyanobacteria; Postgate, 1982; Young,

1992). The transformation of N2 to proteinaceous N

and other organic N compounds (e.g., nucleic acids)

results in the addition of new available nitrogen to the

ocean.

During the last decades, the discovery of new links

between biogeochemically important constituents and

novel routes during N mineralization has challenged

our understanding of the marine N cycle. Further-

more, most oceanic N models suggest that sources

(e.g., riverine- and atmospheric input, bacterial and

anthropogenic N-fixation) and sinks (e.g., burial in

sediments and denitrification) are out of balance

(Codispoti, 1995; Codispoti et al., 2001; Middelburg

et al., 1996). According to recent revisions, total

inputs appear significantly (on the order of 100–200

Tg N yearÿ1; T=1012) smaller than estimates of

nitrogen removal (Capone, 2000; Codispoti et al.,

2001). Findings of additional, alternative N reaction

pathways seem to further exacerbate the imbalance as

they introduce additional routes of N removal. For

example, there are indications that previously

unknown mechanisms of anaerobic ammonium oxi-

dation to either nitrite/nitrate (prerequisites for deni-

trification) or N2 may be significant for N cycling and

N removal in some environments (Dalsgaard et al.,

2003; Engström et al., 2004; Hulth et al., 1999;

Kuypers et al., 2003; Luther et al., 1997; Thamdrup

and Dalsgaard, 2002; Ward, 2003). Apparently, while

we seem to understand most key processes of the N

cycle relating to C dynamics, and their temporal and

spatial variability in the ocean, our knowledge still

remains rudimentary with respect to the quantitative

controls and feedbacks for these alternative routes of

marine N cycling.

Although there are a number of excellent reviews

on the biogeochemistry of N in marine environments

(e.g., Blackburn, 1983; Carpenter and Capone, 1983;

Christensen et al., 1987; Codispoti et al., 2001;

Herbert, 1999; Koike and Sørensen, 1988; Pearl and

Zehr, 2000; Postgate, 1982; Seitzinger, 1988; Ward,

2000; Zehr and Ward, 2002), the continuous discov-

ery of previously unexplored reaction and trans-

formation pathways needs to be acknowledged and

incorporated into conceptual models of global N

cycles and into future study designs. Here, in addition

to an introductory review on the evolution of N

species during the history of Earth, we summarize

current knowledge on alternative pathways of N

removal from marine ecosystems, and provide exam-

ples on challenges for future research on N cycling in

marine environments.

2. On the evolution of nitrogen species

During Earth’s history, the chemistry of the oceans

and atmosphere has undergone dramatic changes

driven mainly by the interactions of evolving bio-

logical activity and geological processes. Perhaps,

most notably and as a direct result of the feedback

mechanisms that operate between photosynthesis and

burial of organic C and other reduced substances in

sediments, molecular oxygen now constitutes 21% of

the atmosphere and is present in N99% of the ocean

volume (Codispoti et al., 2001). Free oxygen was

virtually absent at the surface of the early Earth (e.g.,

Holland, 1994; Kasting, 1993). Owing to the redox-

dependent properties of N speciation, overall N

characteristics and speciation between compounds

have been significantly modified in response to this

photosynthetic oxidation. General constraints of the N

cycle may indeed themselves have affected biogeo-

chemical evolution (Anbar and Knoll, 2002; Falkow-

ski, 1997).

At least since the beginning of the Archean at 3.8

Ga (billion years ago), atmospheric N2 has been the

most abundant form of N (Kasting, 1990, 1993).

Primordial volcanism may have been a source of

ammonia (NH3), and prebiotic synthesis may have

accumulated N-containing organic compounds in the

oceans. These were, however, likely depleted soon

after the origin and proliferation of life (Falkowski,

1997). Abiotic N fixation could occur at high

temperatures generated by, e.g., electric discharge

(Kasting, 1990; Yung and McElroy, 1979), with rates

and pathways dependent on the composition and

oxidation capacity of the atmosphere. In an early

CO2–N2 atmosphere, nitric oxide (NO) would be the

main product (Kasting and Walker, 1981; Navarro-



González et al., 2001), a fraction of which would

disproportionate in seawater to N2O, NO2
ÿ and NO3

ÿ

(Kasting and Siefert, 2001). These potential nutrient

species could either be assimilated or recycled to N2

through biogenic denitrification, if this process had

evolved, or through abiogenic chemo-denitrification

(e.g., Ottley et al., 1997). A NO production some 103

times less than the rate of biological N fixation in the

modern ocean (see below) has been estimated for an

Archean atmosphere, suggesting that the earliest life

forms were subject to a strong selective pressure

towards the evolution of diazotrophy (N2 fixation;

Navarro-González et al., 2001).

Low sulfate concentrations in the Archean ocean

are thought to have favoured methanogenesis, likely

resulting in high atmospheric methane concentrations

(Habicht et al., 2002). In such an atmosphere, N may

be fixed as hydrogen cyanide (HCN), which may

under the appropriate conditions hydrolyse in solution

producing NH3/NH4
+ (Kasting and Siefert, 2001;

Zahnle, 1986). Moderate rises in O2 and oceanic

SO4
2ÿ levels in the Paleoproteozoic at 2.4–2 Ga would

progressively have inhibited methanogenesis and

depleted atmospheric CH4, thus shutting down this

fixed N source (Habicht et al., 2002; Kasting et al.,

2001).

Fixation of N2 is found in both Bacteria and

Archaea (Young, 1992), and likely originated before

the separation of these domains (Braun et al., 1999;

Fani et al., 2000). Plausibly, prokaryotic diversifica-

tion occurred already in the early Archean (Schidlow-

ski, 1988; Shen et al., 2001). Diazotrophy may thus

have been the main source of fixed N at that time

(Falkowski, 1997). In the absence of O2, no N is lost

through coupled nitrification–denitrification, the dom-

inating N sink of today (Seitzinger, 1988). Abiotically

fixed NO3
ÿ and NO2

ÿ may have supported anaerobic

ammonium oxidation (the anammox reaction) pro-

ducing N2 at low relative rates (Mulder et al., 1995;

Van de Graaf et al., 1995; see below). Additionally,

photooxidation may have generated small amounts of

Mn-oxides (Anbar and Holland, 1992), which could

also potentially serve as an oxidant for NH4
+ to either

NO2
ÿ, NO3

ÿ, or N2 (Hulth et al., 1999; Luther et al.,

1997; see below) and thereby contribute to the

removal of fixed N. However, the generation of

substantial amounts of any of these oxidants ulti-

mately depends on O2. Thus, once N fixation had

evolved in the anoxic Archean, this process may have

fully relieved any N limitation, leaving phosphate as

the likely limiting nutrient in the Archean ocean

(Bjerrum and Canfield, 2002).

During the Paleoproterozoic era, a major biogeo-

chemical transition appears to have transformed a

ferrous iron-rich ocean, with only sporadic occurren-

ces of O2, to sulfidic waters underlying a surface layer

with moderate O2 concentrations (Anbar and Knoll,

2002; Canfield, 1998). This increase in O2 may have

stimulated the evolution and proliferation of nitrifying

bacteria, and thereby initiated the first substantial

production of oxidized forms of N such as NO2
ÿ and

NO3
ÿ in the surface waters of the ocean. The

occurrence of these species would in turn support

the existence of bacteria for denitrification, and

thereby open for processes that today dominate N

removal in the ocean (Falkowski, 1997). Concur-

rently, the Fe- and Mo-dependent processes of N

fixation and NO3
ÿ assimilation may have been sup-

pressed due to severe scavenging of these elements in

the sulfidic deep waters (Anbar and Knoll, 2002). The

limitation of sources and a pronounced importance of

sinks for fixed N may have lead to substantial N

limitation of primary production during the Mesopro-

terozoic era, at ~1.2–1.8 Ga, possibly hindering the

diversification of eukaryotic algae (Anbar and Knoll,

2002).

A second major biogeochemical transition from

sulfidic to oxic deep water has been dated to the

Neoproterozoic at ~0.8–0.6 Ga (Canfield and Teske,

1996). After this change, NO3
ÿ rather than NH4

+

became the most abundant form of inorganic N, and

the marine N cycle may have operated in a manner

similar to the present.

3. Classical view of nitrogen removal during

mineralization

Perhaps the most striking property of nitrogen is

that it is found in a wide range of oxidation states,

from ÿIII (NH4
+ and organic tissues) to +V (NO3

ÿ;

Table 1). Most redox transformations of organic and

inorganic N species are a consequence of the

activities of microscopic organisms, such as uni-

cellular algae and bacteria, during biomass synthesis

and organic matter mineralization (Fig. 1). Inorganic



and organic (mainly urea, amino acids and shorter

peptides) forms of N are incorporated into a variety

of photosynthetic microbes (Antia et al., 1991). For

incorporation, the oxidized forms of N must first be

reduced to organic N or NH4
+ by assimilatory NO3

ÿ

and NO2
ÿ reductase (e.g., Falkowski, 1983; Kirch-

man, 2000b). Ammonium contains nitrogen at the

oxidation levels of amino acids and proteins, and is

generally therefore the primary nitrogen source

assimilated by both phytoplankton and bacteria.

Nitrogen fixation, the assimilatory reduction of N2,

also produces biologically available or proteinaceous

N (Carpenter, 1983; Howarth and Marino, 1988;

Postgate, 1982).

Nitrogen is mineralized during the degradation of

nitrogen-containing organic macromolecules such as

proteins, polypeptides, dissolved free and dissolved

combined amino acids. Mineralization products

include ammonium, which may subsequently be

oxidized through nitrification to nitrite and nitrate

(Figs. 1 and 2). Nitrate and nitrite have the potential to

be used as electron acceptors, preferentially when

oxygen concentrations are low or in anoxic environ-

ments. Denitrification, the reduction of more oxidized

forms of nitrogen, i.e., NO3
ÿ, NO2

ÿ, NO and N2O to

N2, is generally coupled to the oxidation of reduced C,

Fe and S species (Jørgensen and Gallardo, 1999;

Knowles, 1982; Payne, 1976; Seitzinger, 1988; Straub

et al., 1996; Zumft, 1997). Enzymes of denitrification

are inhibited in the presence of oxygen, and recent

investigations indicate inhibition at oxygen concen-

trations of only a few micromolar (Codispoti et al.,

2001). Thus, denitrification is restricted to anoxic or

nearly anoxic sediment horizons and anoxic/suboxic

waters such as the Black Sea, the Cariaco Basin and

the oxygen minimum zones of the eastern Tropical

Pacific and the Arabian Sea (Codispoti et al., 2001).

In contrast to the observations made in natural

environments, aerobic denitrification has been

reported in, e.g., batch cultures (Robertson et al.,

1995). Such findings imply that inhibition of deni-

trification by O2 may not always be effective. The

regulation of nitrification and denitrification in marine

sediments, and their coupling, is complex due to the

involvement of both aerobic and anaerobic processes,

catalyzed by a wide suite of bacteria.

Denitrification is generally considered the major

process removing nitrogen from the oceans (Chris-

tensen et al., 1987; Christensen, 1994; Devol, 1991;

Seitzinger, 1988). Overall, denitrification is most

important in organic rich sediments deposited on the

shelf, slope and rise of continental margins throughout

the world’s oceans. This is where 50–70% of marine

denitrification occurs (e.g., Codispoti et al., 2001;

Gruber and Sarmiento, 1997). The general concept of

coupled benthic nitrification/denitrification is usually

assumed to follow a strict sequence of vertically

stratified diagenetic reactions with nitrification in the

oxic portion of the sediment, and denitrification just

below in the suboxic or anoxic sediment layer (Fig. 2;

Fig. 1. General view of the complex web of reactions transforming nitrogen compounds of a wide range of forms and oxidation states in the

oceans. Indicated are hydrolysis of complex polymers to monomeric or oligomeric units (1), biological incorporation of inorganic and organic

forms of N (2), deamination and mobilization of ammonium following heterotrophic metabolism (ammonification) (3), aerobic nitrification (4),

denitrification (5), dissimilatory nitrate/nitrite reduction to ammonium (6), nitrogen fixation (7), anaerobic ammonium oxidation by nitrite

(anammox) (8), and anaerobic ammonium oxidation to nitrite and nitrate (9), or N2 (10).



Henriksen and Kemp, 1988). According to this

classical view, coupled nitrification/denitrification is

constrained by the diffusive or advective transport of

nitrate from oxic to anoxic zones in the sediment.

Even though the two processes seem mutually

exclusive with respect to O2 requirements, the often

sharp gradients of O2, NH4
+, and NO3

ÿ in surface

sediments allow them to operate in close proximity to

each other. Moreover, while requiring oxygen for

ammonium oxidation and for respiration, nitrifying

bacteria are considered to thrive best under relatively

low oxygen conditions (Goreau et al., 1980). The

zone in which nitrification occurs may be less than 1-

mm thick, or extend over several centimeters, mainly

depending on the physical regime and rates of organic

matter supply to the sediment (Billen, 1982; Chris-

tensen and Rowe, 1984). In sediments with high rates

of organic supply, oxygen consumption rates are

generally high and oxygen penetration is narrow. In

such environments, additional nitrate is typically

obtained from the overlying water (e.g., Koike and

Sørensen, 1988). Nielsen (1992) described a versatile

method utilizing a 15N–NO3
ÿ tracer that allows

denitrification based on either of the two nitrate

sources (Dn and Dw) to be measured simultaneously.

While denitrification coupled to nitrification in the

surface sediment (Dn) depends on ammonium and

oxygen concentrations in the zone of nitrification

(Gilbert et al., 2003), denitrification of water column

nitrate (Dw) is governed by nitrate concentrations in

the overlying water and negatively correlated to

oxygen availability (Henriksen and Kemp, 1988).

In addition to denitrification, a diverse assembly of

prokaryotes couple the oxidation of organic C or

reduced Fe and S to the reduction of nitrate via nitrite

to ammonium (Blackburn, 1983; Jørgensen and

Gallardo, 1999; Figs. 1 and 2). This process (some-

times referred to as dissimilatory nitrite reduction to

ammonium, or nitrate/nitrite ammonification) appears

(at least) as important as denitrification for total NO3
ÿ

reduction in environments with high rates of carbon

mineralization, e.g., fish farm sediments (Christensen

et al., 2000; Gilbert et al., 1997; Hattori, 1983). Also,

sediment–water incubations of intact cores with

highly reducing and laminated sediments from the

Baltic Sea indicated that only less than 5% of the

nitrate flux (0.81–1.3 mmol NO3
ÿ mÿ2 dayÿ1; n=20)

into the sediment was due to denitrification (Karlsson

et al., pers. comm.). Generally, however, nitrite

reduction to ammonium is considered less important

for NO3
ÿ/NO2

ÿ removal in marine sediments with low

to moderate organic loading (Binnerup et al., 1992).

Due to the comparably few studies that directly

measure the dissimilative reduction of NO2
ÿ to NH4

+,

at least in direct combination with measurements of

denitrification, the importance of this process for

overall N cycling in coastal marine sediments is

unclear.

Fig. 2. Schematic representation of the classical view of the major transformation pathways during nitrogen cycling in marine sediments. The

illustration includes sedimentation and burial of particulate organic nitrogen (PON), hydrolysis of PON, ammonification, nitrification and

denitrification, benthic fluxes of N containing organic and inorganic solutes, adsorption and microbial incorporation of ammonium,

dissimilatory reduction of nitrite/nitrate (nitrite/nitrate ammonification), microbial incorporation of nitrate, and diffusion of N solutes from the

zone of mobilization to deeper sediment layers.



4. Alternative pathways during nitrogen removal

A long-standing paradigm in aquatic biogeochem-

istry is that there is a preferential use of electron

acceptors yielding the most profitable amount of

energy during the oxidation of organic matter. This,

in turn, results in a well-defined vertical zonation of

solutes (Froelich et al., 1979). During the last

decades, however, there are a number of laboratory

and field observations indicating that the sequential

patterns of mineralization, and the relative vertical

stratification of reactants, are a simplification of

biogeochemical processes taking place during early

diagenesis of organic matter (Figs. 1 and 3). In the

following sections we present some of the recent

discoveries that have challenged the overall con-

ceptual understanding of nitrogen mineralization in

marine environments. Through these novel metabolic

pathways, the formation of N2 could potentially be

more efficient and straightforward compared to the

classic reaction schemes during aerobic nitrification/

anaerobic denitrification.

4.1. Links between nitrogen removal and the Mn and

Fe redox cycles

During the last two decades, there have been

significant advances in the overall understanding of

processes utilizing Fe- and Mn-oxides as electron

acceptors during organic matter mineralization

(e.g., Canfield et al., 1993b; Lovley, 1991, 1993;

Lovley and Phillips, 1986; Nealson and Saffarini,

1994; Thamdrup, 2000). Overall, a significant

fraction of anaerobic organic carbon mineralization

in marine sediments is due to Mn- and Fe-

reducing microorganisms (e.g., Canfield et al.,

1993a,b; Burdige, 1993; Thamdrup, 2000).

Although denitrification is a relatively well-studied

process (e.g., Lipschultz et al., 1990), the bacte-

rially mediated aerobic nitrification/anaerobic deni-

trification process does not leave out alternative

and less known pathways from the formation of

N2. Coupled nitrogen and metal redox reactions

constitute important examples of such novel routes

during N mineralization.

Fig. 3. In addition to the traditionally accepted nitrification/denitrification cycle, alternative pathways of N transformations can be achieved, e.g.,

through anaerobic ammonium oxidation during manganese or nitrate/nitrite reduction. Reduction of nitrate mobilized anaerobically may occur

in a complex reaction web including several possible reductants in anaerobic sediments (e.g., Mn2+, Fe2+, HSÿ and labile Fe-sulfides). One

example of a favourable reductant of nitrite in anaerobic environments is ammonium during the anammox reaction.



Pore water distributions of oxygen and nitrogen

species and the solid phase distribution of manga-

nese in shelf and hemipelagic sediments sometimes

indicate a coupling between the manganese-oxide

reduction and ammonium (or nitrite; Luther and

Popp, 2002) oxidation to either NO3
ÿ (Anschutz et

al., 2000; Bender, 1982; Bender et al., 1989; Dhakar

and Burdige, 1996; Goloway and Bender, 1982;

Hulth et al., 1999) or directly to N2 (Luther et al.,

1997). Thermodynamic calculations and experimen-

tal manipulations indicate that anaerobic ammonium

oxidation coupled to manganese reduction is ener-

getically favourable (Hulth et al., 1999; Luther et al.,

1997). For example, experimental observations dem-

onstrated anaerobic mobilization of NO2
ÿ and NO3

ÿ

at rates similar to, or even higher than, rates reported

for coastal marine sediments open for O2 diffusion

(Hulth et al., 1999). Patterns of nitrite/nitrate

production and subsequent consumption were

directly related to the content of Mn-oxides in the

solid phase of the sediment, and consistent with

coupled nitrification/denitrification in the completely

anoxic sediment. Suggested reactions of anaerobic

ammonium oxidation imply solid phase Mn-oxides,

but do not exclude soluble and often more reactive

colloidal Mn(III, IV)-species as important reactants

(Kostka et al., 1995). Ammonium oxidation coupled

to Mn-oxide reduction is apparently not an obligately

aerobic process as often postulated, although micro-

organisms capable of this anoxic metabolism have

yet to be discovered.

The process of anaerobic ammonium oxidation to

N2 or NO2
ÿ/NO3

ÿ by Mn-oxides has not been directly

demonstrated in natural marine sediments, but rather

indirectly inferred from solute distributions in the

water column or sediment pore waters with/without

manipulations of the sediment (Anschutz et al., 2000;

Hulth et al., 1999). Investigations using 15N tracers in

the anoxic, Mn-rich sediment of the deep Skagerrak

could not verify the reaction (Thamdrup and Dals-

gaard, 2000, 2002), possibly related to N limitation at

the investigated site. However, there was also no

detectable production of 15NO3
ÿ or 29/30N2 during later

experiments including amendments of 15N-labelled

algal material (Dunaliella spp.) in the deep Skagerrak

(Hulth et al., unpublished). An additional explanation

for observations of nitrate mobilization in anoxic

sediments could be the release of nitrate from bacteria

or phytoplankton during experimental manipulations.

For example, the sulfide-oxidizing giant bacterium

Thioploca couples sulfide oxidation with nitrate

reduction to ammonium (Jørgensen and Gallardo,

1999). Nitrate is contained in a central vacuole at

concentrations up to 0.5 M (Fossing et al., 1995).

Thus, during processing to separate pore water from

sediment, cell lysis and disruption of cell walls may

release significant quantities of nitrate to the pore

water. Giant bacteria such as Thioploca and Thio-

margarita with a pronounced capacity to internally

store substantial amounts of nitrate are relatively

widespread in coastal marine sediments (Jørgensen

and Gallardo, 1999). Their eventual quantitative role

during N mineralization and the overall N cycle is,

however, poorly investigated (Jørgensen, 1977).

Similarly, Lomstein et al. (1990) observed errone-

ously high pore water nitrate concentrations due to the

disruption of fresh phytoplankton cells during pro-

cessing of sediment. Contamination from intracellular

nitrate was estimated N100 AM. However, it is less

likely that the time-dependent, down-core mobiliza-

tion/removal patterns of nitrite and nitrate observed,

e.g., by Gilbert et al. (2003) and Hulth et al. (1999),

were caused by artefacts such as those described

above, but rather due to the alternative route of

anaerobic ammonium oxidation coupled to manga-

nese (III/IV) reduction.

Further observations of additional links between

the N and Mn redox cycles have been reported during

studies at the oxic–anoxic interface of the Black Sea,

and sediments of the equatorial Atlantic, Cabot Strait,

Scotia slope, and the Panama Basin. For example, in

addition to anaerobic ammonium oxidation by Mn-

oxides, solute distribution patterns suggested anaero-

bic Mn (II) oxidation coupled to nitrate reduction

(Aller, 1990; Aller et al., 1998; Luther et al., 1997;

Murray et al., 1995; Schultz et al., 1994; Shaw et al.,

1990; Tebo, 1991). Indications of microbial Mn(II)

oxidation are frequently reported in the literature, but

depending on the assumed form of MnO2, this

reaction is not thermodynamically favourable except

at conditions of elevated NO3
ÿ concentrations and

high pH (Hulth et al., 1999). A chemolithotrophic

bacterium that generates energy for autotrophic

growth by coupling Mn(II) oxidation to aerobic or

anaerobic respiration has not been described (Tebo et

al., 1997). Direct measurements of anaerobic Mn-



oxidation coupled to NO3
ÿ/NO2

ÿ reduction in marine

waters have, to our knowledge, not been reported.

Observations of an anaerobic pathway for nitrate

formation and the pronounced availability of reduc-

tants in anoxic sediments suggest that additional

coupled reactions of N2 production occur in parallel

or in series (Fig. 3). These oxidation/reduction path-

ways could generally be described as a complex

network of overlapping biotic and abiotic reactions

(Emerson et al., 1982; Hulth et al., 1999; Lovley,

1991; Nealson and Stahl, 1997; Sørensen et al., 1987).

As there are numerous possible reductants for NO3
ÿ

mobilized under anaerobic conditions (e.g., POC,

DOC, NH4
+, Fe2

+, HSÿ, S0, FeS, and FeS2), anaerobic

ammonium oxidation to nitrate may not always be

evident as a net reaction when examining solute

distributions in the water column or sediment pore

water where denitrification is active. Little informa-

tion is available on the likely importance of bacteria

for these reactions, and the relative contribution of

each pathway to element cycling in aquatic ecosys-

tems (Burdige, 1993; Canfield et al., 1993a; Luther et

al., 1997; Tebo, 1991; Thamdrup et al., 1994). For

example, sulfate-reducing bacteria (e.g., Desulfovibrio

desulfuricans) are in generally quite versatile to

electron acceptors and some of these may switch

from sulfate to nitrate or oxygen reduction in response

to changing environmental conditions (Cypionka,

1994). If nitrate is present, the bacterium may oxidize

reduced sulfur compounds to sulfate during concur-

rent formation of NH4
+ (Jørgensen, 1977). Nitrogen is

thus retained in the system.

The microbiology and biogeochemistry of Fe

redox cycling have been comprehensively reviewed

in progressive response to discoveries in the labo-

ratory and observations made in the field (e.g.,

Burdige, 1993; Thamdrup, 2000). Nitrate reduction

coupled to Fe2+ oxidation has been reported for a

variety of denitrifying bacteria (Benz et al., 1998;

Hafenbradl et al., 1996; Straub et al., 1996; Straub

and Buchholz-Cleven, 1998), and for Geobacter

metallireducens which reduces nitrate to ammonium

(Finneran et al., 2002). Many of the known iron-

reducing bacteria can also respire through dissim-

ilatory nitrate/nitrite reduction to ammonium (Lovley,

2000). The oxidation of NH4
+ by FeOOH is, however,

not thermodynamically favourable at the normal pH

of seawater and concentrations of Fe2+ measured in

non-sulfidic pore waters (Anschutz et al., 2000;

Hulth et al., 1999). Although a direct link between

Fe and N in the anaerobic ammonium oxidation by

Fe-oxides is less likely, there seem to exist several

possible additional pathways to link the iron and the

nitrogen cycles and thereby further contribute to the

complexity of anaerobic N-transformations in marine

environments.

4.2. N removal by concomitant ammonium oxidation

and nitrite reduction

As described above, several experimental and

model observations have demonstrated ammonium

oxidation under anaerobic conditions in marine

environments (Fig. 1). In addition, nitrate reduction

may well proceed through other pathways than the

oxidation of organic carbon (Fig. 3). A thermody-

namically favourable reductant of nitrite and nitrate

under anaerobic conditions is ammonium. Based on

the relative distributions of ammonium, nitrate, and

oxygen in water columns and thermodynamic con-

siderations, the occurrence and biological feasibility

of such process was predicted already some decades

ago (Broda, 1977; Richards, 1965). However, it was

not until 1995 that Mulder et al. directly demonstrated

the reaction in a denitrifying pilot plant reactor of a

wastewater treatment system. Although not yet iso-

lated in pure cultures, the microbes involved (Strous

et al., 1999a) and the catalytic pathway (Jetten et al.,

1999; Jetten et al., 2001; Strous et al., 1999b; Van de

Graaf et al., 1995) of the so-called anammox

(ANaerobic AMMonium OXidation) process have

been described. Strous et al. (1999a) identified a

lithotrophic bacterium capable of anaerobic ammo-

nium oxidation to N2 during CO2 fixation. On the

basis of 16S rDNA phylogeny, microbial consortia

dominated by deep-branching members of the Planc-

tomycetales (Candidatus bBrocadia anammoxidansQ

and its relative Candidatus bKuenenia stuttgartiensisQ)

were suggested to catalyze the process (e.g., Strous et

al., 1999a; Jetten et al., 2001). Amendments using 15N

and subsequent patterns of 28/29/30N2 mobilization

have confirmed that energy is derived via a novel

metabolic pathway involving NH4
+ as electron donor,

NO2
ÿ as the preferred electron acceptor with hydroxyl-

amine and hydrazine as intermediates (Van de Graaf et

al., 1995, 1996). Concomitant organotrophic nitrate



reduction was suggested as the source of nitrite (Van

de Graaf et al., 1995). In contrast to more traditional

denitrification, ammonium may, through this route of

nitrite reduction, be directly oxidized and converted to

N2 seemingly without the simultaneous production of

the intermediate N2O and the end product CO2 (e.g.,

Van de Graaf et al., 1995). In addition to that CO2 and

N2O are important greenhouse gases, a net N2O

production to the atmosphere is undesirable due to the

ozone depletion in the stratosphere (Crutzen, 1970).

Investigations in wastewater systems have confirmed

anammox as an autotrophic process, even more

energetically favourable than traditional nitrification

in oxic environments (Jetten et al., 2001; Strous,

2001). Nitrite, one of the intermediate products

formed during nitrification and denitrification (Fig.

1), is rarely accumulated at elevated concentrations in

aquatic systems. Concentrations are often close to or

below detection. The reduction of nitrate to nitrite

appears to be a prerequisite for ammonium oxidation

by nitrite to gain access to the pool of nitrate, which is

generally significantly larger than the pool of nitrite.

However, when the first steps in the denitrification

pathway (NO3
ÿ to NO2

ÿ and NO2
ÿ to N2O) are

uncoupled, there is a potential for NO2
ÿ accumulation.

Accumulation of NO2
ÿ is also possible during

nitrification, when ammonium oxidation to nitrite is

decoupled from further oxidation to nitrate. Anaerobic

ammonium oxidizers and aerobic nitrifying bacteria

coexist under oxygen limiting conditions where

nitrifiers oxidize ammonium to nitrite and deplete

oxygen, while the anammox bacteria convert toxic

nitrite and the remaining ammonium to N2 (Sliekers et

al., 2002).

Overall characteristics of the anammox process

are quite remarkable, especially considering the high

toxicity of the intermediates hydroxylamine and

hydrazine. Hydrazine, for example, is used as rocket

fuel and constitutes an intermediate in the production

of explosives and pesticides (Molinder and Street,

1989). Interestingly, Damsté et al. (2002) discovered

four-membered aliphatic cyclobutane rings in the

membrane lipids (bladderanesQ) of cell compartments

within the Planctomycetales where anammox catab-

olism takes place. Such unique signature of confined

lipid structures gives rise to an exceptionally dense

membrane and a tight barrier against diffusion.

Furthermore, a compact membrane structure would

most likely stabilize concentration gradients during

the anammox metabolism and contain the toxic

intermediates, thereby protecting the remainder of

the cell from damage (DeLong, 2002). Advantages

compared to the traditional coupled nitrification/

denitrification in wastewater treatment include lower

oxygen demand (nitrifying bacteria require oxygen

for partial oxidation of ammonium to nitrite) and no

requirement for external C sources because the

process is autotrophic. However, net efficiency of

the process is likely reduced by the slow growth rate

observed for the anammox bacteria, dividing only

once every 2–3 weeks (Jetten et al., 1999, 2001).

Although the bacteria grow extremely slowly, net

ammonium removal may be significant (Van Loos-

drecht and Jetten, 1998; Zehr and Ward, 2002). The

reaction of anaerobic ammonium oxidation is obvi-

ously of great practical interest given the need to

remove N from, e.g., wastewater. However, argu-

ments of removing N also hold for coastal marine

environments.

4.3. Anaerobic ammonium oxidation by nitrite in

marine environments

The potential ecological impact of anaerobic

ammonium oxidation to either nitrate or N2 is not

well understood. One prerequisite for anammox

would be the simultaneous presence of both ammo-

nium and nitrite in the absence of oxygen. The

reaction is strongly, but reversibly, inhibited by

molecular oxygen (Jetten et al., 1999). Nitrite could

be accumulated in ecosystems where oxygen limits

nitrification, or in systems with a limited supply of

reductants for denitrification of nitrate. The oxic/

anoxic interface of sediments or stratified waters with

a well-developed suboxic layer would be almost ideal.

Also, overlapping distributions of nitrite and ammo-

nium have been reported in oxygen-limited biofilms

(Schramm et al., 1996).

Ammonium often accumulates in anoxic environ-

ments due to the lack of aerobic nitrification. On the

basis of inorganic N distributions, anaerobic ammo-

nium oxidation in marine environments has been

implied in the past, but N mass balances from

ammonium and nitrate distributions were not precise

enough to confirm any missing nitrogen. For example,

a reaction stoichiometry similar to that described for



anammox was suggested in the mid 1960s in anoxic

basins of the Framvaren Fjord and the Black Sea

(Richards, 1965). Although indications of this novel

route of nitrate/nitrite reduction by ammonium were

proposed by Bender et al. (1989), Dhakar and Burdige

(1996), Goloway and Bender (1982), Murray et al.

(1995), and Schultz et al. (1994), recent studies in

Skagerrak and Kattegatt sediments for the first time

provided direct experimental evidence of ammonium

oxidation by nitrite (Dalsgaard and Thamdrup, 2002;

Engström et al., 2004; Thamdrup and Dalsgaard,

2002). Single and coupled amendments of 15N-

labelled ammonium and nitrate demonstrated that

the reaction contributed b5% to ~70% to total N2

production in anoxic marine sediments at several sites

in the Baltic–North Sea transition. That is, in some

sedimentary environments the anammox process was

even more important than traditional denitrification

for N2 formation and N removal (Fig. 4). Furthermore,

nutrient profiles, fluorescently labelled RNA probes,
15N tracer experiments, and distributions of the

specific bladderaneQ lipids (Damsté et al., 2002)

clearly demonstrated that a significant fraction of

ammonium diffusing upwards from the anoxic deep-

water of the Black Sea was consumed by anammox

bacteria below the oxic zone (Kuypers et al., 2003).

Additionally, anammox was found to account for 19–

35% of total N2 formation in the water column of

Golfo Dulce, a coastal bay in Costa Rica (Dalsgaard et

al., 2003). In both cases of anammox activity reported

in the water column, the depth interval of the process

was narrowly constrained to anoxic waters where

nitrate and nitrite were present. Notably, the water

column chemistry of the Golfo Dulce is very similar

to that in oxygen depleted zones of the oceans, sites in

which 30–50% of global N removal is believed to

occur (Gruber and Sarmiento, 1997). Taken together,

these studies present compelling evidence from both

sediment and water column environments that the

anammox reaction may be a globally important, but so

far mostly overlooked, sink for oceanic nitrogen.

Anammox is probably carried out by a type of

bacteria similar to those previously isolated from

bioreactors.

One might expect that the activity levels of

microbial populations are highly coupled to the

amount and composition of organic matter. Indeed,

the variability in the relative contribution of anammox

Fig. 4. General illustration of the importance of anaerobic ammonium oxidation by nitrite (anammox) for total N2 production observed at several

sites in the Baltic–North Sea transition (Engström et al., 2004; Thamdrup and Dalsgaard, 2002). With increasing sediment reactivity, as

evidenced by ammonium mobilization during closed sediment incubations, there was a decreasing importance of anammox for total sediment

N2 production (i.e., denitrification becomes progressively more important; open triangles). Concurrently, absolute rates of denitrification (open

squares) increased in a relatively linear fashion over the reactivity interval investigated. Rates of anammox, however, reached a maximum value

at intermediate reactivities (open circles).



and denitrification to total N2 production was found

related to organic carbon reactivity and the availability

of reductants in sediments (Engström et al., 2004;

Thamdrup and Dalsgaard, 2002). Elevated access to

reduced compounds seemed to favour denitrification

compared to anammox, and there was a negative

exponential correlation between the importance of

anammox for total N2 production and rates of

ammonium mobilization to the pore water (Fig. 4).

While absolute rates of denitrification increased with

sediment reactivity, rates of ammonium oxidation

coupled to nitrite reduction seemed to reach a

maximum at intermittent reactivity, possibly related

to the availability of nitrite. Uncoupling between NO3
ÿ

and NO2
ÿ reduction was directly observed in the study

by Dalsgaard and Thamdrup (2002) as transient

accumulation of high levels of NO2
ÿ in sediment

incubations following additions of NO3
ÿ. Measured

NO2
ÿ production rates were approximately four times

faster than its consumption in the Skagerrak sediment

where the alternative pathway was found most

significant for N2 production (~70%).

5. Implications of alternative pathways for N

removal in marine environments

Bioavailable nitrogen is removed from the sea

mainly by denitrification (including the novel routes

of N removal, e.g., anammox), burial of organic and

inorganic N in the sedimentary record, and removal

following biomass incorporation (Devol, 1991; Mid-

delburg et al., 1996; Seitzinger, 1988; Wollast, 1991).

Although the respiratory reduction of nitrate through

denitrification (preferably in continental margin sedi-

ments) is presently considered the most important

process for oceanic N removal (Christensen et al.,

1987; Christensen, 1994), the magnitude and relative

importance of nitrogen-removing pathways vary sig-

nificantly with season and geographical location

(Christensen et al., 1987; Hedges and Keil, 1995;

Middelburg et al., 1996; Wollast, 1991). Over the last

few decades, denitrification has been investigated not

only on the continental shelves (Christensen et al.,

1987; Devol, 1991), but also in the oxygen minimum

zones of the water column, particularly in the Indian

(Naqvi et al., 1982) and tropical Pacific Oceans

(Codispoti and Christensen, 1985; Hattori, 1983).

Water column denitrification is currently thought to

account for 60 to 290 Tg N yearÿ1, while benthic

environments remove a similar amount (60–285 Tg N

yearÿ1), of which about 50% (~100 Tg N yearÿ1) is

assumed to be removed in coastal and shelf sediments

(Brandes and Devol, 2002; Capone, 2000; Codispoti

et al., 2001; Middelburg et al., 1996; Seitzinger,

1988). The difference between total denitrification

(c120–575 Tg N yearÿ1) and total N fixation (c25–

200 Tg N yearÿ1) is on the order of 100–200 Tg N

yearÿ1, i.e., roughly similar to what can be estimated

for the difference between sources and sinks of N in

the ocean (e.g., Capone, 2000; Codispoti et al., 2001;

Middelburg et al., 1996). There is no doubt that

significant advancements on nitrogen biogeochemis-

try have been made during the last few decades.

However, the apparent imbalance between sources

and sinks of nitrogen and the large range of rate

estimates is intriguing and indicates that overall

knowledge on the marine N cycle is still insufficient

and perhaps not reflective of the highly dynamic

oceanic environment. There is, however, not a reason

to assume a completely balanced oceanic nitrogen

budget as a steady state situation is eventually reached

only over time scales similar to those of ocean mixing

(Codispoti, 1989).

The qualitative and quantitative importance of

alternative reactions for global nitrogen removal and

their controlling mechanisms are not well known.

Overall, contributions to the marine N budget are

based on a relatively limited number of measurements,

obtained on small temporal and spatial scales. As

several N compounds have short turnover rates in the

various reservoirs, large local and regional deviations

from the global mean values of fluxes and concen-

trations are likely. Extrapolating to a global scale is

therefore difficult. To date, the very few investigations

on alternative N cycle pathways have been performed

using manipulated sediment or water samples, with

limited frequency of sampling throughout the year.

Possible seasonal cycles in rates and mechanisms, and

eventual links coupled to the quantity and quality of

the organic material, are poorly known. These alter-

native reactions are in fact examples of pathways that

should be included in the regulatory characteristics of

the N cycle and systematically considered when

constructing conceptual models for nitrogen dynamics

in marine environments.



Where are these alternative processes during N

mineralization likely to occur? Using the availability

of reductants and metal oxides, and the simultaneous

requirements of NH4
+ and NO2

ÿ (anammox), as a key

to estimate the relative importance of alternative

routes during N removal in marine environments,

we expect the new processes to be significant for N

cycling above all in close proximity to oxic/anoxic

interfaces. They are possibly also important for N

removal in the oxygen minimum zones, not directly

associated with redox interfaces. Availability of Mn-

and Fe-oxides seems to occasionally accelerate total

rates of N2 formation and to promote the relative

importance of anammox compared to traditional

denitrification during N mineralization in surface

sediments (Hulth et al., 1999; Engström et al.,

2004). An oxic/anoxic interface is readily established

close to the sediment–water interface in benthic

environments, especially in coastal regions with a

high supply of organic matter (Revsbech et al., 1980).

In addition, large suboxic systems, such as sediments

of the Panama Basin and massive deltaic deposits

typified by the Amazon shelf, may be regions of

extensive denitrification and concomitant metal–nitro-

gen coupling (Aller et al., 1998). Although pro-

nounced oxic/anoxic boundaries may also be

observed in the water column (Murray et al., 1995),

most sites have a very small or no suboxic transition

zone. However, in certain areas of the oceans there are

extensive vertical zonations of suboxic mineralization.

The well-stratified Black Sea, for example, has a

particularly well-developed suboxic zone, and the

complete progression of reactants seems well resolved

in a predictable and reproducible way on characteristic

density surfaces (e.g., Murray et al., 1989, 1995). As

discussed above, simultaneously using an array of

microbiological and biogeochemical techniques,

Kuypers et al. (2003) provided direct evidence of

anammox activity in the Black Sea water column.

Comparative calculations suggested that anammox

consumed more than 40% of the fixed nitrogen that

enters the anoxic Black Sea bottom water. Also,

anammox was found to account for about one-third of

total N2 formation in the Golfo Dulce (Dalsgaard et

al., 2003).

All in all, the high rates of anammox activity

detected in waters similar to those in the oxygen

minimum zones, combined with the lower-level but

most likely more widespread anammox activity in

benthic environments, indicate that alternative path-

ways may account for between 25% and 50% of the

marine N2 production (Dalsgaard et al., 2003;

Devol, 2003). Locally, however, the relative impor-

tance may be significantly higher (Dalsgaard and

Thamdrup, 2002; Thamdrup and Dalsgaard, 2002;

Engström et al., 2004), possibly due to the

decomposition of N-rich organic material or the

supply of ammonium from outside the anammox

zone (Ward, 2003). To validate recently reported

observations, quantitative and qualitative informa-

tion is needed from above all the oxygen minimum

zones of the Indian and tropical Pacific Oceans,

benthic deep-sea and suboxic environments, and

sulfide-bearing basins and fjords like the Carriaco

Trench and the Orca Basin in the Gulf of Mexico

(Van Cappellen et al., 1998). Furthermore, eventual

diurnal variability of alternative pathways for N

removal is unknown. For example, there is no

information available from shallow-water (b2 m)

sediment systems. In these illuminated sediments,

the autochthonous production of organic material

can be high throughout the year due to the presence

of benthic primary producers, such as microphyto-

benthos (e.g., Sundbäck et al., 2000), which also

directly and indirectly influence benthic N cycling

(e.g., Sundbäck and Miles, 2000; Risgaard-Petersen,

2003). Due to organic material supplied from land

and microphytobenthic activity in surface sediments,

shallow-water environments are often highly reac-

tive. According to the direct coupling between the

availability of reductants in the pore water

(creactivity) and the importance of anammox for

total N removal (Engström et al., 2004; Thamdrup

and Dalsgaard, 2002; Fig. 4), model predictions

suggest that anammox is a very minor process in

these types of sediments. On the other hand, by

activities of microbenthic algae there is a diurnal

supply of oxygen to the surface layer of the

sediment. Availability of oxidants like oxygen (and

Fe- and Mn-oxides) induces lower concentrations of

reduced metabolites in the pore water. Such

conditions seem to favour anammox compared to

more traditional denitrification. Thus, there are

conflicting model predictions for anammox in

illuminated shallow-water sediments with micro-

phytobenthic activities.



6. Outlook for future research

The application of N isotopes and the specific

relation between 14N and 15N in PON, DON, NH4
+,

NO2
ÿ, NO3

ÿ of natural and manipulated systems have

significantly enhanced overall knowledge on rates and

pathways in the N cycle (Nielsen, 1992; Peterson and

Howarth, 1987). Studies often utilize the isotopic

fractionation by biological and chemical transforma-

tions that affect the relative abundance of natural 14N

and 15N, and the discrete pairing of artificially added
14N and 15N ions that gives rise to different formation

patterns of 28/29/30N2. Absolute and relative rates of

mobilization depend on the relative abundance of the

respective ion, and if nitrate for nitrate reduction is

obtained from the overlying water or from coupled

nitrification/denitrification in the surface sediment

(Nielsen, 1992). Eventual presence of anammox,

however, violates central assumptions of the isotope

pairing technique. In sediments where denitrification

and anammox coexisted, the error in total N2

production estimates imposed by anammox was up

to 80% relative to estimates using a revised stoichi-

ometry of N mineralization (Risgaard-Petersen et al.,

2003). The difference was most pronounced at the site

where anammox dominated (c70%) total N2 pro-

duction. There is thus a need to further confirm and

validate the limited data set available comprising

simultaneous information on both anammox and

denitrification measured by the isotope pairing tech-

nique. Also, sediment anammox rates have so far

exclusively been quantified in sediment–water slurries

or closed jar incubations of surface sediments. The

agreement between manipulated sediment incubations

and intact sediment communities has to be further

investigated.

In addition to a suitable experimental design

including, e.g., intact surface sediment and ambient

bottom water, technical developments in resolving

pore water distributions at submillimeter resolution by

microscale optical, biological and electrochemical

sensors (Gundersen and Jørgensen, 1990; Kühl and

Revsbech, 2001; Luther et al., 1994, 1998; Revsbech

et al., 1980; Wolfbeis, 1991), and water/gel-filled

equilibration probes (Davison et al., 1991, 1994;

Hesslein, 1976), would most likely improve the

overall understanding of alternative routes during N

removal in marine sediments. By the assumption that

vertical gradients represent a steady-state situation,

high-resolution (temporal and spatial) reaction-diffu-

sion models can be applied to estimate rates of aerobic

respiration, nitrification and denitrification, and to

calculate the importance of these processes in relation

to the observed solute distribution patterns (e.g., Berg

et al., 2003; Christensen and Rowe, 1984; Gilbert et

al., 2003; Jahnke et al., 1982; Vanderborght and

Billen, 1975). There is, however, a need to improve

the performance and characteristics of microsensors

for ammonium and nitrate in seawater (Meyer et al.,

2001; Revsbech, 1990). A promising principle for

optical detection of ammonium in aquatic systems

was recently presented (Strömberg and Hulth, 2001,

2003). Efforts are now being made to adapt the

technique to fibre-optic microsensors for ammonium

(Hulth et al., unpublished). Two-dimensional plate

sensors, so far developed for O2, (Glud et al., 1996)

and pH (Hulth et al., 2002), provide important

complementary microscale level information on the

temporal and spatial variability of alternative reactions

during benthic N mineralization, particularly close to

the oxic/anoxic transition and in the suboxic layer of

the sediment. A future ability to simultaneously and

non-destructively scan 2-D distributions of biogeo-

chemically important solutes like O2, ACO2, nutrients,

Mn, Fe, and pH would significantly improve the

understanding of complex reaction cycles during

organic matter degradation.

Nitrogen cycling is subject to a complex array of

regulatory mechanisms, some of which are mediated

by a metabolically diverse range of microorganisms.

There is an obvious lack of knowledge on links and

feedback mechanisms between ecosystem function-

ality and bacterial community structure of natural

marine ecosystems. For example, the diversity of

bacteria in benthic environments is far from being

fully explored, and may yet hold many surprises.

Recently introduced immunological and molecular

methods provide sensitive means of detecting impor-

tant enzymes and genes of bacterial populations

directly involved in N cycle transformations in their

natural environments. Such methodologies may thus

provide important information on actual control

mechanisms of alternative, not well-known routes

during N mineralization (e.g., Bothe et al., 2000).

Importantly, a large fraction of the bacteria exten-

sively studied in pure cultures are not necessarily the



major players in natural marine habitats. Central

research thus remains to be performed on the

molecular biology, physiology, and ecology of anam-

mox. The highly expansive field of molecular

technologies is, however, largely outside the scope

of the present contribution, and for further information

we refer the interested reader to current publications

on the subject (e.g., Allen et al., 2001; Caffrey et al.,

2003; Golet and Ward, 2001).

In addition to direct photosynthetic mobilization of

oxygen in the surface layer of shallow-water sedi-

ments, oxygen may be supplied to anoxic regions of

the sediment by macrofaunal reworking activities

(e.g., Aller, 2001). Sediment-inhabiting animals have

frequently far-reaching effects on the oxic/anoxic

interface and the multi-dimensional distribution of

solutes (Aller, 1982; Brune et al., 2000). High-

resolution 1- and 2-D profiles of important redox

dependent species often support the conceptualization

of bioturbated sediments as a spatially and temporally

changing mosaic of reactions, complementing those

normally considered during organic matter diagenesis.

Sediment reworking and bioirrigation play a major

role for the sedimentary N-cycle, e.g., by stimulating

coupled nitrification–denitrification and/or direct

denitrification from overlying water nitrate (Aller et

al., 1983; Gilbert et al., 2003; Kristensen and Black-

burn, 1987; Pelegri et al., 1994; Rysgaard et al.,

1995). Due to the continuous resuspension and

mixing downward of metal-oxide enriched sediments,

bioturbation may in fact also constitute one of the

major factors in establishing conditions favourable for

alternative pathways involving nitrogen- and metal-

redox coupling (Hulth et al., 1999; Luther et al.,

1997). However, the importance of various types of

macrofauna (including interactions between species)

and the quantitative importance of alternative routes

induced by macrofaunal reworking and irrigation are

virtually unknown. Laboratory and in situ studies

involving different functional groups (monospecific to

whole community) and densities of macrofauna are

needed as they would provide important information

on how sediments devoid of larger fauna respond in

comparison to a well-developed sediment community.

To conclude, alternative N cycle routes such as

anaerobic ammonium oxidation by nitrite and coupled

nitrification/denitrification of nitrate produced in

anaerobic environments (e.g., by Mn-oxides) may

explain ammonium deficiencies observed in the

anoxic but nitrate containing zone of hemipelagic

and pelagic sediments, and similar deficiencies

observed in the suboxic zone of stratified waters such

as the Black Sea. The anammox reaction constitutes

an overlooked route to remove fixed N from the

marine ecosystem, seemingly without the simultane-

ous emission of the green-house gases CO2 and N2O

(Van de Graaf et al., 1995). Although originally

discovered in a pilot wastewater treatment system, it

seems that bacteria capable of this reaction are present

also in aquatic ecosystems where they at least locally

may account for more than 75% of total N2

production.
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