ABSTRACT
Benthic nitrate reduction in estuaries: process rates and key functional genes for
denitrification (DN), nitrate ammonification (DNRA) and anammox (AN).
David B. Nedwell
University of Essex
The rates of DN, DNRA and AN have been investigated at three sites along the
nutrified Colne estuary, U.K. using 15N isotope pairing techniques, together with
seasonal changes. DNRA was favoured at low ambient nitrate concentrations, and
denitrification at higher nitrate. AN accounted for at most 30% of N2 formation in the
upper estuary site, was occasionally detected in the middle estuary but not detected at
the estuary mouth. Key functional genes (nar, nap, nir, nrf) for nitrate reduction, DN
and DNRA were measured along the estuary and with depth in the sediment, and 16S
rRNA for anammox bacteria. Similar work was carried out in three tropical estuaries
in Thailand, Indonesia and Fiji, and the data from these tropical estuaries will be
compared to those from the temperate Colne estuary.
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Denitrification is a miserable process to study in terrestrial ecosystems. Methods for quantifying
the process are lousy, variability in activity is absurdly high, and temporal and spatial scaling
challenges are extreme. These difficulties are unfortunate, as the need for information on
terrestrial denitrification is great. Global analysis suggest that the majority of
denitrification,especially of anthropogenically produced nitrogen, occurs in the terrestrial
environment (Seitzinger et al. 2006). At the regional scale, there is great interest in
understanding and managing denitrification to reduce eutrophication in coastal waters (Van
Breemen et al. 2002, Schaefer et al. 2009). And at the ecosystem/field scale, denitrification is a
key controller of the nitrogen availability to plants and hydrologic exports to groundwater
(Gentry et al. 2009).
Available methods for measuring terrestrial denitrification are problematic for a variety of
reasons; they change substrate concentrations, disturb the physical setting of the process, lack
sensitivity or are prohibitively costly in time and expense (Groffman et al. 2006). Most
fundamentally, it is very difficult to quantify the dominant end-product (N2) of denitrification
given its high background concentration in the atmosphere. However, new techniques for direct
measurement of N2 flux are becoming more common (Swerts et al. 1995, Butterbach-Bahl et al.
2002), although these still rely on the use of extracted cores. 15N-based in situ methods are
suitable for sites with high soil nitrate concentrations, but more sensitive mass spectrometers will
be needed for tracer-level studies in natural ecosystems (Stange et al. 2007).
Spatial and temporal variation in denitrification is high due to control of the process by multiple
factors (oxygen, nitrate, carbon) that each vary in time and space (Parkin 1993). A particular
challenge is that small areas (hotspots) and brief periods (hot moments) frequently account for a
high percentage of N gas flux activity (Parkin 1987, McClain et al. 2003). These phenomena are
challenging to account for in measurement, modeling and scaling efforts (Groffman et al. 2009).
However, all is not bleak. Recent advances in measurement methods (cited above), new
conceptual approaches for addressing hotspot and hot moment dynamics (Groffman et al. 2009),
and clever new remote sensing and geographic information system-based scaling methods
(Ollinger and Smith 2005) suggest that we are poised to make great improvements in our
understanding of terrestrial denitrification over the next 5 – 10 years. These improvements will
increase our basic science understanding of a complex biogeochemical process and our ability to
manage widespread nitrogen pollution problems.
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Denitrifying eukaryotes
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Species of foraminifera inhabiting anoxic marine sediment have been found to accumulate nitrate and perform
complete denitrification to dinitrogen (1). Out of 58 probed species 38 were found to accumulate nitrate in a
recent survey of marine habitats spanning from arctic to tropical climates and from river mouths and estuaries
to open sea and ocean oxygen minimum zones (2). Nitrate storaging species were widespread among the
different taxonomic groups of foraminifera (Figure 1) and all investigated species of Gromia, a Rhizarian taxon
outside of the foraminifera, contained nitrate as well.
Microscoping investigation and molecular probing of Globobulimina turgid (formerly named G.
pseudospinescens) excluded that bacterial symbionts could be the drivers of denitrification (1), and the
genetics, biochemistry, and cellular locations of foraminiferal denitrification have not been resolved yet. The
fungi Fusarium oxysporum, however, has been shown to perform partial denitrification to nitrous oxide, and a
gene has been isolated that is homologous to the bacterial nirK gene responsible for encoding copper‐
containing nitrite reductase (NirK) (3). This observation and the diversity of denitrifying eukaryotes showing up
now lend significant support to the intriguing idea, that the ancestral protomitochondrion of all eukaryotes was
a denitrifying bacterium (3). Lateral transfer of the entire denitrification gene assembly at an early stage of
eukaryote evolution or repeatedly later could be another option, and a more general screening for
denitrification genes and reminiscences of them in eukarya might be required to clear out the origin and
evolution of the denitrification trait.
The production of dinitrogen by foraminifera in marine sediment has been estimated from denitrification rate
measurements on individuals incubated in the laboratory and field data of cell abundance of denitrifying
foraminifera (2,4). The combined results from several locations suggest that foraminifera might compare with
prokaryotes in removing combined nitrogen in marine sediments. Further evaluation of prokaryotic versus
eukaryotic denitrification probably requires measures in situ. Present methods of measuring benthic
denitrification vary greatly in their ability to include or exclude foraminiferal denitrification, and combinations
of methods may therefore be valuable (2,4).
Contrary to known denitrifying prokaryotes, foraminifera are not dependent on continuous, diffusive supply of
nitrate from the oxic to the anoxic zone. The foraminifera can take up nitrate in the oxic zone when available
and bring it with them into the anoxic zone in quantities that can sustain denitrification for weeks (1). No
similar storage and transport mechanism is known for oxygen, which therefore may not be that superior as
electron acceptor as assumed in models of benthic carbon mineralization. Modeling of benthic denitrification is
further complicated by the occurrence of prokaryotes reducing nitrate to ammonium rather than dinitrogen.

The challenge is evident in sediments underlying oxygen minimum zones, where nitrate is the major terminal
electron acceptor and large sulfur bacteria reducing it to ammonium compete directly with foraminifera (Figure
2) (4). The two groups of nitrate reducers seem to have a poorly predictable complementary distribution, both
on local spatial scales and on inter‐annual temporal scales, possibly related to El Niño events.
“Oh no” was the immediate response from the audience to this presentation on denitrification by eukaryotes ,
reflecting a frustration in facing yet another overlooked complexity in the marine nitrogen cycle. The
understanding of eukaryotic life in anoxic environments, however, is probably being clarified and simplified by
this discovery. Eventually the same may happen to our understanding of nitrogen cycling, in particular if the
special mechanisms of eukaryotic nitrate reduction provide more consistences in rate measurements, mass
balances, and isotope data.
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Figure 1. Shell collection of denitrifying foraminifera. The scaling is variable. (SEM photos: C. Fontanier, SIAM,
University of Angers, France; T.Cedhagen, Aarhus University, Denmark. Artwork: Nils Risgaard‐Petersen,
Aarhus University.)
Figure 2. View of intact sea floor collected in the OMZ off Chile and maintained in laboratory flume with anoxic
water. Denitrifying foraminifera are seen as conical bodies at elevated sites where they collect nitrate from the
overlying water in competition with large filamentous sulfur bacteria, Thioploca sp. The dominant foraminifera
at the surface are Nonionella cf. stella. being about 0.2 mm in length. Function of the numerous, smaller
filamentous bacteria is yet to be resolved (Photo: Lars Peter Nielsen).
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