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Stream restoration strategies for reducing
river nitrogen loads
Laura S Craig1*, Margaret A Palmer1,2, David C Richardson1, Solange Filoso2, Emily S Bernhardt3,
Brian P Bledsoe4, Martin W Doyle5, Peter M Groffman6, Brooke A Hassett3, Sujay S Kaushal2,
Paul M Mayer7, Sean M Smith8, and Peter R Wilcock8
Despite decades of work on implementing best management practices to reduce the movement of excess nitrogen (N) to aquatic ecosystems, the amount of N in streams and rivers remains high in many watersheds. Stream
restoration has become increasingly popular, yet efforts to quantify N-removal benefits are only just beginning.
Natural resource managers are asking scientists to provide advice for reducing the downstream flux of N. Here,
we propose a framework for prioritizing restoration sites that involves identifying where potential N loads are
large due to sizeable sources and efficient delivery to streams, and when the majority of N is exported. Small
streams (1st–3rd order) with considerable loads delivered during low to moderate flows offer the greatest opportunities for N removal. We suggest approaches that increase in-stream carbon availability, contact between the
water and benthos, and connections between streams and adjacent terrestrial environments. Because of uncertainties concerning the magnitude of N reduction possible, potential approaches should be tested in various
landscape contexts; until more is known, stream restoration alone is not appropriate for compensatory mitigation and should be seen as complementary to land-based best management practices.
Front Ecol Environ 2008; 6(10): 529–538, doi:10.1890/070080

N

itrogen (N) is vital to the functioning of aquatic
ecosystems, yet can be extremely detrimental in
excess. Elevated levels of N moving down streams and
rivers are of particular concern for coastal areas, due to
problems associated with eutrophication (Howarth et al.
2002). While agricultural and urban best management
practices (BMPs) contribute to reduced N loads, the
amount of N reaching coastal waters is still higher than
desired (Howarth et al. 2002). Natural resource managers
are now asking how restoration of stream ecosystems
might reduce the downstream movement of N.

In a nutshell:
• Reducing the amount of nitrogen (N) moving down streams
and rivers remains a top priority in many watersheds
• Stream restoration can contribute to N removal if project site
selection includes consideration of land-use characteristics
and local hydrology
• Opportunities for achieving N reductions are greatest in
streams that receive N loads during low or moderate flows
• Restoration designs should increase N processing within the
stream corridor while maintaining ecological and geomorphologic integrity
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Galloway et al. (2004) estimated that ~ 50% of the N
entering streams and rivers may be removed before it
reaches coastal waters; however, many streams have been
so heavily impacted by human activities that they cannot
appreciably reduce in-stream N (Bernot and Dodds
2005). Attention has therefore turned to ecological
restoration as a tool for reducing N loading. While more
than 30% of the stream restoration projects in the US are
intended to improve water quality (Bernhardt et al.
2005), investigators are only just beginning to quantify N
reductions associated with such projects.
We propose a framework for prioritizing sites and
selecting approaches to maximize N-removal benefits
from stream restoration projects. While well-known
guidelines for stable channel design exist (Copeland et al.
2001), there are no current “guidelines” for improving N
retention and removal. The challenge is to select the
most appropriate sites and introduce design elements that
enhance the potential for reduction or regulation of N,
while upholding geomorphic and ecological integrity.
Our focus here is on restoration directed toward
removing N that has already entered the stream channel; overviews already exist on methods to reduce N
delivery to waterways via riparian planting and other
land-based forms of management (eg Mayer et al.
2005). Throughout this paper, we use examples from
the Chesapeake Bay watershed, where problems associated with excess N have been studied extensively
(eg Jordan et al. 1997) and the implementation rate of
stream restoration projects is extremely high (Hassett
et al. 2005).
www.frontiersinecology.or g
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retention of N that is subsequently
returned to surface waters. Biological
retention occurs when biota (eg
microbes, algae, vegetation) assimilate and store N until it is released by
decomposition and remineralization.
Physical retention occurs in locations
of reduced water movement, including hyporheic zones (areas where
groundwater and surface water mix)
and backwaters (Hall et al. 2002;
Ensign and Doyle 2005). While permanent removal of N is ultimately
more desirable in the context of
restoration, temporary storage can
increase contact time with OM and
denitrifying bacteria (Kemp and
Dodds 2002; Groffman et al. 2005).

 Identifying priority sites

Stream restoration is an expensive
enterprise; therefore, site selection
Figure 1. Schematic showing factors to consider when prioritizing sites for restoration should involve a rigorous process in
aimed at N removal and suggestions for restoration approaches. Priority should be given which watershed location, history
to small (1st- to 3rd-order) streams that carry sizeable N loads as a result of major N and characteristics of the landscape
sources and efficient transmission pathways. Highest priority sites are those that receive setting, and feasibility of implementhe greatest proportion of their annual N load during low to moderate flows, where tation are taken into consideration
restorations aimed at increasing C availability, contact with the benthos, and connections (Palmer et al. 2005). Prioritization of
with adjacent terrestrial environments are feasible.
restoration sites involves a step-wise
process (Figure 1). First, regions of
the landscape where N supplies are large and transmission
 Nitrogen processing in stream ecosystems
of N is likely to be efficient should be identified. Within
Nitrogen enters streams from various point and non- these sub-regions, small streams that receive most of their
point sources (eg runoff, groundwater, atmospheric depo- annual N load during low to moderate flows should be
sition). Nitrate is the predominant form of N in many targeted. Finally, local and reach-scale characteristics
streams, because it is highly soluble and readily leached should be considered when choosing targets where the
from soils. Ammonium is also common, but less prevalent potential for effective restoration is high.
in the water column, because it is readily immobilized,
adsorbs to negatively charged clay particles and organic Sources of N
matter (OM), and is often nitrified in small streams.
Dissolved or particulate organic N may also be present in The amount of N entering a stream is determined by both
substantial amounts in some streams (Kaushal and Lewis the size of the N supply, which is primarily influenced by
2005). The amount of N delivered to downstream ecosys- land-use characteristics, and the efficiency of the hydrotems is controlled by both the permanent removal and logic pathways connecting uplands to drainage networks.
Large N sources are typically associated with agricultural
temporary storage of N.
Permanent removal of N occurs primarily through deni- activities; however, in some regions atmospheric depositrification, the microbially mediated reduction of nitrate tion can be substantial (Boyer et al. 2002), as can inputs
to gaseous forms (N2 and N2O) under anaerobic condi- from septic systems, leaky sewers, and wastewater treattions. Denitrification typically involves the oxidation of ment plants (Brakebill and Preston 2004; Wollheim et al.
OM, and thus debris dams and OM-rich sediments are 2005). Regions where N supplies are large can be identipotential “hotspots” for N removal within streams fied using land-use data combined with estimates of agri(Groffman et al. 2005). Riparian zones, floodplains, and cultural application and atmospheric deposition. Landstreambanks are also locations of potentially high N based BMPs, such as repairing sewer infrastructure or
removal, but rates vary with local conditions (eg hydrol- minimizing the application of N in agricultural areas,
ogy, soils, OM availability; Vidon and Hill 2004).
should be employed prior to application of in-channel
Temporary storage refers to biological and physical approaches.
www.fr ontiersinecology.or g
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The efficiency of N transmission
to streams is related to the mode
of delivery from upland sources.
Nitrogen may be delivered via
runoff, interflow (the lateral
movement of water along shallow,
(a)
(e)
subsurface flowpaths), groundwater, or artificial drainage systems,
including stormwater and tiled(f)
agricultural networks (agricultural
(b)
land where subsurface infrastrucWater table
ture promotes rapid drainage;
Figure 2). The dominant flowpath
depends upon many factors,
including land use, geology,
(c)
aquifer geometry, hydraulic gradient, soils, and drainage infrastructure (Bachman et al. 1998).
Runoff and interflow efficiently
deliver N to channels, because
flowpaths are relatively short,
(d)
allowing water to move rapidly to
the stream with little loss of N
(Lindsey et al. 1998); however, Figure 2. Possible modes of N transmission from upland sources to streams include
deeper groundwater flowpaths (a) overland flow, (b) interflow, (c) shallow groundwater, (d) deep groundwater, (e) tiledmay also be efficient if conditions agricultural drainage networks, and (f) stormwater drainage networks.
for natural attenuation are not
met (Bachman and Krantz 2000; Figure 3). Artificial with organically rich material, either at depth or as water
drainage is also likely to rapidly deliver N to streams, yet moves toward the surface (Bachman and Krantz 2000).
Determining the pathway of transmission can be diffilittle is known about N processing within these networks.
Runoff is common after heavy rainfalls, especially in cult because it is influenced by aquifer geometry, permewatersheds with a large amount of impervious cover, ability, and hydraulic gradients, all of which may vary
sparse vegetation and low-permeability soils, or saturated across small scales (Lindsey et al. 2003). While pathways
hillslopes. There is minimal biological removal of N when can be determined using field measurements, they can also
it is delivered in runoff (Wollheim et al. 2005). Interflow is be estimated at coarse geographic scales, using knowledge
common in areas with relatively large slopes and thin soils of physiography and lithology. The physiographic
overlying less permeable layers of rock, silt, or clay. When provinces delineated within North America integrate
N is transported with interflow, N removal may occur if many of the factors influencing N transmission and, to
water passes through OM-rich soils. However, if water some degree, land use and N supply. Province sub-units,
moves rapidly along these flowpaths following storm such as geomorphic districts, provide finer detail regarding
relief and lithology that influence watershed N yield charevents, large reductions are unlikely.
While groundwater does not move N to streams as acteristics. For example, areas with an underlying layer of
rapidly as runoff and interflow, it still plays a major role in carbonate bedrock have high subsurface N transmission
delivering N to streams. As N-laden water moves along capability and coincide with low-relief soils, which historgroundwater flowpaths, the N load may be attenuated by ically have favored agricultural activities that generate
biological uptake or denitrification. However, the biogeo- large amounts of N (Figure 3).
chemical properties required for N removal may be absent
in many hydrogeologic settings (Bachman and Krantz Stream size
2000), or there may be insufficient time for removal to
occur (Lindsey et al. 2003). Nitrogen removal may be sub- Nitrogen uptake rates generally increase as stream order
stantial along shallow groundwater flowpaths if water and discharge decrease (Alexander et al. 2000; Peterson et
passes through organically rich riparian soils before enter- al. 2001). Ensign and Doyle (2006) conducted a metaing the stream, yet in many deeply incised channels, water analysis of previous studies and found that N uptake per
bypasses these soils and opportunities for N removal are unit area peaks for ammonium in 2nd-order streams and
reduced (Groffman et al. 2002). Opportunities for denitrifi- for nitrate in 3rd-order streams. Large streams and rivers
cation of groundwater N arise when it comes into contact (> 3rd order) may carry large N loads, but proportional
© The Ecological Society of America
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get stream. N delivery may occur primarily during baseflows or high flows,
or equally during both (Table 1). The
flow at which most of the N is delivered will dictate the most suitable
Carbonate bedrock
restoration design for enhancing N
removal. Factors controlling removal,
Deep confining layer (clay)
particularly hydraulic resistance and
water residence time, are easier to
manipulate in streams with baseflowdominated delivery of N, but with
careful design, enhancing N removal
need not be limited to baseflows.
Legend
Delivery and transport of N during
Coastal Plain
high-discharge events occurs in areas
Piedmont
Blue Ridge
with efficient runoff conveyance (eg
Ridge and Valley
Appalachian Plateau
urbanized areas; Shields et al. in review);
(c)
stormwater management focuses on
reductions in hydrologic efficiency to
counteract these effects. Streams that
(d)
(a) Carbonate lowlands: deep groundwater
drain agricultural watersheds can also
Incising
flow path to large rivers
carry large N loads during storms if fields
cross
section
(b) Well-drained uplands: riparian root
overlie tiles that limit infiltration and
T1 Water
zone circumvention in headwater channels
table
promote delivery of surface-applied N
T2
(c) Poorly drained lowlands: artificial
with interflow (Royer et al. 2006), or if
Eroded
drainage network expansion (blue lines =
sediment
ammonium-laden sediment or nitrate
natural channels; black lines = artificial
ditches)
enters streams in runoff.
T1
Channel bottom
T2
While high flows are known to export
(d) Incision-prone headwater channels:
bedrock depth > 2 meters below the
large
amounts of N, export during basechannel bottom
Sediment output > input
Sediment input = output
flow can also be substantial (Shields et al.
Longitudinal profile
in review). This is often true even in
urban systems, due to leaky sewer pipes,
Figure 3. Map showing the physiographic provinces in Maryland (center), with extensive septic systems, or wastewater
examples of landscape characteristics that may contribute to large N loads in streams. treatment effluents (Brakebill and
(a) Carbonate lowlands with low-relief soils have historically favored agriculture and Preston 2004). Phillips et al. (1999) estihave characteristic subsurface flowpaths that efficiently transmit water, and N, to mated that approximately 50% of the
streams. (b) In watersheds with well-drained uplands, groundwater circumvents the nitrate loading to the Chesapeake Bay
riparian zone, reducing opportunities for N attenuation before entering the channel. occurs during baseflow, with groundwa(c) Artificial drainage networks, common in agricultural settings in poorly drained ter delivering large loads from both
lowlands, efficiently deliver surface-applied N to streams. (d) Hydrologic connections urban and agricultural landscapes that
to adjacent terrestrial environments are lost in incision-prone channels in the Piedmont overlie permeable, unconsolidated, or
and Coastal Plain. Insets (a) and (b) are adapted from Lowrance et al. (1995); fractured substratum.
(c) redrawn from unpublished Maryland Department of Natural Resources data;
Use of the terms baseflow and high
(d) redrawn from Smith et al. (2003).
flow with respect to N delivery is not
meant to suggest a dichotomy in restorareduction in N loading through restoration is difficult at tion opportunities, but simply to emphasize that designing
this scale. Uptake data and engineering feasibility consid- a project that effectively removes N requires knowledge of
erations therefore indicate that small streams (1st–3rd when most of the N is delivered. Streams that receive and
order) are the best targets for restoration to reduce N loads. transport the greatest proportion of N at high flows should
Knowledge of stream order can be obtained using a combi- not be completely disregarded in the selection process,
nation of published drainage networks and ground surveys. especially if they are destined to be restored for other reasons (eg bank stabilization) or are in close proximity to
water bodies of special concern (eg lakes, bays, or protected
Discharges delivering N
wetlands). Ideally, designs should be based on knowledge
In designing a restoration project with the goal of N of discharge versus cumulative annual N load, so that
removal, it is important to identify the range of dis- design calculations ensure the desired hydraulic resistance
charges that deliver most of the annual N load to the tar- for the range of flows that carry the largest proportion of N.
www.fr ontiersinecology.or g
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Table 1. The proportion of the total nitrate load delivered during baseflow versus high flow for a range of streams
draining watersheds of differing land use in a variety of landscape settings
Stream characteristics

% of nitrate exported during
Baseflow High flow

Land use

Setting

Agricultural, forested buffer1†
Urban2
Mixed (forest/agriculture/urban)3†
Mixed (forest/agriculture)3†
Mixed (forest/agriculture)3†
Forested/residential4*
Urban/suburban4*
Urban/residential/commercial4*
Agricultural, tile-drained5†*

Piedmont physiographic province
Piedmont physiographic province
Piedmont crystalline hydrogeomorphic region
Valley and Ridge siliciclastic hydrogeomorphic region
Appalachian Plateau siliciclastic hydrogeomorphic region
Piedmont physiographic province
Piedmont physiographic province
Piedmont physiographic province
Central Lowland physiographic province

94
86
78
58
47
21
10
7
3

6
14
22
42
53
79
90
93
97

*

Baseflow was considered as < median discharge. †Represents data for multiple streams.
Newbold et al. (2002); 2calculated from Doyle et al. (2005); 3Bachman et al. (1998); 4Shields et al. (in review); 5Royer et al. (2006).

1

Determining the range of discharges at which most of the
N is delivered is complicated, because it requires knowledge
of the relationship between nutrient load and discharge for a
given site. However, this relationship may be predicted using
information about the hydrogeologic setting and impervious
cover, empirical data, or spatially explicit water-quality models that account for agricultural and urban drainage schemes
(Doyle et al. 2005; Shields et al. in review).
Additional considerations

Local and reach-scale characteristics may result in greater
delivery of N to downstream ecosystems than expected
based on physiography, climate, and regional land-use patterns (Table 2) and should be considered during site selection. For example, large N loads may result, in part, from
channel incision or low local OM availability. Proximity
to downstream water bodies should also be considered, as
should arrangement of sites when funding exists for multiple projects. Finally, neighboring infrastructure and other
features that may limit available restoration approaches
should be taken into account during prioritization.
To summarize, in restoration aimed at N reduction, priority should be given to small streams that convey sizeable
N loads and receive a substantial fraction of their annual
load during discharges that can be manipulated to
enhance N removal (Figure 1). Reach-scale characteristics and regional water-quality goals will help to further
focus site selection.

 Selecting a restoration approach
Examples of approaches that can be applied to reduce N
yields are presented below and summarized in Table 3.
Throughout, we use the term “restoration” to include both
those activities intended to restore a system to a natural
state and activities aimed at managing for increased N
removal. Before selecting an approach, it is important to
decide if the project should only include elements compa© The Ecological Society of America

rable to a reference stream or if an engineered ecosystem is
an acceptable endpoint. Regardless of the selected
approach, reduction of N loading via land-based BMPs
should be attempted prior to in-channel restoration.
Increasing carbon availability

Several authors have shown that nitrate and ammonium
are removed more rapidly from the water column when
there is a high biological demand for N (eg Hall and Tank
2003; Webster et al. 2003; Dodds et al. 2004). Microbial
assimilation and denitrification may be limited by carbon
(C) availability (Bernhardt and Likens 2002; Groffman et
al. 2005); therefore, increasing C supply and promoting
OM storage by establishing and maintaining in-stream
elements that foster retention may increase in-stream N
removal (Bernhardt et al. 2003; Hall and Tank 2003;
Webster et al. 2003; Rosi-Marshall et al. 2005).
Nitrogen removal may also be enhanced by creating
“hotspots” for denitrification through the installation of
debris dams or similar structures (Figure 4). These structures enhance denitrification by providing energy for
denitrifying bacteria, promoting anoxia via heterotrophic
respiration, and slowing water velocities to increase contact
time with denitrifiers. Groffman et al. (2005) found rates as
high as 185 to 4955 µg N kg–1 hr–1 in debris dam sediments
in several Maryland streams, indicating that debris dams
and other structures that provide hydrologic retention and
store C may contain denitrification hotspots.
While research examining the response of biological N
removal to C amendments is limited, several studies have
suggested that providing bioavailable C has potential for
reducing N in streams (Bernhardt and Likens 2002;
Ensign and Doyle 2005; Roberts et al. 2007). Restoration
efforts should focus on fostering permanent removal of N,
so that loads are reduced without transformation to
bioavailable organic forms (Kaushal and Lewis 2005) or
ammonium (Burgin and Hamilton 2007), which could
compromise the ecological integrity of downstream
www.frontiersinecology.or g
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Table 2. Examples of three factors that may limit terrestrial N processing and increase loading to streams, local conditions often associated with these factors, and common settings for these conditions in the mid-Atlantic region
Factors limiting terrestrial N processing

Local conditions

Common settings

Groundwater circumvention of riparian
roots

Incised channels1

Mountain
Piedmont
Upper Coastal Plain regions
Carbonate valleys
Coastal Plain uplands

Deep aquifer transmission2
Circumvention of hotspots or lack of
conditions for denitrification

Unconsolidated subsurface materials2
Low abundance of organic matter1,2

Coastal Plain uplands
Coastal Plain uplands
Limited forest cover (all settings)

Efficient conveyance of rainfall runoff

Drainage network expansion1
Stream channelization1

Coastal Plain lowlands
Coastal Plain lowlands
Poorly drained valleys (all settings)
Unvegetated slopes and valleys
(all settings)
Coastal Plains, valley side slopes
(rural areas)
Tidal and non-tidal flood zones
Valley side slopes (urban settings)
Piedmont–Coastal Plain transition
(urban settings)
Urban/suburban land uses (all settings)
Coastal Plain lowlands
Confined valleys
Poorly drained valleys (all settings)

Hydraulically smooth surfaces1,2
Close proximity to large water bodies1,2

Artificial conveyance (storm drains)1
Flood control structures1
1

Anthropogenic causes; 2natural causes

coastal ecosystems. Furthermore, because flashy hydrological regimes and high flows present a challenge for maintaining stored C, restoration approaches may also require
channel or floodplain modifications that increase
hydraulic resistance sufficiently to improve retention of
OM in the stream channel.
Increasing contact with benthos

N removal can also be enhanced by physical modifications of the channel that increase topographic complexity,
surface-area-to-volume ratio, and hydraulic retention to
allow for greater contact between the water and the benthos (eg introduction of large, woody debris, construction
of pool-riffle or step-pool sequences; Rosi-Marshall et al.
2005; Kasahara and Hill 2006). Creating low-velocity
environments and increasing hydraulic retention using
step pools or other physical modifications (Figure 5) may
be the most favorable course of action in urban headwater
channels, where options are limited by adjacent infrastructure. It should be noted that while deep pools reduce
water velocities, allowing for the temporary storage of N,
they will not be as effective for permanent removal as
maximization of surface-area-to-volume ratios.
Depending on their design, physical modifications such
as channel reconfiguration and the addition of streambed
topography may enhance nutrient uptake by promoting
contact with the benthos via groundwater–surface water
mixing (eg Triska et al. 1993; Valett et al. 1996; Seitzinger
et al. 2002). Kasahara and Hill (2006) showed that the
www.fr ontiersinecology.or g

creation of riffles in a restored stream enhanced
hyporheic exchange, which contributed to reductions in
stream nitrate, but indicated that measures to reduce siltation may ensure longer lasting effects.
Increasing connectivity between streams and
adjacent environments

Restoration activities that establish connections between
the stream and adjacent environments have also been
shown to increase N removal (Kaushal et al. in press). In
many impacted watersheds, riparian zones and floodplains are absent or disconnected from stream channels as
a result of stormwater and transportation infrastructure,
incision, entrenchment, or levees. Strategies to improve
N processing in riparian zones and floodplains include reestablishment of forest vegetation and earthworks to create more extensive connections between the channel and
adjacent areas. This can be accomplished by regrading in
the riparian corridor, raising the channel bed, breaching
of levees and spoil piles, or constructing vegetated
benches within the channel (Figure 6). Reconnecting
streams with adjacent environments increases opportunities for N-rich streamwater to saturate C-rich soils,
thereby decreasing the downstream loading of inorganic
N (Fennessy and Cronk 1997). Creation of two-stage
channels with defined flood berms (Ward et al. 2004) may
be a viable option for streams in which most of the N
delivery occurs during high flows. Two-stage channels
can provide opportunities for longer flowpaths and
© The Ecological Society of America
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Table 3. Approaches suitable for restoration projects aimed at reducing downstream N loading and the mechanism(s) through which N removal is likely to be enhanced for each approach
Mechanism of enhanced N removal
Promotes
conditions
required for
denitrification
Stream restoration
approach
Carbon additions

G

Installation of artificial
debris dams

G

Promotes
groundwater–
surface water
mixing and
contact with
benthos

Increases
surface
area-to-volume
ratio and
contact with
benthos

Increases
water
residence
time and
contact with
benthos

Increases
opportunities
for removal
through contact
with vegetation
and organic soils

G

Large woody debris
additions

G

G

Creation of meander bends

G

G

Construction of geomorphic
features

G

G

Channel widening

G

G

Creation of two-stage channel

G

G

Floodplain reconnection/bank
grading

G

G

Flow path modification
(eg side channels, ponds/wetlands)

G

G

increased contact with riparian vegetation and OM,
while containing storm flows within the channel
(Fischenich and Morrow 2000).
Other hydrologic approaches can potentially reduce
downstream N loading through flowpath modification. For
example, it may be feasible in some locations to convey prescribed fractions of streamflow onto organically rich floodplain sediments (Chung et al. 2005). Another possible,
although highly interventionist, approach is to construct
artificial channels or connections to off-channel management structures (ie wetlands, ponds) that provide opportunities for water movement between the main channel and
the adjacent landscape over a wide range of flow conditions. Ideally, these features would contain labile sources of
C required for denitrification and/or wetland plants.

low to moderate flows. While abundant data on in-stream
N removal and retention have been published in the past
few years (eg Peterson et al. 2001; Kemp and Dodds 2002;
Bernhardt et al. 2003; Mulholland et al. 2004), data collection on the efficacy of stream restoration as a tool to
enhance in-stream N removal has only just begun
(Bukaveckas 2007; Roberts et al. 2007; Kaushal et al. in

 The future of stream restoration for N reduction
We have proposed a strategic approach for the selection
and restoration of streams to reduce N loading to downstream ecosystems. The potential for successful reduction
of N is maximized by targeting relatively small (<3rdorder) streams that carry large N loads and receive substantial portions of their annual load during periods of

© The Ecological Society of America
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Figure 4. Artificial debris dam installed as part of a pilot-scale
stream restoration project, sponsored by the US Department of
Defense, Strategic Environmental Research and Development
Program, at Fort Benning, GA. Restoration that promotes the
storage of organic matter through the creation of debris dams has
the potential to decrease downstream N loading.
www.frontiersinecology.or g
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erly functioning riparian buffers (ie
established vegetation, water saturated) potentially denitrify between 3.0
and 78 mg N m–2 d–1 (Pinay et al. 1993;
Lowrance et al. 1997). While our estimates must be viewed with caution
because there is extremely high spatial
and temporal variability in denitrification rates (Mulholland et al. 2008), it is
clear that on a per area basis, N
removal is important both in stream
channels and riparian buffers.
Because N removal rates are site and
time specific, it is difficult to predict the
effectiveness of different restoration
approaches. Clarifying how stream
restoration influences N removal will
require an evaluation of restoration
Figure 5. Riffle-weir restoration in Anne Arundel County, MD. The creation of low- projects within different landscape convelocity environments, such as step pools, increases hydraulic retention and contact texts that employs the approaches we
time with the benthos, potentially leading to increased N removal in the channel.
suggest, both alone and in concert.
These approaches should therefore be
press). At present, we can only roughly estimate the implemented as adaptive management “experiments”,
potential for N removal from stream restoration.
rather than as solutions to N loading issues, until we can
Ensign and Doyle (2006) report a range of areal N ascertain the actual N removal capacity of such projects.
uptake rates for second-order streams across the US to be Moreover, evaluating the ability of current methods to
0.97–15.3 µg NO3–N m–2 min–1. Assuming constant rates measure the effectiveness of restoration, along with confor a period of 24 hours, we can estimate that between 1.4 ceptualizing and implementing new methods, is critical to
and 22 mg N are removed in a square meter of stream per our understanding of how restoration affects N removal.
day. If restoration increases NO3–N uptake tenfold (as
found by Bukaveckas 2007), these rates could increase to Moving forward with caution
14–220 mg N d–1. Assuming that denitrification is the
only process resulting in permanent loss of N to the Quantification of the benefits of restoration aimed at N
atmosphere and that denitrification accounts for 16% of reduction is just beginning (eg Bukaveckas 2007; Roberts
nitrate uptake (Mulholland et al. 2004), then restoration et al. 2007; Kaushal et al. in press), and data are sorely
needed to support the idea that stream restoration leads
could yield losses of 2.2–35.2 mg N m–2 d–1.
Given the important role that riparian reforestation is to substantial N reductions. We have a good understandassumed to play in reducing nutrient loads, we compared ing of the processes that govern N removal and retention,
these estimates to our own. The upper soil layers of prop- but the application of this knowledge to stream and river
(b)

Courtesy of R Evans

Courtesy of R Evans

(a)

Figure 6. Wetland bench restoration in Shepard’s Ditch, Pasquotank County, NC, (a) shortly after construction and (b) following
establishment of wetland plants. Restoration approaches that increase contact between the stream and adjacent terrestrial
environments and improve the N processing functions of these areas have the potential to remove excess N from stream ecosystems.
www.fr ontiersinecology.or g
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restoration is still in its infancy. As such, restoration
alone should not be used or advocated as a compensatory
mitigation measure, but should be viewed as a complement to source reductions and land-based BMPs.
However, since the primary motivation for many restoration projects is not to reduce N but to stabilize banks or
protect infrastructure (Palmer et al. 2005), implementation of the in-stream approaches we outline here may
provide added water-quality benefits at incremental costs
that are small compared to the cost of channel reconfiguration or bank stabilization (Bernhardt et al. 2005;
Hassett et al. 2005).
In closing, we support a series of actions that begins with
land-based strategies to reduce N loads and ends with
improving conditions for N processing within the stream
corridor, through the application of approaches that
enhance retention and permanent removal of N in the
riparian buffer, streambanks, and channel.

 Acknowledgements
This research was supported by the Maryland Power Plant
Restoration Program and Versar Inc (LSC, MAP, DCR),
along with the US EPA’s National Center for
Environmental Research (NCER) STAR program,
X3832206 (MAP). The views expressed in this manuscript are those of the authors and do not necessarily
reflect the views and policies of the US Environmental
Protection Agency. This is Contribution No 4142 of the
University of Maryland Center for Environmental
Science, Chesapeake Biological Laboratory.

 References

Alexander RB, Smith RA, and Schwarz GE. 2000. Effect of stream
channel size on the delivery of nitrogen to the Gulf of Mexico.
Nature 403: 758–61.
Bachman LJ, Lindsey B, Brakebill J, and Powars DS. 1998. Groundwater discharge and base-flow nitrate loads of nontidal streams,
and their relation to a hydrogeomorphic classification of the
Chesapeake Bay watershed, middle Atlantic coast. Washington, DC: US Geological Survey. Water Resources Investigations Report 98-4059.
Bachman LJ and Krantz DE. 2000. The potential for denitrification
of ground water by coastal plain sediments in the Patuxent
River basin, Maryland. Washington, DC: US Geological
Survey. Fact Sheet FS-053-00.
Bernhardt ES and Likens GE. 2002. Dissolved organic carbon
enrichment alters nitrogen dynamics in a forest stream. Ecology
83: 1689–1700.
Bernhardt ES, Likens GE, Buso DC, and Driscoll CT. 2003. Instream uptake dampens effects of major forest disturbance on
watershed nitrogen export. P Natl Acad Sci USA 100: 10304–08.
Bernhardt ES, Palmer MA, Allan JD, et al. 2005. Synthesizing US
river restoration efforts. Science 308: 636–37.
Bernot MJ and Dodds WK. 2005. Nitrogen retention, removal, and
saturation in lotic ecosystems. Ecosystems 8: 442–53.
Boyer EW, Goodale CL, Jaworski NA, and Howarth RW. 2002.
Anthropogenic nitrogen sources and relationships to riverine
nitrogen export in the northeastern USA. Biogeochemistry 57:
137–69.
Brakebill JW and Preston SD. 2004. Digital data used to relate
nutrient inputs to water quality in the Chesapeake Bay water© The Ecological Society of America

Stream restoration and nitrogen loads
shed, version 3.0. Washington, DC: US Geological Survey.
Water Resources Investigations Report 2004-1433.
Bukaveckas PA. 2007. Effects of channel restoration on water
velocity, transient storage, and nutrient uptake in a channelized stream. Environ Sci Technol 41: 1570–76.
Burgin SK and Hamilton AK. 2007. Have we overemphasized the
role of denitrification in aquatic ecosystems? Front Ecol Environ
5: 89–96.
Chung JB, Kim SH, Jeong BR, et al. 2005. Modeling floodplain filtration for improvement of river quality. Transport Porous Med
60: 319–37.
Copeland RR, McComas DN, Thorne CR, et al. 2001. Hydraulic
design of stream restoration projects. Vicksburg, MS: US Army
Engineer Research and Development Center. Coastal and
Hydraulics Laboratory ERDC/CHL TR-01-28.
Dodds WK, Marti E, Tank JL, et al. 2004. Carbon and nitrogen stoichiometry and nitrogen cycling rates in streams. Oecologia
140: 458–67.
Doyle MW, Stanley EH, Strayer D, et al. 2005. Effective discharge
analysis of ecological processes in streams. Water Resour Res 41:
W1141.
Ensign SH and Doyle MW. 2005. In-channel transient storage and
associated nutrient retention: evidence from experimental
manipulation. Limnol Oceanogr 50: 1740–51.
Ensign SH and Doyle MW. 2006. Nutrient spiraling in streams and
river networks. J Geophys Res 111: G04009.
Fennessy MS and Cronk JK. 1997. The effectiveness and restoration potential of riparian ecotones for the management of nonpoint source pollution, particularly nitrate. Crit Rev Env Sci Tec
27: 285–317.
Fischenich JC and Morrow JV. 2000. Reconnection of floodplains
with incised channels. Vicksburg, MS: US Army Engineer
Research and Development Center. EMRRP Technical Notes
Collection ERDC TN-EMRRP-SR-09.
Galloway JN, Dentener FJ, Capone DG, et al. 2004. Nitrogen
cycles: past, present, and future. Biogeochemistry 70: 153–226
Groffman PM, Boulware NJ, Zipperer WC, et al. 2002. Soil nitrogen cycling processes in urban riparian zones. Environ Sci
Technol 36: 4547–52.
Groffman PM, Dorsey AM, and Mayer PM. 2005. N processing
within geomorphic structures in urban streams. J N Am Benthol
Soc 24: 613–25.
Hall RO, Bernhardt ES, and Likens GE. 2002. Relating nutrient
uptake with transient storage in forested mountain streams.
Limnol Oceanogr 47: 255–65.
Hall RO and Tank JL. 2003. Ecosystem metabolism controls nitrogen uptake in streams in Grand Teton National Park,
Wyoming. Limnol Oceanogr 48: 1120–28.
Hassett B, Palmer M, Bernhardt E, et al. 2005. Restoring watersheds project by project: trends in Chesapeake Bay tributary
restoration. Front Ecol Environ 3: 259–67.
Howarth RW, Sharpley A, and Walker D. 2002. Sources of nutrient
pollution to coastal waters in the United States: implications
for achieving coastal water quality goals. Estuaries 25: 656–76.
Jordan TE, Correll DL, and Weller DE. 1997. Effects of agriculture
on discharges of nutrients from Coastal Plain watersheds of
Chesapeake Bay. J Environ Qual 26: 836–48.
Kasahara T and Hill AR. 2006. Effects of riffle–step restoration on
hyporheic zone chemistry in N-rich lowland streams. Can J Fish
Aquat Sci 63: 120–33.
Kaushal SS. and Lewis Jr WM. 2005. Fate and transport of dissolved organic nitrogen in minimally disturbed montane
streams of Colorado, USA. Biogeochemistry 74: 303–21.
Kaushal SS, Groffman PM, Mayer PM, et al. Effects of stream restoration on denitrification at the riparian–stream interface of an
urbanizing watershed in the mid-Atlantic US. Ecol Appl. In press.
Kemp MJ and Dodds WK. 2002. The influence of ammonium,
nitrate, and dissolved oxygen concentrations on uptake, nitrifiwww.frontiersinecology.or g

537

Stream restoration and nitrogen loads

538

LS Craig et al.

cation, and denitrification rates associated with prairie stream
substrata. Limnol Oceanogr 47: 1380–93.
Lindsey BD, Breen KJ, Bilger MD, and Brightbill RA. 1998. Water
quality in the lower Susquehanna River basin, Pennsylvania
and Maryland, 1992–95. Washington, DC: US Geological
Survey. Circular 1168.
Lindsey BD, Phillips SW, Donnelly CA, et al. 2003. Residence
times and nitrate transport in ground water discharging to
streams in the Chesapeake Bay watershed. Washington, DC:
US Geological Survey. Water Resources Investigations Report
03-4035.
Lowrance R, AItier LS, Newbold JD, et al. 1995. Water-quality
functions of riparian forest buffer systems in the Chesapeake
Bay watershed. Annapolis, MD: Chesapeake Bay Program
Office/US EPA, Nutrient Sub-committee of the Chesapeake
Bay Program.
Lowrance R, Altier LS, Newbold JD, et al. 1997. Water quality
functions of riparian forest buffers in Chesapeake Bay watersheds. Environ Manage 21: 687–712.
Mayer PM, Reynolds SK, McCutchen MD, and Canfield TJ. 2005.
Riparian buffer width, vegetative cover, and nitrogen removal
effectiveness: a review of current science and regulations.
Washington, DC: US Environmental Protection Agency.
EPA/600/R-05/118.
Mulholland PJ, Helton AM, Poole GC, et al. 2008. Stream denitrification across biomes and its response to anthropogenic nitrate
loading. Nature 452: 202–06.
Mulholland PJ, Valett HM, Webster JR, et al. 2004. Stream denitrification and total nitrate uptake rates measured using a field
15
N tracer addition approach. Limnol Oceanogr 49: 809–20.
Newbold JD. 2002. Mitigation of nonpoint pollution by a riparian
forest buffer in an agricultural watershed of the mid-Atlantic
Piedmont. Harrisburg, PA: PA Department of Environmental
Protection. Stroud Preserve Watersheds National Monitoring
Project Annual Report, calendar years 2000–2001. Stroud
Contribution No 2001001.
Palmer, MA, Bernhardt E, Allan JD, and the National River
Restoration Science Synthesis Working Group. 2005.
Standards for ecologically successful river restoration. J Appl
Ecol 42: 208–17.
Peterson BJ, Wollheim WM, Mulholland PJ, et al. 2001. Control of
nitrogen export from watersheds by headwater streams. Science
292: 86–90.
Phillips SW, Focazio MJ, and Bachman LJ. 1999. Discharge, nitrate
load, and residence time of ground water in the Chesapeake
Bay watershed. Washington, DC: US Geological Survey. Fact
Sheet FS-150-99.
Pinay G, Roques L, and Fabre LA. 1993. Spatial and temporal patterns of denitrification in a riparian forest. J Appl Ecol 30: 581–91.

Roberts BJ, Mulholland PJ, and Houser PN. 2007. Effects of upland
disturbance and in-stream restoration on hydrodynamics and
ammonium uptake in headwater streams. J N Am Benthol Soc
26: 38–53.
Rosi-Marshall EJ, Tank JL, Hoellein T, et al. 2005. Effects of large
woody debris addition on organic matter retention and nutrient uptake in three headwater streams in the Upper Peninsula
of Michigan. In: American Geophysical Union–North
American Benthological Society–Society of Exploration
Geophysics–Solar Physics Division of the Astronomical
Society of America Joint Assembly. 2005 May 23–27; New
Orleans, LA. Abstract NB32A-05.
Royer TV, David MB, and Gentry LE. 2006. Timing of riverine
export of nitrate and phosphorus from agricultural watersheds
in Illinois: implications for reducing nutrient loading to the
Mississippi River. Environ Sci Technol 40: 4126–31.
Seitzinger SP, Styles RV, and Boyer EW. 2002. Nitrogen retention
in rivers: model development and application to watersheds in
the northeastern USA. Biogeochemistry 57: 199–237.
Shields CA, Band LE, Groffman PM, et al. Export timing of nitrogen from catchments along an urban–rural gradient in the
Chesapeake Bay watershed. Water Resour Res. In review.
Smith S, Langland M, and Edwards R. 2003. Watershed sediment
transport. In: Langland M and Cronin T (Eds). A summary
report of sediment processes in the Chesapeake Bay and watershed. Washington, DC: US Geological Survey. Water
Resources Investigations Report 03-4123.
Triska FJ, Duff JH, and Avanzino RJ. 1993. The role of water
exchange between a stream channel and its hyporheic zone in
nitrogen cycling at the terrestrial–aquatic interface.
Hydrobiologia 251: 167–84.
Valett HM, Morrice JA, Dahm CN, and Campana ME. 1996.
Parent lithology, surface–groundwater exchange, and nitrate
retention in headwater streams. Limnol Oceanogr 41: 333–45.
Vidon P and Hill AR. 2004. Denitrification and patterns of electron donors and acceptors in eight riparian zones with contrasting hydrogeology. Biogeochemistry 71: 259–83.
Ward A, Mecklenburg D, Powell GE, et al. 2004. Two-stage channel design procedure. In: Conference Proceedings for the
American Society of Agricultural Engineers Specialty
Conference, Self-Sustaining Solutions for Streams, Wetlands, and
Watersheds. 2004 September 12–15; St Paul, MN.
Webster JR, Mulholland PJ, Tank JL, et al. 2003. Factors affecting
ammonium uptake in streams – an inter-biome perspective.
Freshwater Biol 48: 1329–52.
Wollheim WM, Pellerin BA, Vorosmarty CJ, and Hopkinsion CS.
2005. N retention in urbanizing headwater catchments.
Ecosystems 8: 871–84.

BIODIVERSITY
We seek applicants for a 2-year postdoctoral fellowship in the U.B.C. Biodiversity Research Centre (www.biodiversity.ubc.ca).
The Centre is currently made up of over 40 members of the U.B.C. Science Faculty with interests in ecology, evolution, systematics,
biodiversity, and conservation.
Preference will be given to candidates with bold ideas, demonstrated research ability, and strong communication skills.
The successful candidate will be expected to: conduct original research on core problems in biodiversity, foster interactions within the Centre,
run a seminar series, and organize a retreat.
Starting date, 1 September 2009. Salary $40,000 per yr. Research stipend: $7,000 per yr.
Send curriculum vitae, three letters of reference, and a brief statement of goals to Search Chair, Biodiversity Research Centre, U.B.C.,
6270 University Blvd., Vancouver, B.C., Canada V6T 1Z4.

Fax: 604-822-0653

e-mail: biodiversity.centre@ubc.ca

Closing date for application, 5 January 2009.
The University of British Columbia hires on the basis of merit and is committed to employment equity.

www.fr ontiersinecology.or g

We encourage all qualified candidates to apply.

© The Ecological Society of America

