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Abstract
Detailed observations of stream, soil, and groundwater chemistry were used to determine
the role of fire, permafrost and snowmelt processes on the fluxes of carbon, nitrogen and
major solutes from interior Alaskan catchments. We examined an experimentally burned
watershed and two reference watersheds that differ in permafrost coverage (high, 53%;
medium-burn, 18%; and low, 4%) during the FROSTFIRE prescribed burn in July 1999.
The fire elevated stream nitrate concentrations for a short period during the first post-fire
storm, but nitrate declined thereafter, suggesting that less severe fires that leave an intact
riparian zone may have only a short-term effect on stream chemistry. Nevertheless, we
found fundamental differences in hydrochemical differences between watersheds due to
the presence of permafrost. Flowpaths in the low-permafrost, likely from the riparian
zone, depleted stream nitrate levels while flowpaths in the high permafrost watershed,
generated from more distant hillslopes, were a source of nitrate. All watersheds were
sources of organic solutes during snowmelt and summer storms. On an annual basis,
watersheds were net sources of every individual ion or element (CI, PO42', SO42', DOC,
DON, NO;, Na", K" Mg%, Ca2+) except NH,", which was a small fraction of the total N
concentration in streams. The concentration of NO;™ was high for an ecosystem with low
atmospheric N deposition and compared to non-Alaskan boreal and temperate
watersheds, resulting in net N loss. These findings suggest that boreal watersheds in the
discontinuous region of interior Alaska may be fundamentally different in their capacity

to retain N compared to ecosystems with net N retention.
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CHAPTER ONE
INTRODUCTION
Overview

Watershed science, including biogeochemistry and hydrology, has advanced
considerably since its inception the 1960°s. Pioneering studies (e.g., Likens and
Bormann 1985) developed the concept of the watershed unit as a framework for studying
ecosystem biogeochemical cycling. By measuring meteorological inputs and hydrologic
outputs, investigators were able to determine the net retention or export of major nutrients
and solutes, and the relative importance of biota, lithology, and hydrology in regulating
fluxes. This approach proved useful not only for estimating weathering rates and
understanding the cycling of major elements, but also for examining large-scale
disturbances such as deforestation (Likens et al. 1970), and detecting regional changes in
atmospheric deposition of nitrogen and sulfur (Likens and Bormann 1985). Presently,
watershed scientists continue to use the catchment scale, but have recognized the
importance of water sources and pathways in altering the chemical composition of runoff
to receiving streams (Hill 2000). Water isotope and solute signatures have been used to
separate temporal components of flow into pre-event (old water that existed in the
catchment prior to the event) and event water (snowpack melt or rain). Most researchers
have found that the water generated during storms consists mainly of groundwater that
was displaced during the event (Rodhe 1998). Regardless of the source, water flowpaths
govern the chemistry of receiving streams. Riparian zones have been identified as crucial

ecotones where groundwater discharges during baseflow periods, thereby regulating



chemistry between storms. Additionally, because riparian areas often have shallow water
tables and saturated soils they can serve as the source area for water and solutes during
summer storms or spring snowmelt (Hill 1993).

Stream chemical response to increased flow during snowmelt or storms depends on a
number of factors including the chemistry of new water infiltrating soil, the dissolution or
dilution of chemical signatures in source areas, and the mixing of this new storm
chemistry with the chemical composition of baseflow. Dissolved organic carbon (DOC)
concentration increases with higher flow in nearly all ecosystems because stormflow
from surface or riparian soils is elevated in organic matter content (Kaplan and Newbold
2000). Nutrients that are biologically reactive (NO3", NHy4", PO47) may increase or
decrease with flow, depending on the season and the activity of plants and microbes
along hydrologic flowpaths. On the other hand, weathering products (Ca*", Mg*", and
Na") are often diluted with flow, as storm source areas are often depleted in these ions
compared to deep groundwater baseflow. The loss or gain of individual ions on an
annual or seasonal basis is the sum of element flux during individual storms and baseflow
periods. Therefore, watershed studies need to be considered in the context of climatic,
geographical, and biological settings that affect these fluxes (Grimm 2003)

Catchments in interior Alaska are unique in some respects compared to most mid-
latitude ecosystems. First, the region was never glaciated during the Pleistocene and, as a
result, mineral soil depth above unconsolidated bedrock can be deep. Second,
atmospheric deposition rates of nitrogen and sulfur are low because of little

anthropogenic pollution. Lastly, permafrost is discontinuous and found in low lying



areas and north-facing slopes that receive less solar radiation than south facing slopes.
The presence of permafrost has dramatic consequences for water movement and
chemistry; on north-facing slopes and in low-lying valley bottoms permafrost limits
hydrologic flow to the organic-rich active layer, whereas on south-facing slopes, water
can infiltrate into deeper groundwater flowpaths (Woo 1986). Consequently, streams in
watersheds dominated by permafrost tend to have higher DOC and dissolved organic
nitrogen (DON) concentrations, but lower dissolved mineral concentrations than
watersheds that are mostly permafrost-free (Ray 1988, MacLean et al. 1999).

Currently, there is an urgency to understand the hydrochemistry of high latitude
watersheds that are underlain by permafrost that is just below freezing and susceptible to
thawing (Osterkamp and Romanovsky 1999). The temperature is increasing at high
latitudes due to climate warming, potentially modifying the energy balance of surface
soils that insulate permafrost (Serreze et al. 2000). Because water flowpaths that control
chemistry are coupled with permafrost distribution, the chemical composition of
receiving streams and the retention of carbon and nutrients in the landscape might change
if permafrost thaws. An understanding of the current dynamics of permafrost
hydrochemistry will provide a baseline to which future landscape conditions can be
compared.

Wildfire is a widespread seasonal disturbance in boreal regions and climate models
predict an increase in fire severity and frequency in boreal forests (Flannigan and Van
Wagner 1991). The current extent of permafrost coverage is susceptible to wildfire

disturbance because fire removes the insulating organic layer from the forest floor,



thereby accelerating heat flux to soils and increasing the active layer depth. Fire severity
plays a particularly important role in interior Alaska. Severe fires can completely burn
through the insulating moss layer, causing permafrost to thaw, resulting in improved
drainage to the mineral soil below (Hinzman et al. 2003). However, less severe fires may
only burn the surface layer, leaving the underlying organic layer intact. Where burning
occurs, organic plant biomass is converted into inorganic forms as ash on the forest floor

and exposes organic soils to erosion.

Objectives and Chapter Descriptions

The main chapters of this dissertation (chapters 2-4) address a recurring theme in the
hydrochemistry of subarctic catchments: How do water flowpaths influence the chemical
composition of receiving streams, and the retention of carbon, nitrogen and major solutes
at the watershed scale? In the first chapter, I integrate landscape factors (permafrost) and
large scale disturbance (fire) during summer storm events after a prescribed burn. In the
second chapter, I address the role of permafrost, flowpaths and seasonal transitions on
annual carbon, nitrogen and major solute budgets. In the fourth chapter, I examine how
interannual variations in snowmelt affect the concentration and flux of carbon, nitrogen
and major solutes. The aim of this dissertation it to improve our understanding of how
ecological and hydrological processes interact to control biogeochemical cycles in boreal
forest watersheds. I addressed these questions through detailed observations of stream,
soil and groundwater chemistries in three subcatchments of the Caribou Poker Creeks

Research Watershed (CPCRW) watershed near Fairbanks, Alaska.



Because watershed biogeochemistry integrates biotic and abiotic processes occurring
within the watershed boundary, large-scale experiments are an ideal way to test
hypotheses at this scale. In chapter one of my dissertation I present the findings from a
prescribed burn, where I examined the role of fire on watershed solute fluxes at CPCRW
in interior Alaska as part of a multi-disciplinary fire disturbance project called
FROSTFIRE (Hinzman et al. 2003). Our objectives were to determine 1) the influence of
permafrost on the contribution of storm water to streamflow, 2) the influence of
permafrost on the contributing area for flow and 3) the immediate effect of fire on stream
chemistry. We hypothesized that the source area and total contribution of “new” water to
stream flow during storms would increase with greater permafrost coverage, and that
organic soil flow pathways would be more important in controlling stream chemistry in
watersheds with greater permafrost coverage. Additionally, we predicted that the fire
would increase nitrate concentration in the burn watershed if the source area for the first
post-fire storm event included the burned area.

Watershed nutrient retention has been of interest in catchment studies because it
enables researchers to interpret how biota (both plants and microbes) assimilate nutrients
at a large scale. Nitrogen limitation of primary production is a common feature of nearly
all ecosystems because nitrogen is not commonly derived from bedrock weathering and
must be supplied by nitrogen fixation or atmospheric deposition. As a result, many
catchments retain nitrogen (outputs < inputs) and the degree of nitrogen retention may
decrease with successional time (Vitousek and Reiners 1975). Because inorganic

nitrogen is readily assimilated by nitrogen limited plant-microbe systems, researchers



have found that catchments with low rates of nitrogen deposition typically release
nitrogen in organic forms (Hedin et al. 1995, Perakis and Hedin 2002). The output of
nitrogen from ecosystems is a consequence of biotic processes as well as hydrologic
conditions. Despite ecosystem nitrogen limitation, catchments may lose nitrogen via
hydrologic vectors if nitrogen is unavailable for plant uptake (e.g., DON), or a temporal
uncoupling exists between available nitrogen supply and demand.

Whereas alpine and temperate ecosystems have been studied extensively at the
watershed scale, fewer studies have been conducted in high-latitude ecosystems. In the
second chapter of my dissertation, I examined seasonal changes in stream chemistry and
estimated annual budgets of carbon, nitrogen and major solutes in CPCRW. The
objectives of this study were to use detailed measurements of stream water chemistry and
hydrology from watersheds that differ in permafrost coverage to understand how
biological, edaphic, and hydrologic processes interact to control carbon, nitrogen, and
other solute losses. We addressed the following questions: 1) how do seasonal changes
in flowpath affect relationships between stream chemistry and discharge, 2) what is the
relative importance of snowmelt, summer, and the post senescence periods for the export
of carbon, nitrogen and solutes, 3) how might a reduction in permafrost coverage affect
the net export of carbon, nitrogen and solutes from boreal watersheds?

Snowmelt is an important hydrochemical event in boreal regions where more than a
third of the annual precipitation falls as snow, and snow cover extends for more than half
of the year. Despite the long duration of insulative snow cover, cold winter temperatures

completely freeze surface soils prior to snowmelt. Frozen soil during snowmelt is unique



to subarctic watersheds compared to alpine and temperate ecosystems where unfrozen
soils predominate in the spring. In the fourth chapter of my dissertation, I examined the
stream hydrochemical response to interannual variations in snowmelt runoff. The
purpose of this study was to better understand how the input of snowmelt water affects
the concentration and flux of inorganic and organic solutes in a sub-arctic watershed.
Specifically, our objectives were to 1) determine the contribution of new water
(snowmelt water) and old water (pre-existing water in the catchment) to the snowmelt
hydrograph peak using oxygen isotopes and conductivity, 2) identify flowpaths of
organic and inorganic solutes to stream flow, and 3) determine the importance of

snowmelt to the flux of solutes in the spring season.
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CHAPTER TWO
THE INFLUENCE OF FIRE AND PERMAFROST ON SUB-ARCTIC

STREAM CHEMISTRY DURING STORMS

Abstract

Permafrost and fire are important regulators of hydrochemistry and landscape structure in
the discontinuous permafrost region of interior Alaska. We examined the influence of
permafrost and a prescribed burn on concentrations of dissolved organic carbon (DOC),
dissolved organic nitrogen (DON) and other solutes (NO3, Ca*", K", Mg*", Na", K") in
streams of an experimentally burned watershed and two reference watersheds with
varying extents of permafrost in the Caribou Poker Creeks Research Watershed in
interior Alaska. The low-permafrost watershed has limited permafrost (3%), the high-
permafrost watershed has extensive permafrost (53%), and the burn watershed has
intermediate permafrost coverage (18%). The FROSTFIRE prescribed burn, initiated on
July 8, 1999, elevated nitrate concentrations for a short period after the first post-fire
storm on July 25th, but there was no increase after a second storm in September. During
the July storm, nitrate export lagged behind the storm discharge peak, indicating a
flushing of soluble nitrate that likely originated from burned soils. Fundamental
hydrologic and chemical differences between watersheds were found due to the presence
of permafrost by using a three-end member mixing model. Storm flow in the low-
permafrost watershed was dominated by precipitation and overland flow from the

permafrost-dominated riparian zone which reduced nitrate at high flow. In contrast,
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storm water in the high permafrost watershed was dominated by soil flow through the
active layer and nitrate leaching increased concentrations during the storm. Among all
watersheds, organic and groundwater flow paths controlled stream chemistry: DOC and
DON increased with discharge (organic source) while base cations and SO4* (from
weathering processes) decreased. Thawing of the active layer increased soil water
storage in the high permafrost watershed from July to September and attenuated the

hydrologic response and flux of solutes to the stream.

Introduction

In the discontinuous permafrost region of interior Alaska, hydrochemical processes are
controlled by the distribution of permafrost. Permafrost limits hydrologic flow on north-
facing slopes and in low-lying valley bottoms to the organic-rich active layer, whereas on
south-facing slopes, water can infiltrate into deeper groundwater flowpaths (Woo 1986).
Consequently, streams in watersheds dominated by permafrost tend to have higher
dissolved organic carbon (DOC) and nitrogen (DON), but lower dissolved mineral
concentrations than watersheds that are mostly permafrost-free (Ray 1988, MacLean et
al. 1999). The depth of the active layer, that portion of soil above permafrost that freezes
and thaws annually, increases throughout the summer, further complicating stream
chemistry patterns. Water movement and storage, as well as root and heterotrophic
respiration, occur almost exclusively in this seasonally thawed layer. Because of greater

water storage capacity, an increase in active layer thickness attenuates the hydrologic
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response of streams to precipitation inputs. Changes in the depth to permafrost,
therefore, affect both hydrologic and biotic processes.

Variation in stream chemistry is most pronounced during storms. Precipitation
infiltrates into soils, or moves directly to the stream channel over saturated soils in the
riparian zone. Water that composes the hydrograph peak may be “old” water which has
been displaced by precipitation, or “new” water from a more direct flowpath to the
stream (Sklash and Farvolden 1979). Regardless of source, storm water differs from
baseflow because it takes a different path through watersheds and to the stream.
Chemical constituents such as dissolved organic carbon may increase in streams due to
the dissolution or flushing of compounds in soils that become saturated. Other elements
may decline during storms due to the dilution of baseflow chemistry. Nutrients that are
biologically reactive may show more complex patterns, depending on the season and the
activity of plants and microbes.

Climate models predict an increase in fire severity and frequency in boreal forests
(Flannigan and Van Wagner 1991). The current extent of permafrost coverage is
susceptible to wildfire disturbance because fire removes the insulating organic layer from
the forest floor, thereby accelerating heat flux to soils, and increasing the active layer
depth. Thawing of ice-rich soils can lead to ground slumping (thermokarst) and forest
deterioration (Burn 1998, Osterkamp and Romanovsky 1999). Wildfire disturbance has
been shown to increase water runoff (Wright 1976, Schindler et al. 1980, Bayley and
Schindler 1991), sediment losses (Beaty 1994), and concentrations of major ions and

DOC (Bayley and Schindler 1991, Bayley et al. 1992, Chorover et al. 1994, Williams et
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al. 1997, Williams and Melack 1997). However, due to variations in burn severity, soil
fertility, and the spatial extent of burn areas, effects on stream chemistry and hydrology
can be limited or undetectable (Richter et al. 1982). Fire severity plays a particularly
important role in interior Alaska. Severe fires can completely burn through the insulating
moss layer, causing permafrost to thaw, resulting in improved drainage to the mineral soil
below (Hinzman et al. 2003). However, less severe fires may only burn the surface layer,
leaving the underlying organic layer intact. Where burning occurs, organic plant
biomass is converted into inorganic forms as an ash on the forest floor and exposes
organic soils to erosion.

In this study, we examined the role of permafrost and fire on watershed solute
fluxes. This research was conducted at the Caribou Poker Creeks Research Watershed
(CPCRW) in interior Alaska as part of a multi-disciplinary fire disturbance project called
FROSTFIRE (Hinzman et al. 2003). We monitored stream chemistry in an
experimentally burned watershed with moderate permafrost coverage and two reference
watersheds with low and high permafrost coverage during the summer of 1999 before
and after the fire. Our objectives were to determine 1) the influence of permafrost on the
contribution of storm water to streamflow, 2) the influence of permafrost on the
contributing area for flow and 3) the immediate effect of fire on stream chemistry. We
hypothesized that the source area and total contribution of “new” water to stream flow
during storms would increase with greater permafrost coverage and organic soil flow
pathways would be more important in controlling stream chemistry in watersheds with

greater permafrost coverage. Additionally, we predicted that the fire would increase
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nitrate concentrations in the burn watershed if the source area for the first post-fire storm
event included the burned area. By examining three watersheds with differing amounts
of permafrost, we attempt to determine the mechanisms which generate stream flow and

chemistry.

Study Site

The CPCRW, part of the Bonanza Creek LTER, is located 50 km northeast of
Fairbanks, Alaska and covers 10,620 ha. The climate is continental with low winter
temperatures, high summer temperatures, and an annual mean temperature of -2.5°C.
The average annual precipitation for the region ranges from 285 mm for Fairbanks to
near 500 mm in upper elevations of CPCRW. Roughly half of the precipitation falls as
snow. Snowmelt typically starts in late April and lasts for three to five weeks. During
the snow-free period, May and June have the lowest precipitation while July through
September have greater rainfall.

The CPCRW boundary includes several sub-basins that differ in permafrost
coverage due to aspect (Fig. 2.1). Low sun angles throughout the year result in less
energy reaching slopes with northern aspects than slopes with southern aspects.
Vegetation is closely related to soil type and permafrost distribution. North-facing slopes
are dominated by a black spruce (Picea mariana) and feather moss (Pleurozium
schreberi) community, whereas south slopes are deciduous with a mixture of quaking
aspen (Populus tremuloides) and paper birch (Betula papyrifera). Permafrost is also

found in riparian zone or valley bottom sites adjacent to the stream due to persistent
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temperature inversions throughout the winter and poorly drained soils in this zone
(Yoshikawa et al. 2002). Maximum depth of thaw on permafrost hillslopes can reach > 1
m while poorly drained sites thaw to only 0.5 m in September prior to re-freezing.
Bedrock is unconsolidated Birch Creek schist with surface soils composed of Fairbanks
silt loam that have developed in fine loess transported from the Alaska Range.

Three watersheds were examined in this study. The burn watershed has a
moderate amount of permafrost (18.8%) and a watershed area of 1040 ha. The two
reference watersheds had high (53.2%) and low permafrost (3.5%) and areas of 520 and
570 ha, respectively (Rieger et al. 1972). From July 8-15, 1999 a prescribed burn was
conducted by the Bureau of Land Management and the Alaska Fire Service that
moderately to severely burned approximately 28% (320 ha) of the burn watershed
(Hinzman et al. 2003). The burn area was limited primarily to the north-facing, black
spruce covered slope of the watershed. However, a smaller southeast-facing section was
hand ignited by fire crews within two days of the initial burn. Despite a large burn area

much of the riparian zone with saturated soils was unburned.

Methods

Stream discharge was measured continuously from late April through September
1999 in all three streams and periodically throughout the winter when the streambed was
ice-free. Stream stage was recorded every hour with a Spsi pressure transducer and a
Campbell datalogger (CR10X). The pressure transducer was removed during the fire,

reinstalled after the fire, and subsequently recorded every half hour. Periodic discharge
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measurements were estimated with a Marsh-McBirney electromagnetic current meter to
calculate a rating curve and convert stage height to discharge. Precipitation for the July
storm was calculated from tipping buckets in the low-permafrost and high-permafrost
watersheds. Precipitation in the burn watershed in July and all watersheds in September
was calculated from a Remote Automated Weather Station (RAWS;
http://fire.ak.blm.gov/) weather station maintained by the Bureau of Land Management,
located at Caribou Peak on the boundary of the burn watershed.

Stream water for chemical analyses was collected with an ISCO autosampler
every 4 hours in the high permafrost and low-permafrost watersheds, and every 2 hours
in the burn watershed during storms. Samples remained in autosamplers for up to four
days between collection. We found that certain chemistry such as pH and NH," did
change during this storage period, but we did not use these stored samples for storm
chemistry. Otherwise, sample chemistry did not change appreciably between stored and
manually collected samples. Samples were transferred to pre-rinsed 125 ml HDPE
bottles in the field and filtered within 12 hours using glass fiber filters (Gelman AE, 0.45
pm nominal pore size). Samples were refrigerated until analysis (<48 hours) or frozen
for subsequent analyses. Electrical conductivity was measured in the lab using a hand-
held Denver Instruments AP-50 meter. An Alpkem autoanalyzer was used to measure
NH4" by the phenol-hypochlorite method (Solorzano 1969), soluble reactive phosphorus
(SRP) by the molybdate-antimony method (Murphy and Riley 1962), and NO;3™ by
cadmium reduction (Wood et al. 1967). DOC was measured as non-purgeable organic

carbon on a Shimadzu TOC 5000. Base cations and anions (Ca>", K*, Mg*", Na", and
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SO4*) were analyzed using induced coupled plasma optical emission spectrometry (Jarrel
Ash Inc., IRIS) at the North Research Station of Hokkaido University Forests (NR-HUF),
Japan.

We determined water pathways during floods using an end-member mixing
analysis (EMMA). Hydrologic studies commonly separate flow of storm discharge peaks
into “new” (i.e., precipitation) and “old” (i.e., groundwater) water components using a
two end member approach (Hooper and Shoemaker 1986, McDonnell et al. 1991). An
important assumption of two end-member separation is that surface soil water
components have little storage (Sklash et al. 1976, DeWalle et al. 1988). Because
permafrost creates "surface storage" as a perched water table in the dominant organic soil
flowpath, we used a three component separation model. DOC and calcium were used as
tracers because they showed the largest separation among model components; DOC is
high in organic surface soils but low in groundwater and mineral soil while calcium
shows the opposite pattern due to weathering in mineral soil and bedrock. In this study,

we separated flow into three components: 1) precipitation, 2) organic soil, and 3)

groundwater:
fgw +f0rg +fprecip =1 (1)
[Calgw fow T [Calorg forg T [Calprecip fprecip = [Calstream ()

DOngfgw + DOCorgforg + DOCprecipfprecip = [DOC]Stream (3)
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where [Ca] and [DOC] are end-member concentrations, fis the fraction of each
component contributing to streamwater, and the subscripts precip, org, gw, and stream
represent precipitation, organic soil, groundwater, and streamwater, respectively. This
equation was solved for each time we collected stream chemistry during a storm and
periods between samples were linearly interpolated. The total storm contribution for any
given component equals the sum over the storm flow period.

The Ca®" concentration in wet deposition from the on-site National Atmospheric
Deposition Site (site AKO1; http://nadp.sws.uiuc.edu/) was used for the precipitation
signature during both storms. We used the weekly averages (July 20-27 1999 and August
31-September 9) as signatures for each storm. DOC concentrations in precipitation were
assumed to be equal to zero. Ca>" and DOC concentrations in soils were determined by
lysimeters installed in the burn watershed. Zero-tension (3 burn and 3 control, n=6) and
suction lysimeters (20 burn and 20 control, n=40) were installed along transects
extending from the toe slope to the riparian zone in spruce stands in the burn watershed
prior to the fire event in 1998. Hardwood (aspens and birch) stands on the south side of
the stream yielded little water in lysimeters and are likely a small component of organic
soil flow during the summer period. Zero-tension lysimeters were installed in the Oa
horizon, which consisted of a thick layer (>10 cm) of decomposed moss and plant litter.
Tension lysimeters made of porous ceramic cups (Soil Moisture Inc. and Prenart Inc.)
were installed at the interface between the organic and mineral horizons (between 20cm
and 30cm depth). We were unable to measure the immediate effect of the fire in the

tension lysimeters because they were frozen in ground and could not be removed prior to
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the fire. Consequently, the lysimeters were destroyed during the burn. Those lysimeters
that were unburned were sampled after the fire in 1999. Final end member signatures
were obtained by taking an average of all lysimeters from 1998 and the unburned
lysimeters during 1999. There was no significant difference between years. We did not
collect soil water samples in the low and high-permafrost watersheds, but mean
concentrations of Ca*" and DOC in spruce stands from MacLean et al (1999) in these
watersheds were not significantly different from Ca*" and DOC in the burn watershed.
The same groundwater signature was used for all three watersheds by obtaining an
average concentration for DOC and Ca®" from seeps, wells and pingo springs from the
CPCRW (n=13; White et al. 2002). These average concentrations represent an estimate
of the regional groundwater signature at CPCRW.

A sensitivity analysis was performed on EMMA by incorporating sample
variability and analytical error in end-member signature estimates. We calculated the
standard error of the organic and groundwater end-member concentrations and ran the
model using plus and minus the standard error of the mean. Since only one sample was
available for the precipitation signature for each storm, we used the analytical error of
replicate samples (Gordon 1999). We ran the model by varying end-members
individually using the high and low range of the end-member signatures. These model
outputs were compared to the original model run using the mean end-member signature.

Linear regressions were performed on chemical concentrations vs. discharge for
the July and September storms. Normal probability plots of residuals from regressions

were used to test the assumptions of normality. In all cases, stream data conformed to
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residual normality tests, except for nitrate and sulfate in the burn watershed in July
(StatSoft 2000). Transformations did not significantly improve the distribution of nitrate
and sulfate regressions so we report raw data for all regressions. Regressions were
compared between July and September storms using a t-test on regression slopes (Sokal
and Rohlf 1994). Contributing areas were calculated by integrating the discharge from
the three stormflow components and dividing by the total precipitation for the storm

event (Table 2.2, Eshleman et al. 1993).

Results

Baseflow chemistry prior to the prescribed burn was consistent for each
watershed and reflects the stream-specific contribution of groundwater vs. soil flowpaths.
The DOC concentration was highest in high permafrost (1341 uM), intermediate in low
permafrost (594 uM), and lowest in the burn (357 uM; Table 2.1). Conversely, electrical
conductivity, a measure of total dissolved solutes, was highest in the burn (101 uS),
intermediate in low permafrost (68 uS), and lowest in high permafrost (50 uS).
Ammonium (near 1 uM for all streams) and SRP (<1uM) were consistently low in all
streams and were often below detection limits. Nitrate, highest in the burn (45.4 uM),
intermediate in low permafrost (40.6 M), and lowest in high permafrost (21.8 uM), was
20 to 40 fold greater than ammonium and comprised nearly all of the DIN output from
the CPCRW watersheds. On annual basis, nitrate concentrations were lowest for all
streams during mid-May at the peak of snowmelt. This snowmelt dilution of nitrate was

greatest in the high permafrost watershed where nitrate approached zero uM (Fig. 2.3).
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Total precipitation amounts were comparable for the July and September storms
(22.6 and 22.9 mm, respectively), but maximum precipitation intensity was lower during
the July storm (11.4 mm/hr) compared to the September storm (22.4 mm/hr). As a result,
storm discharge peaks in the burn and low-permafrost watersheds were lower in July. In
contrast, the high permafrost watershed showed the greatest discharge peak in July and
declined to less than half of this amount in September (Fig. 2.2). Peak flows for the July
storm in high permafrost (129 L/s) and the burn watershed (107 L/s) were four to five
fold greater than the low-permafrost basin discharge (26 L/s). In September, peak flow
remained high in the burn watershed (144.9 L/s) and low in the low-permafrost watershed
(43.0 L/s), whereas the high permafrost watershed peak discharge was much lower
compared to July (55.1 L/s). The time to peak from precipitation to the storm discharge
maximum was shorter overall in September except for the high permafrost watershed
which took several hours longer to peak than the other watersheds. In July, the burn and
high permafrost watersheds peaked similarly, while the low-permafrost peak was earlier

(Fig. 2.2).

Three EMMA Analysis

The stream concentrations for DOC and Ca®" fell within the bounds of the end-
members in the mixing diagram (Figs 2.4 a and b), indicating that the stream water was
indeed a mixture of flow from these components. For all streams, the concentrations of
DOC and Ca*" moved closer to the organic soil end-member during storms, indicating

that storm flow was largely derived from soils. In particular, the high permafrost



22

received the greatest contribution from organic soils while low-permafrost watershed had
the smallest organic contribution during both events (2.5). In July, groundwater
dominated the hydrograph in the Burn watershed, both precipitation and groundwater
dominated the hydrograph in low permafrost, and the organic soil component dominated
the high permafrost hydrograph. Groundwater continued to dominate the Burn
hydrograph in September, and it also composed most of the low- and high-permafrost
hydrographs (Fig. 2.5). All watersheds showed a decline in the organic soil component
with a concomitant rise in the groundwater component from July to September (Table
2.2).

When EMMA source chemistries were changed by plus or minus a standard error,
the sensitivity analysis showed a <10% change in the relative proportions of flow
components to storms. The three end-member mixing model was most sensitive to
variation in the calcium concentration of groundwater; with the low range of the
groundwater calcium concentration the groundwater component increased 6 to 8% with a
concomitant decrease in the precipitation component (5 to 7%). The model was also
sensitive to the concentration of DOC in the organic soil component. A standard error
increase in the soil DOC concentration resulted in a drop in the organic soil component of
1 to 3% and an increase in precipitation flow (1-3%). All other tested variations in end-
member concentrations produced little change in the model outcome (<1%). These

potential sources of error were small compared to the differences among watersheds.

Hydrograph Separation and Contributing Areas
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The groundwater component dominated the hydrograph in all storms except for the low-
permafrost and high-permafrost watersheds in July, when the precipitation and organic
components were greatest (Fig. 2.5). Comparing between the July and September storms,
the groundwater component increased with a corresponding decrease in the organic
component. Similarly, the precipitation component increased in the burn and high
permafrost, but decreased slightly in the low-permafrost watershed between July and
September (Table 2.2).

With the increased precipitation intensity in the September storm, the total storm
contributing areas increased for the low-permafrost watershed (8 to 23 ha) and burn
watershed (68 to 123 ha). In contrast, the high permafrost watershed contributing area
declined from 83 to 56 ha due to a smaller contribution from the organic soil component.
As a percentage of the watershed area, the total storm contributing area was greatest in
the high permafrost watershed in July (14.5%) while the burn watershed (11.8%) was
highest in September. The contributing area remained low in the low-permafrost

watershed in both July (1.6%) and September (4.4%; Table 2.2).

Stream Water Chemistry and Discharge Relationships

In general, the base cations, sulfate and electrical conductivity, which were most
concentrated in groundwater, tended to decline during storm flows. Discharge vs.
concentration relationships were statistically significant in 31 of 36 of these cases (Table
2.3). Interestingly, nitrate had both positive and negative relationships with discharge.

During the July storm, nitrate was positively correlated with discharge in the burn and
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high permafrost basins, but negatively correlated with discharge in low permafrost (Figs.
2.6 and 2.7, Table 2.3). In the September storm, nitrate remained positive with discharge
in the high permafrost watershed and negative in the low permafrost while the burn
watershed changed to a negative relationship with discharge. Nitrate showed
anticlockwise hysteresis loops in the burn watershed during both storms and in high

permafrost in September.

Discussion

Our results support the conceptual model hypothesized by MacLean et al. 1999, whereby
permafrost restricts water to the active layer, reducing the modulation of DIN, DON and
DOC to the stream. We expand upon this model by demonstrating that the source area
for flow and the mechanism of water movement to the stream play an important role in
stream chemistry during periods of high flow. Furthermore, the hydrologic and chemical
response is attenuated by an increase in active layer thickness and water storage during

the summer months.

Fire Effects

Numerous studies have documented elevated stream solute concentrations
following fire (Bayley and Schindler 1991, Bayley et al. 1992, Chorover et al. 1994,
Williams et al. 1997, Williams and Melack 1997). . In this study, the hysteresis pattern
observed and the shift from a positive to negative nitrate vs. discharge relationship

suggests a possible nitrate source in the burn watershed. Compared to the reference
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watersheds, the burn watershed was the only stream that showed a concentration-
discharge relationship with a change in direction; the nitrate concentration-discharge
relationship was positive in July but negative in September (Figs 2.6 and 2.7). The anti-
clockwise hysteresis of nitrate in the burn watershed in July revealed a lag response of
export that can be attributed to a “flushing effect” of nitrate from burned soils whereby
readily soluble ions are dissolved by event water (Evans and Davies 1988).

Nitrate dynamics in the burn watershed can be explained by the mixing model
analysis and contributing area for each storm. The contributing area (21 ha) for the July
storm likely included areas that were burned on either side of the stream. Given the large
riparian saturated areas in CPCRW, a likely runoff sequence could begin with flow from
the near-stream saturated soils, followed by flow from adjacent hillslope areas as soils
become saturated from a perched water table in the active layer (Hooper et al. 1990). Our
data are consistent with such a runoff sequence; nitrate initially decreased on the rising
limb of the hydrograph due to an influx of nitrate-depleted mixed precipitation and
standing water from anoxic riparian soils. Subsequently, nitrate increased as runoff from

the burned zones reached the stream.

Permafrost and hydrology

A comparison of the timing and magnitude of hydrographs peaks among the three
watersheds suggests that permafrost plays an important role in stream water generation
(Figs. 2.2a and b). The quick and short duration response in the low-permafrost

watershed likely reflects its small contributing area (Sha in July and 12ha in September),
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and confinement of flow to saturated riparian soils. Precipitation directly onto saturated
areas is consistent with a rapid hydrologic response as water moved to the stream as
overland saturated flow or direct channel flow (Hill 1993). This mechanism likely
generated the earlier discharge peak observed in the low-permafrost watershed compared
to the burn and high permafrost watersheds.

Temporal changes in the active layer affected discharge patterns in the high
permafrost watershed. Peak discharge in this watershed was lower in September despite
greater precipitation intensity, whereas the low-permafrost and burn watersheds showed
faster time to peak and higher discharge in response to this more rapid precipitation.
Active layer depths increase steadily throughout the summer months, reaching a
maximum in September prior to soil freeze-up (Hinzman et al. in press). Such a change
in the active layer depth would increase soil storage and reduce the amount of water that
enters the stream from precipitation because soils are slower to become saturated and
generate streamflow. Since the hydraulic conductivity of thawed organic soils is high
(Woo 1986), the infiltration rate far exceeded the precipitation rate, and less runoff from
permafrost dominated hillslopes reached the stream during a late summer storm. In
contrast, the contributing areas for the low-permafrost and burn watersheds are less
affected by seasonal changes in the active layer. Thawing does occur in these more
water-logged soils, but the saturated conditions and standing water prevents rapid
infiltration.

In all watersheds, the rise in the groundwater component and decline in the

organic component from July to September was consistent with active layer dynamics.
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As the active layer depth reached the mineral soils, water infiltration increased and
greater flow was generated from deeper horizons. From July to September, the
contribution of precipitation to stream flow increased in the burn and high permafrost
watersheds, but declined slightly in the low-permafrost watershed. We expected an
increase in the precipitation component for all streams in response to higher precipitation
intensity in September. Valley bottom soils which generated stormflow in the low-
permafrost watershed may possibly become more enriched in calcium throughout the
summer due to evapotranspiration. Mixing of concentrated valley bottom water with
precipitation would diminish calcium dilution during the storm, resulting in a smaller

estimation of the precipitation component for the September storm.

Permafrost and Chemistry

Consistent chemical responses among watersheds during storms demonstrate the
importance of water flowpaths and weathering processes in regulating stream chemistry.
Major cations (Ca>", Mg®", K™ and Na") always declined with increasing discharge due to
dilution of baseflow water, which is enriched in weathering products, by precipitation and
water from surface soils. The same surface flowpaths that dilute major cations also
enrich organic compounds and metals associated with them. DOC, DON, Al and Fe
increased with storm discharge, suggesting that dissolution of organic compounds in the
active layer increases with streamflow.

Nitrate differences among watersheds can be attributed to biotic processes and

flowpaths governed by permafrost. Nitrate consistently decreased during storms in the



28

low-permafrost watershed, but, simultaneously, increased with flow in the high
permafrost watershed. As our mixing model demonstrated, the storm water in the low-
permafrost watershed was generated from a small contributing area confined to saturated
valley bottom soils. This water was a mixture of low nitrate precipitation and anoxic soil
water that dilutes stream nitrate concentrations during peak flows (Hill 1993). In this
way, the riparian zone in CPCRW may be acting as a sink for dissolved nitrogen via
processes such as denitrification and plant uptake (Peterjohn and Correll 1994). An
increase in nitrate with flow in the high permafrost watershed suggests that permafrost-
dominated hillslopes are potential sources of nitrate in sub-arctic regions. The
contributing area for the high permafrost watershed is much larger than in the low-
permafrost watershed, including hillslopes as well as near stream valley bottom zones.
Hillslope water moves toward the stream after soils become saturated and generate lateral

flow, leaching nitrate as well as organic compounds.

Ecosystem Implications

Since the nitrogen deposition rate is low in low in interior Alaska, biotic processes such
as mineralization or nitrogen fixation must be supplying the nitrate flux to streams in the
high permafrost watershed during storms. Nitrogen fixation from symbiotic
cyanobacterial (Nostoc sp) is associated with feather moss (Pleurozium schreberi) in
boreal forests of Scandinavia (1.5 to 2.0 kg N ha™ yr'; DeLuca et al. 2002). Feather
moss is ubiquitous in permafrost underlain hillslopes at CPCRW and could potentially

provide up to five times the rate of atmospheric deposition of nitrogen in CPCRW.
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Nitrogen fixation by alder (Alnus crispa and A. tenufolia) could also be a potential nitrate
source, but alder is more common in deciduous stands compared to spruce stands at
CPCRW (Troth et al. 1976). At CPCRW, the bulk of stream N output is comprised of
nitrate and concentrations are an order of magnitude higher than published concentrations
in other boreal (Ford and Naiman 1989, Stottlemyer 1992, Cooke and Prepas 1998) and
in arctic ecosystems (Peterson et al. 1992). Given these high concentrations of nitrate in
CPCRW streams, it would require a widespread and severe fire disturbance in order to

see a significant and long-term change in nitrate chemistry.

Conclusions

While antecedent moisture conditions largely control the soil contribution to flow in
temperate, permafrost free watersheds (DeWalle et al. 1988, Hooper et al. 1990), we
found that the presence of permafrost and the active layer depth are also important factors
governing the contribution of the soil system to stormflow. This results in both a lag
response of flow from the organic soils because they must become saturated before
generating hillslope runoff. Consequently, organic soils can serve as a source for not
only DOC and DON, but also DIN, mainly nitrate. If, in the future, active layer depths
become deeper each season due to increasing ambient temperatures and a more frequent
and severe fire regime, organic soils could become an even more important source of
nitrogen to subarctic streams. Additionally, movement of water from organic to mineral
soils will result in a dissolution of weathering ions such as calcium and adsorption of

DOC (MacLean et al. 1999). The contributing area for storm flow and the chemistry of
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these source areas largely affects the chemistry of streams at CPCRW. Storm chemistry
in low-permafrost watersheds is influenced mainly by the saturated riparian soils and
precipitation while watersheds with greater permafrost coverage are affected by flow
from more distant hillslopes underlain by permafrost that reaches the stream following
saturation. In interior Alaska, less severe fires which do not affect riparian zones may

only have a short-term effect on the water chemistry of receiving streams.
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