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Introduction

Within the past few decades, humans have dramati-
cally altered the earth’s nitrogen (N) cycle.
Introduction of reactive nitrogen (N) into the bio-
sphere by humans now exceeds the rate of biological
N,-fixation in native terrestrial ecosystems (Galloway
et al. 2004). This increased reactive N is due primarily
to N fertilizer production and fossil fuel combustion
used to support the food and energy demands of a
rapidly expanding human population. The negative
human and environment health effects of this
increased N are many (Galloway et al. 2008; Howarth
et al. 2005; UNEP and WHRC 2007).

Denitrification is the main process that perma-
nently removes fixed N from the environment.
Denitrification, the microbial production of N, from
nitrate and nitrite, is a facultative anaerobic process
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(“classical denitrification”); therefore, partially to
fully saturated soils and aquatic sediments, and
low oxygen waters are ideal sites for denitrification.
We now know that denitrification occurs in almost
all terrestrial, freshwater, coastal and (some) oceanic
ecosystems, as well as human engineered systems
(Seitzinger et al. 2006). Despite the large number
of denitrification studies there are still only a few
locations with measurements adequate to quantify
denitrification rates, or to understand factors control-
ling denitrification, at the ecosystem scale. This also
has severely limited development and incorporation
of denitrification into models which are necessary to
scale-up measurements to local ecosystem, regional
or global scales.

A Denitrification Research Coordination Network
(Denitrification RCN) was established in 2005, with
the overall goal to develop a coordinated network of
denitrification scientists from a wide array of disci-
plines, from molecular biology to ecosystem science,
and from soil science to oceanography. The efforts of
the Denitrification RCN are intended to advance
quantification of denitrification rates, development of
process-based relationships between rates of denitri-
fication and controlling factors, and production of
spatially explicit, process-based models that can be
used to scale-up site specific measurements to eco-
system, regional and global scales. Specific objectives
include facilitating the sharing of recent methodo-
logical advances in denitrification measurement
and models, stimulating additional methodological
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improvements, enhancing coordination of research
activities and facilitating new joint research programs
in under-sampled ecosystems and geographical
regions, promoting synthesis and integration at vari-
ous scales, and catalyzing and stimulating interaction
of scientists with policy-makers and managers on
denitrification issues of concern to society. Key
activities of the RCN include convening workshops
on focused topics of measurement, modeling, and
application of denitrification research and publishing
products of those workshops for access by the relevant
scientific, management, and policy communities.
More information on the Denitrification RCN is
available on its web site (www.denitrification.org).
This special issue of Biogeochemistry presents
products from the first workshop in the Denitrifica-
tion RCN series which had modeling denitrification
as its primary focus. The current status as well as new
advances in modeling denitrification in terrestrial,
freshwater and marine environments are covered,
with an overall emphasis on scaling up from small
scales to whole watershed perspectives. The work-
shop brought together denitrification measurement
and modeling perspectives united in the need for
estimating denitrification rates at appropriate tempo-
ral and spatial scales. The comparative approach,
encompassing terrestrial, freshwater and marine
environments allowed for exploration of the larger
question of “Where in time and space does denitri-
fication have the biggest effects on ecosystems?”

Starting at the top of the hill

The most impressive anthropogenic nitrogen source
is application of fertilizer to agricultural systems. Of
particular interest are tile-drained corn and soybean
agroecosystems in the US Midwest. David et al.
(2009) compared predicted denitrification estimates
for a range of annual, monthly and daily fluxes for a
typical corn and soybean agroecosystem on a tile
drained Mollisol from five models. Ten year average
denitrification estimates were quite variable across
the models, and model dynamics differed widely. For
example, during a high precipitation year some
models predicted large denitrification fluxes for a
few days, others predicted large fluxes persisting for
several weeks to months. Models also differed
markedly in the way they depicted components of
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the N cycle that influence denitrification. Model
comparisons suggest that there are still considerable
shortcomings in the current state of knowledge of
how the dynamic factors that control denitrification
vary spatially and temporally. Hence, our ability to
accurately predict denitrification fluxes from the
dominant agroecosystem in the American Midwest-
ern farm belt is quite uncertain at this time.

Much of the uncertainty in denitrification models
arises from the high spatial and temporal variability of
denitrification rates in the field. This variability was
addressed in the paper by Tonitto et al. (2009) who
modeled N,O flux from an Illinois agroecosystem
using Monte Carlo sampling of field observations,
providing an observation-based counterpoint to the
simulation model outcomes described by David et al.
(2009). The analysis produced a range of annual N,O
gas flux estimates. Encouragingly, mean annual flux
estimates overlapped with results from the inter-model
comparison presented by David et al. (2009).
Although these observation-based techniques lack
the seasonal resolution of mechanistic models, this
data-derived approach is a complementary benchmark
for assessing model performance and suggests that a
mixed measurement/modeling approach may be use-
ful for evaluating the impact of agricultural policy on
greenhouse gas emissions.

Uncertainty in denitrification models also derives
from the fact that small areas (hotspots) and brief
periods (hot moments) frequently account for a high
percentage of the denitrification activity that occurs
in both terrestrial and aquatic ecosystems. The paper
by Groffman et al. (2009) reviews the prospects for
incorporating these phenomena into terrestrial and
aquatic denitrification models. Given the increasing
availability of high temporal frequency climate data,
models are promising tools for evaluating the impor-
tance of hot moments such as freeze-thaw cycles and
drying/rewetting events. Spatial hotspots are less
tractable due to our inability to get high resolution
spatial approximations of denitrification drivers such
as carbon substrate and nitrate supply.

What happens to the nitrogen once it leaves
the field?

The Groffman et al. (2009) analysis of hotspots and
hot moments also addresses the idea that certain
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components of the landscape, especially those that
are connected to nitrogen-rich ecosystems such as
fertilized crop fields function as hotspots, e.g.,
riparian zones, streams, estuaries. The paper by
Tague (2009) focuses on these connections with an
analysis of the hydrologic parameters that contribute
to uncertainty in denitrification estimates with an eye
towards how measured data, such as streamflow,
could be used to reduce this uncertainty. The ability
of ecohydrological models to capture hot-spot con-
tributions to watershed scale denitrification varies
strongly with landscape tessellation and calibration.
Streamflow data can be used to calibrate water
movement through watershed ecosystems, but high
resolution depiction of the landscape is needed to
effectively depict hotspots such as riparian zones.

Losing nitrogen as it flows from the land
to the sea

The importance of lotic systems as sinks for nitrogen
inputs is well recognized. Because a fraction of the
nitrogen in streamflow is removed to the atmosphere
via denitrification, there is a keen interest in under-
standing the factors that control the fate of nitrogen
throughout the stream channel network. Alexander
et al. (2009) used a dynamic stream transport model
to assess biogeochemical (nitrate loadings, concen-
tration, temperature) and hydrological (discharge,
depth, velocity) effects on reach-scale denitrification
and nitrate removal in the river networks of two
watersheds having widely differing levels of nitrate
enrichment, but nearly identical discharges. Results
indicate that the percentage of the stream nitrate flux
removed via denitrification per unit length of channel
is appreciably reduced during months with high
discharge and nitrate flux, and is increased during
months of low discharge and flux. Streams of the
highly nitrate-enriched watershed denitrified a lower
percentage of the stream-borne N than similarly sized
streams in the less nitrate-enriched watershed.

The paper by Bohlke et al. (2009) investigated the
relationships between varying flow and nitrate con-
centrations and stream denitrification in more detail,
with a focus on the Mississippi River basin. They
measured denitrification at multiple scales over a
range of flow conditions and NO; concentrations,
comparing reach-scale measurements (in-stream

mass transport and tracer tests) with local-scale in
situ measurements (pore-water profiles, benthic
chambers) and laboratory data (sediment core micro-
cosms) to evaluate the factors affecting benthic
denitrification both temporally (e.g., seasonal varia-
tion in NO3 concentrations and loads, flood-related
disruption and re-growth of benthic communities and
organic deposits) and spatially (e.g., local stream
morphology and sediment characteristics). Relation-
ships between denitrification and stream NO3
concentration were derived and compared and com-
bined with results from a recent spatial comparison
of stream denitrification extending to lower NO3
concentrations (LINX2). This combined dataset
encompassed over 3 orders of magnitude in NO3
concentration. Hypothetical models based on these
results illustrate that regional regressions and simu-
lations of benthic denitrification in stream networks
might be improved by including a non-linear rela-
tionship between denitrification and stream NOj
concentration and accounting for temporal variation.

It all ends up in the deep water
(lakes and estuaries)

Ultimately, N moving from N-enriched terrestrial
environments ends up in either lentic (lakes and
reservoirs) or marine water bodies that have great
potential to act as important sites for denitrification.
Harrison et al. (2009) describe, evaluate, and apply a
new, spatially explicit, annual-scale, global model of
lentic N removal called NiRReLa (Nitrogen Reten-
tion in Reservoirs and Lakes). The NiRReLa model
incorporates small lakes and reservoirs and allows for
separate treatment and analysis of reservoirs and
natural lakes. Model runs for the mid-1990s indicate
that lentic systems are indeed important sinks for N,
with small lakes (<50 km?) being particularly impor-
tant (almost half of the global total).

Much of the denitrification that occurs in open
water bodies takes place in sediments. Fennel et al.
(2009) review approaches to describing denitrification
in aquatic sediments, ranging from mechanistic
diagenetic models to empirical parameterizations of
nitrogen fluxes across the sediment-water interface.
They reevaluate published parameterizations of
denitrification and recommend that future models of
denitrification use (1) a combination of mechanistic
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diagenetic models and measurements where bottom
waters are temporally hypoxic or anoxic, and (2) much
simpler correlations between denitrification and sed-
iment oxygen consumption for oxic bottom waters.

Conclusions

Denitrification remains one of the most challenging
biogeochemical processes (Kulkarni et al. 2008).
There is a great need for information on this process
to address local, regional and global nitrogen prob-
lems, but methods for measurement are problematic
in many systems (Groffman et al. 2006), and as our
analysis here shows, there are no conclusively robust
models suitable for regulatory assessments. In terres-
trial ecosystems, several sophisticated models have
been developed (Boyer et al. 2006), but data on N,
emissions from soils are generally lacking for model
validation and evaluation. In aquatic ecosystems,
methodologies for measuring N, are better devel-
oped, but modeling the environmental drivers of
denitrification has been more problematic (Boyer
et al. 2006). Nevertheless, the model-data compari-
sons presented in this special issue make an important
contribution by helping to identify gaps in our
knowledge of how to simulate denitrification. Com-
paring the successes and failures of a variety of
modeling approaches is a necessary step for charting
the way forward and for advancing our understanding
of the dynamic factors controlling denitrification in
terrestrial, freshwater and coastal marine systems.

The Denitrification RCN will continue to facilitate
advances in denitrification. Following the modeling
workshop described here, we held a workshop on
“Advancing Methods for Measuring Denitrification
in Terrestrial and Aquatic Ecosystems,” and a
workshop on “Managing Denitrification in Human
Dominated Landscapes” is scheduled for May 12-14,
2009. We believe that continued interaction between
measurers, modelers and managers ultimately will
lead to advances in denitrification. Managers can
guide science with specific needs for information, and
measurers and modelers can interact to produce and
evaluate responses to these needs. Over time, this
iterative process should lead to an improved basic
science understanding of the denitrification process
and tools useful for applied science questions related
to nitrogen pollution issues.
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