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ABSTRACT / Understanding the environmental consequences
of changing water regimes is a daunting challenge for both
resource managers and ecologists. Balancing human de-
mands for fresh water with the needs of the environment for
water in appropriate amounts and at the appropriate times are
shaping the ways by which this natural resource will be used
in the future. Based on past decisions that have rendered

many freshwater resources unsuitable for use, we argue that
river systems have a fundamental need for appropriate
amounts and timing of water to maintain their biophysical in-
tegrity. Biophysical integrity is fundamental for the formulation
of future sustainable management strategies. This article ad-
dresses three basic ecological principles driving the biogeo-
chemical cycle of nitrogen in river systems. These are (1) how
the mode of nitrogen delivery affects river ecosystem function-
ing, (2) how increasing contact between water and soil or sed-
iment increases nitrogen retention and processing, and (3) the
role of floods and droughts as important natural events that
strongly influence pathways of nitrogen cycling in fluvial sys-
tems. New challenges related to the cumulative impact of wa-
ter regime change, the scale of appraisal of these impacts,
and the determination of the impacts due to natural and hu-
man changes are discussed. It is suggested that cost of long-
term and long-distance cumulative impacts of hydrological
changes should be evaluated against short-term economic
benefits to determine the real environmental costs.

Floodplain, riparian, and instream zones are impor-
tant components of river ecosystems (Hynes 1975, Ren
and others 2000, Décamps 1996, Triska and others
1993, Sparks 1995, Naiman and Décamps 1997). These
riverine and instream zones are intimately linked to the
efficient functioning of rivers, and the timing and du-
ration of flood and low flow events largely control their
existence and maintenance (Salo and others 1986, Junk
and others 1989, Gregory and others 1991). Among
other processes, floodplain, riparian and instream
zones contribute to shaping and maintaining water
quality (Peterjohn and Correll 1984, Brinson and oth-
ers 1984, Triska and others 1989). However, a change
in the natural water regime will affect the biogeochem-
istry of riparian and instream zones as well as their
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ability to cycle and mitigate nutrients fluxes originating
from upstream and upslope. The effects of water re-
gime changes on the biogeochemistry of river systems
have been demonstrated at local scales (Triska and
others 1993, Pinay and others 1995, Hedin and others
1998, Hill and others 2000). However, the managerial
challenge is to evaluate the effects of these changes at
larger scales corresponding to the entire watershed or
landscape.

The watershed scale necessitates identification of
fundamental principles driving nutrient-related biogeo-
chemical processes in river ecosystems, with the goal of
providing general rules of functioning that can be
translated into management practices. These principles
have to be simple but robust and formulated in a
pragmatic way to support sustainable water manage-
ment and thoughtful political decisions. In this article
we define three fundamental principles driving the
nitrogen cycle in river systems. In general, these prin-
ciples should apply to other nutrients (Hedin and oth-
ers 1998). As examples, we analyze the consequences of
water regime changes on nitrogen cycling and fluxes in
riparian, floodplain, and instream zones, keeping in
mind that changes in water regime also affect other

© 2002 Springer-Verlag New York Inc.
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intimately linked biogeochemical cycles. At the hydro-
system scale, the three fundamental principles that reg-
ulate the cycling and transfer of nitrogen in rivers are:
(1) the mode of nitrogen delivery affects ecosystem
functioning, (2) increasing contact between water and
soil or sediment increases nitrogen retention and pro-
cessing, and (3) floods and droughts are natural events
that strongly influence pathways of nitrogen cycling.

The Mode of Nitrogen Delivery Affects River
Ecosystem Functioning

The first principle is related to the delivery patterns
of nitrogen inputs along river corridors. River systems
and their riparian zones can be viewed as open ecosys-
tems dynamically linked longitudinally, laterally, and
vertically by hydrologic and geomorphic processes
(Ward 1989). In small, forested headwater streams,
particulate organic nitrogen is the main form of nitro-
gen transferred to the aquatic system, primarily as litter
fall from the adjacent riparian vegetation (Cummins
and others 1983, Minshall and others 1983). Nitrogen-
fixing plants such as alder (Alnus spp.) are often found
in riparian forests (Décamps 1993). They contribute
large amounts of nitrogen rich organic matter, which
can reach several kilograms of dry matter per square
meter (Chauvet 1987). Eventually these particulate in-
puts contribute to the export of dissolved organic ni-
trogen via surface and subsurface pathways after degra-
dation and recycling processes have occurred
(Newbold and others 1981, Elwood and others 1983,
McClain and others 1997, Clark and others 2000, Step-
anauskas and others 2000). Due to their location along
the edge of rivers, riparian forests also receive, recycle,
and transfer large amounts of sediments and nutrients
to streams (for nitrogen, it is mainly as nitrate by sub-
surface flow) from up-slope ecosystems (Peterjohn and
Correll 1984, Lowrance and others 1995). Fortunately,
riparian zones can efficiently utilize and retain nitrate
inputs from up-slope as long as the subsurface water
flow intercepts roots and microorganisms. Therefore
riparian zones deliver nitrogen to streams mainly as
particulate organic matter.

Riparian zones also effectively utilize and retain ni-
trogen moving upstream in the bodies of migrating
animals. In the United States Pacific Northwest, the
role of millions of salmon in transferring nutrients
from marine to freshwater environments has been long
recognized (Juday and others 1932). More than 95% of
the Pacific salmon body mass is accumulated from the
marine environment (Groot and Margolis 1991). This
material is transported and deposited in freshwater
habitats where salmon spawn and die, providing an
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Figure 1. Preferential water and nutrient movements
through the riparian zones as a function of their location
within the drainage basin (adapted from Tabacchi and others
1998). Arrows symbolize the main water and associated sus-
pended and dissolved matter transfers between upland and
stream via the riparian zone. Riparian zones are in white,
rivers in light gray and the upland catchments in dark gray.
Along small streams most of the water and associated nutri-
ents flow from the upland via the riparian zone whenever it
exists, while along larger streams the main flow direction is
from the stream toward the floodplain (mainly during flood
events).

important nutrient subsidy to oligotrophic freshwater
(Gresh and others 2000) and riparian ecosystems
(Helfield and Naiman 2001) throughout the region.
In the floodplains of most large rivers, the main
inputs of nutrients, sediment, and organic matter are
mainly via surface flow from upstream (Figure 1). In-
deed, significant amounts of these materials are depos-
ited during floods (Brinson and others 1983, Schlosser
and Karr 1981, Lowrance and others 1986, Grubaugh
and Anderson 1989, Brunet and others 1994). River
floodplains are recognized as important storage sites
for sediments and associated nutrients mobilized from
upstream catchments during floods (He and Walling
1997). The transfer and storage of materials in flood-



plains are largely under the control of flood duration,
frequency, and magnitude that, collectively, create a
mosaic of geomorphic surfaces influencing the spatial
pattern and successional development of riparian veg-
etation (Salo and others 1986, Roberts and Ludwig
1991). The flux of matter via flood deposits is respon-
sible for the high nutrient cycling capacity of floodplain
soils, as compared to upland ecosystems (Brinson and
others 1984). The significantly higher fertility of flood-
plain soils is illustrated in an agricultural example from
Bangladesh. Historically, flood-mediated sediment and
nutrient deposits on the Ganges and Bramaputhra river
floodplains supported up to three crops of rice per year
without fertilizer addition, while upland soils only sus-
tained one crop a year (Mathab and Karim 1992,
Haque and Zaman 1993).

In human-impacted catchments, nitrogen generated
by human activities often overwhelms natural nitrogen
fluxes (Meybeck 1982, Nixon and others 1996). More-
over, changes to the hydrologic regime by dams have
had strong impacts on nitrogen-related processes. Dam-
mediated impacts have occurred in most of the large
rivers of the Northern Hemisphere (Dynesius and Nil-
sson 1994, Graf 1999) as well as in many African and
Asian rivers (Petts 1990, Pringle and others 2000).
Dams have significant effects on water regimes by re-
ducing the magnitude and frequency of flood events
and by changing their periods of occurrence (Stanford
and Ward 1988). For instance, the Faraka Dam on the
Indian side of the Ganges River has changed the timing
of floods, significantly limiting rice production in the
Bangladesh region of the Ganges floodplain. Moreover,
itis suspected that proposed plans of river regulation to
prevent flood “damages” within Bangladesh would
quickly diminish floodplain soil fertility, rendering this
country even more dependant on foreign food supplies
within two decades. Hence, if population protection
against floods is necessary, it can be done best by estab-
lishing dikes around villages and building concrete
shelters. However, if environmental quality is to be
maintained, it is essential to retain the natural flood
regimes of the Ganges and Bramaputhra rivers, which
sustain the natural soil fertility of the floodplains.

Additionally, impoundments accumulate sediments
behind the dams, limit lateral channel migration down-
stream that is responsible for many ecological processes
(Shield and others 2000), and deplete floodplain soils
by erosion for hundreds of kilometers further down-
stream. As a result, river floodplains shift from being a
sink to a source of sediment and nutrients, reducing
the river ecosystem’s retentiveness of nutrients and its
overall fertility. In the Nile River floodplain, following
construction of the Aswan Dam, the lack of annual
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sediment deposition together with the new need for
irrigation has led to high salt accumulations on a large
part of the area. These areas are now of no further
agricultural use (Evans 1990). An additional example is
provided by the construction of the Iron Gate I and II
dams in the middle reach of the Danube River between
Serbia and Romania in the late 1950s. Since the dam’s
construction, there has been a significant decrease in
the sediment load of the Danube River. As a conse-
quence, the lack of a continuous sediment supply has
caused lateral bank erosion that can be measured more
than 1000 km downstream. Unfortunately, the bank
erosion that creates severe local problems of bank sta-
bility is not enough to compensate for the lack of
natural sediment transport to the Danube Delta, which
is being increasingly eroded by Black Sea currents
along the Romanian coast (Vadineanu and others
1987). Examples such as these suggest that cost of
long-term and long-distance cumulative impacts of
large dams should be evaluated against short-term eco-
nomic benefit to determine the real costs to the envi-
ronment and to human populations.

Increasing Contact Between Water and Soil or
Sediment Increases Nitrogen Retention and
Processing

The second basic principle is that the area of water—
substrate interface (i.e., water-sediment or wetland—
upland length of contact) is positively correlated with
the efficiency of nitrogen retention and use in river
ecosystems. This occurs both instream and in the ripar-
ian and floodplain zones. The nitrogen cycle is driven
by processes that occur on or at the interface of partic-
ulate material such as stones, soils, sediments, or algal
mats (Ponnamperuma 1972, Hill 1979, Jones and
Holmes 1996, Valett and others 1996). Hence, the
length or the duration of contact between water and
these substrates increases the biological use and
thereby the total amount of nitrogen processed.

There is empirical evidence showing that the rate of
instream nitrogen cycling depends on the surface con-
tact of water with sediment as well as the duration of
contact. In a recent cross-stream comparison in differ-
ent biomes of North America, Peterson and others
(2001) found the most rapid uptake of ammonium in
the smallest streams. The underlying reason is that the
high surface-to-volume ratios of small streams favor
uptake and removal processes of nitrogen. This is in
accordance with the results of Wollheim and others
(2001), who found a positive relationship between
stream discharge and ammonia travel distance in Alas-
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kan streams. This means that in larger streams, a given
ammonia molecule will travel for a longer distance
before being involved in a biogeochemical process such
as plant uptake, nitrification, or adsorption to the sed-
iment. The travel distance will depend also on the type
of nitrogen molecule. Peterson and others (2001) mea-
sured nitrate molecules traveling, on average, about 10
times farther than ammonia molecules. Overall, it is
now understood that headwater streams retain and
transform significantly more nitrogen per unit surface
area than large rivers (Alexander and others 2000).
Hyporheic zones, which represent aquifers beneath
the riverbed where surface and ground water mix, are
also highly reactive sites for nutrient cycling since they
expand the surface of contact between water and sedi-
ment (Edwards 1998, Triska and others 1989). The
hyporheic zone, which can extend laterally a great dis-
tance from the riverbed (Stanford and Ward 1988), is
constituted of a mixture of coarse and fine sediments.
The hyporheic sediments within the active channel are
rearranged during strong floods, which create subsur-

———, Stream

Figure 2. Biogeochemical gradients at the
upland-riparian wetland interface.

face conduits of high hydraulic conductivity. The po-
rous media of hyporheic zones provide an important
exchange surface where microbes develop and actively
participate the nutrient recycling processes, depending
on the extent of hyporheic flow and its exchanges with
surface water (Triska and others 1990). The degree of
exchange depends on the hydraulic characteristics of
the river channel; usually physical heterogeneity such
as meanders or riffle—pool sequences promote greater
exchange rates (Jones and Holmes 1996).

Riparian wetlands also provide a large contact area
between water and soils that promote nitrogen reten-
tion and processing, thereby regulating fluxes from
uplands to streams. The wetland—upland contact zone
can be envisioned, as a first approximation, as the
contact zone between the riparian wetland and the
uplands (Figure 2). This zone of contact varies both in
depth and width as a function of the river’s geomor-
phology and hydrologic regime. During high water
periods, the extension of the wetted area increases
laterally from the stream and extends further upstream,
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while during low water periods, the wetted area shrinks
in width and decreases in length upstream (Beven and
Kirkby 1979).

There has been considerable interest in restoring or
promoting the use of riparian wetlands to mitigate
diffuse nutrient pollution (Peterjohn and Correll 1984,
Lowrance and others 1985, Pinay and Labroue 1986,
Haycock and others 1997). Surprisingly, several at-
tempts to relate the percentage of riparian wetlands
with nutrient fluxes at the outlet of drainage basins
have failed (Osborne and Wiley 1988, Tufford and
others 1998). One of the major reasons for the lack of
correlation is that riparian efficiency is driven by hy-
draulic connection with upland inputs since nitrate is
often a limiting nutrient (Groffman and Hanson 1997,
Lowrance and others 1997). Riparian zones represent a
mosaic of physical and functional units whose patterns
are shaped by long-term geomorphic development of
the floodplain. These biophysical units can be con-
nected or disconnected hydrologically from each other
and from the upland catchment (Brinson 1993).
Therefore, the efficiency of a riparian zone in regulat-
ing nitrogen fluxes is not a function of the surface area
of the riparian zone but rather a function of the hydro-
logical length of contact between the riparian zone and
the upland drainage basin (Haycock and Pinay 1993,
Matchett 1998).

This can be illustrated by comparing first-order
streams (i.e., small perennial streams without any trib-
utaries) to larger rivers. First-order streams represent
more than 50% of the entire length of the river net-
work, while higher-order rivers represent only a few
percent of the total length in a given catchment
(Naiman 1983). As a consequence, riparian zones asso-
ciated with small-order streams develop a more inti-
mate wetland-upland interface than riparian zones
along high-order rivers (Brinson 1993) and better con-
tribute to mitigating diffuse pollution from the catch-
ment (Peterson and others 2001). Moreover, for a
given total surface of riparian zone in a catchment,

small streams are more efficient in retaining upland
nutrients than larger streams because of the close prox-
imity of water to sediments or soils.

Throughout the world, many upland streams have
been subjected to human modifications such as chan-
nelization, impoundment, or removal of riparian vege-
tation. All anthropogenic impacts tend to reduce both
the spatial extent of wetted areas and the duration of
riparian soil saturation (Worrall and Burt 1998). More-
over, straightening river channels, dredging riverbeds,
or clogging of interstitial spaces by fine sediments re-
duces the size of the hyporheic zone and its exchange
rates with surface water, thereby affecting the nutrient
recycling capacity of the stream. As a consequence,
these human-driven alterations reduce the efficiency of
the river network to mitigate diffuse nutrient pollution.

Floods and Droughts are Natural Events that
Strongly Influence Pathways of Nitrogen Cycling

The third principle is related to the role of floods in
shaping the characteristics of nitrogen cycling. Changes
to the water regime, either through alterations in the
frequency, duration, period of occurrence, and inten-
sity of water levels, directly affect nitrogen cycling in
alluvial soils by controlling the duration of oxic and
anoxic phases (Ponnamperuma 1972, Keeney 1973,
Patrick 1982). Flooding duration is controlled by local
topography; low areas are flooded more often and
longer than higher ones, producing variations in bio-
geochemical patterns at the meter scale (Pinay and
others 1989, Pinay and Naiman 1991). Biogeochemical
processes, especially for nitrogen, are sensitive to the
oxido-reduction status of the soil (Figure 3). For in-
stance, ammonification of organic nitrogen can be re-
alized both under aerobic and anaerobic conditions,
but the nitrification process, which requires oxygen,
can only occur in aerated soils or sediments. As a
consequence, under permanently anaerobic condi-
tions, the organic nitrogen mineralization process re-
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Figure 4. Denitrification enzyme activity in floodplain soils as a function of the average annual duration of flood event and as
a soil percentage of silt + clay. Open symbols represent the potential denitrification activity under anaerobiosis with nitrate
addition. The closed symbols represent the potential denitrification activity under anaerobiosis with nitrate and glucose addition.

sults in the accumulation of ammonia. Other processes,
such as nitrogen dissimilation or denitrification, are
strictly anaerobic, requiring saturated soils to operate.
Therefore the end products of nitrogen cycling in ri-
parian soils are under the control of the moisture re-
gime (e.g., groundwater table), with important impli-
cations for floodplain productivity.

Short-term periodicity of aerobic—anaerobic condi-
tions through groundwater level movements allows all
nitrogen cycling processes to occur simultaneously at
the same location in accordance with the level of soil-
water saturation. Several studies have demonstrated
that alternating aerobic and anaerobic conditions en-
hance organic matter decomposition and nitrogen loss
through denitrification (e.g., Reddy and Patrick 1975,
Groffman and Tiedje 1988). Moreover, it has been
shown in an experimental study that the marsh organic
nitrogen mineralization rate is much greater during a
flooded period than during a non-flooded one (Neill
1995). Overall, natural water table fluctuations in flood-
plains are key drivers of soil fertility, with changes to the
natural flood regime often decreasing productivity.
However, drier periods also are important since they
allow mineralization of more complex organic matter
structures (e.g., hemicellulose and lignin) and contrib-
ute to soil fertility by providing another inorganic ni-
trogen source (ammonia and nitrate) to plant and
microbes which otherwise would be sequestered as or-
ganic residues.

The flood regime also indirectly affects nutrient cy-
cling in floodplain soils by influencing soil structure

and texture through the deposition of sediment. The
alluvial soil grain size mosaic and the proportion of
different grain size deposits varies spatially and tempo-
rally following extreme flooding (Petts and Maddock
1996, Richter and Richter 2000). At small scales, geo-
morphic and hydrologic processes influence the sort-
ing of sediment deposits on a grain-size basis, creating
a mosaic of soils of different textures. It is the soil or
sediment texture that influences denitrification rates as
well as other biogeochemical cycles (Pinay and others
2000). Fine structures such as clay develop large surface
areas per unit of weight or volume, which provide
greater chemical adsorption sites (Paul and Clark
1996) and microbial habitats (Ranjard and others
2000). For instance, the fastest denitrification rates are
measured in soils with fine texture. Below a threshold
of ~65% silt and clay, floodplain soils do not show any
significant denitrification (Figure 4). Above that thresh-
old, denitrification increases linearly. In fine-textured
floodplain soils, denitrification rates are of the same
order of magnitude as nitrogen mineralization, with
annual denitrification representing up to 50% of the
nitrogen deposited during floods (Pinay and others
1995). Thus floodplains contribute to the regulation of
nitrogen fluxes by sorting sediments mobilized during
floods and recycling nitrogen deposited during a flood.

General Applicability of Principles

Do these three principles apply in all climates? Yes,
but the nitrogen process rates vary among climates. For
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example, in temperate and wet tropical areas, nitrate
fluxes are rather constant. Under such climate condi-
tions allochthonous nitrate seems to be completely re-
moved within a few meters of travel in the riparian zone
(Pinay and others 1993, McClain and others 1997).
Under harsher continental conditions, high nitrate
fluxes occurring during the spring thaw pass through
the riparian zone largely unprocessed because cold
temperatures limit both denitrification and plant up-
take. Similarly, little nitrogen processing occurs during
transport from upland through riparian zones in arid
areas (Holmes and others 1994). Thus the riparian
zone is rather ineffective in initial retention of upland
nitrogen inputs in continental and in arid climates, in
part because overland flow rapidly transports water and
nitrogen across the riparian surface during storms (Dé-
camps and others 2002). Even though nitrogen process
rates vary along climates, the three basic principles
driving nitrogen regulation in riparian wetland remain
valid, and riparian zones should be promoted, even
though their N buffering capacity is not proved, since
they perform many other functions (Naiman and Dé-
camps 1997).

New Challenges

Improvement in our knowledge of the ecological
consequences of changing water regimes on nitrogen
cycling in riparian zones raises several new scientific
challenges. These challenges relate to the cumulative
impacts of water regime changes, the scale of appraisal
of these impacts, and determining the relative impacts
due to natural and human changes.

Quantifying the cumulative effects of water regime
changes on alluvial soil biogeochemistry is an impor-
tant scientific challenge. For instance, a reduction in
the duration of the high water period along low-order
streams would lead to downslope movement of the
dry-wet interface within the riparian zones, thereby
favoring further intrusion of upland allochthonous ni-
trates within the riparian zones (Burt 1997). Moreover,
it is expected that this intrusion will lead to further
incursion of pesticides in riparian soils as well since
these xenobiotic molecules are often found together
with nitrate. To what extent does this intrusion reduce
bacterial denitrification of newly contaminated soils
where pesticide decomposition would be less effective
since the bacterial population was not adapted to re-
peated pesticide application (Abdelhafid and others
2000)? Another aspect of this challenge is related to an
increase in the occurrence extreme flood events. This
would reduce the amount of fine-textured sediment
deposited,

especially in constrained floodplains,
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thereby reducing floodplain soil productivity. The lack
of fine-textured sediments would also reduce the heavy-
metal adsorption capacity of alluvial soils (Sakadevan
and others 1999). A key question is how a lack of
heavy-metal sequestration would affect nitrogen cycling
processes downstream.

A second challenge concerns the scale of appraisal
of water regime change effects on nutrient cycling.
Depending of the spatial and temporal monitoring
scale, the consequences of water regime changes on
gaseous nitrogen end products varies (Bodelier and
others 2000). Contrasting field and laboratory results
on the respective importance of different processes on
end products appears to result from the difference of
space and time scale at which the studies were con-
ducted.

The issue of scale can be illustrated by examining
the regulation of nitrogen gas production via nitrifica-
tion and denitrification, which occurs at two contrast-
ing levels. The first level relates to control of process
rates, and the second level relates to control of the
relative proportion of end products. At the bacterial
level nitrification rates are controlled primarily by O,
and NH, availability. Similarly, denitrification is af-
fected primarily by O,, NOg, and organic C availability
(Firestone and Davidson 1989). The relationship be-
tween ecosystem properties and factors affecting rela-
tive proportions of the end products and gaseous inter-
mediary compounds is less well understood. However,
these gaseous intermediary compounds (i.e., NO and
N,O) are of serious concern since they contribute to
the greenhouse effect (Wayne 1993). Both nitrification
and denitrification processes produce gaseous forms of
NO, (Stevens and others 1997). Yet, the respective
contribution of nitrification and denitrification to at-
mospheric NyO is still controversial. Production of N,O
by nitrifying bacteria results from reduction of NO,
when oxygen is limiting. Production of Ny,O during
denitrification is affected by the relative availability of
electron donors and acceptors. For example, it is
known that the rate of N,O production is significantly
greater in the wetter soil than in drier soil (Webster and
Hopkins 1996). However, because NyO consumption
by denitrifiers is also greater in the wet soils, the net
N,O emissions from the wetter and the drier soils do
not differ significantly.

Despite these uncertainties, it has been proposed
that the best option to maintain high NOj removal
rates and to reduce the proportion of N,O in the
emitted gases is to maintain a high water table for a
prolonged period in the most biologically active por-
tion of soil profiles (Jacinthe and others 2000). Further-
more, in permanently water-covered riparian areas,
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denitrification can serve as a sink for both dissolved
N,O in the groundwater recharging the area and for
N,O produced within the riparian sediment (Blitcher-
Mathiesen and Hoffmann 1999). Lowering the water
table in riparian wetlands may increase N,O emission
but would reduce NO emission (Ren and others 2000).
The extent to which the increase of oxic soil depth
would limit the NyO and NO emission by microbial
oxidation requires further attention.

Another issue is related to the determination of the
respective roles of human impacts and natural changes
on river ecosystem functions (Vitousek and others
1997). In most cases, pristine ecosystems are in differ-
ent ecoregions than human impacted ones, limiting the
ability to extrapolate process rates and trends from
natural to modified systems (Tol and Langen 2000).
However, in both cases, the main principles regulating
the cycling and transfer of nitrogen in river ecosystems
remain valid despite differences in process rates. There-
fore, sustainable management practices should be as-
sessed according their impact on (1) the delivery mode
of nitrogen to river ecosystems; (2) the length of con-
tact between water, soil, and sediment; and (3) the
timing, intensity, and duration of floods and drought.
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