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Abstract 

We review the status of research concerning the links between hydrologic towpaths and the 
biogeochemicai environment controlling Nitrogen cycling and transport in near-stream saturated 
zones, centering on stream environments of the northern, teml~rate-forested zone. N retention, 
transformation and mobilization occur in streamside wetlands, floodplains, riparian zones, seepage 
faces, and the hyporheic zone. These areas are the focal point in non-point source loading of N to 
stream channels. They also represent areas where rapid changes in water-table and hydrologic 
towpaths occur during rainfall-runoff events. It is the combination of an abrupt change in biogea- 
chemical environment, encountering a hydrologic boundary (the terrestrial/aquatic interface or 
ecotone), that make the near-stream/saturated zone critical for elucidating controls of N transport 
and transformation. We review published studies concerning the hydrologic controls of N transport 
in near-stream zones, and subsequently present several geomorphic and hydrodynamic scenarios 
relating N biogeochemistry and its response to hydrologic events (of both varying magnitude and 
seasons). It is at the critical junction between temporal and spatial conditions affecting N cycling in 
the near-stream zone, that research priorities must now be focused. 

1. I n t r o d u c t i o n  

1.1. Excess nitrogen in the environment 

Recent concern over increased human-induced atmospheric  N-deposition, in addition to 
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diffuse non-point source N-inputs to surface waters from agriculture and forestry prac- 
tices, has stimulated investigations of controls on the biogeochemistry and transport of 
N. Much of this effort has been centered on forested and agricultural catchments within the 
humid-temperate zone of North America and Europe. Increased N concentrations have 
been observed in streams in the Adirondack and Catskill Mountains in the USA 
(Stoddard and Murdoch, 1991; Murdoch and Stoddard, 1992; Driscoll and van Dreason, 
1993; Stoddard, 1994), in mid-Atlantic Appalachian watersheds of the USA (Kramer et al., 
1986; Smith et al., 1987), in the Great Smoky Mountains of Tennessee, USA (Elwood 
et al., 1991), as well as in Germany (Hauhs et al., 1989) and the United Kingdom (Burt 
and Haycock, 1992). Attempts to link increased N concentrations in streams with 
atmospheric N-deposition have led to the development of "nitrogen saturation" hypoth- 
eses (Aber et al., 1989, 1991). These hypotheses consider a combination of increasing 
atmospheric N-deposition, widespread forest maturation, decreased forest cutting, and 
stressed forest health from acidic deposition, as possible contributing factors. A cate- 
gorization of watersheds by their potential N-input sensitivity has also been developed 
(Malanchuk and Nilsson, 1989; Abet et al., 1991; Tamm, 1991; Stoddard, 1994). Many 
eastern USA forests and most forests in Europe are thought to be approaching a 
period of steady-state in terms of biological aggradation and N demand (Sullivan, 
1993). The environmental consequences of additional N-inputs to surface waters include 
increased surface water acidification and possible N-based downstream eutrophication 
(Wright, 1991; Stoddard, 1994). In addition, an increase in N-loading from agricultural 
areas and artificial drainage systems has been widely documented in the United States 
(Kohl et al., 1971; Baker and Johnson, 1976; Chichester, 1976; Burton et al., 1977; Duda, 
1982; Owens et al., 1991; Jordan et al., 1993), and in Europe (Iserman, 1990; Burt and 
Haycock, 1992; Heathwaite et al., 1993; Armstrong and Burt, 1993). There is abundant 
evidence of increased N-concentration in runoff from agricultural fields and from other 
land-disturbance activities (Likens et al., 1977; Meybeck, 1982; Lowrance et al., 1984a, b; 
Burr and Arkell, 1987). Increasing NO~ concentrations in public water supplies have also 
been observed, with subsequent concerns over drinking water potability (Dillon et al., 
1991; Dourson et al., 1991). The sensitivity of regional groundwater recharge areas to 
N inputs is being studied in the headwater catchments of several major metropolitan 
water supplies, including the New York City water supply catchments in the Catskill 
Mountains of New York, USA (Stoddard, 1992; Murdoch and Stoddard, 1992), the 
Chesapeake Bay (USA) watershed (Glibert et al., 1991), and in the United Kingdom 
(Burt and Haycock, 1992). 

Galloway et al. (1995) have estimated that human activity has led to the fixation of an 
additional 140 Tg N per year, over and above natural processes like biotic N-fixation and 
lightning. Preliminary studies indicate that the fate of much of this additional N-input may 
involve continental processes, including storage in deep groundwater. Indeed, increasing 
concentrations of N in groundwater have recently been noted (Burt and Trudgill, 1993; 
Spalding and Exner, 1993; Sweeney, 1993; B6hlke and Denver, 1995). The correlation of 
increased N in stream water, with increased N in groundwater, is still somewhat unstudied. 
Attempts to identify sources of increased N in groundwater, along with the fate of N in 
near-stream environments, will be critical to a full understanding of the significance of the 
"nitrogen saturation" hypothesis to different catchments. 
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1.2. Nitrogen-transformation zones within the watershed 

The identification of key landscape environments controlling N transport within catch- 
ments have been assisted by studies of biotic and abiotic controls of N transformation, and 
by the calculation of watershed N budgets. Several critical factors have been identified in 
both forested and agricultural catchments, including 1) the state of ecosystem maturation 
(age), 2) the in-situ decomposition rate (microbial status, soil fertility, moisture regime, 
etc.), 3) C- and N-limitation status, 4) the physical and chemical soil characteristics, and 5) 
the availability of moisture. Numerous investigations have shown that near-stream 
saturated zones and riparian wetlands are active sites of N-biogeochemical dynamics 
(Peterjohn and Correll, 1984; Lowrance et al., 1985; Cooke and Cooper, 1988; Cooper, 
1990; Hill, 1990; Haycock, 1991; Mulholland, 1992). Furthermore, since near-stream/ 
saturated zones are interfaces between hillslope and stream channel dynamics, they should 
play a critical role in determining the amount and speciation of N entering the stream 
channel. The juxtaposition of the near-stream/saturated zone, the stream channel, the 
hyporheic zone, and the catchment hillslope, are shown diagrammatically in Fig. 1. The 
hydrologic routing of N from the upland hillslope through the near-stream zone, is rela- 
tively unstudied, as is the interaction between "hydrologic towpath" and "biogeochemi- 
cal pathway" (Hill, 1990; Eshleman et al., 1994; O'Brien et al., 1994; BOhlke and Denver, 
1995). N transformation and retention should occur where hydraulic residence time is 
increased and where saturated conditions prevail. Surface water-groundwater interface 
zones might include the hillslope-lowland interface, riparian wetlands and streambanks, 
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floodplains, and the hyporheic zone under the stream channel. The water table is typically 
at or near the surface for much of the year in these areas, and the regolith is normally 
characterized by high moisture content. Hydrologic processes and dynamics controlling 
both hyporheic and channel solute transport have been investigated and described by 
Chapman (1982), Bencala (1993), Bencala et al. (1993), D'Angelo et al. (1993), Harvey 
and Bencala (1993), and Valett et al. (1996). In addition, Triska et al. (1989, 1990, 1993), 
Duff and Triska (1990), and Groffman (1994) have studied and reviewed the controls on a 
variety of N-transformation processes in both hyporheic zones and riparian wetlands. 
Some recent work on these processes has been conducted in streams of the eastern 
USA (Pionke et al., 1988; Mulholland, 1992; Schnabel et al., 1993; Findlay, 1995), 
while Hill (1990) has described N-interactions in riparian wetlands on the Canadian Shield 
in Ontario, Canada. Attempts to trace N through near-stream wetlands has revealed a 
complexity which is beyond the descriptive capabilities of current models (Hill, 1993; 
Waddington et al., 1993; Eshleman et al., 1994). 

Recent literature in forest hydrology has been devoted to hypotheses concerning the 
rapid mobilization of pre-event ( "o ld" )  water to the stream during hydrologic episodes 
(Bonell, 1993; Buttle, 1994). However, investigations designed to study the linkages 
between site-specific hydrologic flowpath and biogeochemical pathway in the near-stream 
zone are somewhat rare (Hill, 1993; Eshleman et al., 1994). Since near-stream saturated 
zones and riparian wetlands may constitute the last biogeochemical environment encoun- 
tered by converging hydrologic pathways, their importance in regulating stream N con- 
centrations cannot be overemphasized. Furthermore, near-stream saturated zones are 
thought to expand and contract on an event and seasonal basis, as described by variable 
source concepts (Hewlitt and Hibbert, 1967). This necessarily places a temporal and 
spatial template upon descriptions of N dynamics. 

It would be useful for conceptual purposes and model development to link runoff 
production from hillslopes with spatial and temporal variations in the biogeochemical 
environment characteristics of near-stream/saturated zones, to assist in predictions of 
N transport and fate in the landscape. Studies designed to track the spatial and 
temporal routing of water through hydrologic transition zones in diverse topographic, 
geologic and hydrogeomorphic settings, would also allow more-informed predictions 
of the effects of changing land-use patterns on N transport. Therefore, we need to link 
predictions of N dynamics with seasonal ("long-term" temporal), hydrologic event 
(',short-term" temporal), and spatial (microtopographic or hydrogeomorphic) variations 
in the environment. 

1.3. Ecotones and hydrobiogeochemical interfaces 

Terrestrial-aquatic boundaries can be considered environmental transition zones, and 
are normally characterized by abrupt changes in hydrologic ttowpath and biogeochemical 
environment (Johnston et al., 1984; Wiens et al., 1985; Nixon and Lee, 1986; Risser, 
1990). Ecological zones of transition are referred to as "ecotones" (Holland, 1988). 
Abrupt transitions in antecedent moisture conditions normally lead to corresponding 
changes in the subsurface biogeochemical environment (e.g. redox potential, pH, etc.). 
A gradient of vertical and horizontal zones can be defined within the soil/regolith profile in 
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the riparian and near-stream zone, depending on the stratification of both hydrologic and 
physical properties of the matrix (as defined by hydraulic conductivity, porosity, and 
texture). This can result in a stratification of biogeochemical environments constrained 
by redox potential, pH, mineralogy, organic matter content, and microbial community 
dynamics. Recent findings point to linkages between temporal hydrologic variability 
(high- and low-flow regimes), biogeochemical conditions, and antecedent soil moisture, 
in controlling N dynamics. The zonation of hydrologic/biogeochemical gradient can be 
both vertical (within the regolith), and longitudinal (in an upstream/downstream 
direction). 

It has been shown that wetlands and saturated zones near the stream channel (i.e. 
discharge areas or surface expressions of the groundwater table), are important in the 
mediation of nutrient retention (Johnston, 1991) and in the biogeochemical transforma- 
tions of both N and P. Recent land-use and management decisions concerning cropland 
and feedlot practices have included protection of these interface zones as "green belts" 
(Burt and Haycock, 1993). A steepening of the hydraulic gradient can be effected by 
topographic and subsurface water convergence leading to surface expression of the 
water table (surface saturation) and exfiltration at the toe of the hillslope (Anderson and 
Butt, 1978; Fig. 2). This can, in turn, lead to rapid material flux (including N) mediated by 
hydrology. The near-stream environment can determine water source satisfying both 
stormwater hydrograph volume and episodic streamwater biogeochemistry. Since water 
entering the stream channel from the hillslope may traverse this boundary, the dynamics of 
subsurface flow must be described to adequately predict the timing of N attenuation or 
release (Haycock et al., 1993). Changes in hydrologic flowpath, as well as variations in 
areal N-loading rates, should determine whether N in the saturated zone originates from 
near-surface flow during hydrologic events, or from deeper subsurface water. 
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Fig. 2. The effects of topographic convergence on hydrologic flowpath at the hilislope-lowland boundary. 
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1.4. A working review framework 
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In this paper, we review studies of the interaction between hydrologic flowpath and the 
biogeochemical environment which may control N-cycling and transport, in near-stream/ 
saturated zones. We then propose scenarios of N dynamics and its response to changes in 
hydrology. It is at this critical juncture between temporal, spatial and biogeochemical 
conditions that research on environmental and landscape controls of N-flux should be 
focused. Although this review centers on phenomena related to N transport, examples 
of other solutes, both conservative and non-conservative, will be used as illustrative of the 
processes involved. 

In Fig. 3, we propose an environmental template of factors controlling both hydrologic 
routing and the transport of N in streamside saturated zones within northern temperate- 
zone forested watersheds. In this template, controlof  N dynamics (both temporal and 
spatial) is based primarily on soil moisture. This model includes 1) antecedent moisture 
conditions (seasonal and hydrologic event), 2) soil and regolith controls (an "edaphic" 
template), 3) drainage position in the catchment (a topographically controlled "hydro- 
geomorphic" template), and 4) the biogeochemical environment (a "biogeochemical" 
template based on redox status and other chemical conditions). The first three templates 
would be expected to determine the dominant flowpath and hydrologic dynamics of N 
transport, while the biogeochemical environment should control vertical stratification of 
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Fig. 3. Hypothetical environmental template controlling the hydrologic routing and biogeochemieal expression 
on nitrogen species in the near-stream zone of a northern temperate stream. 
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redox zones and microbial communities. The biogeochemical template could include soil 
fertility and nutrient status (e.g. C content, C:N ratio of litter and vegetation, etc.), and 
would be controlled indirectly by the moisture, edaphic, and hydrogeomorphic templates. 
The interaction of these templates presents a matrix of effects thought to determine 
sources, sinks and transformation zones for N. We also attempt to describe the near- 
stream-riparian zone interactions thought to be important to the hydrologic and biogeo- 
chemical fate of N entering from watershed drainage. 

2. Cycling and fate of nitrogen in near-stream zones 

The biogeochemical control of N dynamics in saturated zones is accomplished 
through biotic transformations, soil and sediment adsorption, or long-term storage in a 
slowly cycling organic-N pool (Bowden, 1987; Howard-Williams and Downes, 
1993). The size of the potential mineralizable pool of N in wetlands and riparian 
zones can be relatively large in some moist, temperate systems, while it is quite low 
in streams in arid zones and in some highly incised systems of sedimentary lithology. 
Internal N-cycling within the near-stream zone can predominate in some wetland 
environments (Bowden, 1987). Whether saturated zones are sources or sinks for N 
depends largely on biological N requirements, and on the availability of C. Some 
N-transformation pathways, in relation to the anoxic-oxic boundary (normally deter- 
mined by the relative depth of the water table), and the chemistry of the subsurface 
hydrological environment, are illustrated in Fig. 4. Many of these processes are 
mediated by microorganisms, and can be described kinetically (Atlas and Bartha, 
1987; Bouwer and Cobb, 1987; Bencala et al., 1993; Brown, 1988). As a result, the 
fate or chemical speciation of N at a particular site will depend on the water residence 
time, as well as on the biogeochemical environment encountered along the hydrologic 
flowpath. 

2.1. Loss to the system by denitrification 

Denitrification results in removal of N from the terrestrial and aquatic ecosystem and 
is considered a mode of N-attenuation in catchments with excess NO~ in runoff. 
Despite the development of anoxia in saturated soils, the denitrification rate may still 
be limited by other environmental factors such as acidity, C and P availability, and 
temperature (Urban and Bayley, 1988; Verhoeven, 1992; Pinay et al., 1993; Schipper 
et al., 1993; Groffman, 1994). Denitrification is thought to constitute a minor route 
of N loss from upland soils, and is usually ignored in watershed modelling efforts for 
upland systems (Van Miegroet and Johnson, 1993). Conversely, N losses from denitrifi- 
cation may be much higher from soils and sediments that are saturated and develop 
anoxic conditions. Schipper et al. (1993) observed rates of denitrification in riparian 
soils three orders of magnitude greater than those from upland soils in the same 
catchment. Simmons et al. (1992) and Groffman et al. (1992) linked N concentrations 
in riparian-zone groundwater to microbial potentials (both denitrification and nitrifica- 
tion), soil depth, and texture, in a agricultural watershed. Nitrate retention was positively 
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related to both soil organic-C content and depth to the water-table. Denitrification has 
also been shown to be responsible for NO3 losses at a hillslope-riparian swamp- 
forest boundary (Jordan et al., 1993). Seitzinger (1994) found that denitrification was 
strongly correlated with organic matter mineralization rate in several New Jersey and 
Pennsylvania, USA, wetlands. The vertical and horizontal location of soil moisture 
gradients within a wetland-upland transition zone appears to be critical for determining 
NO3 attenuation rate and denitrification potential. The addition of NO3 through diffuse 
sources in agricultural catchments can, for example, stimulate its own removal by 
"priming" the populations of denitrifiers in the soil (Gersberg et al., 1983; Howard- 
Williams and Downes, 1993). 

Groffman (1994) reviewed the environmental controls on denitrification in 
wetlands, emphasizing the differences between saturated zones and wetlands with variable 
N-availability. Nitrogen-"rich" wetlands normally have higher denitrification rates 
and respond rapidly to NO3 additions (i.e. denitrification of added NO~ occurs rapidly); 
N-poor wetlands respond much more slowly to NO~ additions. These N-poor sites 
may not be immediate sinks for N, but may respond after a period of "priming". 
Either kind of near-stream wetland could be bypassed by N-fluxes during large 
hydrologic events, or snowmelt. This implies that N-poor wetlands in areas with increas- 
ing atmospheric N-inputs may be at risk of being artificially "fertilized" by atmospheric 
N-inputs. 

2.2. Other nitrogen-transformation pathways 

Updegraff et al. (1995) demonstrated the dependence of C and N mineralization on 
substrate quality in wetland soils representing several different vegetative community 
histories. They found that both depth in the peat horizon and the quality of the substrate 
(i.e. C and N content) controlled the N-mineralization rate. High temperature and aeration 
of surficial peat layers were found to accelerate mineralization rates. These findings imply 
that inorganic-N mobility and availability in the near-stream/saturated zone may control 
the mineralization "potential" of peat and soil. 

Riparian wetlands may also be a source of N to downstream waters owing to nitrifica- 
tion of NH~ released from the mineralization of organic N. Release of NH~ from under- 
lying soils or peat would depend on depth to the water table and, consequently, on the 
redox status of the substrate. The supply of NH~ for nitrifiers may originate from upland or 
external sources, although most NH~ from the catchment will be taken up by the vegeta- 
tion and/or adsorbed to soil exchange sites. Atmospheric sources of NH~ are usually minor 
for North American forested catchments; this is not the case for European watersheds 
where NH~ may constitute a major portion ofthe atmospheric N load. In most agricultural 
watersheds, much of the NH~ load is transported during hydrologic episodes as surface- 
water runoff from compacted cropland or feedlots. In forested catchments, where soils in 
the near-stream zone may be draining owing to a water-table drawdown, mineralization of 
organic N in the substrate may be accelerated owing to aerobic oxidation. This may, in 
turn, result in increases in N input to the stream, stimulating nitrifiers in the aerobic zone. 
Depending on other factors, the wetland could, thus, become a net source of N to the 
stream. 



C.P. Cirmo, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 

3. Hydrology and nitrogen transport in the near-stream/saturated-zone 
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3.1. Groundwater nitrogen-inputs to the near-stream zone 

Capone and Bautista (1985) have suggested that groundwater NO~ may be an important 
source of N to surface waters in near-stream and riparian wetland zones. Nitrate concen- 
tration patterns in groundwater in the USA have been reviewed by Spalding and Exner 
(1993), as well as Hamilton and Helsel (1995), and trends in NO 3 in deep aquifers in the 
United Kingdom have been discussed by Butt and Trudgill (1993). Notable increases in N 
concentrations in groundwater have been observed over the past 20 years. Recent studies 
in layered sedimentary geologic environments of the Appalachian Plateau (Burns et al., 
1993) have revealed large groundwater inputs of NO3 to surface streams during baseflow. 
Stoddard and Murdoch (1991) demonstrated a positive but diminishing relationship 
between NO3 concentration and discharge in selected Catskill Mountain streams. These 
findings were similar to those observed in hillslopes in a central Pennsylvania watershed 
(Pionke et al., 1988; Schnabel et al., 1993), and in a mixed agricultural/forested watershed 
in Ohio (Owens et al., 1991) where high baseflow concentrations of NO~ from ground- 
water were diluted by stormflow. Sweeney (1993) observed increasing NO~ concentra- 
tions in deeper wells and surface springs in Pennsylvania, USA. Much lower NO~ 
concentrations were found in shallow, stream-side wells in the riparian zone. Burns et 
al. (1993) found elevated NO~ concentration in groundwater seeps, suggesting that older, 
deeper groundwater-N may have been transported directly to the stream channel via bank 
cuts in the layered sedimentary strata. It would be expected that preferential flow along 
large-scale fractures and bedding planes would short-circuit any interaction between 
groundwater and the saturated near-stream zone in certain geologic settings. Subsurface 
water emerging as seeps and springs may affect the extent and timing of N input to 
receiving streams in these watersheds (Pionke and Urban, 1985). Owens et al. (1991) 
found that even though more total-N was transported during surface stormflow in an 
agricultural watershed, substantial percentages (25% of inorganic N and 50% of total 
N) were transported via groundwater-controlled baseflow. In this case, the riparian zone 
was a N sink on an annual basis, but hydrologic-event water appeared to short-circuit the 
riparian zone during events. Carbon resources for the microbial community may also limit 
or control N transformations (e.g. denitrification, sensu Groffman et al., 1992) in certain 
watersheds. Carbon tends to accumulate in near-stream zones in cool temperate zone 
watersheds. The presence of C in the near-stream saturated zone may be a critical limiting 
factor to populations of denitrifiers. Overlying this response might be the effects of 
vegetative uptake and season (Stoddard and Murdoch, 1991). This subtle interaction of 
hydrology (particularly subsurface hydrology) and biogeochemistry may be overlooked in 
attempts to describe the differential regional response of watersheds to N inputs. 

The interaction of groundwater-N with riparian and near-stream forested wetland 
zones, has been found to play a critical role in the control of N-retention and release 
in the Delmarva Peninsula, USA (Phillips et al., 1993). In this study, total NO~-release in 
a watershed was found to be dependent on current groundwater recharge/discharge 
status, and on the spatial association of microbial denitrifier communities. The develop- 
ment of anoxic zones in deeper, saturated soils led to a reducing environment which 
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favored denitrification. Factors found to be important in this linkage included tempera- 
ture, soil texture, redox status, organic-C abundance, depth to water table, hydrologic 
flowpath, anisotropy of confining layers, vegetation and land use, and hydraulic 
residence time. 

Galloway et al. (1995)hypothesized that deep groundwater within the continental 
environment may be a major sink for N which has been fixed by human activities. 
Losses to deep groundwater are normally assumed to be permanent losses from the 
surface hydrological system. While this may be true in the short-run for systems 
dominated by surficial processes, increasing concentrations of N in groundwater 
may be expressed as increased N-concentrations in baseflow in layered sedimentary 
environments, with groundwater which may be relatively older (e.g. the Catskills, 
Allegheny Plateau, etc.). This potential needs to be addressed when considering the 
impacts of inputs of N from groundwater to downstream water supplies and rivers. 
Evidence reviewed by Burt and Trudgill (1993) has also indicated that water rich in NO~ 
may be lost to deepaquifer groundwater, particularly in agricultural catchments, and may 
reappear in baseflow at later times. This is particularly true if the near-stream zone 
is less important to N attenuation (i.e. those with narrow or steep riparian zones, highly 
incised or meandering systems of the western USA, near-stream zones which lack abund- 
ant organic carbon, etc). This avenue of research holds promise as well in attempts to sort 
out the contribution of either atmospheric or deep groundwater-based N to observed 
increases in N concentrations in streamwater within catchments believed to be approach- 
ing N saturation. 

3.2. Observations of nitrogen transport in near-stream zones 

Recent studies of hydrological and biogeochemical interactions in near-stream 
saturated zones in Canada (Hill, 1990, 1991, 1993), in the western USA (Triska et al., 
1989, 1990; Duff and Triska, 1990; Valett et al., 1993), and in the Catskill Mountains 
of New York (Burns et al., 1993; Kendall' et al., 1995), have revealed a variety of 
possible controlling mechanisms on N transport. The importance of seasonality, substrate 
permeability, and hydrologic flowpath have been demonstrated in the fate of natural 
and introduced N (Triska et al., 1990; Duff and Triska, 1990; Hill, 1993). Stream- 
channel simulations (Kim et al., 1992; Harvey and Bencala, 1993) coupling transient 
hydrologic storage and biotic submodels have demonstrated the importance of linking 
physical and biotic processes in describing NO~ retention. Kim et al. (1992) showed that 
channel transport dominated N-flux in the initial periods of their stream N addition 
experiment. Biotic uptake became increasingly important only after an initial "priming" 
period. 

The importance of boundary zones in the hydrological control of NO~ and NH~ 
transport has also been demonstrated by comparing the StSO of "pre-event" and 
"event" water in short-term storage within saturated zones and wetlands in Ontario 
(Buttle and Sami, 1992; Hill, 1993). Event-water contributions to streamflow generally 
increase with storm duration and intensity, supporting the notion that event water mixes 
with pre-event surface water (surface or depression storage) giving an increasing event- 
induced N-signature with time. Subsequent transport of this "mixed" water occurs at 
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an increasing rate after surface storage is exceeded, and would be expected to occur 
predominantly as saturation-excess overland flow. Waddington et al. (1993) showed 
that mixing occurred between event water (transported as overland flow) with the 
return-flow of groundwater from saturated areas. The speciation of N was partially depen- 
dent on this mixing. Hill (1993) also found that variable mixing-ratios of groundwater and 
surface water were important in N speciation and export. 

Simmons et al. (1992) demonstrated the retention of NO~ in both wetland soils and in 
the transition zone between streamside wetlands and uplands. Transition-zone retention 
was correlated with both water-table fluctuations and season, while the retention of NO~ 
was positively correlated with the organic-C content of the soil. It is evident that hydrology 
and biogeochemical status are linked in determining the observed N-signature in receiving 
waters; knowledge of the dominant hydrologic flowpath may allow extrapolation of a 
predicted N-response. 

3.3. Hydrologic events and nitrogen biogeochemistry in the near-stream zone 

It is assumed that many northern mid-latitude forests and wetlands are N limited and 
should act as net sinks for N inputs from anthropogenic sources (Vitousek and Howarth, 
1991; Schindler and Bayley, 1993). This would imply that the proposed "biogeochemical 
template" is controlling N transport throughout the terrestrial watershed. However, the 
transport of N through saturated wetland and riparian zones during hydrologic events may 
be more closely linked with underlying geology and the relative biogeochemical activity 
of soils in the near-stream zone. The initially positive but diminishing correlation of NO~ 
concentration to episodes in both the Catskill Mountains (Murdoch and Stoddard, 1992) 
and in Pennsylvania (Pionke et al., 1988; Schnabel et al., 1993) suggests a decoupling of 
biogeochemical control from hydrology in layered sedimentary geologic environments, 
with the progress of storm events. Control of N transport by baseflow may be overcome 
during these episodes, the role of the near-stream zone in controlling N-transport being 
less important during these events (Schnabel et al., 1993). In contrast, (Hill, 1993) found 
that more-highly variable discharge relationships existed between NO~ concentrations and 
the rising and falling limbs of storm hydrographs, for stream/riparian zones in Ontario. 
These relationships have been noted in the Adirondack Mountains, USA as well (Schaefer 
et al., 1990; Wigington et al., 1990), and in other studies centered on non-layered meta- 
morphic or crystalline lithologies mantled with glacial till and outwash. Streamside wet- 
lands and saturated zones are more prevalent in such environments, and hillslope-derivod 
water is more often routed to the channel through riparian and valley-bottom wetlands. In 
such geomorphic settings, streamwater may have greater opportunity to interact with 
saturated sediments, soils and peat before reaching the stream channel. An increase in 
shallow or near-surface flow with the progression of storms, has been suggested as a 
possible mechanism. Differences in the source of N in these two different geologic settings 
may be illustrative of the hydrologic flowpath variation thought to exist between "base- 
flow" and "event flow" in complex riparian zones. N attenuation in the near-stream/ 
saturated zone may depend on both the upland source of N, and on the particular hydro- 
logic flowpath in the saturated zone. Regardless of the source of N, or the concentration- 
discharge relationships, the possibility of N retention should be directly proportional to the 
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topographic and hydrogeomorphic location of the wetland areas in relation to both static 
and episodic flow. 

Rainfall events and snowmelt may result in large contributions of N from uplands to 
receiving streams and lakes. Increased flow and reduced water residence time (in the soils 
or wetlands) may increase short-circuiting or bypassing at the aquatic-terrestrial interface 
between the hillslope and the stream (Wigington et al., 1990; Stoddard and Murdoch, 
1991; Murdoch and Stoddard, 1992; DeWalle and Swistock, 1994). The N transported by 
snowmelt is variously attributed to an accumulation of atmospherically deposited N in 
developing snowpacks, active nitrification in the snowpack, mineralization of organic N in 
the insulated soils beneath the snowpack, or to accumulation of N eluted from the snow- 
pack in surficial soil layers (Rascher et al., 1987; Kendall et al., 1995). The flushing of 
NO3 during episodic snowmelt and spring storms constitutes a large annual source of N 
pollution from many forested ecosystems in both the eastern and western USA. Earlier 
models describing N transport during events used biogeochemical processes and changes 
in flowpaths thought to dominate in upland soils. Models built around theseassumptions 
do not take the near-stream zone into account. Efforts to incorporate these variably 
saturated zones into current and future models will lend confidence to their applicability 
to different regions. 

The interaction of hydrology with N biogeochemistry was studied in a wetland 
complex in Ontario (Hill, 1993; Hill and Waddington, 1993) where constant discharge 
from deeper groundwater precluded rapid water-table response mechanisms. This 
situation may be common in glacially mantled areas (Roulet, 1990). Saturation-excess 
overland flow was the major runoff mechanism during storms at this site. This was 
similar to the results of Burt et al. (1990) in a peatland in the United Kingdom. 
Event or "new"  water percentages were high (63%) during a high-intensity, short- 
duration storm, but more commonly low (20-25%) in moderate-intensity, short-duration 
storms. Variable event/pre-event response was also observed in a wetland within a 
catchment in New Zealand particularly when the water-table was close to the wetland 
surface (Bonell, 1993). The variation in contribution from saturation-excess overland flow 
or from subsurface stormflow, to the receiving stream, seems to be related not only to 
the intensity and duration of the event, but also to the proximity of the water table to 
the surface, and the topographic position of the wetland area in relation to a stream or 
valley bottom. 

Using 8180 and NO~/NH~ data collected during a storm in a wetland, Hill and Wad- 
dington (1993) demonstrated that the dynamics of N-transport were related to hydrologic 
response, revealing a relatively conservative mixing of event-related (precipitation) NO~ 
with groundwater/swamp surface NO~. This response included a non-conservative and 
non-linear relationship between NH~ concentration and discharge. Indications of biotic 
uptake or abiotic adsorption of NH~ were suggested, and the potential role for an in-situ 
source of NH~ was proposed. Similar NH~ responses have been observed in peat-covered 
catchments in Finland (Sepponen and Haappala, 1979) and in England (I-Ieathwaite and 
Ross, 1987). In the later study, peak Ni,l~ concentration lagged discharge at an ouffall from 
a peat drain after a storm event. This indicated that subsurface flow paths were important; 
delayed hydrologic response was controlled by the biogeochemical environment (in this 
case, the anoxic zones of the peat). 
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4. Hydrologic flowpath determinations in boundary zones 
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4.1. The hillslope-lowland boundary 

Catchment runoff dynamics have traditionally been described by combinations of 
Hortonian overland flow (Horton, 1933), saturation overland flow (Dunne and Black, 
1970), near-stream groundwater ridging (Ragan, 1968), shallow near-surface flow 
through more transmissive soil layers (Rodhe, 1989), and macropore flow (McDonnell, 
1990). For N transport, it is important to distinguish between these possible flowpaths 
and their link to the near-stream zone. The aforementioned flowpath mechanisms are 
response mechanisms that allow for rapid "event"  water movement and/or "pre- 
event" water mobilization. However, though these mechanisms may differ in their 
actual hydrologic dynamics, the resulting isotopic or geochemical mixture observed 
within the stream channel may be identical. Buttle (1994) describes this as an 
example of "equifinality", a concept from geomorphology in which a range of response 
mechanisms may evoke a similar endpoint observation (in this case, observed stream 
chemistry). 

The presence of steep physical, chemical or biological gradients between hydro- 
logic environments is common. Surface vegetation, soil moisture, or other observable 
surface characteristics may not be reliable indicators of "subsurface" conditions 
which may control hydrologic and biogeochemical response. Dynamic hydrologic 
changes within wetlands and between hillslopes and wetlands, can vary with changes 
in seasonal, annual or decadal water-regimes (Taylor, 1982; Carter, 1986). Hydrologic 
functions of near-stream saturated zones include flood storage and peak flow 
moderation (Daniel, 1981), discharge or exfiltration (and occasionally recharge) to local 
surface waters, and maintenance/moderation of baseflow (Novitzki, 1979). Some 
hydrologic studies have centered on the interactions between surface and subsurface 
water within wetland areas (Verry and Boelter, 1978; LaBangh, 1986, Ford and Bedford, 
1987; Siegel and Glaser, 1987; Fortin et al., 1991) while investigations designed to 
determine hydrologic flowpaths between terrestrial-aquatic interfaces are rare (B6hlke 
and Denver, 1995). Winter and Woo (1990), in a review of wetland-lake subsurface-water 
interactions, pointed out that reversals in groundwater flow direction are probably com- 
mon between these compartments, especially during snowmelt and hydrologic episodes. 
Abrupt hydrologic changes are likely the norm at the interface between a hillslope 
(steep gradient) and a stream valley or wetland area (with a low topographic and 
hydraulic gradient). The hydraulic residence time and the hydrologic characteristics of 
the soil matrix can change substantially within a relatively small area of the watershed. 
Eshleman et al. (1994) showed that the spatial extent of the near-stream/saturated zone 
was directly related to the volume of event water in a North American Piedmont stream. It 
was hypothesized that rapid overland flow of rain falling onto the expanding surface- 
saturated zone made its way into the channel physically and chemically unchanged. 
Other studies (Waddington et al., 1993; Titus et al., 1995) have shown that the areal 
extent of surface-saturation, and, in turn, the amount of event-related channel water, 
cannot be predicted a priori, owing to mixing between exfiltrating groundwater and inci- 
dent precipitation. 
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4.2. The rapid water-table response phenomenon 

The rapid vertical response of the water table to additions of precipitation, in areas 
where the capillary fringe is close to the surface, may play a role in N mobilization during 
hydrologic events. The capillary fringe is a zone of "tension" saturation, since it contains 
soil water held at below atmospheric pressures (Abdul and Gillham, 1984; Gillham, 1984). 
The thickness of this zone is theoretically inversely proportional to median particle size, 
and can be affected by porosity, permeability and particle size distribution. Indirect evi- 
dence for rapid water-table rise within the capillary fringe has been observed in wetlands 
and saturated zones, but it has not been demonstrated definitively under field conditions, 
nor is the concept of the capillary fringe response universally accepted (Abdul and Gill- 
ham, 1989; Zaltsberg, 1986; Buttle and Sami, 1992). Nevertheless, the presence of a large 
"theoretical" capillary fringe in near-surface layers of soil or peat (based on calculations 
using substrate texture and transmissivity), may result in rapid water-table storm responses 
(Gillham, 1984; Heliotis and DeWitt, 1987). Rapid vertical upward movement of the 
water-table in response to small amounts of rainfall or snowmelt (in excess of the response 
expected based on calculation of specific yield) can result in the movement of the redox- 
cline. The relationship between water potential and soil moisture content, for a hypo- 
thetical wetland soil or peat, is illustrated in Fig. 5. The shape of this relationship depends 
on whether one is observing a drying or wetting phase. The steepness of the curve on the 
wetting phase results in the rapid mobilization of water which may reflect micro-reducing 
environments or N in occluded water. The hysteresis implicit in the soil wetting/drying 
curve has implications for the amount and types of soil microenvironment which may be in 
contact with soil water at any point in time (Jaynes, 1990). The nature of this contact will 

SOIL 

WATER 
TABLE 

Fig. 5. Relationship between volumetric soil moisture content and matric potential in the capillary-fringe zone 
above a water-table surface. 
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depend on the most recent soil moisture history of the site. Rapid mobilization of organic 
or NH~-rich water within micropores of the soil matrix (within the capillary fringe), and 
subsequent upward transport this N-rich water to the stream channel, needs to be investi- 
gated in the field. 

The rapid change from capillary to phreatic water in areas of rapid water-table response 
could lead to the concurrent mobilization of subsurface water previously in a different 
redox state (i.e. anoxic or near-anoxic). High concentrations of NH~ and organic N, 
representative of pre-event or "o ld"  water, might be quickly mobilized into dynamic 
surface storage, or to surficial peat layers (Heathwaite and Ross, 1987), along with 
other chemical indicators of a reducing environment (e.g. higher pH, elevated DOC, S 2- 
and Fe 2+ concentration, etc.). A sudden flush water of higher pH from the subsurface, with 
higher NH~ concentration, could also stimulate nitrifying bacteria within more oxidized 
surface layers. This could result in an increase in the concentration of NO~ in surface 
water. In this regard, hypotheses concerning capillary fringe effects are an attempt at 
understanding the rapid movement of "pre-event" water to stream channels through 
saturated riparian zones. How this "pre-event" or "o ld"  water interacts with "event"  
or "new"  water to give a predominant "pre-event" signature (in terms of water age), is an 
area of active investigation. Novakowski and Gillham (1988) demonstrated a dispropor- 
tionate rise in water table in low-lying areas during an event on the Canadian Shield, while 
recent studies on a wetland in Ontario refuted this observation (Hill and Waddington, 
1993; Waddington et al., 1993). 

McDonnell (1990) has shown that macropore flow involving preferential towpaths 
around root channels and bedrock-soil interfaces can also evoke a rapid water-table 
response. In fact, the measured water-table response was as large or greater than in 
many studies in which it was attributed to the presence of a capillary fringe (Fig. 6). In 
addition, hiUslope-derived water was well-mixed, indicating a possible interaction 
between micropore and macropore waters. Similar findings of macropore-induced rapid 
water-table rise, as well as old-new water mixing have been reported by Peters et al. 
(1995), and reviewed by Germann (1990). The hydrologic and biogeochemical influences 
of macropores in low-relief stream valleys may be limited during times of maximum 
saturation. In support of this, Gerla (1992) noted that the rise in a wetland water-table 
may have been limited by the presence of large macropores in a wetland in Wisconsin. The 
possibility of such macropore flow being important to N movement and mobilization in 
near-stream areas may come into play when there is extensive drying of peat layers and 
subsequent cracking of the surface. In addition, formerly glaciated areas (e.g. the Canadian 
Shield region of eastern and northern North America) are often characterized by extensive 
boulder fields, abundant erratics, and shallow-rooted trees, all of which could contribute to 
the preferential movement of hydrologic "event"  water and rapid N-movement down- 
slope. Models describing the movement of N species through different biogeochemical 
zones in such an environment would need to account for this heterogeneity. 

Under snowmelt conditions, there is a large and prolonged input of water somewhat 
uniformly distributed over the landscape, with subsequently uniform and rapid surface 
saturation with spring thaw. Recent work by Buttle and Sami (1992) suggests that surface 
depression storage of meltwater (in hummocks and surface channels) played a large role in 
regulating streamflow in a catchment on the Canadian Shield, even in areas with extensive 
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Fig. 6. Measured water-table response to hydrologic events for studies invoking a macropore bypassing (A) and 
capillary fringe response (B and C); (modified after McDonnell, 1989). 

saturated zones. It would seem reasonable that filling the storage compartment within 
wetlands and saturated zones allows precipitation water the opportunity to react and 
mix with underlying soil water, formerly in a reducing redox state. Nitrate from 
atmospheric or snowmelt input may have the opportunity to interact with anoxic 
zones which move upward with the water-table surface. In a near-stream riparian zone 
within a watershed in Northeast Vermont, Titus et al. (1995) demonstrated that 
considerable mixing occurred between overland flow and groundwater, both along 
the overland flowpath and in and around hummocks, while en route to the stream 
channel. 
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Work done on a riparian forested wetland area in a small watershed in southern Ontario 
has assisted in identifying mechanisms important in the determination of the flowpaths and 
N-reaction pathways in a wetland complex (Hill, 1990, 1993; Warwick and Hill, 
1988; Hill and Waddington, 1993). These studies moved from a whole-catchment per- 
spective on N transport, through site-specific stream investigations, to a determination of 
wetland soil-N utilization rates, and finally to detailed investigations of the flowpaths and 
reaction pathways in the saturated zone. The denitrification potential of the substrate 
beneath small rivulets in the wetland were found to be low (Warwick and Hill, 1988). 
Attempts were then made to identify water source and vertical/horizontal N-chemistry 
from isotopic signatures and piezometric information (Hill, 1990). The identification of 
three distinct water sources in the wetland included: a) well-oxygenated surface water, 
feeding preferential flowpaths, created by decaying logs and litter; b) sub-surface flow, 
originating deeper but travelling for some distance within the organic soils; and c) deeper 
groundwater, originating in a regional flow system through deeper till, contributing to both 
the wetland surface and stream water. These findings suggest that water sources have 
distinct and evolving NO~ and NH~ signatures which can vary both vertically and hori- 
zontally, depending upon their specific flowpath. Results revealed that deep groundwater 
gained both NO~ and NH~ during its travel upward to the wetland surface. Also, a narrow 
boundary of low dissolved oxygen and NO~ was observed within the profile (Fig. 7). 
Similar studies that include measurements of the dynamic in-situ response of the water- 
table, along with real-time monitoring of the soil moisture-content change with matric 
potential in wetland soils and peat, will aid in attempts to understand the dynamics of 
hydrologic response coupled to N biogeochemistry. 

4.3. Stable isotopic ratios as a tool in saturated zones 

The use of stable isotopic signatures (e.g. 180) as a water-source tracer has aided 
investigations of event and pre-event water mixing on hillslopes. Nevertheless, their use 
in the saturated near-stream zone and in wetlands may be complicated by complex hydro- 
logic and biogeochemical mixing from, as yet undetermined, pools of "old"  water within 
the zone. Isotopic hydrograph separation techniques for water "sources" have been used 
in areas of extensive surface saturation (Buttle and Sami, 1992; Hill and Waddington, 
1993). These studies revealed that standing water in hollows can obtain a distinctly "pre- 
event" isotopic signature. However, as pointed out by Buttle (1994), it is the operation of 
"a  number of in-channel, down-valley mechanisms and factors that are distinct from the 
hillslope-scale processes...which may exert an important control on the isotopic signature 
seen at the basin outflow." In this way, assumptions about the biogeochemistry of N and 
its fate and movement at hydrological interfaces must account for the last biogeochemical 
environment encountered in order to adequately describe the observed N-signature. The 
determination of intracompartmental flowpaths and biogeochemical evolution pathways 
using tSISO and 6D, may be obscured by both the timing and site of sampling in the field 
(Buttle, 1994). Also, ISO and D only truly provide information on runoff sources and say 
nothing about flowpaths. A stable isotopic ratio of a non-conservative species (e.g. 813C) is 
needed before any flow history information may be determined. The isotopic signature of 
the non-conservative chemical species in question (in this case, 815N of the N species 
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involved or the ~5~aO-NO~) is amenable to at least qualitative determinations of biogeo- 
chemical source or environment (Durka et al., 1994; Kendall et al., 1995). Nadelhoffer and 
Fry (1988) have suggested that different pools of soil N can be similarly discriminated 
since surface soil and litter layers have lower 815N values than subsurface soils. This may 
be the result of differences in litter layer decomposition processes (Mariotti et al., 1980; 
Karamanos et al., 1981). Soils on lower slopes have also been shown to have higher 6mSN 
values than those on well-drained soils, owing, hypothetically, to higher rates of denitri- 
fication in the more poorly drained saturated zones (Karamanos et al., 1981; Shearer and 
Kohl, 1989). 

The ability to further discriminate the actual source of NO~ (e.g. atmospheric NO~ 
versus soil-derived NO~ from bacterial nitrification of soil NH~) has been enhanced by 
using the combined 8180 and 8tSN signatures of NO5 in various surface and subsurface 
waters (Durka et al., 1994; Kendall et al., 1995). Preliminary results indicate that the 
method is useful in discriminating sources of N during snowmelt (Kendall et al., 1995) 
and for comparing healthy, undisturbed forested watersheds, to disturbed and acidified 
watersheds (Durka et al., 1994). The major challenge to investigators using this 
technique includes identifying changes in flowpaths as reflecting biogeochemical envi- 
ronment. This may assist in efforts to elucidate near-stream zone N biogeochemistry and 
hydrology. 

5. Near-stream/saturated-zone hydrological and biogeochemical nitrogen modelling 

Generally, biogeochemical modelling (of N, for example), and field studies of hydro- 
logic pathways, are not well coordinated (McDonnell et al., 1993). For any given catch- 
ment, the spatial and temporal variability of hydrological and biogeochemical 
environments, along with the position of the saturated zone in relation to drainage 
water, should play a large role in controlling the release of N. Owing to the kinetic control 
of many biogeochemical processes involving microbial communities (particularly for N 
transformation) the biogeochemical composition of waters may be largely a function of 
residence time, especially within areas which have a high diversity of microenvironments. 
Residence time within a "hydrologic unit" (e.g. wetland, riparian zone, hyporheic zone, 
etc.), "effective" soil:water ratios, and antecedent soil/matrix moisture conditions, are all 
factors which need to be incorporated into models linking hydrologic flowpath and 
biogeochemical pathway. The findings of Robson et al. (1992) in Plynlimon, Wales, 
indicate that the chemical compositions of all flowlines may be reset in the riparian 
zone of the stream. These zones are not chemically inert, and likely impart a unique 
chemical signature on water from various sources. As an illustration of the modelling 
of a non-conservative solute, Hornberger et al. (1994) tested a hypothesis concerning 
sources of dissolved organic carbon (DOC), by delineating three compartments which 
might be end-member sources of variability, including the ripadan/hyporheic zone. In this 
model, temporal variations in DOC concentration in the upper-soil layer were accounted 
for as a simple function of time and temperature, and successfully connected to a hydro- 
logical component of the submodel describing the temporal variations in flow amounts 
through the upper-soil horizons. Such an approach may prove useful to attempts at 
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modelling contributions to the N signature of streamwater from vertically or longitudinally 
different biogeochemical environments within the near-stream saturated zone. One could 
designate the redox "boundary" (between oxic and anoxic environments) as an upper 
limit to NO~, NH~, or organic-N transport, and incorporate a temporally variable hydro- 
logical submodel describing variations in water-table level and antecedent soil moisture. 

Pinay and DeCamps (1988) developed a model describing an agricultural riparian zone 
of a large river in France, incorporating the seasonal and hydrologic variations expected to 
affect the cycling of N in these saturated zones (Fig. 8). In this model, ammonification of 
organic N and subsequent diffusion of NH~ are considered to control nitrification rate, and, 
indirectly, denitrification rates. The model was applied to various hydrologic conditions 
including a) a zone containing an aerobic surface layer which was never submerged, b) a 
zone of fluctuating inundation and submergence, and c) zones permanently inundated. 
Results indicated that the intensity and duration of flooding was a controlling factor, and 
that denitrification capacity was quite heterogeneous and rarely achieved in any of the 
riparian zones studied. An expansion of this conceptual model to incorporate stormflow 
volumes linked to water-table response in a forested watershed would be a useful initial 
effort at linking both groundwater and surface-water hydrology to the functioning of these 
zones. A simulation model presented by Brown (1988) attempted to directly link site 
hydrology to nutrient dynamics for wetlands. This model used the coupling of a hydrologic 
submodel with nutrient uptake processes. Although this model was constructed to repre- 
sent most of the hydrologic and N-transformation processes discussed in this paper, it did 
not explicitly address the complications presented by the subtle hydrologic flowpaths 
present at the interface between terrestrial and aquatic ecosystems (e.g. rapid water- 
table rise, macropore flow, groundwater ridging, etc.). Creed and Band (1995) simulated 
N release from a watershed based upon both temporal and spatial variations in the satura- 
tion deficit of the catchment. Their results indicated an N-flushing mechanism whereby N 
was flushed from an accumulation pool in the upper-soil layer. This is similar to the 
successful modelling of DOC flushing described by Hornberger et al. (1994). This con- 
ceptual flushing model holds promise for modelling the dynamic spatial and temporal link 
occurring in saturated zones in regards to N. 

6. Scenarios for consideration in near-stream/saturated-zone nitrogen dynamics 

In Fig. 9, we illustrate some hypothetical temporal profiles of biological activity, 
streamflow and stream concentrations of N species, based on a cross-section of studies 
within the saturated near-stream zone of a typical headwater stream in a temperate-zone 
forested catchment. 

Following the assumptions implicit in these profiles (following the template presented 
in Fig. 2), four scenarios involving theoretical hydrologic phenomena discussed in this 
paper, are presented in Fig. 10. The scenario presented in Fig. 10(A) represents a rapid 
water-table rise when the capillary fringe extends to the wetland surface. Hypothetically, 
this situation would allow little interaction and little-to-no mixing of event and pre-event 
water. In addition, the wetland surface is depicted as being relatively fiat, where the effects 
of topography would be minimal, and microtopography-microenvironment would control 
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Fig. i O. Scenarios representing theoretical hydrological and nitrogen biogeochemical responses of various near- 
stream environments to hydrologic events. (A)-(D) as described in text. 
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N dynamics. Rapid saturation overland flow would likely occur, along with a rapid rise of 
the redoxcline. This would, in turn, allow the accumulation of reduced N-components (e.g. 
organic-N and NH~), and subsequent rapid wash-out of surface N to the stream channel. 
Rapid mobilization of N from the wetland, with little retention of N inputs, would be 
predicted. In this situation, the near-stream zone might be considered a net source of N to 
receiving waters. A lag time in the appearance of reduced N-species in the receiving 
stream might also be noted, depending on the width and saturation depth of the near- 
stream wetland. In Fig. 10(B), we depict a rapid water-table response within a near-steam 
wetland with hummocky topography. In this situation, depression storage and mixing of 
event with pre-event N-species would occur. Sufficient time would be available to allow 
the oxidation of reduced N-species from deeper soils. Not only would downstream N 
concentrations rise at a slower rate, but opportunities for N retention and loss owing to 
denitrification might also exist. A dichotomous stream N-signature might be expected, 
with initially lower N-input, but with increasing event N-signature owing to the filling of 
depression storage and commencement of saturation excess overland flow. 

Hillslope-wetland boundary dynamics that might occur during a hydrologic event, 
before water is mobilized to the stream channel, are shown in Fig. 10(C). In this case, 
watershed inputs of N from uplands are allowed to mix before entering the stream, with a 
combination of (1) flow over the surface in the near-stream zone, (2) upland water, and (3) 
pre-event soil water. Both crystalline and sedimentary lithologies are possible in the 
underlying hillslope bedrock environment. A variable response would be anticipated, 
depending on reservoir size and antecedent moisture conditions in both the upland and 
wetland. Much would also depend on the presence of glacial deposits (till, outwash, etc.) 
which may be a source of older water to the stream channel. Changes in saturated 
hydraulic conductivity of the wetland soil, along with more-rapid flow through more- 
transmissive surficial layers could allow a predominant pre-event water signature, along 
with mobilization of N from deep storage within the wetland. In addition, more time for 
nutrient transformations might be available in the saturated zone, depending on initial 
water-table height and flowpaths. Consequently, the near-stream zone might be a net sink 
for N. In a layered sedimentary lithology, deeper groundwater seepage along bedding 
planes and fractures might allow additional inputs of deeper and older groundwater. 
This scenario would be characterized by variable N responses during storms, depending 
on the concentration of N in, and the volume of, deep groundwater inputs. The scenario 
depicted in Fig. 10(D) constitutes a short-circuiting or bypassing of the near-stream zone 
along cracks, root channels or along the bedrock-soil interface (macropore flow). In this 
example, an immediate increase in N concentration of streamwater might be expected, 
including an increasing event-water N-signature. 

It is possible to discuss the changes in antecedent hydrologic conditions for these 
scenarios, in relation to hypothetical seasonal and event changes typical in forested water- 
sheds. Water-table drawdown during late summer, early fall, or during drought periods, 
with subsequent drying of surficial soil and peat, might result in the mineralization of 
accumulated organic-N. Surface soils and peat high in organic N would be oxidized 
through increasing exposure to oxygen and higher temperatures, resulting in the potential 
accumulation of NO~. This accumulated NO~ might be mobilized rapidly by a rising 
water-table or saturation excess overland flow and storage within the riparian wetland. 
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This scenario could also result in rapid nitrification of any previously stored NH~ at depth 
in an anoxic layer, particularly in hummocky topography. A temporary increase in NO3 
release from wetlands or saturated zones around streams and lakes, might also occur. 
Another consequence of drying or draw-down of the local water-table would be a change 
in the physical properties of the soil or peat matrix (Chason and Siegel, 1986), including 
cracking and hardening of the surface, bulk density reduction, and possible macropore 
formation through cracking and shrinkage of the peat matrix (Jones and Crane, 1984). 
Alterations in the physical matrix would likely produce changes in hydrologic towpath 
and the development of preferential flow along macropore conduits (McDonnell, 1990). 
Indeed, peat soils have been shown to expand and contract with associated ground-surface 
movement noted by Ingram .(1983). Depending on hillslope antecedent moisture condi- 
tions and saturated-zone water-table response, hydrologic events could then elicit a large 
flush of inorganic N from the system. 

Nitrogen may accumulate in the subsurface of saturated zones during seasonal water- 
table drawdown during periods of minimal biological uptake of N (e.g. in early to mid- 
autumn in northern-temperate zones), along with residual accumulation of N from litter 
decomposition and increased soil temperature (during the open canopy period). Subse- 
quent mobilization of this accumulated N by wetting up later in the season and through the 
winter, could lead to higher N-concentrations in stream water during these periods. A 
pulse of NO~ could result during a time when it is less likely to be biologically assimilated. 
In this example, the biotic control of N may be decoupled seasonally from hydrology. 

7. Conclusions and recommendations 

Increases in anthropogenically induced atmospheric N-deposition have stimulated a 
number of studies examining increased surface-water acidification and possible N-based 
downstream eutrophication. Numerous studies have indicated that the near-stream zone of 
saturation can effect an increase in N retention, transformation, or transport. Nevertheless, 
the interaction between hydrologic fiowpath and biogeochemical pathway in saturated/ 
near-stream zones has only recently been addressed. These ecological zones of transition, 
or ecotones, constitute surface-water-groundwater interfaces where the biogeochemical 
environments controlling the fate of N change rapidly on the timcscaie of hydrologic 
events. Factors that affect the hydrologic routing and transport of N in these zones include: 
a) antecedent wetness conditions; b) soil/peat physical and nutrient status; c) proximity to 
the channel; d) vertical stratification of redox zones and microbiological communities 
which control N speciation; e) biological uptake and net retention of N. In addition, 
near-stream variable source areas typically control the stormflow hydrologic response 
of upland forested catchments and are the sites of rapid water-table response owing to 
capillary-fringe-induced groundwater ridging, macropore flow or return flow during 
saturation overland flow. Consequently, this zone is dynamic, both in its hydrologic 
response and biogeochemistry. 

Hydrologic routing through a variably saturated biogeochemical environment constitu- 
tes an area of uncertainty in regards to efforts at watershed modelling of the controls of N 
transport. There is a need for future studies to track the spatial and temporal routing of 
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water through the hydrologic transition zone in diverse topographic, geologic and hydro- 
geomorphic settings in order to allow prediction of the effects of changing land-use 
patterns on N transport. In this paper, we have presented four scenarios of near-stream 
saturated-zone N dynamics, and have illustrated hypothetical temporal profiles of bio- 
logical activity, streamflow and stream concentrations of N species. We hope that our 
review, and these examples, may serve as a catalyst to unite the hydrological and biogeo- 
chemical community to link predictions of N attenuation (both biotic and abiotic) with 
seasonal, event-based and spatial variations in the hydrologic environment in forested 
catchments. 

References 

AIxlul, A.S. and Gillham., R.W., 1984. Laboratory studies of the effects of the capillary fringe on streamflow 
generation. Water Resour. Res., 10: 691-698. 

Alxlul, A.S. and Giilham, R.W., 1989. Field studies of the effects of capillary fringe on stream flow generation. J. 
Hydml., 112: !-18. 

Abet, J., Melillo, LM., Nadelhoffer, K.J., Pastor, J. and Boone, R.D., 1991. Factors controlling nitrogen cycling 
and nitrogen saturation in northern temperate forest ecosystems. Ecol. Applic., 1: 305-315. 

Abet, J.D., Nadelhoffer, KJ., Steudler, P. and Melillo, J.M., 1989. Nitrogen saturation in northern forest eco- 
systems: hypotheses and implications. Bioscience, 39: 378-386. 

Anderson, M.G. and Burr, T.P., 1978. The role of topography in controlling throughflow generation. Earth 
Surface Processes Landforms, 3: 331-344. 

Armstrong, A.C., and Burr, T.P., 1993. Nitrate losses from agricultural land. In: A.L. Heathwaite and S.T. 
Tmdgill (Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, 
USA, pp. 239-267. 

Atlas, R.M and Bartha, R., 1987. Microbial Ecology. Benjamin Cummings Publishing Co., Inc., Menlo Park, CA, 
USA. 

Baker, J.L. and Johnson, H.P., 1976. Impact of subsurface drainage on water quality. Proceedings of 
the 3rd National Drainage Symposium, American Society of Agricultural Engineers, St. Joseph, MI, 
pp. 91-98. 

Bencala, K.E., 1993. A perspective on stream-catchmenf connections. J. N. Am. Benthol. Soc., 12: 44-47. 
Bencala, K.E., Duff, LH., Harvey, J.W., Jackman, A.P. and Triska, FJ., 1993. Modelling within the stream- 

catchment continuum. In: AJ. Jakeman, M.B. Beck and J.L McAleer (Editors), Modelling Change in 
Environmental Systems. John Wiley and Sons, Ltd., pp. 163-187. 

Bthlke, J.K., and Denver, J.M., 1995. Combined use of groundwater dating, chemical, and isotopic analyses to 
resolve the history and fate of nitrate contamination in two agricultural watersheds. Atlantic coastal plain, 
Maryland. Water Resour. Res., 3 !: 2319-2339. 

Bonell, M., 1993. Progress in the understanding of runoff generation dynamics in forests. J. Hydrol., 150: 217- 
275. 

Bouwer, E.J. and Cobb, G.D., 1987. Modeling of biological processes in the subsurface. Water Sci. Technol., 19: 
769-779. 

Bowden, W.B., 1987. The biogeochemistry of nitrogen in freshwater wetlands. Biogeochemistry, 4: 313- 
348. 

Brown, M.T., 1988. A simulation model of hydrology and nutrient dynamics in wetlands. Comput. Environ. 
Urban Syst., 12: 221-237. 

Burns, D.A., Murdoch, P.S. and Lawrence, G.B., 1993. Effect of ground-water seeps on NO.~ concentrations in 
stream water in the Catskill Mountains of New York. EOS, Transactions of the American Geophysical Union, 
1993, Fall Meeting (Supp.), p. 258. 

Burr, T.P. and Arkell, B.P., 1987. Temporal and spatial patterns of nitrate losses from an agricultural catchment. 
Soil Use Manage., 3: 138-143. 



C.P. Cirmo, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 115 

Burr, T.P. and Haycock. N.E., 1992. Catchment planning and the nitrate issue: a UK perspective. Prog. Phys. 
Geogr., 16: 379-404. 

Burr, T.P. and Haycock, N.E., 1993. Controlling losses of nitrate by changing land use. In: A.L. Heathwaite and 
S.T. Trndgill (Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, 
USA, pp. 341-367. 

Burt, T.P. and Trudgill, S.T., 1993. Nitrate in groundwater. In: A.L. Heathwaite and S.T. Trudgill 
(Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, USA, 
pp. 213-238. 

Burr, T.P., Heathwaite, A.L., and Labadz, J.C., 1990. Runoff production in peat-covered catchments. In: M.G. 
Anderson and T.P. Burr (Editors), Process Studies in Hillslope Hydrology. John Wiley and Sons, New York, 
USA, pp. 463-500. 

Burton, T.M., Turner, R.R. and Hariss, R.C., 1977. Nutrient export from three north Florida watersheds in 
contrasting land use. In: D.L. Con'ell, (Editor), Watershed research in eastern North America. Smithsonian 
Institution, Edgewater, MD, pp. 323-342. 

Buttle, J.M., 1994. Isotope hydrograph separations and rapid delivery of pre-event water from drainage basins. 
Prog Phys. Ge~gr., 18: 16--41. 

Buttle, J.M and Sami, K., 1992. Testing the groundwater ridging hypothesis of streamflow generation during 
snowmelt in a forested catchment. J. Hydrol, 135: 53-72. 

Capone, D.G. and Bantista, M.F., 1985. A groundwater source of nitrate in near-shore marine sediments. Nature, 
313: 214-216. 

Carter, V., 1986. An overview of the hydrologic concerns related to wetlands in the United States. Can. J. Bot., 
64: 364-374. 

Chapman, B.M., 1982. Numerical simulation of the transport and speciation of nonconservative chemical reac- 
tants in rivers. Water Resoor. Res., 18: 155-167. 

Chason, D.B. and Siegel, D.I., 1986. Hydraulic conductivity and related physical properties of peat, Lost River 
Peatland, northern Minnesota. Soil Sci., 142: 91-99. 

Chichester, F.W., 1976. The impact of fertilizer use and crop management on nitrogen content of subsurface 
water draining from upland agricultural watersheds. J. Environ. Qual., 5: 413-416. 

Cooke, J.G. and Cooper, A.B., 1988. Sources and sinks of nutrients in a New Zealand hill pasture catchment. III, 
Nitrogen. Hydrol. Processes, 2:135-149. 

Cooper, A.B., 1990. Nitrate depletion in the riparian zone and stream channel of a small headwater catchment. 
Hydrobiologia, 202: 13-26. 

Creed, I.F. and Band, L.E., 1995. Topographic controls on the nitrogen content of discharge water from catch- 
ments in the Turkey Lakes Watershed. EOS, Transactions of the American Geophysical Union, ! 995 Spring 
Meeting Abstracts. Vol. 76 (Suppl.) p. SI i 1. 

D'Angelo, D.J., Webster, J.R.K., Gregory, S.V. and Meyer, J.L., 1993. Transient storage in Appalachian and 
Cascade mountain streams as related to hydraulic characteristics. J. Am. Benthol. Soc., 12: 223-235. 

Daniel, C.C., III., 1981. Hydrology, geology and soils of pocosins: a comparison of natural and altered systems. 
In: C.J. Richardson, M.L. Matthews and S.A. Anderson (Editors), Pocosin Wetlands. Hutchison Ross Publish- 
ing Company, Stroudsbury, PA, USA, pp. 69-108. 

DeWalle, D.R. and Swistock, B.R., 1994. Causes of episodic acidification in five Pennsylvania streams on the 
northern Appalachian Plateau. Water. Resour. Res., 30: 1955-1963. 

Dillon, P.J., Ragusa, S.R. and Richardson, S.B., 1991. Biochemistry of a plume of nitrate-contaminated ground- 
water. In: I. Bogardi and R.D. Kuzelka (Editors), Nitrate Contamination: Exposure, Consequence, and 
Control. Nato ASI Series G: Ecological Sciences 30. Springer-Verlag, Berlin, pp. 173-180. 

Dourson, M., Stern, B., Griffith, S. and Bailey, K., 1991. Impact of risk-related concerns on U.S. Environmental 
Protection Agency Programs. In: I. Bogardi and R.D. Kuzelka (Editors). Nitrate Contamination: Exposure, 
Consequence, and Control. Nato ASI Series G: Ecological Sciences 30. Springer-Verlag, Berlin, pp. 477- 
487. 

Driseoll, C.T. and van Dreason, R., 1993. Seasonal and long-term temporal patterns in the chemistry of 
Adirondack lakes. Water Air Soil Pollut., 67: 319-344. 

Duda, A.M., 1982. Municipal point source and agricultural non-point source contributions to coastal eutrophica- 
tion. Water Resour. Bull., 18: 397-407. 



] 16 C.P. Cirmo, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 

Duff, J.H. and Triska, F.J., 1990. Denitrification in sediments from the hyporheic zone adjacent to a small forested 
stream. Can. J. Fish. Aquat. Sci., 47:1140-1147. 

Dunne, T. and Black, R.D., 1970. An experimental investigation of runoff prediction in permeable soils. Water 
Resour. Res., 6: 478--490. 

Durka, W., Schulze, E.D., Gebauer, G. and Voerkelius, S., 1994. Effects of forest decline on uptake and leaching 
of deposited nitrate determined from I~N and ISO measurements. Nature, 372: 765-767. 

Elwood, J.W., Sale, MJ., Kaufman, P.R. and Cada, G.F., 1991. The Southern Blue Ridge Province. In: D.F. 
Charles (Editor), Acidic Deposition and Aquatic Ecosystems. Springer-Verlag, New York, USA, pp. 319- 
364. 

Eshleman, K.N., Pollard, J.S. and O'Brien, A.K., 1994. Interactions between groundwater and surface water in a 
Virginia coastal plain watershed. 1. Hydrological flowpaths. Hydrol. Processes, 8: 389-410. 

Findlay, S., 1995. Importance of surface-subsurface exchange in stream ecosystems: the hyporheic zone. Limnol. 
Oceanogr., 40: 159-164. 

Ford, J. and Bedford, B.L., 1987. The hydrology of Alaskan wetlands, U.S.A.: a review. Arct. Alp. Res., 19: 209- 
229. 

Fortin, G., van der Kamp, G., and Cherry, J.A., 1991. Hydrogeology and hydrochemistry of an aquifer-aquitard 
system within glacial deposits, Saskatchewan, Canada. J. Hydrol., 126: 265-292. 

Galloway, J.N., Schlesinger, W.H., Levy II, H., Michaels, A. and Schnoor, J.L., 1995. Nitrogen fixation: anthro- 
pogenic enhancement--envirnnmental response. Global Biogeochem, Cycles, 9: 235-252. 

Gerla, P.J., 1992. The relationship of water-table changes to the capillary fringe, evapotranspiration, and pre- 
cipitation in intermittent wetlands. Wetlands, 12:91-98. 

Germann, P.F., 1990. Macropores and hydrologic hillslope processes. In: M.G. Anderson and T.G. Burr (Editors), 
Process Studies in Hillslope Hydrology. John Wiley and Sons, New York, USA., pp. 327-363. 

Gersberg, R.M., Elkins, B.V. and Goldman, C.R., 1983. Nitrogen removal in artificial wetlands. Water Res., 18: 
1009-1014. 

Gillham, R.W., 1984. The effect of the capillary fringe on water-table response. J. Hydrol., 67: 307-324. 
Glibert, P.M., Garside, C., Fuhrman, J.A., and Roman, M.R., 1991. Time-dependent coupling of inorganic and 

organic nitrogen uptake and regeneration in the plume of the Chesapeake Bay estuary and its regulation by 
large heterotrophs. Limnol. Oceanogr., 36: 895-909. 

Groffman, P.M., Gold, A.J. and Simmons, R.C., 1992. Nitrate dynamics in riparian forests: microbial studies. 
J. Environ. Qual., 21: 666-671. 

Groffman, P.M., 1994. Denitrification in freshwater wetlands. Curt. Top. Wetland Biogeochem., 1:15-35. 
Hamilton, P.A.;and Helsel, D.R., 1995. Effects of agriculture on ground water-quality in five regions of the United 

States. Ground Water, 33: 217-227. 
Harvey, J.D. and Bencala, K.E., 1993. The effect of streambed topography on surface-subsurface water exchange 

in mountain catchments. Water Resour. Res., 29: 89-98 .  
Hauhs, M., Rost-Siebert, K., Raben, G., Paces, T. and Vigerust, B., 1989. Summary of European Data. In: J.L. 

Malanchuk and J. Nilsson (Editors), The Role of Nitrogen in the Acidification of Soils and Surface Waters. 
Nordic Council of Ministers, Stockholm, Sweden, pp. 5.1-5.37. 

Haycock, N.E., 1991. Riparian land as buffer zones in agricultural catchments. Ph.D. thesis, University of Oxford, 
UK. 

Haycock, N.E., Pinay, G. and Walker, C., 1993. Nitrogen retention in river corridors: European perspective. 
Ambio, 22: 340-346. 

Heathwaite, A.L. and Ross, S.M., 1987. Evaluation of qualitative and quantitative classifications for fen peat in 
the Somerset Levels, England. ]. Biogeogr., 14: 129-143. 

Heathwaite, A.L., Burr, T.P. and Trudgill, S.T., 1993. Overview--the nitrate issue. In: A.L. Heathwaite and S.T. 
Trudgill (Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, USA, 
pp. 3-21. 

Heliotis, F.D. and DeWitt, C.B., 1987. Rapid water table responses to rainfall in a northern peatland ecosystem. 
Water Resour. Bull., 23:1011-1016. 

Hewlitt, J.D. and Hibbert, A.R., 1967. Factors affecting the response of small watersheds to precipitation in 
humid areas. In: W.E, Sopper and H.W. Lull (Editors), International Symposium on Forest Hydrology, The 
Pennsylvania State University, 29 August-l0 September 1965. Pergamon Press, Oxford, pp. 275-290. 



C.P. Cirrno, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 117 

Hill, A.R., 1990. Groundwater towpaths in relation to nitrogen chemistry in the near-stream zone. Hydrobiologia, 
206: 29-52. 

Hill, A.R., 1991. A groundwater nitrogen budget for a headwater swamp in an area of permanent groundwater 
discharge. Biogeochemistry, 14: 209-224. 

Hill, A.R., 1993. Nitrogen dynamics of storm runoff in the riparian zone of a forested watershed. Biogeochem- 
istry, 20: 19-44. 

Hill, A.R. and Waddington, J.M., 1993. Analysis of storm run-off sources using oxygen-18 in a headwater 
swamp. Hydrol. Processes, 7:305-316. 

Holland, M.M., 1988. SCOPE/MAB technical consultations on landscape boundaries: report of a SCOPE/MAB 
workshop on ecotones. Biol. Int. (Spec. Issue), 17: 47-106. 

Homberger, G.M., Bencala" K.E. and McKnight, D.M., 1994. Hydrological controls on dissolved organic carbon 
during snowmelt in the Snake River near, Montezuma, CO. Biogeochemistry, 25: 147-165. 

Horton, R.E., 1933. The role of infiltration in the hydrological cycle. EOS, Trans. Am. Geophys. Union, 14: 446- 
460. 

Howard-Williams, C. and Downes, M.T., 1993. Nitrogen cycling in wetlands. In: A.L. Heathwaite and S.T. 
Tmdgill (Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, USA, 
pp. 141-168. 

Ingrain, H.A.P., 1983. Hydrology. In: A.J.P. Gore (Editor), Mires: Swamp, Bog, Fen and Moor. Ecosystems of the 
World 4A. Elsevier, Amsterdam, pp. 67-158. 

Iserman, K., 1990. Share of agriculture in nitrogen and phosphorus emissions into the surface-waters of Western 
Europe against the background of their eutrophication. Fert. Res., 26: 253-269. 

Jaynes, D.B., 1990. Soil water hysteresis: models and implications. In: M.G. Anderson and T.P. Burt (Editors), 
Process Studies in Hillslope Hydrology. John Wiley and Sons, Chichester, UK, pp. 93-126. 

Johnston, C.A., 1991. Sediment and nutrient retention by freshwater wetlands: effects on surface water quality. 
Crit. Rev. Environ. Control, 21: 491-565. 

Johnston, C.A., Bubenzer, G.D., Lee, G.B., Madison, F.W. and McHenry, J.R., 1984. Nutrient trapping by 
sediment deposition in a seasonally flooded lakeside wetland. J. Environ. Qual., 13: 283-290. 

Jones, J.A.A. and Crane, F.G., 1984. Pipeflow and pipe erosion in the Maesnant experimental catchment. In: T.P. 
Burr and D.E. Walling (Editors), Catchment Experiments in Fluvial Geomorphology. Geobooks, Norwich, 
UK, pp. 55-72. 

Jordan, T.E., Correll, D.L. and Waller, D.E., 1993. Nutrient interception by a riparian forest receiving inputs from 
adjacent cropland. J. Environ. Qual., 22: 467-473. 

Karamanos, R.E., Voroney, R.P. and Rennie, D.A., 1981. Variation in natural ISN abundance of central Sas- 
katchewan soils. Soil Sci. Soc. Am. J., 45: 826-828. 

Kendall, C., Campbell, D.H., Bums, D.A., Shanley, J.B., Silva, S.R. and Chang, C.C.Y., 1995. Tracing sources of 
nitrate in snowmelt runoff using the oxygen and nitrogen isotropic compositions of nitrate. In: K. Tonnessen, 
M. Williams and M. Tanrer (Editors), Biogeochemistry of Seasonally Snow-Covered Catchments. Proceed- 
ings of International Association of Hydrological Sciences, 3-14 July 1995, Boulder, CO, USA. 

Kim, B.K.A., Jackman, P.P. and Triska, F.J., 1992. Modeling biotic uptake by periphyton and transient hyporheic 
storage of nitrate in a natural stream. Water Resour. Res., 28: 2743-2752. 

Kohl, D.H., Shearer, G.B. and Commoner, B., 197 I. Fertilizer nitrogen: contribution to nitrate in surface water in 
a corobelt watershed. Science, 174: 1331-1334. 

Kramer, A.R., Andren, A.W., Smithe, R.A., Johnson, A.H., Alexander, R.B. and Oehlert, G., 1986. Streams and 
Lakes. In: Acid Deposition: Long-Term Trends. National Academy Press, Washington, DC, pp. 231-299. 

LaBaugh, J.W., 1986. Wetland ecosystem studies from a hydrologic perspective. Water Resour. Bull., 22:1-10. 
Likens, G.E., Bormann, F.H., Pierce, R.S., Eaton, J.S. and Johnson, M.M., 1977. Biogeochemistry of a forested 

ecosystem. Springer Verlag, New York, USA, 146 pp. 
Lowrance, R.R., Leanard, R.A., Asmussen, L.E. and Todd, R.L., 1985. Nutrient budgets for agricultural water- 

sheds in the southeastern coastal plain. Ecology, 66: 287-296. 
Lowrance, R.R., Todd, R.L. and Asmussen, L.E., 1984a. Nutrient cycling in an agricultural watershed: I. Phreatic 

movement. J. Environ. Qual., 13: 22-27. 
Lowrance, R.R., Todd, R.L. and Asmussen, L.E., 1984b~ Nutrient cycling in an agricultural watershed: II. 

Streamflow and artificial drainage. J. Environ. Qual., 13: 27-32. 



118 C.P. Cirmo, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 

Malanchuk, J.L. and Nilsson, J. (Editors), 1989. The Role of Nitrogen in the Acidification of Soils and Surface 
Waters. Nordic Council of Ministers, Stockholm, Sweden. 

Mariotti, A., Pierre, D., Vedy, J.C. and Bruckert, S., 1980. The abundance of natural 15N in the organic matter of 
soils along an altitudinal gradient (Chablais-llaute-Savoie). Catena, 7: 293-300. 

McDonnell, J.J., 1989. The age, origin and pathway of subsurface stormflow in a steep humid headwater catch- 
ment. Ph.D. Thesis, Department of Geography, University of Canterbury, Christchurch, N.Z., 270 pp. 

McDonnell, JJ., 1990. A rationale for old water discharge through macropores in a steep, humid catchment. 
Water Resour. Res., 26: 2821-2832. 

McDonnell, J.J., Neale, C., Tarboton` D., Unnikrishna, P., Arran, G., Jackson, T. and Cooley, K., 1993. Spatially 
distributed measurements and modeling using isotope tracing: airborne remote sensing and surface/subsur- 
face flux measurements in a semi-arid catchment. European Geophys. Soc. Ann. Geophys., I l: C297. 

Meybeck, M., 1982. Carbon, nitrogen and phosphorus transport by world rivers. Am. J. Sci., 282: 401-450. 
Mulholland, P.J., 1992. Regulation of nutrient concentrations in a temperate forest stream: roles of upland, 

riparian and instream processes. Limnol. Oceanogr., 37: 1512-1526. 
Murdoch, P.S. and Stoddard, J.L., 1992. The role of nitrate in the acidification of streams in the Catskill 

Mountains of New York. Water Resour. Res., 28: 2707-2720. 
Nadelhoffer, K.J. and Fry, B., 1988. Controls on natural N-15 and carbon-13 abundances in forest soil organic 

matter. Soil Sci. Soc. Am. J., 552: 1633-1640. 
Nixon` S.W. and Lee, V., 1986. Wetlands and water quality. Wetlands Research Program Technical Report Y-82- 

2. U.S. Army Corps of Engineers Waterways Experiment Station, Vicksburg, MS, USA. 
Novakowski, K.S. and Gillham, R.W., 1988. Field investigations of the nature of water-table response to 

precipitation in shallow water-table environments. J. Hydrol., 97: 23-32. 
Novitzki, R.P., 1979. An introduction to Wisconsin wetlands. United States Geological Survey and University of 

Wisconsin Geology and Natural History Survey, Madison, WI, USA. 
O'Brien` A.K., Eshleman, K.N. and Pollard, J.S., 1994. Interactions between groundwater and surface water in a 

Virginia coastal plain watershed. 2. Acid-base chemistry, llydrol. Processes, 8:411-427. 
Owens, L.B., Edwards, W.M. and Keen, R.W., 1991. Basoflow and stormflow transport of nutrients from mixed 

agricultural watersheds. J. Environ. Qual., 20: 407-414. 
Peterjohn, W.T. and Correll, D.L., 1984. Nutrient dynamics in an agricultural watershed: observations on the role 

of a riparian forest. Ecology, 65: 1466-1475. 
Peters, D.L., Buttle, J.M., Taylor, C.ll. and LaZerte, B.D., 1995. Runoff production in a forested, shallow soil, 

Canadian Shield basin. Water Resour. Res., 31: 1291-1304. 
Phillips, PJ., Denver, J.M., Sbedlock, R.J. and Hamilton, P.A., 1993. Effect of forested wetlands on nitrate 

concentrations in ground water and surface water on the Delmarva Peninsula. Wetlands, 13: 75-83. 
Pinay, G. and DeCamps, H., 1988. The role of riparian woods in regulating nitrogen fuxes between alluvial 

aquifer and surface water: a conceptual model. Regulated Rivers, 2: 507-516. 
Pinay, G., Roqnes, L. and Fabre, A., 1993. Spatial and temporal patterns of denitrification in a riparian forest. 

J. Appl. Ecol., 30: 581-591. 
Pionke, H.B., Hoover, J.R., Schnabel, R.R., Gburek, W.J., Urban, J.B. and Rogowski, A.S., 1988. Chemical- 

hydrological interactions in the near-stream zone. Water Resour. Res., 24:1101-1110. 
Pionke, ll.B. and Urban, J.B., 1985. Effect of agricultural land use on groundwater quality in a small Pennsylva- 

nia watershed. Ground Water, 23: 68-80. 
Pagan, R.M., 1968. An experimental investigation of partial area contribution. Proceedings of the General 

Assembly, Berne, IAHS, Publication 76. Genthrugge, pp. 241-249. 
Rascber, C.M., Driscoll, C.T. and Peters, N.E., 1987. Concentration and flux of solutes from snow and forest floor 

during snowmelt in the West-Central Adirondack region of New York. Biogeocbemistry, 3: 209-224. 
Risser, P.G., 1990. The ecological importance of land-water ecotunes. In: R.J. Nalman and H. Decamps (Editors), 

The Ecology and Management of Aquatic-Terrestrial Ecotones. Man and the Biosphere Series, Volume 4. 
UNESCO, Paris, France. 

Robson, A., Beven` K.J. and Neal, C., 1992. Towards identifying sources of subsurface fow: a comparison of 
components identified by a physically based runoff model and those determined by chemical mixing tech- 
niques. Hydrol. Processes, 6: 199-214. 

Rodhe, A., 1989. On the generation of stream runoff in till soils. Nordic llydroi., 20: 1-8. 



C.P. Cirmo, J.J. McDonnell~Journal of Hydrology 199 (1997) 88-120 119 

Roulet, N.T., 1990. Hydrology of a headwater basin wetland: groundwater discharge and wetland maintenance. 
Hydrol. Processes, 4: 387-400. 

Schaefer, D.A., DriscoiI,C.T., van Dreason, R. and Yatsko, C., 1990. The episodic acidification of Adirondack 
lakes during snowmelt. Water Resour. Res., 26: 1639-1647. 

Schindler, D.W., and Bayley, S.E., 1993. The biosphere as an increasing sink for atmospheric carbon: estimates 
from increased nitrogen deposition. Global Biogeochem. Cycles, 7: 717-733. 

Schipper, L.A., Cooper, A.B., Harfoot, C.G. and Dyck, WJ., 1993. Regulators of denitrification in an organic 
riparian soil. Soil Biol. Biocbem., 25: 925-933. 

Schnabel, R.R., Urban, J.B. and Gburek, WJ., 1993. Hydrologic controls in nitrate, sulfate and chloride con- 
centmtions. J. Environ. Qual., 22: 589-601. 

Seitzinger, S.P., 1994. Linkages between organic matter mineralization and denitrification in eight riparian 
wetlands. Biogeochemistry, 25: 19-39. 

Sepponen, P. and Haappala, H., 1979. On the effect of drainage on the chemical properties of peat. Folia For., 
405: 1-16. 

Shearer, G. and Kohl, D.H., i 989. Estimates of N 2 fixation in ecosystems: the need for and basis of the J SN natural 
abundance method. In: P.W. Rundel, J.R. Ehleringer and K.A. Nagy (Editors), Stable Isotopes in Ecological 
Research. Springer-Verlag, New York, USA, pp. 342-374. 

Siegel, D.I and Glaser, P.H., 1987. Groundwater flow in a bog-fen complex, Lost River Peatiand, nortbem 
Minnesota. J. Ecol., 75: 743-754. 

Simmons, R.C., Gold, A.J. and Groffman, P.M., 1992. Nitrate dynamics in riparian forests: groundwater studies. 
J. Environ. Qual., 21: 659-655. 

Smith, R.A., Alexander, R.B., and Wolman, M.G., 1987. Water quality trends in the nation's rivers. Science, 235: 
1607-1615. 

Spalding, R.F. and Exner, M.E., 1993. Occurrence of nitrate in groundwater-a review. J. Environ. Qual., 22: 
392-404. 

Stoddard, J.L., 1994. Long-term changes in watershed retention of nitrogen: its causes and consequences. In: L.A. 
Baker (Editor), Environmental Chemistry of Lakes and Reservoirs. Advances in Chemistry Series 237. 
American Chemical Society, Washington, DC, USA, pp. 223-284. 

Stoddard, J.L., 1992. Trends in Catskill stream water quality: evidence from historical data. Water Resour. Res., 
27: 2855-2864. 

Stoddard, J.L. and Murdoch, P.S., 1991. Catskill Mountains. In: D.F. Charles (Editor), Acidic Deposition and 
Aquatic Ecosystems. Springer-Vedag, New York, USA, pp. 237-271. 

Sullivan, T.J., 1993. Whole ecosystem nitrogen effects research in Europe. Environ. Sci. Technoi., 27: 1482- 
1486. 

Sweeney, B.W., 1993. Streamside forests and the physical, chemical and trophic characteristics of piedmont 
streams in eastern North America. Water Sci. TechnoL, 26: 2653-2673. 

Tamm, C.O., 1991. Nitrogen in terrestrial ecosystems: questions of productivity. In: Vegetational Changes and 
Ecosystem Stability. Ecological Studies Vol. 81. Springer-Verlag, New York, USA, i 16 pp. 

Taylor, C.H., 1982. The effect of storm runoff response on seasonal variations in contributing zones in small 
watersheds. Nordic Hydrol., 13: 165-182. 

Titus, A., McDonnell, J.J., Shanley, J. and Kendall, C., 1995. Snowmelt runoff in a small forested catchment: a 
combined hydrometric and isotopic tracing approach. EOS, Trans. Am. Geophys. Union, 76(46): F216. 

Triska, F.J., Duff, J.H. and Avanzino, R.J., 1990. Influence of exchange flow between the channel and hyporbeic 
zone on nitrate production in a small mountain stream. Can. J. Fish. Aquat. Sci., 47:2099-2111. 

Triska, F.J., Duff, J.H. and Avanzino, R.J., 1993. The role of water exchange between a stream channel and its 
hyporbeic zone in nitrogen cycling at the terrestrial-aquatic interface. Hydrobiologia, 251: 167-184. 

Triska, F.J., Kennedy, V.C., Avanzino, R.J., Zellweger, G.W. and Bencala, K.E., 1989. Retention and 
transport of nutrients in a third-order stream in northwestern California: hyporbeic processes. Ecology, 
70: 1893-1905. 

Updegraff, K., Pastor, J., Bridgham, S.D. and Johnston, C.A., 1995. Environmental and substrate controls over 
carbon and nitrogen mineralization in nonhero wetlands. Ecol. Applic., 5" 151-163. 

Urban, N. and Bayley, S.E., 1988. The relative importance of denitrification and nitrate assimilation in mid- 
continental bogs. Limnol. Oceanogr., 33:1611-1617. 



120 C.P. Ciao, J.J. McDonnelUJoumal of Hydrology I99 (1997) 88- 120 

Vale& H.M., Hakenkamp, C.C. and Boulton, A.J., 1993. Perspectives on the hyporheic zone: integrating 
hydrology and biology. Introduction. J. N. Am. Benthol. Sot., 12: 40-43. 

Valett, H.M., Mortice, J.A., Dahm, C.N. and Campana, M.E., 1996. Parent lithology, surface-groundwater 
exchange, and nitrate retention in headwater streams. Limnol. Oceanogr., 41: 333-345. 

Van Miegroet, H. and Johnson, D., 1993. Nitrate dynamics in forest soils. In: A.L. Heathwaite and S.T. Trudgill 
(Editors), Nitrate: Processes, Patterns and Management. John Wiley and Sons, Inc., New York, USA, pp. 7% 
98. 

Verhoeven, J.T.A., 1992. Bogs and Fens in the Netherlands: Vegetation, History, Nutrient Dynamics and Con- 
servation. Kluwer, Dordrecht, The Netherlands, 491 pp. 

Verry. E.S. and Bcelter, D.H., 1978. Peatland hydrology. In: P.E. Greeson, J.R. Clark and J.E. Clark (Editors), 
Wetland Functions and Values: The State of Our Understanding. Proceedings, American Water Resources 
Association, pp. 389-401. 

Vitousek, P.M. and Howarth. R.H., 1991. Nitrogen limitation on land and in the sea: how can it occur? Biogeo- 
chemistry, 13: 87-115. 

Waddington, J.M., Roulet, N.T. and Hill, A.R., 1993. Runoff mechanisms in a forested groundwater discharge 
wetland. J. Hydrol., 147: 37-60. 

Warwick, J. and Hill, A.R., 1988. Nitrate depletion in the riparian zone of a small woodland stream. Hydm- 
biologia, 157: 23 l-240. 

Wiens, J.A., Crawford, J.S. and Gosz, J.R., 1985. Boundary dynamics: a conceptual framework for studying 
landscape ecosystems. Oikos, 45: 421-427. 

Wigington, P.J., Jr., Davies, T.D., Tranter, M. and Eshleman, K.N., 1990. Episodic Acidification of Surface 
Waters Due to Acidic Deposition. State of Science Technology Report 12. National Acid Precipitation 
Assessment Program, Washington, DC. 

Winter, T.C. and Woo, M.-K., 1990. Hydrology of lakes and wetlands. In: M.G. Wolman and H.C. Riggs 
(Editors), Surface Water Hydrology. The Geology of North America, Vol. O-l. Geological Society of 
America, Boulder. CO, pp. 159-187. 

Wright, R.F.. 1991. RAIN Project: report for the years 1988. 1989, 1990. Acid Rain Research Report 24/91. 
Norwegian Institute For Water Research, Oslo, Norway. 

Zaltsberg, E.. 1986. Comment on “Laboratory studies of the effects of the capillary fringe on streamflow 
generation” by A.S. Abdul and R.W. Gillham. Water Resour. Res., 22: 837-838. 


