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ABSTRACT
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Stream riparian zones are landscape features that retain nutrients and enhance water

quality. However, little is known about winter controls on nutrient transport in
riparian zones. In this study we examine the distribution and movement of nitrate
(NO3 ) between snowpack, underlying soils and groundwater in a rip-arian zone to
qr,utriify pfocesses which control NO. transport through seasonally-frozen surface
soils. Soils and vegetation in buffer zones attenuate nitrate during the growing
season. However, this ability is uncertain with vegetation senescence, and when soils
freeze andseasonal snowcover can contain an important nitrate load and later release
it to surface waters during melt. At our study site snowcover reached a maximum
depth of 32 cm following the major snowfall event from Julian Day (JD) 4L to 47,
2000. During this event, the snow water equivalent (SWtr) increased twofold to 4'7
cm. A melt event starting on JD 53 resulted in a SWtr loss of 2 cm. Snowpack NO.concentrations reached a maximum value of 1.4 mg L-1 and a maximum
loading ol 51.7 mg m-t. During the main melt event, snowpack loading reduced to
t.
36.9 mg m-2 and concentrations of NO.- in the snow decreased to 0.55 mg L
Over the study period, groundwater NO. concentrations were relatively constant
near 0.25 -g L t. However, evidence of mixing of groundwater with stfeam water
is strongly suggested by higher NO. concentrations in near-stream groundwater
(0.75 mg L 1), which was under hydrostatic pressure caused by the stream icecover. No identifiable NO.- pulse was observed during the main snowmelt period
because persistent soil frost promoted depression storage, overland flow and shallow
throughflow. Our results indicate that ovefland flow and shallow throughflow were
the likely pathways for NO, export from this system. Clearly these processes cannot
be ignored when quantifying snowpack NO, through riparian buffers with frozen
soils.
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REsUME

Les zones riveraines des cours d'eau sont des caract6ristiques terrestres qui retiennent
Ies substances nutritives et accroissent la qualit6 de I'eau. Toutefois, on sait peu
de choses d propos du contrdle qu'exerce l'hiver sur le transport des substances
nutritives dans les zones riveraines. Dans cette 6tude, nous examinons la distribution
et Ie mouvement du nitrate (NO.J entre 1a neige accumul6e, 1es sols sous-jacents
et les eaux souterraines dans une zone riveraine pour quantifier les processus qui
contr6lent 1e transport du NO, d travers les sols de surface temporairement ge16s.
Les sols et la v6g6tation dans les zones tampons att6nuent le nitrate pendant la saison
de croissance. Cependant, cette capacit6 est incertaine quand 1a v6g6tation vieillit;
les sols gdlent et l'enneigement saisonnier peut contenir une importante charge en
nitrate puis 1a lib6rer plus tard vers les eaux de surface en pdriode de fonte. Au
site d'6tude, l'enneigemenr atteignair une profondeur maximale de 32 cm aprds
la chute de neige majeure du jour julien (JJ) 41. iL 47;2000. Au cours de cet
6v6nement, 1'6quivalent en eau de la neige (EEN) a doub16 pour atteindre 4,7 cm.
Une fonte avant commencd au JJ 53 s'est traduite par une p.rt" EEN de 2 cm. Les
concentrations NO,- de la neige accumulde ont atteint une valeur maximale de 1,4
-g L-t et une charge maximale de 5L,7 mg m ,. Au cours du principal 6v6nement
de fonte, 1a charge de l'enneigement a 6td rdduite i,36,9 .ir'gm 2 et les concentrations
de NOr- dans la neige sont tomb6es d 0,55 mg L 1. Pendant la p6riode d'6tude,
les concentrations de NO, dans 1es eaux souterraines sont demeur6es relativement
constantes, i prds de 0,25 mg L-1. Cependant, des signes de m6lange des eaux
souterraines avec les eaux de courant sont fortement manifestes comDte tenu des
concentrations de NO, plus elevdes dans les eaux souterraines a proximite des cours
d'eau (0,75 mg Lt), sur lesquelles des pressions hydrostatiques 6taient exerc6es
en raison du manteau glacial recouvrant le cours d'eau. Aucune impulsion NOridentifiable n'a 6t6 observ6e au cours de la pdriode principale de fonte des neiges du
fait que le gel du sol permanent favorisait l'emmagasinement dans 1es ddpressions
du so1, 1'6coulement terrestre et le d6bit peu profond. Nos r6sultats indiquent que
l'dcoulement terrestre et les d6bits peu profonds dtaient les voies d'exportation
probables du NO, provenant du r6seau. Manifestement, on ne peut pas faire fi de
ces processus lorsqu'on cherche i. quantifier le NO, de 1a neige accumul6e dans les
zones tampons riveraines of 1bn trouve des sols ge16s.

INTRODUCTION

The annual atmospheric nitrate (NO.-) load to the snowpack in Ontario is 0.11 g m 2
(Ro et a/., 1988). In areas that experience seasonal snowcover, intermittent winter
thaws or spring melt usually represent the major hydrological event of the year.
High NO.- concentrations released from the snowpack during spring melt can cause
acidification of surface waters and, at excessive concentrations, impact the health of
humans and livestock (Jeffries, 1998).
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The transport of nitrate from snowmelt through soils and into surface waters
is a complex process. Solute movement in soil is controlled by several factors such
as hydraulic gradient, hydraulic conductivity, soii texture, antecedent moisture
conditions, unfrozen water content and solute concentration (Jones and Bedard,
1997; WllIiams et a/., 1996). The presence of frozen surface soil with moderate
to high water content can limit infiltration and cause overland flow (Kane and
Stein, 1983; Granger et at.,7984). During freezing, water moves downward in
soils towards the advancingfteezing front. Segregation of ice from unfrozen water
forms ice crystals and lenses. This creates regions of high solute concentration in
mobile unfrozenwater surrounding localized ice rich areas (Radke and Berry, L998;
Yershov. 1998).

Downloaded by [University of Waterloo] at 12:31 08 March 2016

Snow alters the thermal properties of underlying soils. Because of its low
thermal conductivity and diffusivity, snow insulates the soil surface from large
temperature fluctuations and generally moderates the freezing process. Consequently,
the presence ofa partially-thawed soil surface can significantly affect the transport
dynamics and subsequent fate of NOr- in terrestrial and aquatic systems because of
increased soil permeability.

In a study of the buffering capacity of soils in Michigan, Stottlemyer and
Toczydlowskl (1991) noted an increase in the initial concentration of NO, in
successive soil horizons during the infiltration of meltwater and attributed this to
the mobilization of over winter mineral rzatron/nitrrfication products. Stottlemyer and
Toczydlowski (1999) studied the effect of successive snowmelt on chemical pulses
and found that peak NO. loss from the snowpack coincided with the final snowmelt
pulse. This observation is consistent with related literature reviewed byJones (1999).
However, there is a lack of information regarding the infiltration of NOr- from upper
soil horizons to below the root zone during this period (Jones, 1999).

Riparian zones are strips of natural vegetation located along the margins of
streams that separate surface waters from adjacent lands. Although they comprise a
small portion of the total catchment area, these landscape features improve the water

quality of streams by reducing nutrient leaching in groundwater and surface
runoff (Jacobs and Gilliam,1985; H111, 1996; Cey et al.' 1999). The majority
of nutrient retention studies in riparian zones have been conducted during the
growing season when plant biomass and soil microbial activity is high. Few studies
have examined winter controls on nutrient transport in riparian zones, particularly
the distribution and movement of NO.- between snowpack, underlying soils and
shallow groundwater (Brooks et al., 1998). This study examines the distribution
and movement of nitrate in soils from snowpack in a stream riparian zone located
in Waterloo, Ontario. Objectives of this study are 1) to quantify changes in NO,concentrations between snowpack, soil and shallow groundwater; 2) to identify
the processes which control the concentration of NO, within soil and shallow
groundwater and 3) estimate NO., loading from the winter snowpack.

Canadian Water Resources Journal

Vol.2Z N0.2,2002

177

STUDY AREA

The Laurel Creek is located in south-central Ontario and drains an area of 74 km2
(Figure 1). Mean annual precipitation in the watershed is 928.5 mm of which
approximately 170/o (161mm) is snow (Environment Canada, 1998). During the winter,
prevailing winds are from the southwest and atmospheric pollutant loads containing

NO, and S originate from

the American midwest (Keith and Di1lon, 1998).

The studv site is located in the riparian zone on the west bank of Laurel Creek,
approximately 1 km above Columbia Lake in Waterloo, Ontario (Figure 1). Land use
upslope of the study site is predominantly parkland. Soils are silty and alluvial in origin
with abundant surface litter (Presant and Wickland, 1971). The saturated hydraulic
conductivity of the soil is 1.6 m d 1. Vegetation at the site includes typical riparian
species

including willow (Salix spp.), sedges (Carex spp.) and goldenrod (Solidago).
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METHODS

The studywas conducted betweenJulian Day (JD) 13 and 64,2000. A transect
in the ripariafl zofle was instrumented with four groundwater wells (Figure 1)
constructed of 25 mm (ID) PVC slotted along their lengths. Wells GW4, GW2,
and GW1 were installed to a depth of 1 m and GW3 to 0.9 m. Water table depth
was recorded manually once a week but daily during melt periods.
Soil water samples were collected from two lysimeters. Surface lysimeter (LY1)
was constructed from a 0.2 msplastic container and sampled soil water to a depth

of 0.2 m. A zero tension lysimeter (LY2), similar to the design described by
Thompson and Scharf (1994), was installed laterally into the soil from an access
pit leaving 0.40 m of overlying soil relatively undisturbed. Unfrozen soil moisture
was determined for five depths (10, 20, 30, 40, 50 cm) with a toxlerrrl. Sentry
TDR probe lowered into an access tube adjacent to GW3 and the lysimeters. Soil
temperatures were recorded at depths of 5, 10 and 20 cm. Ambient air temperature
was recorded every 15 minutes at the University of Waterloo weather station (located
approximately 1 km southwest of the study site).

Snow samples were collected at the study site with a snow tube to determine
density and snow water equivalence (SWtr). A11 samples were stored in pre-washed
Ziplock bags and returned immediately to the laboratory for analysis. A snowpack
lysimeter (2 x2 x 0.2 m) constructed of particle board frame was painted white (to
reflect solar radiation) and lined with plastic sheeting to collect meltwater, which
was directed into a 20 L bucket buried in an adjacent pit. A Solinst LeveloggeflN{
pressure transducer was placed in the bottom of the bucket to automatically record
changes in meltwater flux at 15-minute intervals. Sampling of groundwater, soil
water, stream water and snowwas conducted once a week but more frequently during
events (snowfall, rain on snow and melt).
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Location of Study Site
in Laurel Creek watershed
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Figure 1. Study Location. Laurel (reek Watershed is Part of the Grand River System, Southern 0ntario,
Canada.
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Al1 water samples were collected in acid-washed, triple-rinsed 100 ml HDPtr
(polyethylene) bottles. Electrical conductivity, total dissolved solids and pH of
water samples were measured in the laboratory. Nitrate concentration in water
samples was determined with a Technicon Auto Analyzer according to the Cd
reduction method (Environment Canada, 1,979). The detection limit of the
analytical method is 0.001 mg L t. Snow samples were aggregated for each
sampling date for chemical analysis.

RESULTS AND DI5(USSION
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Snowpack ond Subsurfoce Hydrology

In 2000, Ontario experienced an extraordinarily warm winter (Figures 2a and 2b)
with a departure of 1.7'C from normal for the Great Lakes Region (Environment
Canada, 2000a). Snowcover at the study site reached a maximum depth of 32 cm
following the major snowfall event fromJD 41 to 47.This event doubled the SWE
from 2.3 cm on JD 42 to a maximum of 4.7 cm on JD 53 (Figures 3a and 3b).
During the peak snowfall (JD 42 and 43), the SWtr increased from2.3 cm to 3.8 cm
(Figure 3a). The predominant wind direction during the event was from the NE and
NNE whereas preceding snowfall events, originated from south and westerly direction
(Environment Canada, 2000b). The daily mean air temperature exceeded 0"C up to
a maximum of 4"C on JD 53, and remained above freezing for four days (Figure
2a), which triggered the major melt-event. An SWtr of approximately 20 mm was
lost from the snowpack between JD 53 and 55 (Figure 3b). This melt event caused
significant depression storage as well as overland flow to occur from adjacent hillslopes.
The remaining snowpack melted on JD 55 and 56 after 15.3 mm of rain.
Soil temperature data (Figure 2b) show that maximum depth of ground frost
did not exceed 20 cm during the study period. The soil remained frozen to a depth of
approximately 10 cm untilJD 54 while the soil at 5 cm remained frozen untilJD 60,
seven days after the major melt event. Ground probing showed that the surface was
completely thawed byJD 6a. These results suggest that the soil thawed from bottom
up, likely because insulation of the surface by grass and litter cover minimized the
downward soil heat flux.
The water table rose slightly prior to melt (Figure 4). This corresponded to
significant hydrostatic pressure of stream water, constrained by its ice cover as noted
during drilling for stream water sampling. The maximum change in groundwater
level was 34 cm in GW1 following me1t.

During the study, unfrozen soil moisture in the top 20 cm

decreased,

corresponding to the estimated depth of freezing. Soil moisture in the unsaturated
zone at 30 cm followed a similar trend untilJD 55. At 50 cm depth, the soil moisture
initially decreased but began to increase when the water table rose above the level
of the sensor, and continued to increase while apparently at saturation (Figures
4,5,2b). This may correspond to swelling of the soil associated with the higher
groundwater pressure and water table (Price and Schlotzh arer, 7999) .
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Figure 2a. AirTemperature (Daily Mean, Min., Max.).

Figure2b.Soil TemperatureatDepth5cm, 10(m,20(m(RecordedbytheUniversityofWatetloo
Weather Station, http://weather.uwaterloo.cal).
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Figure 3a. Snow Depth [cm] and N0,- Concentration [ppm].
Figure 3b. Snow Water Equivalent [cm] and Snow
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Snow and Water Chemistry

Concentrations of total dissolved solids (TDS) in groundwater were greater than
river water by approximately 60 mg Lt (Figure 6a). After a stable period (JD 21 to
41), TDS decreased from approximately 500 to 250 mg L 1 on JD 55. The decrease
in TDS started before the beginning of me1t. Hydrostatic pressure under river ice
likely reversed the hydraulic gradient in the riparian zone, thus causing river water
to be stored in the soils.
The pH of groundwater, river water and snow was slightly basic over the study
period (Figure 6b). Before melt, the pH of river and groundwater increased lrom7.7
to 8.1 and from 7.3 to 7.85, respectively. The pH of the snow was generally higher
than 8.3 (except JD 49) and rose with the melt event to 8.8 on JD 55. This may
have resulted from the potential buffering capacity of carbonate rich soil particles
that were transported by wind from the adjacent agricultural field and deposited in
the snowpack. Correspondingly, the pH of the river water dropped from 8.1 before
melt to 7.3 onJD 55, then increased above the pre-meltvalue onJD 65. The highest
groundwater pH value of 8 coincided with peak groundwater levels.
The highest weekly total NO.- load in the snowcover was approximately 51.7 mg
m-2. The concentration of NO.- decreased to 0.55 mg L t between JD 53 and 55
which coincides with the major melt event. In the snowpack, NO. concentrations
increased until JD 42 and reached a maximum value of 1.4 mg L 1. During the
study period, NO. concentrations in three groundwater wells (GW1, GW2, GW3)
remained constant around 0.25 mg L 1 (Figure 7) and NO. levels at GW4 were
approximateiy 0.75 mg L 1, with a maximum value of 1.8 mg L r on JD 55. On this
day, GW4 was likely contaminated with river water. The NO. concentrations in soil
water did not differ markedly from those of the groundwater.
Ground thawing seemed to occur from the bottom of the frost layer to the
surface, probably because of dead grasses insulating the ground surface. With regard
to NO, attenuation, Lewis and Grant (1980) found that the snowcover itself can
protect the ground surface from freezing, thereby allowing microbial activity to take
place. Our results suggest that the vegetation cover, which influenced the thermal
regime before, during and after snowmelt also affected nitrate dynamics at the site.
The change in NOr- concentration during snowpack accumulation on JD 12
was attributed to the change in wind direction (Keith and Dillon, 1998). Differences
in SWtr and NO, concentrations between ID 42 and 45 show that the 13 cm
of snow accumulation contained only trace amounts of NO. , compared with an
average concentration of 1.4 mg L 1 for the preceding snowfall events (Figure 3a
and 3b). Total wet NO. deposition at the study site was strongly influenced by the
timing and/or source of the snow.
The maximum accumulation of NO.- within the snowpack for the study period
(cumulative up toJD 53) was 51.7 mg m 2. This value is about half that (110 mg m
')
reported for southern Ontario from December to March by Ro et a/. (7988). A
total of 36.9 mg NO, per m2 was released during the main thaw event (from
dayJD 53 to JD 55). Neither the NO, concentration in the groundwarer nor in
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Figure 6a. Total Dissolved Solids (TDS) [mg/l] of Groundwater, River Water and Lysimeter Samples.
Figure 6b. pH of Groundwater, River Water and Snow.
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the lysimeters changed significantly during the melt period. Nitrate export was
primarily along shallow subsurface and overland flow pathways that were visible on
JD 55, seeping from hillslopes adjacent to the site. These pathways were possible
because of impermeable ground frost at shallow depth. Nitrate transport along these
preferential pathways may explain why no nitrate pulse was observed in the we11s and

lysimeters. There was no evidence of increasing nitrate concentrations in the stream
during the melt event.
The effectiveness of buffer strips for nutrient removal is a function of individual
watershed hydrology, buffer width, location, slope, vegetation characteristics, soil
type and degree of saturation (Gi11iam et al., 1997; H:jrL, 1996). At this location the
buffer strip was typicallywider than in many agricultural parts of the Laurel Creek

watershed. In this situation, we anticipate riparian vegetation to reduce nutrient
inputs from surface runoff via mechanical filtering of solids as well as the detention
and assimilation of nutrients by riparian vegetation (Muscutt et al., 1993; Dillaha
et a/., 1989), although during the snowmelt period this latter process must be quite
limited. Nitrate removal from shallow groundwater by denitrification is maximized
when suitable redox conditions and energy sources for anaerobic bacteria exist in
hydrogeologic settings where ground*nt.i interacts with vegetation and organic
sediments (Hill, 1996). During spring when rapid surface flow occurs, the potential
influence of the riparia n zofle to attenuate NO.- is diminished.
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CONCLUSION

The winter of 2000 was atypically warm, and the snowpack melted during a thaw
with rain on snow in late February. During this period, the ground frost penetrated
down to about 20 cm, and the unfrozen water decreased accordingly. Saturated
and unsaturated soils in the ripariar\ zol7e were inundated with stream water under
hydrostatic pressure, due to ice cover. The snowpack had a total nitrate load of
5i.l mg m, prior to melt. Approximately 36.9 mg m2 was released during the
main melt ev-nt, but no nitrate pulse was observed in soilwater or groundwater.
Surface flow over frozen soil, as well as shallow throughflow was observed during
melt. These transient flowpaths are suggested as the probable pathway for nitrate
export from this system. Consequently, riparian buffers will be ineffective for nitrate
attenuation from the melting snowpack under these conditions.
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