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tigating denitrification. Full details of Denitrification RCN can
. The N problem

Increases in food supply and fossil fuel consumption are among
he hallmarks of the 20th century. These changes share a com-

on characteristic – they both contribute to an excess supply
f plant-available (i.e., reactive) nitrogen – with negative conse-
uences to ecosystems and water supplies across the globe. While
here are vast quantities of di-nitrogen gas (N2) in the atmo-
phere, this form of N is unavailable (termed unreactive N) to
he vast majority of biological life (Galloway et al., 2003). Glob-
lly, this unreactive N can be converted to reactive N by four
ajor processes: N-fixing microorganisms (often in symbiotic

ssociation with plants, 140 Tg N year−1), industrial fertilizer pro-
uction (125 Tg N year−1), fossil fuel combustion (25 Tg N year−1),
nd lightning (5 Tg N year−1) (Schlesinger, 2009). The benefits of
ncreased food production by use of N inputs are clear. World
conomies also continue to rely on fossil fuels for transport and
ertilizer production. As with many biogeochemical processes that
re manipulated at global scales, increased N inputs has adverse
nd unintended consequences (Galloway et al., 2008).

Direct losses originate from N applied to land that is in excess of
lant and animal requirements or from deposition and runoff from
rban lands, while indirect losses result from increasing volumes
f animal and human wastes derived from harvested food. Our food
roduction systems are not fully efficient in utilizing added N and
here is frequently N in excess of plant demand. The excess N can be
equestered into soil organic matter or denitrified back to unreac-
ive nitrogen gas (N2), but the remainder is lost from the soil/plant
ystem through product removal, leaching, erosion, and volatiliza-
ion of ammonia. This leaching of N to groundwater, into surface
ater and eventually to the oceans creates a number of undesired

ffects with N functioning as unwanted fertilizer in nutrient-poor
cosystems causing increases in aquatic growth in streams, lakes,
stuaries, and the ocean. Groundwater nitrate (NO3

−) concentra-
ions exceed drinking water standards in many parts of the world
Rupert, 2008). On passage from land to the ocean, nitrous oxide
N2O) – a potent greenhouse gas – can also be produced. Production
f reactive N gases (NH3, NOx) from fossil fuel production and agri-
ultural land and subsequent deposition can also increase N inputs
o nutrient-poor ecosystems altering plant growth and biodiver-
ity. These multiple effects of excess N moving through ecosystems

ave been termed the N cascade (Galloway et al., 2003).

The importance of managing the N cycle and cascad-
ng effects of excess N has been recognized as one of the
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http://www.engineeringchallenges.org). Excess N is also one
f three global planetary boundaries that have been exceeded
Rockstrom et al., 2009). Rockstrom et al. (2009) suggested a
lanetary boundary of 35 Tg reactive N input per year from anthro-
ogenic activities while current inputs are three to four times
igher. Galloway et al. (2008) estimated that a range of practices

ncluding managing fossil fuel production of reactive N, improved
lant uptake efficiency, and animal management practices coupled
ith better wastewater treatment systems could reduce reactive
inputs to the environment by about 53 Tg N. This still leaves a

ubstantial gap between current inputs and the proposed plane-
ary boundary that might be addressed through management of
enitrification in the environment.

Clearly, matching the inputs of N to plant demands is the
ost important approach for reducing N losses to watersheds and

quatic resources. But this goal is unlikely to be achieved with 100%
fficiency, which leaves “managed” denitrification as an additional
iable mitigation tool to reduce unwanted reactive N in the envi-
onment. In some ways, denitrification is analogous to the role
f C sequestration in mitigating increasing carbon dioxide con-
entrations in the atmosphere. A difference from the analogy to
sequestration is the importance of spatial separation between
here N inputs are made and where this N is converted back to
2 gas through denitrification. While the N cycle is eventually
ompleted in the oceans via denitrification, before reactive N has
eached the ocean it has caused a wide range of the adverse effects
n aquatic and terrestrial ecosystems. Consequently, it is important
o remove reactive N close to the site of N input either by maxi-

izing plant uptake and removal or by enhancing denitrification.
owever, many anthropogenic practices have spatially decoupled

he sites of N inputs from sites of active denitrification, such as the
rainage of land for food production and large losses of wetlands
nd riparian buffers adjacent to agricultural land.

. The potential for managing denitrification

In May 2009, a workshop was held at the University of Rhode
sland under the auspices of the National Science Foundation’s
enitrification Research Coordination Network (RCN), which was
stablished to enhance collaboration between researchers inves-
e found at: http://www.denitrification.org. This was the fourth
orkshop organized by the RCN and this workshop attempted

o identify ways in which denitrification could be managed to
educe N movement along the N cascade. Our focus was mainly
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ig. 1. Schematic of potential sites and approaches for enhancing denitrification to
pecial Issue. Note that there are multiple points along the N cascade where denitr

n managing diffuse sources (non-point) of N contamination – e.g.,
rom croplands, farms, wastewater from unsewered developments
nd small industrial systems, and urban runoff. We considered
ools and techniques that could complement other management
pproaches such as denitrification systems for municipal wastewa-
er treatment and nutrient management systems for agriculture. In
ontrast to point sources such as municipal wastewater treatment
lants, the widespread nature of diffuse sources requires low-cost,
reatment approaches with less intensive management (although
ot zero-maintenance). Ecological engineering approaches that
ely on self-regulating systems can provide an important foun-
ation for addressing excess N losses at the farm, residential,
nd small catchment scales associated with diffuse pollution.
he workshop included biophysical scientists, engineers, exten-
ion personnel, and social scientists because it was recognized
hat data generated in research projects require transitioning
rom experimentation to practical implementation. Attendees
lso crossed a variety of ecosystems and disciplines, ranging
rom those who work in sewage treatment systems (large and
mall scale), urban, rural, riparian, aquatic, and wetland environ-
ents.
This Special Issue of Ecological Engineering is an output from

his workshop, comprising three synthesis papers developed by
roups that formed at breakout sessions at the workshop. A number
f contributed papers in line with the workshop theme also form
art of this Special Issue. The common aim of these papers is to
xamine strategies to minimize N movement through the cascade
ften by enhancing denitrification. There are multiple points along

he N cascade where intervention is possible (Fig. 1) and papers in
his Special Issue have focused on two broad areas; approaches to
nhance denitrification in wastewaters (e.g., septic tank discharges
nd stormwater) and in water derived from agricultural practices
e.g., in groundwater, tile flow, and in streams).
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N movement along the N cascade. Many of these approaches are addressed in this
bioreactors can be implemented.

. Dealing with concentrated discharges

Collins et al. (2010) review the issue of N discharges in urban
torm water systems including approaches to manage losses and a
urvey of the personnel responsible for storm water management.
erhaps surprisingly, N in storm water was not ranked highly as a
ollutant by respondents and consequently most of the approaches
or storm water treatment utilize structures (e.g., wet and dry
onds) focus on treating other contaminants like suspended solids
nd pathogens. Collins et al. suggest that educational efforts are
eeded that document the effects of urban sources of N on aquatic
cosystems to motivate storm water managers to reduce N loading.
he authors cite a number of opportunities to promote denitrifi-
ation within the suite of existing storm water control practices.
hese include enhancing retention times, increasing the use of veg-
tation and treatment wetlands, adding denitrifying bioreactors
o the treatment train and creating anaerobic, carbon rich zones
ithin rain-gardens and bioretention filters. In addition, they argue

or a catchment scale treatment approach where developers and
egulators are encouraged to protect and restore natural denitrifi-
ation sinks downstream to augment onsite controls.

Perhaps better recognized is the issue of N losses from decen-
ralized wastewater treatment. In contrast to the performance of
entralized wastewater treatment systems, there has been little
omparative research on the wide array of N removal designs for
nsite wastewater treatment systems (OWTs). The synthesis paper
y Oakley et al. (2010) analyzed data from three major studies that
ested the comparative performance of different N removal OWT

ystems. The types of OWTs differed in their approach to enhanc-
ng denitrification for N removal. Oakley et al. demonstrated that

ost OWT designs cannot meet the rigorous performance targets
et by local policy directives; however, most of the systems could
chieve at least a 50% reduction in annual N loading. Limitations
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or N removal by many of the OWTs designs occurred because
WTs were designed as downscaled versions of large wastewa-

er treatment systems but without the same control of effluent
oads, volumes, and processes. The small-footprint OWTs do have
enefits for retrofitting small, shoreline lots and afford options for
ustaining compact village developments. The only OWT system
hat consistently met policy targets was a simple sand filter coupled
o a denitrifying bioreactor. The findings of Oakley et al. suggest
hat further thought should be given to the integration of eco-
ogical engineering principles into the design of new OWTS that
equire less management and can adapt to fluctuating flows and
oncentrations of effluent from dwellings.

Both the synthesis papers of Kelley et al. (2010) and Oakley et
l. (2010) recognize the potential development and implementa-
ion of denitrifying bioreactors as an approach for removing nitrate
rom water. Schipper et al. (2010b) provide a synthesis of the cur-
ent understanding of denitrifying bioreactors used for removing
itrate from wastewaters, groundwater, and discharges from tile
rains and ditches. The general approach is to add particulate car-
on sources (often fragmented wood products) to provide a slowly
egrading carbon source to denitrifying organisms. This synthe-
is draws upon the literature that addresses the functioning of
hese systems within different hydrological settings and summa-
izes nitrate removal rates, longevity, N removal processes and
otential adverse effects. There are many areas that remain poorly
nderstood and will benefit from future research and the devel-
pment of design manuals targeted at both engineers and land
anagers.
Many of the contributed papers in this Special Issue investi-

ate the use of denitrifying bioreactors to treat different municipal
nd industrial waste streams (Leverenz et al., 2010; Schipper et
l., 2010a), tile drainage systems (Woli et al., 2010; Moorman et
l., 2010), streams (Elgood et al., 2010), and shallow groundwater
Robertson et al., 2010).

To treat wastewaters, Leverenz et al. (2010) integrated the
oncept of a denitrification bioreactor with the more established
ractice of constructed wetlands. Wood chips replaced the more
xpensive gravel (normally used for constructed wetlands) to pro-
ide the additional advantage of supporting denitrification. Plants
ere established, providing aesthetic benefits without compromis-

ng treatment in the medium term. Clearly, the wood chips will
egrade and need to be replaced and the frequency of replacement

n this study was not known. However, Robertson (2010) demon-
trated that after 7 years the nitrate removal rates were still within
5% of those measured after 2 years. This longevity was supported
y Moorman et al. (2010), who demonstrated sustained nitrate
emoval in bioreactors installed on either side of a tile drain for
ore than 9 years. These authors also showed that wood chips that
ere permanently water-saturated had a half life of 36.6 years as

ompared to 4.6 years for wood chips that were only periodically
aturated.

Nitrate removal supported by different carbon sources was
ested by Cameron and Schipper (2010). Nitrate removal rates were
reater with maize cobs and garden waste than wood chip mate-
ial of a range of sizes, but these substrates will likely degrade
ore quickly and may need more frequent replacement. Finding

arbon sources that support nitrate removal rates greater than
ood chips is important to allow construction of bioreactors with

mall footprints for retrofitting (Oakley et al., 2010). But denitri-
ying bioreactors do not necessarily need to be small. Schipper et

l. (2010a) demonstrated sustained nitrate removal from three dif-
erent waste waters with high flows and nitrate concentrations.
ne of the bioreactors studied was approximately 200 m long
nd contained 1320 m3 of wood chip material. It may be possible
o incorporate denitrifying bioreactors into centralized treatment
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ystems as a final polishing step where large amounts of wood
aterial are available. However, a range of studies of denitrify-

ng bioreactors to date have clearly demonstrated that they only
emove nitrate from waste water and not other forms of N com-
ounds (e.g., ammonium, organic N) or other contaminants such as
athogens, phosphorus, and biological oxygen demand (Schipper
t al., 2010b).

. Dealing with agricultural tile- drained systems

Denitrifying bioreactors have also been integrated into agro-
cosystems to treat water with excess NO3

− including streams
nd shallow groundwater moving into tile drains. Moorman et al.
2010) present results from a 9-year study of bioreactors installed
n either side of a tile drain under corn soy-bean rotation. They
easured average NO3

− losses in tile drains surrounded by denitri-
ying bioreactors of 24.5 kg N ha−1 year−1, which was substantially
ess than the losses from control plots of 54.5 kg N ha−1 year−1.
imilarly, Woli et al. (2010) studied bioreactors installed at the
nd of tile drains, and these removed 17 kg N ha−1 year−1. In this
tudy, the bioreactors were integrated with controlled drainage as
dual approach for nitrate removal. Controlled drainage, unlike

ioreactors, is thought to increase denitrification – not by adding a
arbon source, but by holding back the groundwater under fields to
nhance the time of anoxic conditions and denitrification. Nitrate
osses from free drainage plots were 57.2 kg N ha−1 year−1 whereas
osses in controlled drainage were much less at 17 kg N ha−1 year−1.

. Potential downside of incorporating denitrification
ystems throughout the landscape?

While nitrate removal in bioreactors has been clearly demon-
trated in previous studies and in this Special Issue, it is widely
cknowledged that there may be adverse consequences to inap-
ropriate use of bioreactors. Incomplete denitrification can lead to
he production of N2O and decomposition of wood material might
lso lead to leaching out of degradable organic matter into receiv-
ng waters which can increase consumption of oxygen and anoxic

aters. Three of the studies in this Special Issue demonstrated that
enitrification in bioreactors appeared to be reasonably complete
ith less than 0.6% of removed nitrate being converted to N2O

Moorman et al., 2010; Elgood et al., 2010; Woli et al., 2010). The
roduction of N2O needs to be quantified for all strategies using
enitrification along the N cascade. Cameron and Schipper (2010)
easured concentrations of biological oxygen demand (BOD) and

mmonium from a range of different carbon substrates that was
reater than environmental guidelines for the first two months
fter setup. Practical approaches to deal with this initial flush of
OD and ammonium need to be developed. Similarly, Leverenz
t al. (2010) also measured substantial declines in BOD exiting a
enitrification bioreactor during the first two months of operation.

. Integrating into the bigger picture

The papers in this Special Issue generally describe specific
pproaches to deal with nitrate moving through the cascade, but
egulators of land are often faced with difficult decisions about
hich approaches to promote and where. What are the over-

ll and comparative benefits of the different approaches? Will

hese approaches meet the outcomes desired by the commu-
ity and required by the environmental constraints of receiving
cosystems? Regulators need to make decisions often with lim-
ted information about the NO3

− removal capacity of natural
cosystems and how these capacities might be enhanced utiliz-
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ng ecological engineering principles. Kellogg et al. (2010) attempt
o make progress towards resolving these issues by developing
modeling approach that can target the risk of N delivery from

ifferent locations within a small catchment by focusing on N
osses within natural N sinks. Thus, local planners, regulators,
nd resource protection agencies can make informed decisions on
here to prioritize the use of source controls and ecological engi-
eering approaches, such as controlled drainage and denitrifying
ioreactors that are described in this Special Issue. The model is
ased on combining widely available geospatial and stream flow
ata with empirical relationships of N removal within naturally
ccurring sinks, such as riparian wetlands, lakes, and headwater
treams. These sorts of models are critical to improve the place-
ent, selection, and efficiency of denitrification controls at critical

ource areas and to minimize the effects of the N cascade at the
atchment scale.

. Conclusions

The most important way of decreasing the impacts of N on
eceiving ecosystems is to better match N inputs to demand to
void problems from arising. However, given the current N inef-
ciencies of agro-ecosystems, storm water controls, and waste
reatment systems, the need exists to manage denitrification
hroughout catchments to complete the N cycle. The closer to the
ource of nitrogen the mitigation strategy is placed, the better. The
orkshop was successful at initiating cross-fertilization of ideas

ut much more progress needs to be made in integrating concepts
or N removal developed in engineering and ecological realms.
ome of these ideas have started to be explored in this Special Issue.
t is also important to engage stakeholders in the need for reduc-
ng N movement through the cascade and provide them with tools
nd appropriate design manuals to implement solutions. Often, this
s best achieved by involving stakeholders and regulators in the
nitial design and testing of mitigation strategies to ensure that
pproaches are practical and fit within policy frameworks.
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