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Abstract

The mountainous riparian corridor performs important
hydrologic functions including nutrient transfers between the
terrestrial (upslope) and aquatic (stream) ecosystems.
Nitrate-nitrogen and ammonium-nitrogen concentrations
were determined on water samples collected in 1993 and 1994
from a montane riparian zone in Northern Colorado. Soil
water samples were collected from the riparian corridor and
upslope systems, under both losing (summer reservoir releas-
es) and gaining (spring snowmelt runoff) streamflow condi-
tions. Statistical analyses using least square means contrasts
were made to identify spatial and temporal differences
between: 1) the upslope system and the riparian corridor, 2)
the upslope system and the stream, and 3) the riparian corri-
dor and the stream. The Sheep Creek riparian corridor may
serve as a sink for nitrate-nitrogen in both gaining and losing
streamflow conditions, and as a source for ammonium nitro-
gen in gaining streamflow conditions. The length of the
source or sink period is relatively short and is not meant to
suggest differences in site productivity. Streamflow genera-
tion mechanisms help determine if the riparian corridor is a
nutrient sink or source.
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Riparian corridors have received considerable attention for
their potential to reduce or eliminate water quality changes from
upslope land use activities. Riparian vegetation buffer strips can
reduce the amount of sediment (Pearce et al. 1998), nutrients
(Green and Kauffman 1989, Gold and Groffman 1995), or pes-
ticides (Morris 1991, Jordan et al. 1993) that may reach surface
waters from upslope activities. Watersheds are a hydrologic and
ecologic system of interconnected components overlaid by
numerous land-use activities (Duttweiler and Nicholson 1983),
most concentrated along the riparian corridor.

The riparian corridor is the aquatic-terrestrial interface. The
soils of the riparian corridor include areas that may be sub-
merged part of the year, and the interface occurs as a result of
the headward and lateral expansion and contraction of stream
area on the time scale of storms and seasons (Swanson et al.
1982). The riparian corridor is an immediate source of all
streamflow output from a watershed. Since the riparian corri-
dor has a greater perimeter to area ratio than upslope ecosys-
tems, the streamside zone readily interacts with adjacent
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Resumen

El corredor riberefio montafioso ejerce importantes fun-
ciones hidroldgicas incluyendo la transferencia de nutrientes
entre los ecosistemas terrestres (pendiente arriba) y los eco-
sistemas acuaticos (arroyos). Se determinaron las concentra-
ciones de nitratos (NO3-_N) y amonio (NH4 —N) en muestras
de agua colectadas en la zona riberefia montafiosa del norte
de Colorado durante 1993 y 1994. Las muestras de agua se
tomaron del corredor riberefio y en sistemas de pendiente
arriba bajo condiciones de perdida (liberacion de las represas
en verano) o ganancia (escurrimientos de nieve derretida en
primavera). Se realizaron analisis estadisticos utilizando con-
trastes de medias de minimos cuadrados para identificar
diferencias en espacio y tiempo entre: 1) el sistema de pendi-
ente arriba y el corredor ribereiio, 2) el sistema de pendiente
arriba y arroyos y 3) el corredor riberefio y arroyos. El
corredor riberefio "Sheep Creek" puede servir como
almacén para los nitratos en ambas condiciones, de perdida o
ganancia y como fuente de amonio en condiciones de ganan-
cia. La longitud del periodo de fuente o almacén es relativa-
mente corta y no es la intencién sugerir diferencias en pro-
ductividad del sitio. Los mecanismos de generaciéon de la cor-
riente ayudan a determinar si el corredor riberefio es fuente
o almacén de nutrientes.

ecosystems (Lowrance et al. 1985). The maximum contact
occurs in smaller or first order streams common in mountain-
ous areas. The ability of the riparian corridor to act as a source
or a sink for nutrients is influenced by the immediate interac-
tion between the riparian corridor and the stream, and the
movement of groundwater between the riparian corridor and
the stream. The riparian corridor that borders upslope ecosys-
tems is an important site for nitrogen processing (Whigham et
al. 1988).

One feature that separates the riparian corridor from terres-
trial ecosystems is the potential anaerobic condition of their
flooded soils, which alters the relative importance of various
microbial transformations of inorganic and organic nitrogen
compounds (Morris 1991). Anaerobic soils lack sufficient
oxygen to continue the process of nitrification, and flooded
soils have high losses of nitrate-nitrogen through denitrifica-
tion (Brady 1984). Ammonium-nitrogen production would be
expected in anaerobic conditions.

Two important factors, soil texture and water movement
from upslope areas to the stream or from the stream to riparian
groundwater, help regulate the movement of ammonium- and

615



nitrate-nitrogen through the riparian cor-
ridor. Soil porosity controls the maxi-
mum amount of water that can be held by
the soil. Material with coarser grain sizes
(sands) have larger pores allowing water
to drain more easily and quickly toward
the groundwater table. Finer sands and
silts have smaller pores with stronger
capillary forces to retain the water.

Snowmelt and the subsequent flow
generation mechanisms results in water
flowing toward the stream resulting in a
gaining stream. During reservoir releas-
es the channel is a losing stream, where
the water table is higher in the stream
than the adjacent land. The nutrient rela-
tionship between upslope ecosystems
and the riparian corridor is partially con-
trolled by hydrologic fluxes, which are
defined as the movement of water, nutri-
ents, and sediment between these 2
ecosystems. Hydrologic fluxes are a
composite of many different biogeo-
chemical processes, which act collec-
tively to alter and usually improve the
quality of surface waters (Hemond and
Benoit 1988). Do changes in streamflow
generation mechanisms affect water
quality?

We evaluated the riparian corridor as
a potential sink or source of nitrate-
nitrogen and ammonium-nitrogen under
gaining and losing streamflow condi-
tions. Specific study objectives were: 1)
to measure concentrations of nitrate-
nitrogen and ammonium-nitrogen in
streamwater, and soil waters in the
riparian and upslope ecosystem; 2) to
relate these concentrations to stream-
flow generation mechanisms; and, 3) to
determine sink-source relations for these
nitrogen species in the riparian corridor.

Methods and Materials

Study Site Description

The study area was the riparian corri-
dor and adjacent upslope ecosystems of
upper Sheep Creek, Colo. (Fig. 1).
Sheep Creek is in the Roosevelt
National Forest, located in Larimer
County, approximately 80 km northwest
of Fort Collins, Colo. Sheep Creek
flows southeasterly to merge with the
North Fork of the Cache la Poudre
River. The Sheep Creek study sites are
2,560 m above sea level. The watershed
area above the study cross sections is
76.1 square kilometers.
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Fig. 1. Location map of Sheep Creek in relation to Larimer County and State of Colorado.

Climatic data from nearby Redfeather
Lakes (EarthInfo 1992) were used to
characterize the area. Precipitation
occurs year round, with snow accumula-
tion during colder periods. Snowmelt
usually begins in April. Summer precip-
itation is usually as thunderstorms.

The Sheep Creek watershed is domi-
nated by Precambrian felsic and horn-
blendic gneisses (Braddock and Cole
1978). These metamorphic rocks may
have been derived from volcanic rocks.
The riparian corridor and upslope
ecosystems contain alluvium deposited
during the Quaternary period consisting
of unconsolidated silt, sand and gravel
and includes colluvium along the valley
walls (Braddock et al. 1989).

Soils

Watershed soils include the Naz
sandy-loam, the Redfeather sandy-loam,
Schofield-Redfeather Rock outcrop, and
the Haploborolls-Rock outcrop complex
(U.S. Soil Conservation Service 1980).
The Naz sandy-loam (Pachic cryoboroll)

is the predominant soil in the riparian
corridor and upslope ecosystems adja-
cent to the stream. It is a deep (76 to 154
cm depth to bedrock), gently sloping (3
to 25% slope), well-drained soil found
on terraces and valley sides with moder-
ately rapid permeability and medium
available water holding capacity.

Vegetation

The vegetation of the Sheep Creek
riparian zone consists of willows (Salix
spp.), shrubby cinquefoil (Potentilla fru-
ticosa L.), several carex (Carex spp.),
rushes (Juncus spp.), Kentucky blue-
grass (Poa pratensis L.), fowl bluegrass
(Poa palustris L.), tufted hairgrass
(Deschampsia caespitosa (L. Beauv.),
and other minor species (Schulz and
Leininger 1990). Upslope vegetation is
widely spaced lodgepole pine (Pinus
contorta Dougl.).

Hydrology
The annual hydrograph has 2 distinct
peaks. The peakflow occurring in
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April-May is the result of snowmelt.
Releases from a reservoir approximately
5 km upstream from the study area caus-
es a peak in July—August. The exact date
of the water release depends on the pre-
cipitation during the preceding spring
and summer as well as the time when
this and other downstream dams reach
full capacity. The Eaton Reservoir has a
storage capacity of 4.6 million cubic
meters. The rate of water release is 1.5
cubic meters per second (cms) for
approximately 35 days'. Frequent sum-
mer thunderstorms are usually spatially
isolated and do not result in streamflow
responses.

Procedures

Field Procedures

A staff gauge located at the head of a
riffle with near vertical streambanks
measured stage. Streamflow discharge
measurements were taken weekly using
a Price current meter for the highflows
and a Pygmy meter for low flows (U.S.
Geological Survey 1978) to develop a
stage-discharge relationship. Stream dis-
charge estimates were made from stage
observations.

Three different transects were estab-
lished at approximately 500 m intervals
along Sheep Creek. These cross sections
included the stream and riparian and
upslope environments. All had similar
land use (grazing) and stream morpho-
logical characteristics.

At each transect, four, 50 mm diame-
ter ceramic tension cup lysimeters were
inserted approximately 30 cm (near the
bottom of the soil B horizon) into the
ground to collect soil water samples. A
depth of 30 cm was chosen since the
movement of nitrate-nitrogen occurs pri-
marily in the upper layers of the soils
(Lowrance 1992). The lysimeter tran-
sects were perpendicular to the stream.
The first lysimeter was placed in the
riparian corridor and other lysimeters
placed 2-5 m apart to collect waters
from the upland ecosystem. After each
lysimeter was placed into the ground,
the hole was backfilled with native soils
collected from the lysimeter excavation

"Wilkes, Edward. 1991. Personal communication.
Divide canal and Reservoir Company, Eaton, Colo.

’0’Deen, Louise. 1996. Personal communication.
USDA Forest Service. Rocky Mountain Forest and
Range Experiment Station, Fort Collins, Colo.

to prevent water piping. Lysimeters
were evacuated by a hand pump. As soil
waters were collected, the lysimeter vac-
uum decreased over time. Time to col-
lect sufficient soil water sample vol-
umes for chemical analysis increased as
the soils dried. Sampling intervals
ranged from 6 days up to 4 weeks.
Lysimeter water samples were pumped
out of the lysimeter into plastic sam-
pling bottles. Grab samples were taken
from the stream near the lysimeter tran-
sect. Samples were iced until delivery to
the lab the same day (Stednick 1991).
Samples were filtered and frozen until
sample analysis.

Water surface elevations were mea-
sured in observation wells and related to
stream elevation. Water surface eleva-
tion profiles were used to define stream-
flow generation mechanisms of flows
from the streambank (gaining) or into
the streambank (losing).

Laboratory Analysis

Water quality samples were analyzed
for ammonium-nitrogen and nitrate-
nitrogen at the Rocky Mountain Forest
and Range Experiment Station, USDA
Forest Service, Fort Collins, Colo.
Higher ammonium values (>0.1 mg
liter-1) were measured using the Lachat
QuikChem 4200 Automated Ion
Analyzer, however most samples were
determined on the Waters 510 HPLC
Pump and Waters 431 Conductivity
Detector. The Waters ion chromato-
graph uses ion exchange to separate
cations from anions and the Lachat uses

a colorometric reaction with 0.01 and
0.001 mg liter' ammonium detection
limits respectively. The nitrate detection
limit was 0.01 mg liter'?. Due to bud-
getary constraints only ammonium- and
nitrate-nitrogen were analyzed, coupled
with the fact that nitrogen flux should be
dominated by these species.

Approximately 10% of all samples
were analyzed for quality assurance/qual-
ity control and included duplicates,
blanks, and spikes. Duplicate samples
were randomly collected.

Statistical Analysis

Least squares means were calculated
for each sampling location (stream,
riparian lysimeters, and upslope lysime-
ters) for both ammonium- and nitrate-
nitrogen. The least squares mean is the
expected value of the mean if the design
were balanced (SAS/STAT 1989). It is
calculated by fitting a general linear
model to the data and adding up combi-
nations of parameter estimates for each
class of each parameter in the linear
model. This allowed comparison of
nitrogen concentrations at a distance
from the stream to be effectively aver-
aged over the 3 transects. Contrasts
were calculated to test the null hypothe-
sis that stream concentrations of ammo-
nium- and nitrate-nitrogen equal lysime-
ter concentrations. Data distributions
were not tested for normality due to the
relatively small sample size. The least
squares mean test is not dependent on
data distribution.
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Fig. 2. Annual hydrograph for Sheep Creek for 1993 and 1994.
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Results and Discussion

Streamflow

The snowpack restricted site access
until after snowmelt, thus no water qual-
ity samples were collected prior to
snowmelt and increased streamflow.
The sharp peakflows in May 1993 and
April 1994 represent snowmelt (Fig. 2).
Streamflows peak quickly as the snow-
pack melts. These conditions create a
gaining streamflow condition. The free
water surface (measured in observation
wells) slopes from the hillslope to the
channel.

The hydrographs during reservoir
release had flat tops (Fig. 2). The Eaton
Reservoir releases water (when senior
water right holders call for the water
downstream) at 1.5 cubic meters per
second until the storage pool is emptied.

Streamflows under these conditions cre-
ate a losing stream where the free water
surface decreases from the stream to the
hillslope (Panayotou 1992, Stednick
unpublished data). Water elevation
changes were consistent between years
and reflected the source of the peak
hydrographs. The different streamflow
generation mechanisms allow for clear
discrimination of water quality data
between losing and gaining streamflow
conditions.

Ammonium-nitrogen
Ammonium-nitrogen concentrations
were not correlated to time or stream-
flow for either year (Fig. 3), thus water
quality data were pooled by location
(stream, riparian, or upslope) for evalua-
tion. In general, losing streamflow con-
ditions had lower ammonium-nitrogen

concentrations than gaining conditions
(Table 1). Differences between the mean
and median values suggest that these
water quality data may be skewed. Most
sample analyses were near detection
limits with a few samples with relatively
high concentrations (>1.0 mg N liter™).
Significant least squares means con-
trasts for ammonium-nitrogen occurred
between the streamwater, riparian corri-
dor and upslope lysimeters for the gain-
ing streamflow period (Table 1).
Ammonium-nitrogen concentrations
were higher in the riparian soil water
than in the stream or upslope soil water
in gaining conditions. Therefore, the
riparian corridor may be considered a
source for ammonium-nitrogen during
gaining streamflow conditions.
Ammonium-nitrogen was higher in the
riparian and upslope soil waters than the
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Fig. 3. Stream and lysimeter ammonium- and nitrate-nitrogen concentrations. Sheep Creek 1993 and 1994. BD represents concentrations

below analytical detection limits.
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Table 1. Summary statistics for ammonium- and nitrate-nitrogen (mgN liter-1) in stream, riparian,
and upslope soil waters under gaining and losing streamflow conditions. Significant differences

(p<0.05) designated by different letters.

Stream Riparian Upslope

gaining losing gaining losing gaining losing
Ammonium-nitrogen
sample size(n) 16 6 9 6 28 16
mean (mg liter ) 0.06a 0.04a 0.52b 0.15¢ 0.10c 0.18abc
median(mg liter " 0.04 0.02 0.45 0.05 0.06 0.03
range (mg liter™") 0.01-0.13 0.01-0.06  0.03-1.5 0.01-1.0 0.01-0.34  0.01-1.0
SD
Nitrate-nitrogen
sample size (n) 14 16 9 8 20 20
mean (mg liter™") 0.30a 0.26a 0.24a 0.31a 0.61a 0.62a
median (mg liter'l) 0.03 0.26 0.02 0.36 0.01 0.33
range (mg liter ") 0.01-1.96 0.01-0.52 0.01-1.36 0.01-0.46 0.01-1.61 0.02-1.98
SD 0.66 0.19 0.44 0.15 0.87 0.61

stream in losing streamflow conditions.
Thus the riparian can be considered a sink
for ammonium-nitrogen in losing stream-
flow conditions. The discussion of nutri-
ent sinks or sources should not imply nor
suggest site productivity differences.

Nitrate-nitrogen

There were no differences between
nitrate-nitrogen concentrations in the
streamwater and any of the soil waters
(Table 1). Nitrate-nitrogen concentra-
tions were not correlated to time or
streamflow. Nitrate-nitrogen concentra-
tion data were variable, with infrequent
but high (> 1.0 mg liter") concentra-
tions. The median may better represent
the central tendency of these samples.
Although the means are not statistically
different, the median concentration val-
ues suggest that the riparian corridor is a
sink for nitrate-nitrogen for upslope soil
waters in both gaining and losing
streamflow conditions and a sink for
nitrate-nitrogen for streamwater in gain-
ing streamflow conditions. These data
are consistent with our current under-
standing of nutrient cycling in the ripari-
an corridor.

If nitrogen concentrations were higher
in the stream than the riparian corridor,
the riparian corridor was considered a
sink and vice versa. The riparian corri-
dor has been reported as both a source
and a sink for nutrients, depending on
the characteristics of the individual
riparian corridor (Devito et al. 1989,
Triska et al. 1994). Nutrient loading
rates are dictated by wetland topogra-
phy, hydrology, and vegetation type
(Hemond and Benoit 1988). To classify
the riparian corridor as either a sink or a

source of nutrients, a nutrient budget
must be calculated. Reliable nutrient
budgets are difficult to compute as a
result of nutrient dynamics (variation),
and uncertainties in hydrologic data and
in nutrient measurements (Devito et al.
1989). However, the bulk of the nitro-
gen flux will be as ammonium- and
nitrate-nitrogen; and the water elevation
profiles will define soil water movement
direction not rates.

The variability of the ammonium- and
nitrate-nitrogen concentrations over
time and space do not allow for categor-
ical conclusions at Sheep Creek, howev-
er these study results suggest patterns
and processes similar to other studies.
Significant spatial and temporal varia-
tions in nitrogen concentrations are
common (Gold and Groffman 1995).
The degree of nitrate-nitrogen produc-
tion varies in the soil and there is no
relationship between stream nitrate-
nitrogen and soil nitrate-nitrogen levels
(Gosz 1978). Nitrate production occurs
easily under oxidizing conditions, and
nitrate moves easily in subsurface
waters (Lowrance et al. 1985) and in
moderately-well and well-drained soils
(Jacobs and Gilliam 1985) common in
the Sheep Creek Watershed.

Conclusions

Annual streamflows in Sheep Creek
present a unique opportunity to study
the influence of streamflow generating
mechanisms on water quality. Two
annual peaks are generated; one from
snowmelt and the other by a storage
reservoir release. The peakflows create a
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gaining (snowmelt) streamflow condi-
tion and a losing (reservoir release)
streamflow condition. Water quality
samples were collected for 2 years from
stream water and soil waters by grab
samples and tension cup lysimetry
respectively.

Ammonium- and nitrate-nitrogen con-
centrations were generally low, although
anomalously high (>1 mg liter”) con-
centrations were measured in a few
lysimeter samples. There were no corre-
lations between ammonium-nitrogen
and nitrate-nitrogen concentrations and
streamflow or time. Variability in both
ammonium-nitrogen and nitrate-nitro-
gen concentrations was large.

Nonetheless, streamflow generation
mechanisms appear to influence water
quality. The Sheep Creek riparian corri-
dor serves as a sink for nitrate-nitrogen
in both gaining and losing streamflow
conditions. Median nitrate-nitrogen con-
centrations were lower in the riparian
water samples than samples from
stream or upslope lysimeters. The ripari-
an corridor appears to serve as a source
of ammonium-nitrogen in gaining
streamflow conditions. The length of the
source or sink period is relatively short
and is not meant to suggest differences
in site productivity.
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