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ABSTRACT

Carbon export from high elevation ecosystems is a critical component of the
global carbon cycle. Ecosystems in northern latitudes have become the focus of much
research due to their potential as large sinks of carbon in the atmosphere. However, there
exists limited understanding of the controls of carbon export from complex mountain
catchments due to strong spatial and temporal hydrologic variability, and large
heterogeneity in landscape structure. The research presented in this dissertation
investigates the control of hydrology and landscape structure and position on two major
avenues of carbon loss from mountain watersheds: soil respiration and stream dissolved
organic carbon (DOC) export. Measurements of soil respiration and its biophysical
controls (soil water content, soil temperature, vegetation, soil organic matter, and soil
physical properties) and stream and groundwater DOC dynamics are presented across
three years and multiple riparian-hillslope transitions within a complex subalpine
catchment in the northern Rocky Mountains, Montana. Variability in soil respiration was
related to hydrologic dynamics through space and time and was strongly influenced by
topography and landscape structure. Cumulative soil CO2 efflux was significantly higher
from wet riparian landscape positions compared to drier hillslope locations. Changes in
hydrologic regimes (e.g. snowmelt and precipitation timing and magnitude) also
impacted soil respiration. From a wet to a dry growing season, there were contrasting
and disproportionate changes in cumulative growing season surface CO2 efflux at wet
and dry landscape positions. Stream DOC export was also influenced by landscape
structure and hydrologic variability. The mobilization and delivery mechanisms of DOC
from the soil to the stream were dependent upon the size of DOC source areas and the
degree of hydrologic connectivity between the stream and the riparian and hillslope
zones, which varied strongly across the landscape. This dissertation provides
fundamental insight into the controls of hydrology and landscape structure on carbon
export from complex mountain watersheds. The results of this research have large
implications for the carbon source/sink status of high elevation mountain ecosystems, the
influence of changing hydrologic regimes on soil respiration, and the use of landscape
analysis to determine the locations of large source areas for carbon export.

1
CHAPTER 1
INTRODUCTION

The carbon cycle is at the forefront of environmental science research due to the
large rise in atmospheric carbon over past decades, which can strongly impact the Earth’s
climate. It has long been understood that the carbon and water cycles are intrinsically
intertwined (Schlesinger, 1997; Chapin et al., 2002), however their interdependence
through space and time remains poorly understood. Soil respiration and stream dissolved
organic carbon (DOC) export are two major avenues of ecosystem carbon loss and are
important components of the global carbon cycle (Raich and Schlesinger, 1992; Laudon
et al., 2004; Johnson et al., 2006; Lee et al., 2006; Jonsson et al., 2007). Investigation of
the spatiotemporal variability of soil respiration and stream DOC export requires
examination of the interactions between the carbon and water cycle due to strong
relationships between carbon export and hydrologic variables, such as soil water content
(SWC) and fluctuations in the groundwater table, both of which are influenced by
landscape structure and organization.
The hydrologic influence on soil respiration or DOC export is often examined at
the ecosystem or global scale (Oechel et al., 1993; Hope et al., 1994; Aitkenhead and
McDowell, 2000; Lee et al., 2006; Heimann and Reichstein, 2008), and can therefore
overlook the controls on carbon export at smaller plot level or catchment scales. Studies
of soil respiration that do occur at smaller scales are often conducted in relatively
homogeneous terrain (Parkin et al., 2005; Tang and Baldocchi, 2005; Baldocchi et al.,
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2006), or are limited to subtle biophysical gradients (Kang et al., 2006; Ohashi and
Gyokusen, 2007; Xu and Wan, 2008), and are therefore limited in their ability to account
for the influence of landscape structure and associated strong biophysical gradients.
Similarly, stream DOC export studies (Hornberger et al., 1994; Boyer et al., 1997, 2000)
often ignore the influence of landscape structure on the spatial and temporal variability of
DOC source areas and mobilization and delivery mechanisms to the stream.
Consideration of landscape structure in carbon export studies in complex terrain is
essential, as 70% of the western U.S. carbon sink potentially occurs at elevations greater
than 750 m (Schimel et al., 2002).
CO2 in soil air is the sum of microbial and root respiration and is controlled in
part by SWC, soil temperature, and soil organic matter (SOM) availability (Raich and
Schlesinger, 1992; Davidson et al., 1998, 2000; Schuur and Trumbore, 2006; ScottDenten et al., 2006). These drivers of soil respiration can vary significantly across the
landscape. For example, SWC is often high in convergent and lower slope positions
(Dunne and Black, 1970; McGlynn and Seibert, 2003; Pacific et al., 2008), which
generally occur in areas of high upslope accumulated area (UAA – a measure of the
amount of land draining to a particular location) (Jencso et al., 2009). Soil temperature is
often dependent upon aspect and elevation, and higher soil temperatures are generally
found on south-facing slopes in the northern hemisphere (Kang et al., 2006). Wet areas
of the landscape often have a larger accumulation of SOM because frequent saturation
can retard microbial decomposition (Schlesinger, 1997; Sjogersten et al., 2006). Given
the large variability in these topographically influenced drivers of soil respiration,
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landscape position needs to be accounted for in studies of CO2 export from the soil to the
atmosphere.
Similar to soil respiration, the influence of landscape structure on watershed
hydrology can exert a strong influence on stream DOC export from mountain catchments.
Past studies have often focused on DOC dynamics from riparian and wetland areas (Hope
et al., 1994; Creed et al., 2003, 2008; Bishop et al., 2004; Agren et al., 2007, 2008),
which generally have high organic matter content and are therefore rich DOC source
areas (Hornberger et al., 1994; Boyer et al., 1997; Hood et al., 1996), as compared to
upslope positions with lower DOC mineral soil (Boyer et al., 1997). However, the
importance of upland DOC source areas on stream DOC export has recently been
documented (McGlynn and McDonnell, 2003; Hood et al., 2006). The transport of DOC
from these source areas to the stream requires a hydrologic connection between the
uplands and the riparian zone and stream (McGlynn and McDonnell, 2003), which is
strongly influenced by the structure and organization of the landscape (Jencso et al.,
2009). However, our understanding of hydrologic and landscape structure controls on the
spatial and temporal variability of DOC mobilization and delivery mechanisms from the
soil to the stream is limited and necessitates further attention. High elevations mountain
watersheds present an ideal location to examine the control of landscape structure and
hydrology on carbon export due to great spatial and temporal variability in hydrologic
dynamics, strong biophysical gradients, and topographic complexity.
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Site Description

The study site was the U.S. Forest Service Tenderfoot Creek Experimental Forest
(TCEF) (3,591 ha; lat. 46°55’ N., long. 110°52’ W.) in the Little Belt Mountains of
central Montana (Figure 1.1). Tenderfoot Creek drains into the Smith River, a tributary
of the Missouri River. All research was conducted in the upper Tenderfoot Creek
Watershed (2,280 ha), with a significant portion in the upper Stringer Creek subcatchment (380 ha). Average elevation is 2,205 m and ranges from 1,840 to 2,421 m.
The TCEF is characteristic of subalpine watersheds in the northern Rocky Mountains due
to a wide range of slope, aspect, UAA, topographic convergence/divergence, and strong
seasonality, and is therefore an ideal location for studies of carbon export in complex
terrain.
Mean annual temperature is 0°C, and mean daily temperatures range from -8.4°C
in December to 12.8°C in July (Farnes et al., 1995). Mean annual precipitation is 880
mm, with ~70% falling as snow from November through May (Farnes et al., 1995).
Monthly precipitation generally peaks in December or January (100 to 120 mm per
month), and declines to 45 to 55 mm per month from July through October. Two snow
survey telemetry (SNOTEL) stations are located in the TCEF (Onion Park – 2,259 m, and
Stringer Creek – 1,996 m), which provide real-time data for snow depth, snow water
equivalent, precipitation, temperature, radiation, and wind speed. Peak flows in
Tenderfoot Creek typically occur in late May or early June, and runoff averages 250 mm
per year.
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TCEF geology is characterized by granite gneiss, shales, quartz porphyry, and
quartzite (Farnes et al., 1995). The major soil group is mixed Aquic Cryoboralfs in the
riparian zones (Holdorf, 1981), where the groundwater tables are generally at or near the
soil surface and soil depths range from 1-2.0 m (Jencso et al., 2009). In the hillslopes,
Loamy skeletal, mixed Typic Cryochrepts are the predominant soil group (Holdorf,
1981), and soil depths range from 0.5-1 m (Jencso et al., 2009). Farnes et al. (1995) and
Mincemoyer and Birdsall (2006) characterized the vegetation in the TCEF. The riparian
zones are generally composed of Bluejoint reedgrass (Calamagrostis canadensis), sedges
(Carex spp.), rushes (Juncaceae spp.), and Willows (Salix spp.). Lodgepole pine (Pinus
contorta) is the dominant overstory vegetation, and Grouse whortleberry (Vaccinium
scoparium) primarily composes the understory vegetation.
Dissertation Organization

The following chapters address in the influence of hydrology and landscape
structure on the export of carbon from a subalpine catchment in the northern Rocky
Mountains, Montana, with a specific focus on soil respiration and stream DOC export.
The following chapters are organized to build upon and progress from the previous
chapters. The objectives of this dissertation are to:
1) Examine the biophysical controls and the role of landscape position on soil
respiration across riparian and hillslope zones,
2) Assess the impact of changing hydrologic regimes on soil respiration at wet
and dry landscape positions, and
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3) Evaluate the control of landscape structure on stream DOC export at both the
plot and catchment scale.

Integration of these chapters herein provide a synthesis of primary controls on soil
respiration and stream DOC export in a complex, snowmelt-dominated catchment. This
dissertation examines the dynamic interactions between carbon export, landscape
structure, and hydrology across a range of spatial and temporal scales and seeks to
elucidate their fundamental linkages.
Chapter 2, “Soil respiration across riparian-hillslope transitions: Biophysical
controls and the role of landscape position,” examines the control of landscape structure
and soil respiration driving variables on soil surface CO2 efflux. Specifically, it
investigates the control of soil water content, soil temperature, and soil organic matter on
soil respiration across a range of riparian-hillslope transitions with large differences in
UAA, slope, aspect, and vegetation cover. This chapter highlights the need for
consideration of landscape position and attributes in soil respiration studies and provides
insight into the controls of the spatial variability of soil respiration across a range of
riparian and hillslope zones.
Chapter 3, “Differential soil respiration responses to changing hydrologic
regimes,” assesses the impact that changes in the timing and magnitude of snowmelt and
precipitation can have on soil respiration across wet and dry landscape positions. It
expands upon the information presented in Chapter 2 by examining the response of
riparian and hillslope soil respiration across contrasting wet and dry growing seasons.
The results presented in Chapter 3 demonstrate that changes in hydrologic regimes can
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lead to opposing and disproportionate soil respiration responses at wet and dry landscape
positions.
Chapter 4, “Variable flushing mechanisms and landscape structure control stream
DOC export during snowmelt in a set of nested catchments,” builds upon the information
presented in Chapters 2 and 3 by examining the control of landscape structure on DOC
export. Similar to soil respiration, the export of DOC can represent a significant
component of the carbon cycle and is strongly influenced by landscape structure. The
mobilization and delivery mechanisms of DOC to the stream were dependent upon the
degree of hydrologic connectivity across the hillsope-riparian-stream continuum, and the
distribution and size of DOC source areas, which varied strongly across the landscape.
The greatest DOC export occurred from areas with both high hydrologic connectivity and
large DOC source areas.
Finally, Chapter 5 provides a brief summary of the main findings of each chapter
of this dissertation, addresses their implications, and offers recommendations for future
studies of carbon export from topographically complex catchments.
This dissertation addresses the spatial and temporal variability of soil respiration
and stream DOC export, which are at the forefront of carbon cycle research. The results
of each chapter demonstrate an underlying principle: landscape structure and hydrologic
variability can be significant controls of carbon export from complex mountain
watersheds.
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Figure 1.1: Location of the Tenderfoot Creek Experimental Forest, in the Little Belt
Mountains of the Lewis and Clark National Forest, Montana. The sub-catchments are
delineated, and the upper Stringer Creek Watershed is highlighted, where a significant
portion of the research took place.
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CHAPTER 2
SOIL RESPIRATION ACROSS RIPARIAN-HILLSLOPE TRANSITIONS:
BIOPHYSICAL CONTROLS AND THE ROLE OF LANDSCAPE POSITION

Adapted from: Pacific, V.J., B.L. McGlynn, D.A. Riveros-Iregui, D.L.
Welsch, and H.E. Epstein (in review) Soil respiration across riparianhillslope transitions: Biophysical controls and the role of landscape
position. Submitted for publication in Journal of Geophysical Research –
Biogeosciences.
Abstract

Soil respiration spatial variability has been the focus of much research, however,
most investigations have been limited to small spatial extent or have taken place in areas
of limited topographic and biophysical complexity. We investigated growing season
(June-August) soil respiration across eight riparian-hillslope transitions in the subalpine
upper-Stringer Creek Watershed in Montana (~380 ha). The eight transition locations
differed in slope, upslope accumulated area (UAA), aspect, and vegetation cover during
the 2005 growing season. Riparian-hillslope transitions are ideal for investigating the
controls on soil CO2 dynamics due to strong, natural biophysical gradients in soil water
content (SWC), temperature, and organic matter, which largely drive soil respiration. We
analyzed daily-to-weekly measurements of SWC, soil temperature, soil CO2
concentrations, surface CO2 efflux, and soil and vegetation C and N content (collected
once) at 32 locations across eight transects. Instantaneous soil surface CO2 efflux was
not significantly different both within and between riparian and hillslope zones at
monthly timescales according to ANOVA analysis. However, cumulative growing
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season comparisons indicated that riparian zones had on average 25% greater efflux than
adjacent hillslopes, and that cumulative efflux decreased downstream concurrent with
decreasing UAA and vegetation cover, and increasing slopes. This study provides
fundamental insight into controls on soil CO2 efflux across strong biophysical gradients,
offers implications for up-scaling point scale measurements of soil respiration, and
highlights the need for consideration of landscape position in soil respiration studies.
Introduction
Soil respiration constitutes the largest terrestrial flux of CO2 to the atmosphere,
contributing over an order of magnitude more CO2 than anthropogenic sources (Raich et
al., 2002). While past research has examined the spatial variability of soil respiration,
most studies have been limited to small spatial extent (Fang et al., 1998; Rayment and
Jarvis, 2000; Scott-Denton et al., 2003), have not been conducted in areas of complex
terrain (Parkin et al., 2005; Tang and Baldocchi, 2005; Baldocchi et al., 2006), or have
been limited to only one or two hillslopes and subtle biophysical gradients (Kang et al.,
2006; Ohashi and Gyokusen, 2007; Xu and Wan, 2008). We define complex terrain as
having a broad range of slopes (e.g. 5 to 45% in our study), aspects, landscape elements
(e.g. riparian and hillslope zones), topographic convergence and divergence, and
landcover (e.g. forests and meadows). Seventy percent of the western U.S. carbon sink
potentially occurs at elevations greater than 750 m (Schimel et al., 2002), and often in
complex topography; therefore it is essential to understand and consider the role of
landscape position and biophysical gradients in soil respiration.
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CO2 in soil air is the sum of autotrophic (root) and heterotrophic (microbial)
respiration. Soil temperature and soil water content (SWC) (Raich and Schlesinger,
1992; Fang and Moncrieff, 1999; Tang and Baldocchi, 2005), as well as the availability
of soil organic matter (SOM) (Schuur and Trumbore, 2006; Scott-Denton et al., 2006),
are considered to be the primary controls on soil CO2 production. Traditionally, it is
accepted that increases in both soil temperature (Fang and Moncrieff, 2001; Yuste et al.,
2007; Xu and Wan, 2008) and SWC (Davidson et al., 1998, 2000; Liu and Li, 2005;
Risch and Frank, 2007) promote higher soil CO2 production. However, soil respiration
rates can quickly decrease when soils become very wet (Happell and Chanton, 1993;
Davidson et al., 1998; Guledge and Schimel, 2000) or very dry (Conant et al., 1998;
Welsch and Hornberger, 2004; Riveros-Iregui et al., 2007, 2008a).
The efflux of CO2 from the soil to the atmosphere is the balance between soil CO2
production and soil gas diffusivity (i.e. transport through the soil column). An increase in
SWC often leads to higher soil CO2 production (Davidson et al., 1998, 2000), but
simultaneously reduces soil gas transport (Millington, 1959; Washington et al., 1994;
Moldrup et al., 2000, 2001). This production-transport balance can result in short term
efflux equifinality (i.e. comparable outcomes with different combinations of the
variables) across landscapes where SWC-mediated CO2 production and transport are
spatially variable (Pacific et al., 2008). For example, Pacific et al. (2008) found that
despite concentration gradients that were nearly an order of magnitude higher in riparian
versus hillslope zones, efflux was similar across short timescales. McCarthy and Brown
(2006) and Sotta et al. (2006) also found similar efflux across upland and lowland
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positions, even though SWC was significantly different. These results indicate efflux
equifinality at short timescales can result from different combinations of production and
transport controlling variables.
Significant differences in the drivers of soil respiration can exist as a function of
landscape position. For example, higher SWC is often observed in convergent (Dunne
and Black, 1970; Anderson and Burt, 1978; McGlynn and Seibert, 2003), depressional
(Parkin et al., 2005), lower slope positions (Sotta et al., 2006; Xu and Wan, 2008; Pacific
et al., 2008), and locations with high upslope accumulated area (UAA, a measure of the
area of land draining to a particular location) (Jencso et al., 2009). This variability in
SWC can in turn affect other soil respiration driving variables, such as the abundance of
SOM (Ostendorf, 1996; Sjogersten et al., 2006) and magnitude of soil gas diffusivity
(Millington, 1959; Schwendenmann et al., 2004; Moldrup et al., 2001; Sotta et al., 2007).
Aspect can be a strong control on soil temperature, with higher soil temperatures
generally found on south-facing slopes in the northern hemisphere (Kang et al., 2006).
Spatial variability in vegetation can also influence soil respiration due to differences in
root respiration and the quantity and quality of detritus (Raich and Tufekcioglu, 2000).
These biophysical gradients across landscape positions can lead to strong spatial
heterogeneity in soil respiration.
Riparian and hillslope zones are two dominant landscape elements in headwater
watersheds and generally have distinct SWC and groundwater table regimes, leading to
differences in soil and vegetation characteristics (Hill, 1996; McGlynn and Seibert,
2003). The riparian zone can be defined as the near-stream area between the hillslope
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and stream channel (Seibert and McGlynn, 2005), and is often characterized by
hydromorphic soils (Phillips et al., 2001; Cosanday et al., 2003; Mourier et al., 2008),
high SOM (McGlynn and McDonnell, 2003; Hill and Cardaci, 2004; Hill et al., 2004;
Gurwick et al., 2008), and sharp decrease in slope from the adjacent hillslope zone
(Merot et al., 1995; Jencso et al., in press). Riparian-hillslope transitions are useful for
investigating the role of landscape position and biophysical variables on soil respiration
due to strong gradients of SWC, soil temperature, soil gas diffusivity, and SOM.
We present measurements of growing season (June-August) surface CO2 efflux,
soil CO2 concentrations, SWC, soil temperature, and soil and vegetation C and N content
at thirty-two positions along eight riparian-hillslope transitions in a complex subalpine
watershed in the northern Rocky Mountains to address the following questions:
1) How does the variability of surface CO2 efflux differ within and between eight
riparian-hillslope transitions?
2) Can relationships between efflux and SWC or temperature be applied across
multiple riparian and hillslope positions?
3) How do landscape positions and attributes (e.g. slope, upslope accumulated
area, and aspect) impact soil respiration?
Methods
Site Description
This research was conducted in the United States Forest Service Tenderfoot Creek
Experimental Forest (TCEF, lat. 46°55’ N., long. 110°52’ W.) within the upper-Stringer
Creek Watershed (~380 ha). The TCEF is located in the Little Belt Mountains within the
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Lewis and Clark National Forest of central Montana (Figure 2.1), and is characteristic of
subalpine watersheds in the northern Rocky Mountains (wide range of slope, aspect, and
topographic convergence/divergence). Elevation ranges from 1,840 to 2,421 m, with a
mean of 2,205 m.
The mean annual temperature is 0°C, with mean daily temperatures ranging from
-8.4°C in December to 12.8°C in July (Farnes et al., 1995). Annual precipitation
averages 880 mm, with ~70% falling as snow from November through May with typical
snow depths of 1-2 m. The growing season for the TCEF is 45 to 75 days (but can
decrease to 30 to 45 days on the ridges). For this study, we define the growing season as
June 15 – August 31.
Lodgepole pine (Pinus contorta) is the dominant overstory vegetation (Farnes et
al., 1995); subalpine fir (Abies lasiocarpa), Douglas fir (Pseudotsuga menziesii),
Englemann spruce (Picea engelmannii), and whitebark pine (Pinus albicaulis) are also
present. Trees are present on the hillslopes along each transect and are generally not
found in the riparian areas. Grouse whortleberry (Vaccinium scoparium) is the dominant
understory species in the uplands, while riparian vegetation is mainly composed of
bluejoint reedgrass (Calamagrostis canadensis) (Mincemoyer and Birdsall, 2006). In
general, west-aspect hillslopes often have a denser canopy cover and later snowmelt. The
geology is characterized by granite gneiss, shales, quartz porphyry, and quartzite (Farnes
et al., 1995), and the most extensive soil types are Loamy skeletal, mixed Typic
Cryochrepts, and clayey, mixed Aquic Cryoboralfs (Holdorf, 1981).
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Landscape Characterization
Eight transects (approximately 50 m long) were installed within the upperStringer Creek Watershed (Figure 2.1). Each transect originated at Stringer Creek, which
flows north to south, and extended up the fall line through the riparian zones and adjacent
hillslopes. The transects were labeled 1 through 8, and located in east-west pairs
(odd = west, even = east along 4 stream reaches along Stringer Creek. T1 and T2 were
the northern-most (upstream) transects, and T7 and T8 the southern-most (downstream)
transects. The riparian-hillslope transition was defined by a break in slope, higher and
more sustained groundwater tables in the riparian zones (often leading to saturated
conditions), difference in soil depth (0.5-1 m in the hillslopes and 1-2 m in the riparian
zones), and change in soil properties (more organic soils in the riparian zones and mineral
soils in the hillslopes) (Seibert and McGlynn, 2007; Jencso et al., 2009) and vegetation
(predominantly bluejoint reedgrass in the riparian zones and grouse whortleberry in the
hillslopes) (Mincemoyer and Birdsall, 2006). Four instrumentation nests were installed
along each transect, two each in the riparian and hillslope zones. The nests were labeled
1-4, with 1 being furthest up the hillslope, and 4 closest to Stringer Creek. Some nests
were reclassified as either riparian or hillslope once data collection began due to
groundwater table dynamics (T3-2 as riparian, and T2-3, T5-3, and T7-3 as hillslope)
(Seibert and McGlynn, 2007).
Terrain Analysis
An ALSM (airborn laser swath mapping, commonly known as LIDAR) 3 m
digital elevation model (DEM) was used to calculate UAA (amount of land area draining
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to a particular location, calculated from the instrument nest closest to the stream on each
transect; e.g. T1-4, T2-4) and slope (average slope along the fall line from the highest to
lowest hillslope location; e.g. T1-1 to T1-2) along each transect (Seibert and McGlynn,
2007). Riparian zone width was calculated from a GPS survey (Trimble GPS 5700
receiver) (Jencso et al., 2009), and vegetation cover was visually estimated in a 3 m2 area
surrounding each measurement nest. The topographic wetness index (TWI), which can
be interpreted as a relative wetness index, indicated landscape position wetness
propensity with the following equation (Beven and Kirkby, 1979):
TWI = ln(a/tanβ)

(1)

where a is the upslope contributing area (area of land draining to a particular location,
defined as the measurement location closest to String Creek on each transect) and tanβ is
the local slope
Environmental Measurements
Along each transect, environmental measurements were collected every 1-5 days
from June 9 – August 31, 2005. Both volumetric SWC (cm3 H2O/cm3 soil, integrated
over the top 20 cm of soil; Hydrosense portable SWC meter, Campbell Scientific Inc.,
Utah, USA) and soil temperature (12 cm soil thermometer, Reotemp Instrument
Corporation, San Diego, California, USA; measurement range of -20ºC to 120ºC) were
manually collected within a 1 m2 measurement area at each nest location. SWC was
measured three times due to potential spatial variability of SWC, and measurements were
averaged for data analysis.
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The Hydrosense portable SWC meter was calibrated using a time domain
reflectometry (TDR) system developed following Robinson et al. (2003). The TDR
sensor was tested in the laboratory by comparing TDR and gravimetric measurements
over a wide range of SWC. Approximately 300 SWC measurements were collected in
the field with both instruments. Measurements were comparable in the mineral upland
soil (r2 = 0.99), but overestimated by the Hydrosense in the organic riparian soil. The
following equation was therefore used to adjust Hydrosense SWC measurements in the
organic riparian soil:
SWC = (0.7704*Hydrosense measurement) + 0.8774
(r2 = 0.986)

(2)

Soil and Vegetation Carbon and Nitrogen Content
Soil samples were collected at both 20 and 50 cm depths at all nest locations
along each transect with a hand auger (7.5 cm diameter, 10 cm height, with center of
sample at depth of interest) from July 26-30, 2005. Vegetation samples (3 replicates)
were collected along T1 and T2 from lodgepole pine (roots, needles, and twigs),
vaccinium (roots, stems, leaves) and grass (roots and above-ground vegetation) from the
hillslopes, and broad leaf plants and grass (roots and above-ground vegetation) from the
riparian zones. The samples were dried, sieved (60-mesh, 250 µm screen), ground into a
fine powder using a mortar and pestle, and weighed and analyzed for total C and N
content using a C and N analyzer (LECO TruSpec CN, Leco Corporation, St. Joseph,
Michigan, USA).
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Soil Bulk Density and Root Density
Bulk density of the upper 5 cm of soil was measured with a 5 cm diameter bulk
density sampler. Soil root density was measured from soil samples collected from the
upper 20 cm of soil using a hand auger (5 cm diameter). The samples were dried, and the
roots were manually separated and weighed in the lab.
Hydrologic Measurements
Groundwater wells (screened from the completion depth of [0.5 to 2 m] to within
0.2 m of the ground surface) were installed at both riparian and the lower hillslope nests
(i.e. 4, 3, 2) along each transect. Groundwater levels were recorded every 30 min using
capacitance rods (+/- 1 mm resolution, Trutrack, New Zealand).
Soil CO2 Concentrations
Following the methods described by Andrews and Schlesinger (2001) and Welsch
and Hornberger (2004), soil air gas wells (15-cm section of 5.25 cm [inside diameter]
PVC) were installed at completion depths of 20 and 50 cm at each nest (total of two gas
wells per nest). The top of each gas well was capped with a size 11 rubber stopper
through which passed two pieces of PVC tubing (4.8 mm inside diameter Nalgene 180
clear PVC, Nalge Nunc International, Rochester, New York, USA) that extended above
the ground surface. To ensure that no gas escaped while measurements were not being
collected, the tubing was joined with plastic connectors (6-8 mm HDPE FisherBrand
tubing connectors, Fisher Scientific, USA).
Soil air CO2 concentrations were measured by attaching the two sections of gas
well tubing to a portable infrared gas analyzer (IRGA) (model EGM-3, accurate to within
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1% of calibrated range [0 to 50,000 ppm]; PP Systems, Massachusetts, USA;) or (model
GM70 with M170 pump and GMP 221 CO2 probe, accurate to within 1% of calibrated
range [0 to 50,000 ppm]; Vaisala, Finland), as performed by Pacific et al. (2008). Two
IRGAs were available in case one needed to be recalibrated, and measurements were
routinely compared in the field to ensure validity. The air from the gas well was
circulated through the IRGA and returned to the gas well, creating a closed loop and
minimizing pressure changes during sampling. Both instruments were allowed a 30 min
warm-up time (per the manufacturer’s recommendations), and after which remained on
for the duration of measurements. The CO2 concentration measurement required 2-5
minutes (recirculation time) before stabilized values were recorded. Recirculation time
did not affect soil CO2 concentrations in our experimental design or similar designs
(Andrews and Schlesinger, 2000; Welsch and Hornberger, 2004; Pacific et al., 2008).
Soil CO2 concentration measurements were internally corrected for air temperature and
pressure with the EGM-3 and compensated for air temperature and pressure for the GMP
221 following recommendations by the manufacturer and described in detail by Tang et
al. (2003).
Surface CO2 Efflux
A 0.5 m2 surface CO2 efflux plot, roped off to minimize soil trampling, was
selected at each nest location. To minimize the effect of above-ground autotrophic
respiration inside the chamber, vegetation within the efflux plot was clipped
approximately once per week after a round of measurements was collected. Plant roots
were left intact to minimize disturbance to belowground root respiration. A soil
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respiration chamber (SRC-1 chamber with a footprint of 314.2 cm2, accurate to within
1% of calibrated range [0 to 9.99 g CO2 m-2 hr-1] in conjunction with an IRGA (EGM-4,
accurate to within 1% of calibrated range [0 to 2,000 ppm]; PP Systems, Massachusetts,
USA) was used to measure surface CO2 efflux (three measurements per nest location,
averaged for data analysis). The chamber was flushed with ambient air for 15 s then
inserted 3 cm into the soil before each measurement began. We estimated cumulative
efflux from June 9 to August 31, 2005, by linearly interpolating between measurements
collected every 2-7 days. Riveros-Iregui et al. (2008a) demonstrated that this was a
robust approach for comparison of efflux measurements across multiple locations over
extended periods of time at this site, and that sampling frequency did not bias cumulative
efflux estimates.
Soil Gas Diffusivity
We inversely calculated “effective” soil gas diffusivity for the upper 20 cm of the
soil profile (which provided an estimate of D in the following equation) using Fick’s Law
and measured values of surface CO2 efflux, 20 cm soil CO2 concentrations, and an
assumed atmosphere CO2 concentrations of 400 ppm:
Flux = − D

∂C
∂z

(3)

where D is the diffusivity (m2 s-1), C is the CO2 concentration (ppm), and z is the depth
(m).
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Statistical Analyses
Analysis of variance (ANOVA) statistics (α = 0.05) were used to test for
differences between the drivers of soil respiration both within transects (riparian versus
hillslope) and between transects (riparian versus riparian, and hillslope versus hillslope).
For analysis of riparian versus hillslope soil C and N content and respective soil C:N
ratios, n = 8, as samples were collected once at each nest location over the course of the
study (Table 2). For comparisons between transects, n ranged from 3 to 8 due to
reclassification of some nests as either riparian or hillslope. ANOVA analysis was also
employed to test for differences in soil CO2 concentrations, soil temperature, SWC, soil
gas diffusivity, and surface CO2 efflux within transects (riparian versus hillslope) and
between transects (riparian versus riparian, and hillslope versus hillslope). For these
variables, separate analyses were performed each month due to the temporal dynamics at
our research site. For within-transect analyses, n was higher on T1-T4 (ranging from 52
in June to 80 in July on T1-T4 versus 24 in August to 44 in June on T5-T8, Table 4) as
these transects had a higher sampling frequency (to increase temporal resolution). For
comparisons between transects, n ranged from 24 for T7 versus T8 in June to 80 for T1
versus T2 in July. Three measurements of SWC and surface CO2 efflux were collected at
each nest location on all sampling days and averaged for data analysis. To test the
validity of the ANOVA approach and test for autocorrelation problems, we performed
autocorrelation tests, which showed that our measurements had little to no temporal
dependence over the monthly timescales used for the ANOVA analysis.
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Results
Landscape Analysis
Landscape characterization results are summarized in Table 2.1. UAA ranged
from 1023 m2 on T7 to 14,783 m2 on T4, with the lowest values on downstream transects.
The slope of the hillslopes generally increased moving downstream, with a minimum of
13.6% on T2 and maximum of 42.5% on T8. Riparian zone width ranged from 12.7 m
on T1 to 4.7 m on T7, and was typically wider on upstream transects. Vegetation cover
was lowest on downstream transects, ranging from 20% on T5 to 90% on T2. TWI was
in general highest on upstream transects, with the highest values of 11.5 on T3, and
lowest of 8.0 on T8.
Soil Carbon, Nitrogen, and C:N Ratios
In general, soil C content was not significantly different between riparian and
hillslope landscape positions within each transect (Table 2.2, Figure 2.2). Significant
differences between riparian zones across transects were not found, while a small number
of differences were observed between hillslopes across transects (Table 2.3, Figure 2.2).
Riparian and hillslope soil N content were generally not significantly different within
each transect (Table 2.2), and few significant differences were found between transects
(Table 2.2, Figure 2.2).
However, there were differences in riparian versus hillslope soil C:N ratios within
transects, with significantly higher ratios in the hillslopes on T1, T3, and T4 at 20 cm,
and on T3 and T4 at 50 cm (Table 2.2, Figure 2.2). There was also a general trend of
decreasing soil C:N ratios from hillslope to riparian zones along each transect (Figure
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2.2). Few significant differences in 20 and 50 cm soil C:N ratios were observed when
comparing hillslope zones between transects, while many differences were found
between riparian zones at both 20 and 50 cm across transects (Table 2.3). T2, T4, and T7
had significantly higher, and T3, T6, and T8 significantly lower C:N ratios than other
transects (Figure 2.2), consistent with differences in SWC and groundwater regimes.
Vegetation C:N Ratios
Vegetation C:N ratios were highest in hillslope vegetation, with the highest values
in lodgepole pine roots and twigs, and lowest values in vaccinium leaves (Figure 2.3). In
the riparian zones, the highest vegetation C:N ratios were found in grass roots, and the
lowest values in above-ground broad leaf vegetation.
Soil Bulk Density and Root Density
Soil bulk density was slightly higher in the riparian zones, with an average and
standard deviation of 0.962 and 0.046 g cm-3, respectively, versus 0.911 and 0.076 g cm-3
in the hillslopes. Riparian zone soil root density was also higher than in the hillslopes,
with an average and standard deviation of 11.5 and 2.5 g root kg-1 soil, respectively, in
the riparian zones, and 9.6 and 4.2 g root kg-1 soil in the hillslopes.
Soil Temperature
Soil temperature (12 cm) was not significantly different between riparian and
hillslope zones within each transect (with the exception of localized differences on T3,
T4, and T8 during June and July) (Table 2.4, Figures 2.4-2.6). There were however
significant differences in both riparian and hillslope zones between transects (Table 2.5).
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Colder soil temperatures were found during June and July on transects with a west aspect
(even numbered transects), where snow was observed up to 3 weeks later than transects
with an east aspect (particularly in the hillslopes). The number of significant differences
in soil temperature between transects decreased from June to August (Table 2.5).
Soil Water Content
SWC (integrated over top 20 cm) was significantly higher in the riparian zones
within each transect during the entire period of this study (Table 2.4; Figures 2.4, 2.5, and
2.7). There were also significant differences when comparing both riparian and hillslope
zones across transects (Table 2.6), with higher SWC generally measured on upstream
transects (i.e. T1-T4 versus T5-T8). A general downstream decrease in SWC was
observed, with a more pronounced trend in the riparian zones (Figure 2.6).
Soil Gas Diffusivity
Soil gas diffusivity was significantly higher in the riparian zones within nearly all
transects during both June and July (Table 2.4, Figures 2.4 and 2.7). Riparian zone soil
gas diffusivity varied significantly between most transects, while few differences were
found between hillslopes (Table 2.7).
Soil CO2 Concentrations
There were significant differences between riparian and hillslope soil CO2
concentrations within each transect (Table 2.4). Higher concentrations were measured at
20 cm in the riparian zones (Figure 2.4), with the exception of T8, where higher mean
values were found in the hillslopes during June and July, coincident with riparian zone
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saturation. At 50 cm, the highest concentrations were found in the hillslopes, consistent
with frequent riparian zone groundwater saturation.
There were also significant differences in soil CO2 concentrations across transects
in both riparian and hillslope zones (Table 2.8, Figure 2.4). At 20 cm, soil CO2
concentrations in the riparian zone along T8 were always lower than other transects (with
a few exceptions in August), and higher concentrations were often observed on T1. In
the hillslopes, there were significant differences in 20 cm soil CO2 concentrations
between many transects in June, with fewer observed during July and August (Table 2.8).
Many 50 cm riparian zone soil CO2 gas wells remained saturated by groundwater over
the course of this study, and soil CO2 concentrations could not be measured at these
locations (denoted by flat lines in Figure 2.4D). Fifty cm soil CO2 concentrations could
therefore not be compared between many transects (indicated by dashed lines in Table
2.9). In general, there was a downstream decrease in soil CO2 concentrations in the
riparian and hillslope zones at both 20 and 50 cm (Figure 2.4). The downstream decrease
of soil CO2 concentration magnitude and variability was much more pronounced in the
riparian zones, particularly at 20 cm.
Surface CO2 Efflux
In general monthly averaged soil surface CO2 efflux was not significantly
different between riparian and hillslope zones within each transect based upon ANOVA
analysis (Table 2.4). With the exception of T1, similar ranges and median values were
observed in riparian and hillslope zones within each transect when grouping all data from
June through August (Figure 2.4). For example, differences in median efflux between
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riparian and hillslope zones within each transect were generally less than 0.1 g CO2 m-2,
and similar minimum and maximum values were observed (Figure 2.4). However,
significantly higher riparian zone efflux (p << 0.01) (25% higher in the riparian zones)
becomes apparent when examining median growing season cumulative efflux across all
transects (1135 versus 819 g CO2 m-2 in the riparian and hillslope zones, respectively;
Figure 2.8). The range of riparian cumulative efflux was 649 to 1918 g CO2 m-2, with a
standard deviation of 354 g CO2 m-2. In contrast, hillslope cumulative efflux ranged from
432 to 1246 g CO2 m-2, with a standard deviation of 222 g CO2 m-2 (note that T1-2 was
excluded due to local site disturbance leading to unusually high efflux of 1774
g CO2 m-2) (Figure 2.9). When comparing riparian and hillslope cumulative efflux within
each transect, higher values were found at riparian nest locations on nearly all transects,
except for T1 and T3 (Figure 2.9) where values were similar or more variable.
Significant differences in efflux between transects were observed in both riparian
and hillslope zones during June, July, and August (Table 2.10). For example, lower
efflux was found along T4 and T8 in the riparian zones in both July and August, and
higher efflux was often measured along T1 over the duration of this study in the
hillslopes. In contrast, lower efflux was observed along T2 during June, and on T8
during July and August. Median cumulative growing season efflux tended to decrease
with distance from channel head (but was not significantly different between upstream
[T1-T4] and downstream [T5-T8] transects, p = 0.11), ranging from 1160 g CO2 m-2 on
T1/T2 (200 m from channel head) to 810 g CO2 m-2 on T7/T8 (1400 m from channel
head) (Figure 2.10).
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There was not a consistent relationship between surface CO2 efflux and growing
season soil temperature or SWC across all transects (Figure 2.5). While statistically
significant (p < 0.01) in both riparian and hillslope zones when all data were grouped
together (Figure 2.5), these relationships were very weak, as denoted by low r2 values.
Further, when hillslope measurement nests with unusually high efflux and SWC were
removed from data analysis (e.g. T1-2 and T2-3, Figure 2.5), the relationships became
weaker (dashed regression line in Figure 5), and in the case of hillslope efflux versus
SWC, insignificant (Figure 2.5C). When examining the data by individual transects,
there were often significant relationships between surface CO2 efflux and soil
temperature, particularly in the riparian zones (Figure 2.6). However, the relationships
were weak (low r2 values), and one relationship could not be applied across all transects.
Few significant relationships were found between efflux and SWC in both the riparian
and hillslope zones across each transect (Figure 2.7).
Discussion
How Does the Variability of Surface CO2 Efflux Differ
within and between Eight Riparian-Hillslope Transitions?
Within Transects: In general, monthly surface CO2 efflux was not significantly
different between riparian and hillslope zones according to ANOVA analysis (Table 2.4).
This was likely a result of strong temporal heterogeneity in instantaneous efflux at
monthly timescales, as well as tradeoffs between the relative control of SWC on soil CO2
production and transport (at shorter timescales) across the landscape. For example, SWC
was significantly different between riparian and hillslope zones (Table 2.4), which can
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lead to variations in soil CO2 production (Davidson et al., 2000; Schwendenmann et al.,
2003; Sjogersten et al., 2006) and soil gas transport (Millington, 1959; Washington et al.,
1994; Moldrup et al., 2000, 2001). Riparian zone SWC was often in the intermediate
range (defined as 40-60% in the TCEF) (Figure 2.4) optimal for soil CO2 production
(Davidson et al., 2000; Schwendenmann et al., 2003; Sjogersten et al., 2006). However,
increased riparian SWC also led to decreased soil gas transport (Millington, 1959;
Washington et al., 1994; Moldrup et al., 2000, 2001), where gas diffusivity rates were up
to nearly an order of magnitude lower than the adjacent hillslopes (Figure 2.4). In
contrast, low hillslope SWC (median values of ~20%, Figure 2.4) likely led to decreased
soil CO2 production relative to the riparian zones, but higher soil gas transport. We
suggest this tradeoff between the relative control of SWC on soil CO2 production and
transport resulted in equifinality in surface CO2 efflux at monthly timescales (see
conceptual model in Pacific et al., 2008). Because soil temperature was not significantly
different between riparian and hillslope positions (Table 2.4, Figure 2.4), it is likely that
soil temperature had little control on the spatial variability of soil respiration. This is
consistent with previous investigations (Pinol et al., 1995; Xu and Qi, 2001; Scott-Denton
et al., 2003).
Cumulative Growing Season Efflux: While riparian and hillslope instantaneous
surface CO2 efflux was in general not significantly different within each transect at
monthly timescales (Table 4), higher riparian zone efflux (p << 0.01) becomes apparent
when integrating to cumulative growing season (June-August) efflux (Figure 2.8).
Cumulative efflux was on average 25% higher in the riparian zones within each transect.
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Higher riparian zone cumulative efflux was likely due to increased riparian zone soil CO2
production in response to higher SWC. Our results show surface efflux can exhibit
equifinality at short timescales across a wide range of SWC. However, comparisons of
cumulative efflux demonstrate large differences existed between wet and dry landscape
positions, and highlights the importance of cumulative analysis in studies of soil
respiration across strong SWC gradients. Our results also indicate that surface CO2
efflux was impacted by differences in riparian and hillslope SOM (Ostendorf, 1996; Ju
and Chen, 2005; Sjogersten et al., 2006). Soil C:N ratios, which can be a strong indicator
of the availability of SOM, often approached 10:1 to 12:1 in the riparian zones within
each transect (Figure 2.2), which are optimal ratios for microbial decomposition
(Pierzynski et al., 2000). In contrast, hillslope soil C:N ratios were generally above 20:1,
and up to 105:1 on T8 (Figure 2.2). It is likely that SOM in the upper soil horizons (note
that measurements of soil C and N content were not collected above 20 cm) were more
optimal for microbial decomposition in the riparian zones due to differences in above and
below ground vegetation litter (Raich and Tufekcioglu, 2000; Smith and Johnson, 2004;
Kellman et al., 2007). The riparian zones are mainly composed of bluejoint reedgrass
and smaller amounts of broadleaf vegetation, both of which have C:N ratios under 30:1
(for both roots and above-ground vegetation) (Table 2.3, Figure 2.3). In contrast,
hillslope vegetation is predominantly grouse whortleberry (vaccinium) and lodgepole
pine, which have much higher C:N ratios. With the exception of vaccinium leaves,
hillslope plant material (roots, twigs, needles, and stems) had C:N ratios above 50:1 (and
up to 172:1 in lodgepole pine twigs) (Table 2.3, Figure 2.3). This variation in plant

34
material C:N ratios, as well as higher allocation of photosynthate below ground by grass
in the riparian zones (Raich and Tufekcioglu, 2000), likely led to increased microbial
respiration in the riparian zones within each transect (Raich and Nadelhoffer, 1989; Raich
and Tufekcioglu, 2000). We suggest that differences in riparian and hillslope cumulative
growing season efflux were the result of higher riparian zone soil CO2 production in
response to significantly higher SWC, as well as differences in vegetation. These
differences illustrate that large variability in efflux can exist across the landscape when
measurements are integrated over longer time periods (e.g. growing season), supporting
the analysis of cumulative efflux as a useful tool in multi-site, landscape-scale
comparisons of soil respiration (Pacific et al., 2008; Riveros-Iregui et al., 2008a).
Between Transects: Similar to comparisons of riparian and hillslope surface CO2
efflux within each transect, instantaneous efflux was in general not significantly different
between transects at monthly timescales according to ANOVA analysis. However,
differences in surface CO2 efflux between transects become apparent when integrating to
cumulative growing season (June-August) efflux (Figure 2.8). For example, cumulative
growing season efflux decreased downstream from 1190 g CO2 m-2 on T1/T2 to 850
g CO2 m-2 on T7/T8 (Figure 2.10). This downstream decrease was likely due to the
downstream decrease in SWC (Figure 2.4), which resulted in lower soil CO2 production
(Davidson et al., 2000; Schwendenmann et al., 2003; Sjogersten et al., 2006), as reflected
by the downstream decrease in soil CO2 concentrations (Figure 2.4). In contrast, soil gas
diffusivity increased downstream, but only in the riparian zones (Table 2.7, Figure 2.4).
We infer that significant differences in only riparian zone soil gas diffusivity were due to
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the wider range of riparian SWC (35-85% in the riparian zones versus 10-40% in the
hillslopes; Figure 2.4), as even small changes in SWC can significantly impact soil gas
transport (Millington, 1959; Washington et al., 1994; Moldrup et al., 2000, 2001). This
relationship between soil gas transport and SWC is supported by Risk et al. (2002), who
observed differences in soil gas diffusivity of up to a factor of 104 across a similar range
of riparian SWC. Further, a wider range of cumulative riparian surface CO2 efflux was
observed (Figure 2.4 versus Figure 2.8), where riparian cumulative efflux ranged from
649 to 1918 g CO2 m-2, versus hillslope efflux of 432 to 1246 g CO2 m-2 (note that T1-2
was excluded from calculation due to unusually high cumulative efflux of 1774
g CO2 m-2, see upcoming discussion). We infer the wide range of riparian cumulative
efflux was also due to the wide range of riparian SWC. Our results again highlight the
importance of examining cumulative efflux in studies of soil respiration heterogeneity
across the landscape.
Similar to variability of soil respiration within transects, it is likely that intertransect heterogeneity in surface CO2 efflux was partially in response to differences in
vegetation cover. In general, transects with more dense vegetation (upstream transects)
had low soil C:N ratios, which are an indicator of the availability of SOM for microbial
decomposition (Pierzynski et al., 2000). The lowest riparian zone soil C:N ratios were
found on T3 (10.4:1 to 14.2:1, Figure 2.2), where vegetation cover was greatest (90%,
Table 2.1). In contrast, the highest riparian zone soil C:N ratio (49.5:1) was measured on
T7, where vegetation cover was only 40% (Table 2.1). As previous research has
suggested a positive correlation between litter production and soil respiration (Raich and
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Nadelhoffer, 1989; Raich and Tufekcioglu, 2000), lower efflux was expected on
downstream transects where vegetation cover was lowest, and root respiration likely
lower. Our results support this premise, as cumulative growing season surface CO2
efflux decreased with distance from the channel head (Figure 9), ranging from a median
of 1190 g CO2 m-2 on T1/T2 (average vegetation cover of 70%, Table 2.1) to 850
g CO2 m-2 on T7/T8 (average vegetation cover of 35%, Table 2.1). This research
suggests that variations in groundcover (vegetated versus barren ground) may lead to
differences in efflux across the landscape due to litterfall and respiration and should be
accounted for in studies of the spatial variability of soil respiration.
Can Relationships between Efflux and SWC or Soil
Temperature be Applied across Multiple Riparian and Hillslope Positions?
Our results demonstrate that consistent relationships between surface CO2 efflux
and growing season soil temperature or SWC do not exist in the upper-Stringer Creek
Watershed and suggest caution for application of relationships across complex terrain.
While there were significant relationships between efflux and soil temperature or SWC
across some transects (Figures 2.6 and 2.7), the relationships were very weak (low r2
values), and one relationship could not be applied to all riparian and hillslope zones
within and between transects. This lack of consistent relationships between efflux and
soil temperature or SWC was likely due to the complication of confounding interactions
between soil temperature, SWC, and soil physical properties and substrate, which can
vary both spatially and temporally (Davidson et al., 1998; Xu and Qi, 2001; Khomik et
al., 2006; Sotta et al., 2006). The results of our study also demonstrate that the wide
range of SWC and efflux observed across riparian and hillslope zones at our study site

37
(Figure 2.5) can impact efflux and SWC or soil temperature relationships. For example,
groundwater saturation inhibited soil respiration at some riparian zone locations (e.g.
T1-4) early in the growing season (see Pacific et al., 2008), however, efflux increased by
up to an order of magnitude as SWC decreased, and the groundwater table declined.
Similarly, in the hillslopes, T1-2 had unusually high efflux and SWC (likely in response
to a fallen tree and increased litterfall, see upcoming discussion), and T2-3 often had very
high SWC in response to its low slope position. When these nests were removed from
data analysis (denoted by dashed regression line in Figure 2.5), the relationships became
weaker, and in the case of surface CO2 efflux versus SWC, insignificant. Our results
demonstrate the need to collect measurements across a wide range of landscape positions
and to exercise caution when applying soil temperature-SWC-efflux relationships in
models of soil respiration to ensure validity of model assumptions.
How does Landscape Position and Attributes (e.g. Slope,
Upslope Accumulated Area, and Aspect) Impact Soil Respiration?
Our results indicate that slope and UAA impacted soil respiration due to their
influence on SWC. The relationship between slope, UAA, and SWC can be described by
the topographic wetness index (TWI) (Equation 1; Beven and Kirkby, 1979), which
suggests that the wettest landscape positions will occur in areas with large UAAs and
gentle slopes (which therefore have high TWI values) (Bonell, 1998). This relationship
was applicable in the upper-Stringer Creek Watershed, as significantly higher SWC was
observed on upstream transects (Figure 2.10) where UAA was greatest and slopes the
most gentle (Table 2.1). For example, T3, which has the largest UAA (14,304 m2) of all
transects and a very gentle slope (14.6%), had both the highest TWI (11.5) and SWC
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(Figure 2.4). Conversely, T7, where UAA is small (1373 m2) and slope is steep (41.7%),
had the lowest TWI (8.0) and very low SWC (Figure 2.4). Therefore, based upon the
TWI, higher efflux was expected along T3, where SWC was highest, as increases in
SWC generally promote higher rates of soil respiration (Davidson et al., 1998, 2000; Liu
and Li, 2005; Risch and Frank, 2007). Cumulative growing season efflux was 1300
g CO2 m-2 on T3, while only 926 g CO2 m-2 on T7, confirming expectations based on
topographic analysis. We suggest that the concept of the TWI may be useful as an
indicator of soil respiration across complex landscapes and highlights the value of
interpreting surface CO2 efflux in the landscape context.
In contrast to slope and UAA, aspect (east versus west) generally did not impact
growing season soil respiration within or between riparian and hillslope zones in the
upper-Stringer Creek Watershed (Figure 2.4). While there were some significant
differences in soil temperature between transects (Table 2.5), these occurred early in the
growing season and were likely the result of differences in snowpack persistence as well
as the influence of the high specific heat of water in saturated areas (Pacific et al., 2008).
As all landscape positions became snow-free and SWC declined in many saturated areas,
variability in soil temperature between east and west aspects became insignificant (Table
2.6) and suggests that aspect had little impact on the spatial variability of soil respiration.
However, our results contrast with those of other studies of soil respiration in complex
terrain. Kang et al. (2006) found higher soil temperatures on south versus north facing
slopes, likely in response to greater differences in incoming solar radiation between north
and south aspects compared to west versus east in our study site. Riveros-Iregui (2008b)
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found higher soil temperature on NE versus NW aspects in the same watershed as this
study. However, Riveros-Iregui (2008b) collected measurements over much larger
spatial extents (e.g. transects of hundreds of meters in length versus ~50 m in our study),
and it is possible that the smaller spatial extent of our study did not fully capture the
effect of aspect on soil respiration.
We found that landscape attributes such as slope and UAA impacted soil
respiration at our study site, however similar relationships may not simply apply in areas
with differences in hydrology, vegetation, etc. For example, Hanson et al. (1993)
measured increased upland efflux in an oak forest in Tennessee, which contrasts with our
measurements in the TCEF. As differences in valley and upland SWC were small at the
study site of Hanson et al. (1993) (relative to the TCEF), this may be the result of
differences in soil root density, as a strong correlation exists between root density and
soil respiration (Shibistova et al., 2002). Soil root density was higher in the riparian
zones in the TCEF, but higher in the uplands at the study site of Hanson et al. (1993).
Sotta et al. (2006) found little difference in CO2 efflux between plateau, valley, and upper
and lower slope positions in Brazil. Our results corroborate their findings at short
timescales, however we found high spatial variability in cumulative growing season
efflux in the TCEF. This difference in the spatial variability of efflux is likely due to
differences in SWC (~15-30% at the study site of Sotta et al. (2006), compared to
10-85% in the TCEF), as the spatial coherence of SWC patterns often breaks down in dry
areas (Western et al., 1999; Western and Grayson, 2000). Due to the contrasting results
between our study and those of Hanson et al. (1993) and Sotta et al. (2006), we suggest
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that care must be taken when extrapolating observations to areas with differences in
hydrology, landscape attributes, etc., and highlights the need for further investigations of
soil respiration heterogeneity across a variety of ecosystems.
Implications for Up-scaling
of Soil Respiration Measurements
In order to accurately quantify soil respiration over large areas (e.g. watershed or
ecosystem scales), it is necessary to collect measurements over a wide range of landscape
positions and across the full range of biophysical gradients, particularly in areas of
complex terrain. As such data collection is often unfeasible, studies of landscape scale
soil respiration must employ techniques to bridge the gap between point and landscape
scale measurements. We thus advocate the use of landscape position analysis when
scaling soil respiration measurements to larger areas.
Our results demonstrate that soil respiration and respiration driving variables
differed across riparian-hillslope transitions in the upper-Stringer Creek Watershed.
Cumulative efflux was generally higher and had a wider range in the riparian zones along
each transect (Figure 2.9). This reflects the wide range of riparian zone SWC (35-85%,
Figure 2.4), as well as more narrow (optimal) soil and vegetation C:N ratios (Figure 2.3).
In contrast, the hillslopes had a smaller range of efflux in concert with a smaller range of
SWC (10-40%, Figure 2.4) as well as much higher soil and vegetation C:N ratios (Figure
2.3). Our results also demonstrate the importance of using cumulative analysis in studies
of soil respiration across strong SWC gradients. At short timescales, surface efflux can
exhibit equifinality across landscape positions despite strong differences in SWC,
suggesting SWC had little control on the spatial variability of soil respiration within the
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TCEF. However, at longer timescales, cumulative efflux analysis indicates SWC likely
controls the variability of surface CO2 efflux across the landscape. Significantly higher
efflux occurred at wetter landscape positions within the TCEF.
Soil CO2 concentrations also differed across riparian and hillslope zones.
Riparian soil CO2 concentrations ranged broadly (often by over 20,000 ppm, Figure 2.4),
also likely in response to the wide range of riparian SWC (Figure 2.4). This was in
contrast to the hillslopes, where the range of soil CO2 concentrations never exceeded
5,000 ppm (Figure 2.4). Further, higher cumulative efflux was found on upstream
transects (Figure 2.10), where TWI values were larger in response to higher UAA and
gentler slopes (Table 2.1). In contrast, the lowest cumulative efflux was measured on
downstream transects where low UAA and steep slopes resulted in a low TWI. Our
findings indicate the importance of landscape context for interpreting point and plot scale
measurements. This concept is widely used in hydrologic modeling, in which landscape
position similarity is often related to hydrologic behavior similarity (McGlynn et al.,
2004; Beighley et al., 2005; Seibert and McGlynn, 2005). We suggest that landscape
position can also be related to carbon dynamics, or “carbon context,” to interpret and
extrapolate point-scale measurements of soil respiration to larger landscapes.
The use of landscape analysis and similarity concepts implies homogeneity
among similar landscape positions, however additional heterogeneity must be considered
(Seibert and McGlynn, 2005). For example, while cumulative growing season efflux was
generally lower in the hillslopes along each transect (median values of 819 and 1135
g CO2 m-2 in the hillslope and riparian zones across all transects, respectively), much
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higher cumulative efflux was observed at T1-2 (1774 g CO2 m-2, Figure 2.9). This high
efflux was likely in response to a fallen tree and subsequent increase in litterfall, which
can stimulate soil respiration due to large organic matter contributions to the soil.
However, while such local heterogeneities and exceptions can exist in addition to
landscape position-induced biophysical variable differences, we suggest that landscape
structure leads to organized heterogeneity at the TCEF. Therefore, landscape analysis
can provide a way forward in up-scaling soil respiration measurements and be useful
when modeling soil respiration to reduce potentially large uncertainty in scaling
measurements to landscape and regional scales (Riveros-Iregui, 2008b).
Conclusions
Measurements of growing season (June-August) SWC, soil temperature, soil and
vegetation C and N content, soil CO2 concentrations, and surface CO2 efflux across eight
topographically distinct riparian-hillslope transitions within the upper-Stringer Creek
Watershed suggested that:
1) Instantaneous soil surface CO2 efflux was not significantly different both
within and between riparian and hillslope zones at monthly timescales
according to ANOVA analysis. This was likely due to differential
mechanistic controls on CO2 production and transport that resulted in efflux
equifinality at short timescales.
2) Cumulative growing season efflux was 25% higher in the riparian zones than
the adjacent hillslopes, which demonstrates that large differences in soil
respiration existed between riparian and hillslope zones over longer
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timescales, and highlights the importance of cumulative analysis in
comparisons of surface CO2 efflux across the landscape.
3) Landscape attributes such as slope, UAA, and vegetation cover affected soil
respiration driving variables such as SWC and SOM, and therefore should be
accounted for when investigating landscape-level respiration heterogeneity.
4) Landscape position can be related to carbon dynamics and may be a valid
approach to interpret and extrapolate point/plot scale measurements of soil
respiration to larger portion of landscapes.

This research indicates that landscape position and contextual variables such as
slope, UAA, and vegetation cover can impact soil respiration. Differential controls of
topographically variable respiration drivers such as SWC, SOM availability, and soil gas
diffusivity can lead to organized heterogeneity in cumulative surface CO2 efflux as a
function of landscape position. Our results highlight the need for further investigations of
the spatial variability of soil respiration in complex terrain across a range of biophysical
gradients and landscape positions in order to elucidate the primary controls of respiration
heterogeneity across the landscape.
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Table 2.1: Landscape characterization of upslope accumulated area (UAA), riparian zone
width, predominate slope of hillslope, approximate vegetative groundcover (visually
estimated in 3 m2 area surrounding each measurement nest), and topographic wetness
index (TWI). UAA and slope were calculated using 3 m digital elevation models (Seibert
and McGlynn, 2007).
Transect

UAA
2

m
2249
1804
14304
14783
14304
1023
1373
1755

1
2
3
4
5
6
7
8

Riparian Hillslope Vegetation
Width
slope
Cover
m
12.7
11.8
21.0
8.3
11.7
6.5
4.7
9.9

%
18.1
13.6
14.6
30.0
24.0
21.4
41.7
42.5

%
80
60
90
60
20
80
40
30

TWI

9.4
9.5
11.5
10.8
11.0
8.5
8.0
8.3

Table 2.2: Analysis of variance statistics (α = 0.05) for riparian versus hillslope 20 and 50
cm soil carbon and nitrogen content, and respective soil C:N ratios. Bold numbers
indicate statistically significant differences, and n = 8 for all analyses. Riparian and
hillslope average and standard deviation across all transects are provided.
Transect

C-20

C-50

N-20

N-50

1
2
3
4
5
6
7
8

0.49
0.24
0.48
0.68
0.25
0.93
0.14
0.67

0.91
0.34
0.27
0.04
0.22
0.50
0.58
0.75

0.31
0.54
0.40
0.40
0.02
0.20
0.36
0.84

0.86
0.57
0.13
0.02
0.07
0.21
0.49
0.97

RIP: avg
st dev
HILL: avg
st dev

2.34
1.33
2.74
1.8

1.77
0.89
1.34
0.69

0.17
0.09
0.11
0.86

0.12
0.06
0.06
0.04

C:N - 20 C:N - 50
0.05
0.33
0.45
0.69
0.02
0.01
0.03 <<0.01
0.14
0.25
0.12
0.15
0.37
0.49
0.32
0.42
14.1
2.8
26.1
9.7

15.4
3.0
27.7
11.9
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Table 2.3: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons A) soil carbon content; B) soil nitrogen content; and C) respective soil C:N
ratios at 20 and 50 cm in both riparian and hillslope zones. Shaded boxes indicate
significant differences. A dashed line indicates that statistical analysis could not be
performed due to only one sample in each zone. n ranged from 3 to 8 due to
reclassification of some nests as riparian or hillslope.
A) Carbon Content
Riparian (20 cm)

Riparian (50 cm)

Hillslope (20 cm)

Hillslope (50 cm)

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) Nitrogen Content
Riparian (20 cm)

Riparian (50 cm)

Hillslope (20 cm)

Hillslope (50 cm)

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
-- x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) C:N Ratio
Riparian (20 cm)

Riparian (50 cm)

Hillslope (20 cm)

Hillslope (50 cm)

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
-x
6
x
7
--x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
-x
1 2 3 4 5 6 7 8
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Table 2.4: Analysis of variance statistics (α = 0.05) for riparian versus hillslope soil CO2
concentrations (20 and 50 cm), soil temperature, soil water content, surface CO2 efflux,
and soil gas diffusivity during A) June; B) July; and C) August, 2005. Bold numbers
indicate statistically significant differences.
A) JUNE
Transect
1
2
3
4
5
6
7
8

n
52
52
52
52
44
44
24
24

CO2-20 CO2-50
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01
0.41
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01

Temp
0.16
0.21
<< 0.01
<< 0.01
0.86
0.48
0.98
<< 0.01

SWC
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01

Efflux
<< 0.01
0.24
0.67
0.12
0.82
0.74
0.21
0.50

Diff
<< 0.01
<< 0.01
0.43
<< 0.01
<< 0.01
<< 0.01
0.09
<< 0.01

SWC
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01

Efflux
0.14
<< 0.01
0.30
0.13
0.33
<< 0.01
<< 0.01
0.09

Diff
<< 0.01
0.04
<< 0.01
<< 0.01
<< 0.01
0.04
0.12
<< 0.01

SWC
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01

Efflux
<< 0.01
<< 0.01
<< 0.01
0.52
0.09
<< 0.01
<< 0.01
<< 0.01

Diff
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
<< 0.01
0.11
0.67

B) JULY
Transect
1
2
3
4
5
6
7
8

n
80
80
80
80
36
36
28
28

CO2-20 CO2-50
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01
0.12
<< 0.01
0.04
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01

Temp
0.57
0.41
0.07
<< 0.01
0.75
0.94
0.66
<< 0.01

C) AUGUST
Transect
1
2
3
4
5
6
7
8

n
56
56
56
56
24
24
24
24

CO2-20 CO2-50
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01
0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01
<< 0.01 << 0.01

Temp
0.70
0.62
0.97
0.18
0.94
0.70
0.64
0.22
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Table 2.5: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil temperature during A) June; B) July; and C)
August, 2005. Shaded boxes indicate significant differences. n ranged from 24 for T7
versus T8 in June to 80 for T1 versus T2 in July.

Soil Temperature
A) June
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

Hillslope
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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Table 2.6: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil water content during A) June; B) July; and C)
August, 2005. Shaded boxes indicate significant differences. n ranged from 24 for T7
versus T8 in June to 80 for T1 versus T2 in July.

Soil Water Content
A) June
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

Hillslope
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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Table 2.7: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil water content during A) June; B) July; and C)
August, 2005. Shaded boxes indicate significant differences. n ranged from 24 for T7
versus T8 in June to 80 for T1 versus T2 in July.

Soil Gas Diffusivity
A) June
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

Hillslope
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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Table 2.8: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil CO2 concentrations (20 cm) during A) June; B)
July; and C) August, 2005. Shaded boxes indicate significant differences. n ranged from
24 for T7 versus T8 in June to 80 for T1 versus T2 in July.

Soil CO2 Concentrations - 20 cm
A) June
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

Hillslope
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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Table 2.9: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil CO2 concentrations (50 cm) during A) June; B)
July; and C) August, 2005. Shaded boxes indicate significant differences. n ranged from
24 for T7 versus T8 in June to 80 for T1 versus T2 in July.

Soil CO2 Concentrations - 50 cm
A) June
Riparian

Hillslope

1 x
2
x
3
-- x
4
x
5
x
6
-- -x
7
-- --- x
8
-- --- -- x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian
1
2
3
4
5
6
7
8

Hillslope

x
-- x
-- -- x
x
---1

---2

x
---3 4 5

x
-- x
-- -- x
6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1
2
3
4
5
6
7
8

Hillslope

x
-- x
x
x
x
x
-- -x
-- --- x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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Table 2.10: Analysis of variance statistics (α = 0.05) for transect-versus-transect
comparisons of riparian and hillslope soil surface CO2 efflux during A) June; B) July; and
C) August, 2005. Shaded boxes indicate significant differences. n ranged from 24 for T7
versus T8 in June to 80 for T1 versus T2 in July.

Surface CO2 Efflux
A) June
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

B) July
Riparian

Hillslope

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

C) August
Riparian
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8

Hillslope
1 x
2
x
3
x
4
x
5
x
6
x
7
x
8
x
1 2 3 4 5 6 7 8
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T2
T1
T3

T4

T5
Soil respiration
site

T6
T8
T7

Canopy
>3m height

~ 380 ha
Figure 2.1: LIDAR (ALSM) topographic image (resolution < 1 m for bare earth and
vegetation) of the upper-Stringer Creek Watershed within the Tenderfoot Creek
Experimental Forest (Lewis and Clark National Forest), MT. Transect and soil
respiration measurement locations are shown.
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Figure 2.2: Bar graphs A) 20 cm soil C content; B) 50 cm soil C content; C) 20 cm soil N
content; D) 50 cm soil N content; E) 20 cm soil C:N ratio; and F) 50 cm soil C:N ratio in
hillslope (black) and riparian (grey) zones along each transect. Very small or large
values are written instead of plotted as they affected the bar graph scale.
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Figure 2.3: Bar graphs of vegetation C:N ratios in hillslope (black) and riparian (grey)
zones: A) lodgepole pine (roots, twigs, and needles); B) vaccinium (roots, twigs, leaves);
C) grass in the hillslopes (roots, and above-ground); D) grass in the riparian zones (roots
and above-ground); and E) broad leaf plants (roots and above-ground). Whiskers
represent one standard deviation based upon 3 replications. Average 20 cm soil C:N
ratios (26:1 and 14:1 in the hillslope and riparian zone, respectively) are indicated by
solid black (hillslope) and grey (riparian) lines.
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Figure 2.4: Box-plots of A) soil temperature; B) soil water content; C) soil CO2
concentration – 20 cm; D) soil CO2 concentration – 50 cm; E) soil gas diffusivity; and F)
surface CO2 efflux along each transect from June 14 to August 31, 2005.
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Figure 2.5: Bivariate plots of soil temperature and surface CO2 efflux at A) riparian, and
B) hillslope zones; and SWC and surface CO2 efflux at C) riparian, and D) hillslope
zones from all transects collected from June 9 to August 31, 2005. Solid line denotes
linear regression, and p-values are provided for α = 0.05. Circles show data from T1N2
and T2N3, boxes show r2 and p-values, and dashed line denotes linear regression, with
these nests removed from analysis.
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Figure 2.6: Bivariate plots of soil temperature and surface CO2 efflux at riparian and
hillslope zones along each transect, collected from June 9 to August 31, 2005. Solid line
denotes linear regression, and p-values are provided for α = 0.05. Dark boxes indicate a
statistically significant relationship.
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Figure 2.7: Bivariate plots of soil water content and surface CO2 efflux at riparian and
hillslope zones along each transect, collected from June 9 to August 31, 2005. Solid lines
denote linear regression, and p-values are provided for α = 0.05. Dark boxes indicate a
statistically significant relationship.
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Figure 2.8: Box plots of cumulative growing season efflux (June 9 - August 31, 2005)
from all riparian and hillslope locations.
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Figure 2.9: Cumulative growing season efflux (June 9 - August 31, 2005) plots for
hillslope (dashed lines) and riparian (solid lines) zones across each transect.
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Figure 2.10: Cumulative growing season efflux (June 9 – August 31, 2005) from riparian
and hillslope locations versus distance from channel head.
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CHAPTER 3
DIFFERENTIAL SOIL RESPIRATION RESPONSES TO CHANGING
HYDROLOGIC REGIMES

Adapted from: Pacific, V.J., B.L. McGlynn, D.A. Riveros-Iregui, H.E.
Epstein, and D.L. Welsch (in review) Differential soil respiration
responses to changing hydrologic regimes. Submitted for publication in
Water Resources Research – Rapid Communications.
Abstract
Soil respiration is tightly coupled to the hydrologic cycle (e.g. snowmelt and
precipitation timing and magnitude). We examined riparian and hillslope soil respiration
across a wet (2005) and a dry (2006) growing season in a subalpine catchment. When
comparing the riparian zones, cumulative CO2 efflux was 33% higher, and peak efflux
occurred 17 days earlier during the dry growing season. In contrast, cumulative efflux in
the hillslopes was 8% lower, and peak efflux occurred 10 days earlier during the drier
growing season. Our results demonstrate soil respiration was more sensitive to drier
growing season conditions in wet (riparian) landscape positions.
Introduction
Soil respiration is a critical component of ecosystem carbon source/sink status
(Oechel et al., 1993; Cox et al., 2000; Heimann and Reichstein, 2008; Luyssaert et al.,
2008) and is strongly controlled by soil water content (SWC) (Schaphoff et al., 2006;
Riveros-Iregui et al., 2007; Pacific et al., 2008), and therefore precipitation (Oechel et
al., 1993; Mu et al., 2008). Over the last 100 years, estimated mean global precipitation
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over the land surface has increased by 0.3-4% (Yu et al., 2008). This intensification of
the hydrologic cycle is predicted to increase by up to 20% in North America over the next
century (Christensen et al., 2007). Peak snowmelt-dominated streamflow is occurring 14 weeks earlier (Stewart et al., 2005), and is predicted to occur an additional 3-5 weeks
earlier over the next century (Stewart et al., 2004). These alterations to the hydrologic
cycle (at seasonal to annual timescales) will likely lead to strong changes in SWC, and
therefore soil respiration. However, large uncertainty exists in the response of soil
respiration to changes in SWC across different landscape positions (e.g. wet and dry
areas).
Intermediate SWC is optimal for soil respiration (Davidson et al., 2000;
Sjogersten et al., 2006). Soil respiration is limited at low SWC by root and microbial
desiccation stress (Orchard and Cook, 1983; Linn and Doran, 1984) and at high SWC
due to bidirectional limitations in diffusion of gas and nutrients to plants and
microorganisms (Skopp et al., 1990; Moldrup et al., 2000). Previous research has
indicated that higher soil water inputs can increase soil respiration at dry sites and
decrease respiration at wet sites, and lead to similar soil CO2 efflux across wet and dry
landscape positions (Davidson et al., 1998; Savage and Davidson, 2001). However,
Davidson et al. (1998) and Savage and Davidson (2001) were limited by few sampling
locations and small spatial coverage. Here we document dynamic and strongly
contrasting soil respiration response at wet (riparian) and dry (hillslope) landscape
positions to wetter and drier growing season conditions (and therefore different
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approaches to and departures from optimal intermediate SWC) from 32 locations in a
complex subalpine watershed.
Methods
The study site was the upper-Stringer Creek Watershed (~380 ha), located in the
U.S. Forest Service Tenderfoot Creek Experimental Forest (TCEF, Lewis and Clark
National Forest, lat. 46°55’ N., long. 110°52’ W.) of central Montana. The spatial
heterogeneity of this site offers an ideal scenario to address soil respiration variability due
to strong, natural biophysical gradients in the drivers of soil respiration. The elevation is
1,840 to 2,421 m, with a mean of 2,205 m. Mean annual temperature is 0°C, and mean
annual precipitation is 880 mm, with ~70% falling as snow from November through
May. Air temperature, precipitation, snow depth, and snow water equivalent were
collected from 1994-2006 from the Onion Park SNOTEL (snow survey telemetry) site
(2258 m, located approximately 2 km to the south of the upper-Stringer Creek
Watershed). Streamflow was measured by the U.S. Forest Service Rocky Mountain
Research Station from 1996-2006 at the upper-Stringer Creek Flume (located within 400
m of the field plots along Stringer Creek).
Eight transects (approximately 50 m long) originating at Stringer Creek and
extending up the fall line through the riparian and adjacent hillslope zone included two
riparian and two hillslope measurement locations along each transect (32 total
measurement locations). The overstory vegetation in the hillslopes is mainly lodgepole
pine (Pinus contorta), the understory vegetation is grouse whortleberry (Vaccinium
scoparium), and riparian vegetation is predominantly bluejoint reedgrass (Calamagrostis
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canadensis). In the hillslopes, the major soil group is loamy skeletal, mixed Typic
Cryochrepts, while the riparian zones are composed of highly organic clayey, mixed
Aquic Cryoboralfs (Holdorf, 1981).
We collected measurements of soil temperature, SWC, and soil surface CO2
efflux during contrasting wet (2005) and dry (2006) growing seasons. Measurements
were taken from June 9 – August 31 during both years, which was the approximate time
of the growing season (Schmidt and Friede, 1996) and period of frequent data collection
(every 2-7 days) during both 2005 and 2006. Further, the magnitude of soil respiration
outside of this range was small due to very low soil temperatures (Pacific et al., 2008).
One measurement of soil temperature (12 cm soil thermometer, Reotemp Instrument
Corporation, San Diego, California, USA; measurement range of -20ºC to 120ºC) and
three measurements of volumetric SWC (cm3 H2O/cm3 soil, integrated over the top 20 cm
of soil; Hydrosense portable SWC meter, Campbell Scientific Inc., Utah, USA) were
collected on each sampling day at each of the 32 locations. Three surface CO2 efflux
measurements were collected at each measurement location with a soil respiration
chamber (SRC-1 chamber with a footprint of 314.2 cm2, accurate to within 1% of
calibrated range [0 to 9.99 g CO2 m-2 hr-1] in conjunction with an IRGA (EGM-4,
accurate to within 1% of calibrated range [0 to 2,000 ppm]; PP Systems, Massachusetts,
USA). The chamber was flushed with ambient air for 15 s then inserted 3 cm into the
soil before each measurement began, and each measurement took ~120 s. Cumulative
efflux (June 9 to August 31) was estimated by linearly interpolating between
measurements collected every 2-7 days. This technique has been demonstrated to be a
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robust approach for comparison of efflux measurements across multiple locations over
extended periods of time (Riveros-Iregui et al., 2008). Analysis of variance (ANOVA)
statistics (α = 0.05) were employed to test for differences between riparian and hillslope
cumulative surface CO2 efflux, soil temperature, and SWC. The three measurements of
SWC and surface CO2 efflux collected at each location on all sampling days (to account
for local variability) were averaged for data analysis.
Results
Peak snowmelt-driven streamflow occurred on June 6 in 2005. This was 8 days
later than the 10-year average of May 29 (extent of streamflow record, Figure 3.1), and
18 days later than in 2006. Growing season precipitation was 91% higher in 2005 than in
2006 (Figure 3.2), and 30% higher than the 13-year average of 20.6 cm (extent of
precipitation record) (Figure 3.1). Cumulative soil water inputs (rain and snowmelt) were
slightly greater in 2005 than 2006 (Figure 3.1), but a higher percentage fell as rain during
the 2005 growing season (34% versus 20%). This combination of earlier peak
streamflow and less growing season precipitation in 2006 relative to 2005 led to strong
differences in SWC and therefore soil respiration across wetter (riparian) and drier
(hillslope) landscape positions.
SWC was significantly higher in the riparian zones than the hillslopes during both
growing seasons (p << 0.01) (Figure 3.2). Maximum volumetric SWC in the riparian
zones was similar between years (~65%, limited by porosity), while minimum riparian
SWC was much lower during the dry growing season (13% compared to 37%).
Maximum and minimum SWC in the hillslopes were similar across both growing seasons
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(~30% and 5%, respectively). Soil temperature was significantly higher during the wet
growing season (p << 0.01) (Figure 3.2). When comparing the riparian zones,
cumulative surface CO2 efflux was 33% larger during the dry year (2006) than the wet
year (2005) (1344 versus 1012 g CO2 m-2) (p << 0.01). Peak efflux in the riparian zones
occurred 17 days earlier in the dry growing season (July 1 versus July 18) (Figure 3.3).
In contrast to the riparian zones, comparison of cumulative efflux from the hillslopes
showed that efflux was 8% lower (749 versus 809 g CO2 m-2) (insignificant, p = 0.92),
and peak hillslope efflux occurred 10 days earlier during the dry growing season (July 1
versus July 11). CO2 efflux from the riparian zone was 25% greater than from the
hillslope zone in the wet growing season (2005). In the dry growing season (2006),
cumulative CO2 flux from the riparian zone was 79% greater than from the hillslope
zone.
Discussion
Our results demonstrate that soil respiration varied considerably in response to
changing hydrologic regimes, and that these changes were not monotonic across the
landscape. Total soil water inputs (rain and snowmelt) were similar in 2005 and 2006,
however peak snowmelt occurred 3 weeks later in 2005 (Figure 3.1), and precipitation
was 91% higher during the wet 2005 growing season (Figure 3.2). While these
differences in precipitation and snowmelt appear extreme, they were well within the
range of the 10-13 year data record (Figure 3.1), in which precipitation varied by 169%
and the timing of peak snowmelt varied by 30 days. We show that changes in hydrologic
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regimes, even within the range observed over the last decade, can lead to large but
differential soil respiration responses across landscape.
The combination of later snowmelt and higher precipitation during 2005 increased
the duration of SWC in the riparian zones above the intermediate level optimal for soil
respiration (Davidson et al., 2000; Sjogersten et al., 2006) (defined as 40-60% in the
TCEF (Pacific et al., 2008), indicated by grey boxes in Figure 3.2). High SWC can
simultaneously decrease both soil CO2 production and transport (Pacific et al., 2008) due
to bidirectional limitations in diffusion of CO2, oxygen, and nutrients (Skopp et al., 1990;
Moldrup et al., 2000). SWC in the riparian zones was greater than 60% at the beginning
of both growing seasons (Figure 3.2). However, SWC remained above intermediate
(optimal) levels for ~2 weeks longer during the wet 2005 growing season, leading to a
longer period of inhibited soil respiration in the riparian zones. When comparing riparian
zones, cumulative efflux was 33% higher in the dry (2006) growing season than the wet
(2005) growing season, and peak efflux occurred 17 days earlier during the dry growing
season (Figure 3.3). Increased efflux in the riparian zones during the dry growing season
was likely due to a shorter period of above-intermediate SWC, and therefore a longer
duration of relatively high soil CO2 production and diffusion (Pacific et al., 2008). In
contrast, comparison of efflux in the hillslopes between the wet and the dry growing
season showed that cumulative efflux was 8% lower, and peak efflux in the hillslopes
occurred 10 days earlier during the dry growing season, (Figure 3.3). These differences
in the timing and magnitude of efflux in the hillslopes between the wet and the dry
growing season was likely the result of the quicker decline from near-intermediate
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hillslope SWC during the drier growing season, as inhibited soil CO2 production can
occur at low SWC from desiccation stress (Orchard and Cook, 1983; Linn and Doran,
1984). It is likely that changes in soil temperature had a small effect on the variability in
soil respiration between 2005 and 2006. Soil temperatures were significantly higher
during 2005 (p << 0.01) (Figure 3.2), and would promote higher efflux (Hamada and
Tanaka, 2001; Raich et al., 2002; Pendall et al., 2004). However, significantly lower
efflux in the riparian zones during 2005 (p << 0.01) suggest soil temperature did not
control soil respiration heterogeneity at this site. Our results indicate that changes in the
timing and magnitude of precipitation and snowmelt can cause spatial and temporal
variability in the movement of SWC into or out of the intermediate range that is optimal
for respiration, the degree of which can vary strongly by landscape position.
We suggest that differences in soil respiration across the landscape between 2005
and 2006 were the result of decreased SWC from earlier snowmelt and lower
precipitation, however other interpretations are possible. For example, the frequency and
timing of precipitation pulses may be more important than the total amount of
precipitation (Schwinning and Sala, 2004). Large increases in soil respiration (Austin et
al., 2004; Lee et al., 2004; Daly et al., 2008) often follow precipitation events, the degree
of which can vary with both storm frequency and type of vegetation (Fierer and Schimel,
2002). In 2005, there was a period of intense rainfall at the end of June (Figure 2), which
may have stimulated soil respiration and led to the peak in efflux in the hillslopes on
July 1 (Figure 3.3). The later peak in efflux in the riparian zones during 2005 (July 18)
may be due to reduced gas diffusivity following the increase in SWC (Pacific et al.,
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2008). These results suggest that the large precipitation events at the end of June
controlled the timing of peak efflux. However, these peaks in riparian and hillslope
efflux may be due to the rise in soil temperature at the same time periods (Figure 3.2),
which can increase evaporation and therefore decrease SWC. This indicates that
predicted rises in temperature may constrain the effects of increased precipitation. We
suggest that further research is necessary to determine the control of precipitation pulses
and interactions between soil temperature and SWC on soil respiration variability
following changes in hydrologic regimes.
The results of this study can have large implications for ecosystem carbon
balances. We observed large and disproportionate changes in efflux from wet (riparian)
and dry (hillslope) landscape positions from a wet to a dry growing season in a subalpine
forest in the northern Rocky Mountains of Montana. Mean annual precipitation is
projected to increase by up to 20% over the next century in North America (Christensen
et al., 2007), and peak snowmelt-dominated streamflow is predicted to occur 20-40 days
earlier (Stewart et al., 2004). Therefore, it is likely that the divergence in the response of
soil respiration to changes in SWC across the landscape will be exacerbated in the future,
and that changes in hydrologic regimes may strongly impact carbon source/sink
magnitude and status of wet and dry landscape positions. Low Arctic and boreal soils are
historically large carbon sinks due to a cold climate and wet soils (Chapin et al., 1980;
Ping et al., 2008). These soils account for 20-60% of the global soil carbon pool and
contain 1-2 orders of magnitude more carbon than emitted from anthropogenic activities
(Ping et al., 2008; Schuur et al., 2008). Arctic and boreal soils are predicted to switch to
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carbon sources as global temperatures increase (Oechel et al., 1993). When comparing
wet landscape positions (riparian zones) between a wet and a dry growing season, we
found significantly lower efflux during the wet growing season, despite higher soil
temperatures. These results suggest that possible warming-induced increases in arctic
and boreal soil respiration could be constrained by increasing precipitation. In contrast,
the predicted rise in precipitation in arid and semi-arid ecosystems (Christensen et al.,
2007) could increase soil respiration in these water-limited areas. This is supported by
our comparisons of soil respiration at dry landscape positions (hillslope zones) between a
wet and a dry growing season, in which we found higher efflux during the wet growing
season. Higher soil respiration across dry landscapes could have a large impact on the
global carbon cycle, as arid and semi-arid lands cover 41% of the Earth’s surface
(Reynolds et al., 2007). The results of our study demonstrate that soil respiration
responses to changes in SWC are not monotonic across the landscape. Rather, changes in
soil respiration at wet and dry landscape positions can occur in opposing directions and
with different magnitudes. The greatest changes may occur with drying of wet landscape
positions.
Conclusions
Based upon measurements and analysis of riparian and hillslope soil surface CO2
efflux, SWC, and soil temperature across contrasting wet and dry growing seasons with
large differences in snowmelt and precipitation timing and magnitude, we conclude that:
1. Wetter landscape positions were more sensitive to drier growing season
conditions. When comparing the riparian zones, cumulative soil CO2 efflux
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was 33% higher during the dry (2006) growing season. In contrast,
comparison of hillslope zones showed that cumulative efflux was 8% lower
during the dry growing season.
2. Drier growing season conditions led to earlier peaks in both riparian and
hillslope cumulative soil CO2 efflux, with the greatest changes in wet
(riparian) landscape positions. Peak riparian and hillslope efflux occurred 17
and 10 days earlier during the drier growing season.

This research provides insight into the coupling of soil respiration to alterations in
the hydrologic cycle (e.g. snowmelt and precipitation timing and magnitude). We
suggest wetter landscape positions could show the greatest changes in soil CO2 efflux and
therefore the greatest shifts in carbon source/sink status.
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Figure 3.1: Streamflow and cumulative water inputs (rain and snowmelt). a) Streamflow
during 2005 (solid line), 2006 (dashed line), and 1997-2006 data record (grey lines). b)
cumulative water inputs (rain and snowmelt) during 2005 (solid line), 2006 (dashed line),
and 1994-2006 data record (grey lines). Peak snowmelt occurred on June 6 in 2005, and
May 19 in 2006 (10-year average was May 29). Cumulative water inputs were slightly
higher in 2005 than 2006 (74.4 versus 69.3 cm), however a higher percentage fell as rain
during the 2005 growing season (34% versus 20%).
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Figure 3.2: Riparian and hillslope precipitation, soil water content (SWC), and soil
temperature during the 2005 (wet) and 2006 (dry) growing seasons. a-d: wet growing
season riparian zone a) precipitation, b) SWC, c) soil temperature, and d) efflux. e-h: dry
growing season riparian zone e) precipitation, f) SWC, g) soil temperature, and h) efflux.
i-l: wet growing season hillslope zone i) precipitation, j) SWC, k) soil temperature, and l)
efflux. m-p: dry growing season hillslope zone m) precipitation, n) SWC, o) soil
temperature, and p) efflux. Measurements were collected between June 9 and August 31
during both 2005 and 2006 from 14 riparian and 18 hillslope measurement locations
across 8 transects. Symbols indicate average values, and error bars indicate one standard
deviation. n ranged from 8-32 on each sampling day. Across the 2005 and 2006 growing
seasons, n = 366 and 252 in the riparian zones, respectively, and 450 and 292 in the
hillslopes. Grey boxes denote intermediate SWC (optimal for soil respiration), defined as
40-60% in the TCEF (Pacific et al., 2008). Precipitation was 91% higher in 2005 than
2006.
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Figure 3.3: Cumulative riparian and hillslope growing season soil CO2 efflux during the
wet and dry growing seasons. Cumulative growing season efflux (measurements
collected from June 9 - August 31) at riparian (black) and hillslope (grey) zones during
the a) wet growing season (2005) and b) the dry growing season (2006). Boxes represent
inter-quartile range, lines denote the cumulative median, and whiskers 1.5 times the interquartile range. Measurements are from 14 riparian and 18 hillslope locations across 8
transects. Total number of measurements (n) were 366 and 450 in the riparian and
hillslope zones, respectively, in 2005, and 252 and 292 in 2006. The relative difference
between riparian and hillslope efflux was 25% in 2005, and 79% in 2006.
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CHAPTER 4

VARIABLE FLUSHING MECHANISMS AND LANDSCAPE STRUCTURE
CONTROL STREAM DOC EXPORT DURING SNOWMELT IN A SET OF NESTED
CATCHMENTS

Adapted from: Pacific, V. J., K. G Jencso, and B. L. McGlynn (in review) Variable
flushing mechanisms and landscape structure control stream DOC export during
snowmelt in a set of nested catchments. Submitted for publication in Biogeochemistry.

Abstract

Stream DOC dynamics during snowmelt have been the focus of much research,
and both one-dimensional (1D) and two-dimensional (2D) DOC export mechanisms have
been proposed. However, control by landscape structure on the spatial and temporal
variability of these DOC mobilization and delivery mechanisms from the soil to the
stream remains poorly understood. We investigated stream, soil, surface, and
groundwater DOC dynamics across 3 transects and 7 watersheds with a wide range of
landscape settings during snowmelt (April 15 – July 15, 2007) in the U.S. Forest Service
Tenderfoot Creek Experimental Forest in the northern Rocky Mountains, Montana. We
found that the relative importance of 1D and 2D DOC flushing mechanisms was strongly
controlled by landscape position and the degree of hydrologic connectivity between the
stream, riparian, and hillslope zones. 1D flushing required a hydrologic connection
across the riparian-stream interface, and likely occurred at landscape positions with a
wide range of upslope accumulated area (UAA – the amount of land area draining to a
particular location) and wetness status (such as at baseflow). In contrast, 2D flushing
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appeared restricted to areas with a hydrologic connection across the entire hillsloperiparian-stream continuum, which generally occurred only at areas with high UAA,
and/or at times of high wetness (such as at peak snowmelt). Further, the relative amount
of DOC-rich riparian and wetland zones strongly influenced stream DOC export.
Cumulative stream DOC export was highest from catchments with a large proportion of
riparian:upland area, and ranged from 7.8 to 13.3 kg ha-1 across the study period. This
research suggests that the greatest stream DOC export during snowmelt in complex
subalpine catchments occurs at areas with both high hydrologic connectivity and large
DOC source areas.
Introduction
Stream DOC export from watersheds is a significant component of the carbon
cycle (Laudon et al., 2004a; Neill et al., 2006; Johnson et al., 2006; Waterloo et al.,
2006; Jonsson et al., 2007) and can strongly impact contaminant transport (Imai et al.,
2003; Wei et al., 2008). In alpine and subalpine catchments, the majority of annual DOC
flux often occurs during snowmelt (Hornberger et al., 1994; Boyer et al., 1997, 2000;
Laudon et al., 2004a). The process by which DOC is transported to the stream is
commonly referred to as hydrologic nutrient flushing, in which solutes undergo a period
of accumulation in the soil, and are then released to the stream during snowmelt or
precipitation events (Burns, 2005). This flushing can lead to a characteristic peak in
DOC concentrations on the rising limb of the event stream hydrograph (Hornberger et
al., 1994; Boyer et al., 1997; Hood et al., 2006; van Verseveld et al., 2008). However,
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the controls on DOC flushing at the hillslope, riparian, and catchment scale are poorly
understood (Weiler and McDonnell, 2006; van Verseveld et al., 2008).
DOC flushing is often used to describe different, but related processes. At
baseflow, stream DOC concentrations are generally low due to groundwater inflows
through deep, low DOC mineral soil (Figure 4.1a) (Hornberger et al., 1994). However,
rise in the groundwater table at the beginning of snowmelt or precipitation events can
initiate the flushing process. One flushing mechanism refers to the intersection of a
rising water table with shallow DOC-rich riparian soil layers (Figure 4.1b) (Bishop et al.
1994; Hornberger et al., 1994; Boyer et al., 1997, 2000; Bishop et al., 2004; Laudon et
al., 2004b). This process can be augmented by transmissivity feedback, in which the
rising water table enters soils with increasing hydraulic conductivity, leading to increased
lateral flow contributions to runoff (Bishop et al., 2004; Laudon et al., 2004b; Weiler and
McDonnell, 2006). Here, we define this rise of the water table into shallow soils a onedimensional (1D) process. Often, there is a limited supply of DOC, and 1D flushing can
result in decreased DOC concentrations through snowmelt or precipitation events
(Hornberger et al., 1994; Boyer et al., 1997). More recently, McGlynn and McDonnell
(2003) proposed a two-dimensional (2D) nutrient flushing mechanism, which is
supported by Bishop et al. (2004) and Hood et al. (2006). Here, catchment DOC export
occurs as a function of the connectivity between near-stream and upland areas (Figure
4.1c), and activation of different source areas can control DOC export and stream
concentrations over time. The initial rise in stream DOC concentrations occurs during
the 1D rise of the water table into shallow organic-rich riparian soils. A second source of
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high DOC on the rising limb of the stream hydrograph occurs as hillslopes become
hydrologically connected to the riparian zones, allowing for quick transmission of
hillslope water that is rich in DOC (Bishop et al., 2004) along preferential flow paths
(McGlynn and McDonnell, 2003). This high DOC initial hillslope runoff is then diluted
with lower DOC matrix water, which can lead to lower stream DOC concentrations on
the falling limb of the stream hydrograph (McGlynn and McDonnell, 2003).
We suggest that both 1D and 2D flushing mechanisms can influence the export of
DOC from the soil to the stream, but that their relative importance shifts through space
and time. For example, it is likely that rapid 1D flushing occurs in riparian areas at the
initiation of snowmelt, resulting in an important early near-stream source of DOC (Boyer
et al., 1997). However, as uplands become hydrologically connected to riparian zones,
2D flushing can be initiated, thereby increasing the relative importance of upland nutrient
sources (McGlynn and McDonnell, 2003; Inamdar and Mitchell, 2006; Ocampo et al.,
2006a, b). We suggest that in high elevation, snowmelt-dominated catchments, the
relative control of 1D and 2D processes on stream DOC export can vary strongly through
space and time and is largely dependent upon the degree of hydrologic connectivity
between the stream and the riparian and hillslope zones, which is influenced by landscape
structure (Jencso et al., 2009).
Following Jencso et al. (2009), we define hydrologic connectivity as the time
period when a groundwater connection exists between landscape elements (e.g. stream,
riparian, and hillslope zones). For 1D flushing to occur, a hydrologic connection between
the riparian zone and stream (RS) is necessary. However, 2D flushing requires a
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hydrologic connection across the hillslope-riparian-stream (HRS) continuum (Figure
4.1c). Through a combination of extensive groundwater monitoring (> 120 recording
groundwater wells) and landscape level topographic analysis, Jencso et al. (2009) found
that the duration and timing of HRS hydrologic connectivity was a function of toeslope
upslope accumulated area (UAA) - the amount of land area draining to a particular
location. They found a strong positive relationship between HRS hydrologic connectivity
and UAA (r2 = 0.91), with the highest and most persistent HRS hydrologic connectivity
at landscape positions with large UAA. Here, we seek to investigate the relationship
between landscape position and hydrologic connectivity on the spatial and temporal
variability of DOC flushing mechanisms during snowmelt in a subalpine catchment in the
northern Rocky Mountains. We present stream, soil, surface, and groundwater DOC
dynamics during snowmelt (April 15 – July 15, 2007) across three transects and 7 subcatchments with a range of landscape settings and hydrologic connectivity to address the
following questions:
1. What are the dominant DOC mobilization and stream delivery mechanisms
during snowmelt, and how do they vary with respect to landscape setting?
2. What is the spatial extent/frequency of dominant landscape settings, and what
does this mean for DOC export at the catchment scale?
Methods
Site Description
The study site was the upper Tenderfoot Creek Watershed (2,280 ha), located
within the U.S. Forest Service (USFS) Tenderfoot Creek Experimental Forest (TCEF)
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(lat. 46°55’ N., long. 110°52’ W.) in the Little Belt Mountains of central Montana (Figure
4.2). Tenderfoot Creek drains into the Smith River, a tributary of the Missouri River.
Elevation ranges from 1,840 to 2,421 m, with a mean of 2,205 m. Mean annual
precipitation is 880 mm, with ~70% falling as snow from November through May
(Farnes et al., 1995). Monthly precipitation peaks in December or January (100 to 120
mm per month), and declines to 45 to 55 mm per month from July through October.
Tenderfoot Creek runoff averages 250 mm per year, with peak flows typically in late
May or early June. Mean annual temperature is 0°C, and mean daily temperatures range
from -8.4°C in December to 12.8°C in July (Farnes et al., 1995).
The geology is characterized by granite gneiss, shales, quartz porphyry, and
quartzite (Farnes et al., 1995). In the hillslopes, the major soil group is loamy skeletal,
mixed Typic Cryochrepts, while the riparian zones are composed of mixed Aquic
Cryoboralfs (Holdorf, 1981). Soil depths range from 0.5-1m in the hillslopes, and
1-2.0 m in the riparian zones (Jencso et al., 2009).
Riparian vegetation is dominated by sedges (Carex spp.) and rushes (Juncaceae
spp.) in the headwaters, where riparian soil is high in organic matter and fine silt and clay
textured, and water tables are at or near the soil surface (Jencso et al., 2009). In riparian
areas with deeper water tables and coarsely textured soils, Willows (Salix spp.) are often
present. In the uplands, Lodgepole pine (Pinus contorta) is the dominant overstory
vegetation (Farnes et al., 1995), and Grouse whortleberry (Vaccinium scoparium)
primarily composes the understory vegetation (Mincemoyer and Birdsall, 2006).
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There are 7 gauged sub-catchments in the TCEF. In general, all catchments have
a gradual slope near the headwaters, with much steeper slopes near the catchment outlets.
Middle Stringer Creek (MSC, 393 ha) and Lower Stringer Creek (LSC, 550 ha) have an
intermediate amount of riparian and wetland area, and a median slope of 9°. Sun Creek
(SC, 352 ha) is characterized by gentle slopes (median of 5.4°) and large seeps and
wetland areas at the headwaters. Bubbling Creek (BC, 309 ha) also has gentle slopes
(median of 5.8°), and a relatively small amount of riparian and wetland area. Spring Park
Creek (SPC, 400 ha) has an extensive riparian and wetland area at the headwaters and
steep slopes near the catchment outlet (median of 9.6°). Upper Tenderfoot Creek (UTC,
446) also has a large network of wetlands at the headwaters, and a median slope of 6.5°.
Lower Tenderfoot Creek (LTC, 2260 ha) has an intermediate amount of wetland area,
and moderate slopes (7.2°). The Stringer Creek Watershed (Middle and Lower) was
utilized for more intensive data collection and divided into 4 sub-catchments for data
analysis. These sub-catchments were the headwaters to Transect 1 (131 ha), Transect 1
to MSC (261.5 ha), MSC to Transect 5 (92.2 ha), and Transect 5 to LSC (68.2 ha). A
description of the transects is provided below.
Terrain Analysis
An ALSM (airborn laser swath mapping, commonly known as LIDAR, courtesy
of the National Center for Airborn Laser Mapping - NCALM) derived 10 m digital
elevation model (DEM) was used to calculate UAA (amount of land area draining to a
particular location, calculated for the toeslope well position at the transition from
hillslope to riparian zone) and slope (average slope along the fall line from the highest
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hillslope location to the toeslope along each transect). Toeslope UAA was calculated
using a triangular multiple flow-direction algorithm following the methods of Seibert and
McGlynn (2007) and Jencso et al. (2009). Riparian zone width was mapped with a GPS
survey (Trimble GPS 5700 receiver - accurate to within 1-5 cm) and corroborated with
the ALSM-derived DEM analysis (Jencso et al., 2009). The riparian-hillslope boundary
was determined in the field, based upon break in slope and change in soil characteristics
(depth, gleying, organic matter accumulation, texture) (McGlynn and Seibert, 2003;
Seibert and McGlynn, 2007; Pacific et al., 2008; Jencso et al., 2009). See Jencso et al.
(2009) for a more detailed description of terrain analyses in the TCEF. We calculated the
percentage of time that HRS hydrologic connectivity existed by dividing the total number
of days that a groundwater table was present along the HRS continuum by the total
snowmelt period (91 days) (Jencso et al., 2009). For this study, we define the snowmelt
period as April 15 to July 15, 2007, which bracketed pre-snowmelt, snowmelt, and the
recession to baseflow (~0.01 mm hr-1) (Figure 3).
Measurement Locations
This research was conducted concurrently with other research objectives and
included locations and instrumentation both universal and specific to this study (Pacific
et al., 2008; Pacific et al., in review a, b; Riveros-Iregui et al., 2008, 2009, in review;
Jencso et al., 2009). Measurements were collected at the outlets of each of the subcatchments within the TCEF (MSC, LSC, SPC, BC, SC, UTC, and LTC), as well as at
Onion Park (headwaters of Tenderfoot Creek). In addition, 14 transects were located in
the Stringer Creek Watershed, and 8 in the Tenderfoot Creek Watershed (Figure 4.2).
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Three transects within the Stringer Creek Watershed were utilized for intensive
monitoring in this study because they represented the range of landscape settings
observed at TCEF. The Stringer Creek transects were located in 7 pairs, with each pair
consisting of one transect on both the east (E) and west (W) side of Stringer Creek, which
flows from the north to the south. The transects were numbered sequentially from
upstream to downstream, followed by an E or W, designating the east or west side of
Stringer Creek. On each transect, measurement locations were then designated with a
number, with 1 being closest to the stream, and the highest number representing the
location farthest up in the hillslope. Therefore, ST1-E1 refers to the riparian
measurement location next to the creek on the east side of Transect 1. For this study,
measurements were collected on ST1-E and ST1-W (most upstream transects, at the
headwaters of the Stringer Creek), and ST5-W (just below the middle of the watershed).
Hydrometric Monitoring
Groundwater levels were recorded at 3-4 groundwater monitoring wells at each of
the 3 focus transects along Stringer Creek. Wells were located in the riparian zone (1 m
from stream channel), near the toe-slope (the transition point between the riparian and
hillslope zone), and on the lower hillslope (1-5 m above the break in slope). The wells
consisted of 3.8 cm (1.5 inch) inside-diameter PVC, screened across the completion
depth (to bedrock) to 10 cm below the ground surface. Completion depths ranged from
0.5-1 m in the hillslopes and 1-1.5 m in the riparian zones. Groundwater levels were
recorded every 30 min with water level capacitance rods (Trutrack, Inc., ± 1 mm
resolution). Capacitance rod measurements were corroborated with manual weekly
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measurements using an electric water level tape. Soil tension lysimeters were installed at
20 and 50 cm depth at toeslope and lower hillslope positions on ST1-E and ST1-W and
were constructed of a 3.8 cm (1.5 inch) inside-diameter PVC case attached to a porous
ceramic cup (1 bar entry, Soilmoisture Equipment Corporation). The lysimeters were
installed with a hand auger to the depth of interest, placing the lysimeter in a soil slurry
made from native material. The lysimeters were in place and frequently vacuumed
(to -0.35 bars) and purged over 9 months prior to this study. Overland and 10 cm flow
cups were installed at all riparian measurement locations. The cups were constructed
from 500 mL high-density polyethylene (HDPE) bottles, open at the top for surface flow,
and with holes drilled to the depth of interest for 10 cm measurements.
Stream discharge was measured at flumes at the outlet of each of the 7
catchments. Stage at each flume was recorded at 15 min intervals with float
potentiometers (installed and maintained by the USFS) and water level capacitance rods
(Trutrack, Inc., ± 1 mm resolution). Stage was also measured at the outlet of Onion Park,
at the headwaters of Tenderfoot Creek. However, discharge could not be calculated as no
flume was installed. Hourly measurements of precipitation, air temperature, snow depth,
and snow water equivalent (SWE) were obtained from two Natural Resource
Conservation Service snow survey telemetry (SNOTEL) stations located in TCEF, one at
Onion Park (2,259 m, within 2 km and at approximately the same elevation as the
headwaters of Stringer Creek), and one at LSC (1,996 m).
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Water Sampling
Water samples for DOC analysis were collected in 250 ml HDPE bottles.
Samples were collected approximately every 2-4 days from the flumes during high flows
(beginning of May through the beginning of June) as well as from the outlet of Onion
Park, which flows into the headwaters of Tenderfoot Creek. Weekly samples were
collected for the weeks before and after this time period. Water samples were collected
from wells and lysimeters (when water was present) along each transect every 3-7 days.
Wells, soil lysimeters, and 10 cm and surface cups were purged until dry the day before
sampling occurred. Soil lysimeters were vacuumed to -0.35 bars after purging. The
water samples were passed through a 0.45 µm filter into 30 ml amber high density
polyethylene (HDPE) bottles within 1-12 hours of collection (dependent upon location
and time of sampling). Each sample was acidified to pH 1- 2 with 6N HCl, kept in a
cooler during transport to Montana State University (MSU), and then frozen at - 20oC
until analysis.
DOC Analysis
Total DOC was analyzed with a high-temperature combustion technique at the
MSU Watershed Hydrology Analytical Facility using a Shimadzu TOC-V C-analyzer
(Shimadzu Corp., Kyoto, Japan). The instrument was calibrated at the beginning of
every run with 3-5 standards ranging from 0.10 to 10.0 mg C L-1 (prepared from reagent
grade potassium hydrogen phthalate). Method detection limits were 0.1 mg L-1, and
analytical precision was within 0.05 mg L-1.

100
Cumulative DOC Export
We calculated cumulative stream DOC export for the 7 sub-catchments of the
Tenderfoot Creek Watershed, and the 4 sub-catchments within the Stringer Creek
Watershed. Daily stream DOC concentrations were estimated with linear interpolation
between actual field measurements, and cumulative export was calculated for the 91-day
study period (April 15 - July 15, 2007). Cumulative stream DOC export for each subcatchment within the Stringer Creek Watershed was estimated with the stream DOC
concentration and discharge at that sub-catchment outlet after subtracting the contribution
from the upstream catchments. To aid in comparison with other studies, we also
estimated annual stream DOC export for the Stringer Creek Watershed. For the time
outside of our study period of April 15 to July 15, 2007, we used a baseflow DOC
concentration of 1.6 mg L-1, as measured before and after the snowmelt period.
Results
Landscape Analysis
Along the transects within the Stringer Creek Watershed, there were large
differences in toeslope UAA, HRS hydrologic connectivity, riparian width, and slope
(Table 4.1). ST5-W had the largest UAA, widest riparian zone, and steepest hillslope.
Riparian zone width and steepness of the hillslope were similar on ST1-E and ST1-W,
but UAA was higher on ST1-E. Within the 4 sub-catchments in the Stringer Creek
Watershed, there were differences in the proportion of riparian to upland area. In the area
between ST1 and MSC, the riparian zone comprised 3.79% of the catchment area. In the
other sub-catchments, this value ranged from 1.3 to 1.42% (Table 4.2). The percentage
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of the stream channel that had HRS hydrologic connectivity across the entire study period
(April 15 – July 15) was similar across each sub-catchment in the Stringer Creek
Watershed, ranging from 69-79% (Table 4.2). For the sub-catchments within the
Tenderfoot Creek Watershed, there was also a wide range in the proportion of
riparian:upland area (Table 3). In general, SC, BC, LSC had a small proportion of
riparian:upland area (1.73-2.98%), MSC and LTC had an intermediate proportion
(3.09-3.86%), and UTC and SP a high proportion of riparian:upland area (5.33-6.08%).
Snowmelt and Precipitation
We present SWE and precipitation data from the Onion Park SNOTEL site
(Figure 3a, also shown in Figures 4-6) because it represents the elevation and biophysical
variables most reflective of the greater TCEF. SWE peaked at 358 mm on April 20,
2007. The majority of the snowpack melted between April 27 and May 19, with average
daily SWE losses of 15 mm and a maximum of 35 mm on May 13, 2007 (Jencso et al.,
2009). A late spring snowfall event and subsequent melting between May 24 and June 1
yielded an additional 97 mm of water. Four days after the end of snowmelt, a series of
rain events occurred (June 4-7, and June 13-18, Figure 2), totaling 30 and 22 mm,
respectively.
Transect Water Table Dynamics and DOC Concentrations
ST1-East: This transect had transient HRS hydrologic connectivity (totaling 38%
of the study period) and both 1D and 2D flushing mechanisms were evident.
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ST1-E1 (riparian zone, next to stream): the groundwater table was ~20 cm below
the ground surface at the beginning and end of the snowmelt period, but remained within
10 cm of the ground surface from the beginning of May to the end of June (Figure 4.3b).
Well DOC concentrations were ~3 mg L-1 throughout snowmelt, but briefly declined to
0.7 mg L-1 on May 14 coincident with the rise in the water table. Riparian overland flow
was present on sampling events between May 9 and June 12, concurrent with stream peak
discharge, and DOC concentrations ranged from 3.7 to 6 mg L-1. Similar DOC
concentrations were observed in the 10 cm flow cups during the same time period, with
slightly greater fluctuations than in the surface water.
ST1-E2 (riparian zone, near toeslope): the groundwater table quickly developed
on April 25 and reached the ground surface by May 2 (Figure 4.3c). It remained within
10 cm of the ground surface until May 13, and then declined to 33 cm by May 25. The
water table then quickly rose to 5 cm below the ground surface on May 28, at which point
it began a slow decline to 85 cm by the middle of July. Well DOC concentrations were
relatively stable at ~2 mg L-1 until the end of May. Here, DOC concentrations increased
coincident with the rise in the water table at the end of May, peaked at 3.4 mg L-1 on June
12 during the recession to baseflow, then remained at ~3 mg L-1 throughout the rest of the
study period. Similar DOC concentrations were observed at the 50 cm lysimeter. Water
was never present in the 20 cm lysimeter, which was likely the result of a crack or poor
seal.
ST1-E3 (hillslope zone): the transient groundwater table was initiated at the end of
April and rose to 50 cm below the ground surface on May 5, then declined to 70 cm by
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May 7 (Figure 4.3d). A second rise (to 30 cm below the ground surface) occurred on
May 10, followed by a quick decline and cessation of the transient water table by May
20. On May 26, the water table rapidly rose to 30 cm below the ground surface and
remained there for an 8 day period, then was not evident for the remainder of the study.
During the initial water table rise, peak well and 50 cm lysimeter DOC concentrations
were measured (5.8 and 7.3 mg L-1, respectively), then declined to approximately half
that value by the middle of May. Increased DOC concentrations were measured on June
2, just after the final rise in the water table. Water was never present in the 20 cm
lysimeter (likely a crack or poor seal).
ST1-West: This transect never developed a hydrologic connection across the HRS
continuum (0% HRS connectivity) and it is likely that only 1D flushing occurred.
ST1-W1 (riparian zone, next to the stream): the groundwater table was 17 cm
below the ground surface at the beginning of snowmelt and rose to within 1 cm by May
5, when the peak well DOC concentration of 4.2 mg L-1 was measured (Figure 4.4b).
The water table then declined to 15 cm below the ground surface by May 8, and DOC
concentrations declined to ~2.2 mg L-1, where they remained until the beginning of June.
Concentrations declined to ~1.5 mg L-1 by the middle of June concurrent with the gradual
decline in the water table, where they remained until the end of the study period. Water
was present in the 10 cm cup on only May 13, and had a DOC concentration of 5 mg L-1.
Overland flow was present on the June 2 and June 12 sampling events, with DOC
concentrations of ~6 mg L-1.
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ST1-W2 (riparian zone, near toeslope): Groundwater table dynamics were similar
to that observed at ST1-W1. The water table was 15 cm below the ground surface at the
beginning of snowmelt, and then rose to within 1 cm by April 28 (Figure 4.4c). It
remained within 7 cm of the ground surface until the middle of June, and then gradually
declined to 30 cm below the ground surface by the middle of July. At the beginning of
the water sampling period, the DOC concentration was 2.7 mg L-1, then peaked at
4.2 mg L-1 on May 5 following the rise in the water table. DOC concentrations fluctuated
between ~2-3 mg L-1 for the remainder of the snowmelt period. Similar DOC
concentrations and temporal trends were observed in both the 20 and 50 cm soil
lysimeters, although concentrations were ~1 mg L-1 higher at the 20 cm lysimeter on all
sampling events.
ST1-W3 (hillslope): the water table never developed above the bedrock interface
(100 cm below the ground surface) (Figure 4.4d).
ST5-West. This transect had 100% HRS hydrologic connectivity for the duration
of this study and it is likely that the relative control of the 2D flushing on DOC export to
the stream was high.
ST5-W1 (riparian zone, next to stream): the groundwater table fluctuated between
50 and 60 cm below the ground surface for the duration of the snowmelt period (Figure
4.5b). In contrast, DOC concentrations were highly variable. Near the beginning of
snowmelt, a DOC concentration of 6.4 mg L-1 was measured on May 4, and then quickly
declined to a minimum concentration of 1.7 mg L-1 on May 9, coincident with the rise in
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stream discharge. Concentrations then quickly increased and reached a maximum of
7 mg L-1 on May 25. Following a large decline in streamflow, DOC concentrations
remained between 5.5 and 7 mg L-1 for the rest of the study period. Surface water was
present between May 18 and July 9, with a peak DOC concentration of 5.2 mg L-1 on
May 18 following the peak in streamflow, and then gradually declined to 2.4 mg L-1 on
July 9.
ST5-W2 (riparian zone, between the stream and the toeslope): the groundwater
table fluctuated between 20 and 30 cm below the ground surface for the majority of the
snowmelt period, with 2-3 day peaks to 3 cm on ~May 2, May 10, and May 29 (Figure
4.5c). During the first sampling event on May 2, a DOC concentration of 22 mg L-1 was
measured (note the difference in scale on the y-axis: 0-25 mg L-1, compared to 0-8 mg L-1
at all locations other than ST5-W3), then declined by over an order of magnitude to
1.5 mg L-1 by May 9 coincident with peak discharge. DOC concentrations then increased
to ~20 mg L-1 by May 25 as discharge declined, where they remained for the remainder
of snowmelt.
ST5-W3 (riparian zone, near the toeslope): the groundwater table was 10 cm
below the ground surface at the beginning of snowmelt, then rose to within 3 cm by the
end of April, where it remained for the remainder of the measurement period (note that
water table measurements ended on June 23 due to equipment malfunction) (Figure 4.5d).
Peak groundwater DOC concentrations (11 mg L-1 – note the change in scale) were
measured on May 2 coincident with the initial rise in the water table. Concentrations
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gradually decreased to a minimum of 5.4 mg L-1 on May 25, then remained at ~7 mg L-1
for the remainder of snowmelt.
ST5-W4 (hillslope zone): the groundwater table was 10 cm below the ground
surface at the beginning of snowmelt, and remained between 3 and 10 cm below the
ground surface for the duration of the study period (Figure 4.5e). DOC concentrations
were high at the beginning of snowmelt (6.5 mg L-1), then declined as discharge
decreased. When discharge increased at the beginning of May, DOC concentrations
continued to decline, and reached a minimum of 3.5mg L-1 by May 18. The DOC
concentration rose to 5.8 mg L-1 by May 25 following the decrease in stream discharge,
then remained between ~4 and 5 mg L-1 for the remainder of the study period.
Stream Discharge and DOC Dynamics
Stream Discharge: Area-normalized stream discharge during our study period of
April 15 – July 15, 2007 (which bracketed pre-snowmelt, snowmelt, and recession to
baseflow: ~0.01 mm hr-1) from LSC is shown in Figures 4.3-4.5 (water table and DOC
dynamics from each of the individual transects), as well as Figures 4.6 and 4.8. Stream
discharge from all catchments is presented in Figure 4.10. In general, stream discharge
from all catchments had similar temporal dynamics. The lowest discharge was measured
at SC, and the highest at LSC, with intermediate values at the other catchments. The first
peak in discharge followed the initiation of snowmelt and occurred between May 3 and
May 6 throughout all catchments, and ranged from 0.18 mm hr-1 at SC to 0.43 mm hr-1 at
LSC (Figure 4.10). Stream discharge then declined to approximately half of that
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measured at the initial peak as snowmelt slowed in response to a period of cold weather,
where maximum temperatures remained below 5°C (compared to ~18°C during the
previous week, as measured at the Onion Park SNOTEL site). Discharge then quickly
increased, and peak flow occurred in all catchments between May 10 and May 14 (Figure
4.10). Maximum discharge ranged from 0.35 mm hr-1 at SC to 0.55 mm hr-1 at LSC. As
soil water inputs from snowmelt decreased (black bars in Figure 4.2a), stream discharge
declined to ~0.1-0.2 mm hr-1 by May 25 in all catchments. A final snowfall event and
subsequent melt occurred between May 24 and June 1, leading to a third and final peak in
discharge during this time, which ranged from 0.20 mm hr-1 at SC to 0.45 mm hr-1 at LSC
(Figure 4.10). Stream discharge then began the final snowmelt recessional period.
Stream DOC Concentrations.
Stringer Creek: DOC concentrations were highly variable along Stringer Creek
(Figure 4.8). At ST1, near the headwaters, DOC concentrations were relatively stable at
~1.8 mg L-1, but rose to 2.5 mg L-1 on May 5 associated with the first snowmelt-driven
peak in stream discharge (Figure 4.8a). DOC concentrations then declined during the
first streamflow recession, and continued to decline during the second rise in stream
discharge near the middle of May (reaching a minimum concentration of 1.6 mg L-1).
Stream DOC concentrations at ST1 increased during the third and final rise in discharge,
and continued to rise during the recession to baseflow, with a peak concentration of 2.6
mg L-1 on June 9.
At MSC, located between ST1 and ST5, stream DOC concentrations were more
variable (Figure 4.8b). A baseflow concentration of 1.4 mg L-1 was measured at the end
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of April. DOC concentrations nearly doubled by May 2, associated with the first
snowmelt-driven peak in discharge. Concentrations remained high until May 15, when
they began to decline coincident with the decrease in runoff, and reached a minimum
value of 1.0 mg L-1 on May 23. DOC concentrations then sharply increased, reaching a
maximum of 3.2 mg L-1 by the beginning of June concurrent with the third snowmelt
stream discharge peak. Concentrations remained at ~2.5 mg L-1 throughout June, and
then returned to the baseflow concentration of 1.4 mg L-1 by the beginning of July
(Figure 4.8b).
At ST5, a peak streamflow DOC concentration of 3.5 mg L-1 was measured
during the first sampling event on April 26 (Figure 4.8c). DOC concentrations then
quickly declined to 0.9 mg L-1 by May 14, coincident with the peak in stream discharge.
A sharp rise to 2.5 mg L-1 occurred on May 18 as discharge decreased. Stream DOC
concentrations then declined to a minimum value of 0.6 mg L-1 on May 25, concurrent
with the decrease in discharge at the end of May. By June 12, concentrations rose to
2.1 mg L-1 following the rise in stream discharge after the late-spring snow event, and
then decreased to 1.5 mg L-1 by the middle of July during the recession to baseflow.
Note that stream DOC concentrations are not available for the June 2 and June 9
sampling events (Figure 4.8c).
Stream DOC concentrations at LSC (catchment outlet), were 2.4 mg L-1 on the
first sampling date at the end of April, rose slightly, and then declined to 1 mg L-1 by
May 12, just before the peak in stream discharge (Figure 4.8d). A brief rise to
2.1 mg L-1 occurred on May 14 (at peak discharge), then concentrations returned to

109
1 mg L-1 by the end of May as discharge decreased. DOC concentrations at LSC then
quickly increased coincident with the rise in discharge at the end of May, and reached a
peak of 3.3 mg L-1 at the beginning of June. Stream DOC concentrations fluctuated
between 2 and 3 mg L-1 throughout June. DOC concentrations then declined during the
recession to baseflow and reached 1.6 mg L-1 by the middle of July (Figure 4.8d).
Tenderfoot Creek: DOC concentrations were also variable along Tenderfoot
Creek. At Onion Park, which drains a large network of wetlands near the headwaters of
Tenderfoot Creek, DOC concentrations were relatively high (Figure 4.6). Note that
relative stage height and not discharge is shown at the outlet of Onion Park, as a flume
was not installed here, and therefore no rating curve was available. While high DOC
concentrations were observed during the early rise in flow (~4 mg L-1), peak
concentrations were not measured until the beginning of June, following the peak in flow.
DOC concentrations then decreased coincident with the decline in flow, and reached a
minimum value of 1.1 mg L-1 on July 9 (Figure 4.6).
At UTC, DOC concentrations were also high (Figure 4.10). The stream DOC
concentration was ~3 mg L-1 at the beginning of snowmelt, then increased by over 100%
on the rising limb of the stream hydrograph. DOC concentrations fluctuated between
4 and 7 mg L-1 until the beginning of June, when concentrations quickly declined
coincident with the recession to baseflow, and reached a minimum of 2.1 mg L-1 on
July 9 (Figure 4.10). At LTC, a similar trend was observed, however DOC
concentrations were approximately half that measured at UTF and generally fluctuated
between 2 and 4 mg L-1 (but decreased to 0.8 mg L-1 on May 23 following the large
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decline in discharge). The largest DOC concentration was measured on the falling limb
of the last peak in discharge near the beginning of June.
Spring Park Creek: DOC concentrations were relatively low and similar to those
measured at MSC and LSC (Figure 4.10). Concentrations generally fluctuated between
2 and 3 mg L-1 throughout snowmelt, but declined to ~1 mg L-1 on both the rising and
falling limb of the peak in stream discharge at the middle of May.
Sun Creek: Relative to other catchments, stream DOC concentrations were high
(Figure 4.10). At the beginning of snowmelt, a DOC concentration of 4 mg L-1 was
measured, followed by a quick rise to a peak concentration of 7 mg L-1 on the rising limb
of the initial peak in stream discharge. DOC concentrations declined to 2.8 mg L-1
following the decline in peak discharge at the middle of May. DOC concentrations then
remained at ~ 5 mg L-1 until the beginning of June, when they decreased during the
recession to baseflow, reaching a minimum of 2.5 mg L-1 by the end of the study period
(Figure 4.10).
Bubbling Creek: DOC concentrations were stable and remained between 3 and
4 mg L-1 for the majority of the study period (Figure 4.10). A peak concentration of
5 mg L-1 was measured at the beginning of May coincident with the rise in discharge at
the beginning of snowmelt, and a minimum concentration of 2.3 mg L-1 was measured at
the end of the study period as the stream receded to baseflow (~1 mm hr-1) (Figure 4.10).
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Cumulative Stream DOC Export
During the study period of April 15 to July 15, 2007, cumulative stream DOC was
high for the ST1-MSC sub-catchment (13.3 kg ha-1), and ranged from 7.3 to 8.7 kg ha-1 at
the other sub-catchments (Table 4.2, Figure 4.8e-f). For the larger sub-catchments of the
Tenderfoot Creek Watershed, cumulative stream DOC export over the study period
ranged from 8.1 to 12.4 kg ha-1 (Table 4.3). For the entire Stringer Creek Watershed,
cumulative stream DOC for the 2007 water year was 9.6 kg ha-1. There was a strong
positive relationship (r2 = 0.62, p < 0.001) between cumulative stream DOC export and
the proportion of riparian to upland area across all sub-catchments (Figure 4.9).
Discussion
What are the Dominant DOC Mobilization and
Stream Delivery Mechanisms during Snowmelt,
and how do they Vary with Respect to Landscape Setting?
Hydrologic flushing is commonly referred to as the mobilization process that
leads to a large release of DOC to the stream channel during snowmelt or precipitation
events (Burns, 2005), which often occurs on the rising limb of the stream hydrograph
(Hornberger et al., 1994; Boyer et al, 1997; Inamdar et al., 2004; Agren et al., 2008; van
Verseveld et al., 2008). Both 1D and 2D nutrient flushing mechanisms have been
proposed. In the 1D mechanism, a rising water table intersects shallow nutrient rich soil
in the riparian zone (Figure 4.1b) (Hornberger et al., 1994; Bishop et al. 1994; Boyer et
al., 1997, 2000; Laudon et al., 2004b). In general, the riparian zone is the only DOC
source area for export to the stream during 1D flushing. In contrast, upland DOC sources
become increasingly important during 2D flushing as a hydrologic connection develops
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between the riparian and the hillslope zone (Figure 4.1c) (McGlynn and McDonnell,
2003; Bishop et al., 2004; Hood et al., 2006). It is likely that both 1D and 2D flushing
mechanisms occur during snowmelt, but that the relative control of each process on DOC
export changes through space and time. We suggest these changes in DOC export
mechanisms are strongly influenced by the timing and magnitude of riparian-stream (RS)
and hillslope-riparian-stream (HRS) hydrologic connectivity. To investigate DOC
mobilization and delivery mechanisms during snowmelt and the control of landscape
structure, we collected measurements of DOC and stream and groundwater dynamics
across 3 transects and 7 sub-catchments with distinct differences in landscape setting and
RS and HRS hydrologic connectivity.
We observed both 1D and 2D flushing mechanisms in the subalpine, snowmelt
dominated Stringer Creek Watershed, the occurrence of which was dependent upon
landscape setting (toeslope UAA and riparian and wetland extent) and the degree of
hydrologic connectivity. Our results suggest that 1D flushing likely occurred across the
full range of landscape settings and hydrologic connectivity (both RS and HRS). In
contrast, 2D flushing appeared restricted to only landscape settings with hydrologic
connectivity across the entire HRS continuum. These areas generally had relatively high
toeslope UAA (Jencso et al., 2009).
Our comparisons of DOC dynamics across 3 transects within the Stringer Creek
Watershed illustrate the control of landscape structure on DOC export to the stream.
ST1-W has a small toeslope UAA (1,563 m2) (Table 4.1), and the water table never
developed in the hillslope (Figure 4.4). This lack of HRS hydrologic connectivity
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suggested that only 1D flushing would occur (McGlynn and McDonnell, 2003). Our
measurements of groundwater and DOC dynamics along ST1-W support this premise.
DOC concentrations in both riparian wells followed fluctuations in the groundwater table
(Figure 4.4b and c). At the beginning of snowmelt, concentrations increased as the water
table rose to just below the ground surface and intersected shallow, organic-rich soils,
then decreased during the initial decline in the water table. The relationship between
increasing DOC concentrations and a rising water table indicated 1D flushing was the
dominant DOC mobilization mechanism (Hornberger et al., 1994; Boyer et al., 1997,
2000; Inamdar and Mitchell, 2006). DOC concentrations again increased coincident with
the rise in the water table after a snowstorm at the end of May, further supporting the
occurrence of 1D flushing. We also observed surface water with high DOC
concentrations (relative to groundwater) at the end of May and middle of June. High
surface water concentrations indicated a 1D rise of the water table into shallow organicrich soils, as overland flow would likely be dilute if only comprised of low DOC
snowmelt (Schiff et al., 1998; Laudon et al., 2004a, 2007; Buffam et al., 2007; Agren et
al., 2008). 2D flushing was not apparent on ST1-W, since there was never a hydrologic
connection across the HRS continuum (i.e. no water table development in the hillslope
well, Figure 4.4d). Our measurements of water table and DOC dynamics at ST1-W
indicate that in areas of small UAA and no HRS hydrologic connectivity, 1D flushing is
likely the only DOC mobilization and delivery mechanism to the stream.
In contrast, we observed both 1D and 2D flushing on ST1-E, which had
intermediate toeslope UAA (10,165 m2), and transient HRS hydrologic connectivity (for
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38% of the snowmelt period) (Table 4.1). 1D flushing was evident at ST1-E1 (riparian
well next to stream). Here, groundwater DOC concentrations increased at the beginning
of snowmelt (Figure 4.3b) as the water table rose into organic-rich shallow soils. High
DOC concentrations were also observed in both the surface and 10 cm flow cups. These
DOC dynamics indicated the occurrence of 1D flushing (Hornberger et al., 1994; Boyer
et al., 1997, 2000). However, water table development in the hillslope well (ST1-E3,
Figure 4.3d) resulted in hydrologic connectivity across the HRS continuum (Jencso et al.,
2009) and suggested that 2D flushing also impacted riparian DOC dynamics at this time.
Our results support this premise. DOC concentrations at the beginning of snowmelt were
high in the hillslope, and it is likely that this DOC-rich hillslope water was quickly
transmitted along preferential flow paths (Freer et al., 2002; McGlynn and McDonnell,
2003). This pulse of high-DOC hillslope water likely contributed to the increase in
riparian groundwater DOC concentrations (Figure 4.3), and indicated the presence of 2D
flushing (McGlynn and McDonnell, 2003). After this initial rise in riparian DOC
concentrations, continued HRS hydrologic connectivity led decreased concentrations due
to dilution by low DOC matrix water from the hillslope (McGlynn and McDonnell,
2003). Riparian zone DOC concentrations then increased on May 20 following cessation
of the hillslope water table, and 2D dilution from low DOC hillslope groundwater ended.
The hillslope water table developed again on May 26 after a late-spring snowstorm
(Figure 4.3d). However, the water table in the hillslope persisted for only a short period
of time and did not lead to a subsequent dilution of riparian zone DOC concentrations in
this case. Our measurements of water table and DOC dynamics along ST1-E indicate the
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presence of dynamic interactions between 1D and 2D DOC flushing mechanisms during
snowmelt in an area of intermediate toeslope UAA and transient HRS hydrologic
connectivity.
Similar to ST1-E, both 1D and 2D flushing mechanisms were observed on ST5W, which had a very large toeslope UAA (46,112 m2) and was connected across the HRS
continuum for the entire study period (Figure 4.5). 1D flushing was evident at ST5-W2
and ST5-W3, where DOC concentrations of 22 and 11 mg L-1, respectively, were
measured at the beginning of snowmelt (note the difference in scale on Figure 4.6d and
e). These concentrations were 3-4 times the maximum concentrations measured on other
transects (~3-6 mg L-1). This was likely in response to high organic matter content near
the ground surface, which is supported by observations of anoxic zones (Megonigal et al.,
1993) and hydromorphic soils (Phillips et al., 2001; Cosanday et al., 2003; Mourier et
al., 2008) at these locations. These elevated DOC concentrations were measured as the
water table rose at the beginning of snowmelt and entered shallow organic soil, indicating
the presence of 1D flushing (Hornberger et al., 1994; Boyer et al., 1997, 2000).
However, a dynamic combination of 1D and 2D flushing mechanisms was evident
between the beginning and middle of May when DOC concentrations quickly declined at
ST5-W2. This decrease in DOC concentrations was coincident with the decline in the
groundwater table, and indicated 1D flushing (Hornberger et al., 1994; Boyer et al.,
1997, 2000). However, the control of 2D flushing is also apparent. DOC concentrations
also declined at the same time at the hillslope well (ST5-W4, Figure 4.5e). 100% HRS
hydrologic connectivity was present on ST5-W for the duration of this study and it is
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likely that 2D transmission of groundwater from the hillslope impacted DOC
concentrations in the riparian zone (McGlynn and McDonnell, 2003). The occurrence of
2D flushing on ST5-W was also evident at ST5-W1 (Figure 4.5b). In contrast to other
riparian locations, DOC concentrations at ST5-W1 were relatively low. Here, the water
table never rose above 50 cm below the ground surface (Figure 4.5b), and therefore
remained in deeper, low DOC mineral soil (Boyer et al., 1997; 2000). However,
increased DOC concentrations were measured at the beginning and end of May despite
very little water table fluctuation. These increases in DOC followed a nearly identical
trend as at ST5-W2, and indicated that changes in DOC concentrations at ST5-W1 were
due to 2D inputs of DOC rich groundwater from the riparian zone further upslope. These
results suggest that dynamic interactions between 1D and 2D flushing mechanisms can
occur in areas with persistent yet still dynamic hydrologic connectivity.
Comparison of well and groundwater DOC dynamics on 3 transects with large
differences in landscape setting and HRS hydrologic connectivity demonstrated the range
of 1D and 2D flushing mechanisms that can occur through space and time in complex
mountain watersheds. In areas with small UAA and 0% HRS hydrologic connectivity,
only 1D flushing was apparent. In contrast, both 1D and 2D flushing mechanisms were
evident in areas with higher UAA and transient to persistent HRS hydrologic
connectivity. We suggest that in complex snowmelt-dominated catchments,
measurements of water table and DOC dynamics are necessary from a range of landscape
settings in order to ascertain DOC mobilization and delivery mechanisms to the stream at
the catchment scale.
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Conceptual Model
Our conceptual model (Figure 4.7) illustrates that the relative control of DOC
flushing mechanisms on the spatial and temporal variability of stream DOC export is
strongly influenced by the degree of riparian-stream (RS) and hilslope-riparian-stream
(HRS) hydrologic connectivity, which is partially dependent upon landscape structure
and wetness status (Jencso et al., 2009). 1D flushing can lead to DOC contributions from
the riparian zone to the stream as the water table rises and intersects shallow, organic-rich
soil layers (Bishop et al. 1994; Hornberger et al., 1994; Boyer et al., 1997, 2000; Bishop
et al., 2004; Laudon et al., 2004b). DOC export during this rise of the water table is
often augmented by transmissivity feedback (Bishop et al., 2004; Laudon et al., 2004b;
Weiler and McDonnell, 2006). In contrast, 2D flushing can lead to changes in DOC
source areas (e.g. from the riparian to the hillslope zone) throughout snowmelt or
precipitation events (McGlynn and McDonnell, 2003; Hood et al., 2006). Here, high
DOC concentrations on the rising limb of the stream hydrograph are initially from the 1D
rise of the water table into shallow riparian soil. A second large pulse of DOC occurs as
the water table develops in the hillslope, and DOC-rich hillslope water is transmitted
along preferential flowpaths to the stream (McGlynn and McDonnell, 2003). Stream
DOC concentrations then decrease on the falling limb of the hydrograph from dilution by
low-DOC hillslope soil matrix water. For 1D flushing to occur, there must be RS
hydrologic connectivity, while a hydrologic connection across the entire HRS continuum
is requisite for 2D flushing (McGlynn and McDonnell, 2003). While 1D DOC flushing
can occur in any area of the watershed where a rising water table intersects shallow soil
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layers, it is likely the only flushing mechanism present in areas with small toeslope UAA
and little to no HRS hydrologic connectivity. In contrast, 2D flushing can occur only at
catchment areas with HRS hydrologic connectivity, which are generally associated with
landscape positions with higher toeslope UAA (Jencso et al., 2009). We suggest that the
relative control of 1D and 2D flushing mechanisms on stream DOC export changes over
time. This is presented in our conceptual model (Figure 4.7), in which the darker areas
under the connectivity curve denote the greatest 2D influence on stream DOC export.
During dry times (such as baseflow – right side of the diagram where the area under the
curve is nearly all white), few areas of the landscape have HRS hydrologic connectivity,
and 1D flushing is the dominant DOC export mechanism. As the wetness status of the
catchment increases (such as during snowmelt or precipitation events), 2D flushing
becomes more prevalent and can occur over a wider range of UAA, as denoted by the
increasing amount of dark area under the left side of the connectivity curve in our
conceptual model (Figure 4.7). The relative importance of 2D flushing on DOC export is
likely greatest at times of high wetness status, such as at peak runoff (Figure 4.7).
At our study site, both 1D (Hornberger et al., 2004; Boyer et al., 1997; Bishop et
al. 1994, 2004; Laudon et al., 2004b) and 2D (McGlynn and McDonnell, 2003; Bishop et
al., 2004; Hood et al., 2006) flushing mechanisms likely controlled the mobilization and
delivery of DOC to the stream, the relative importance of which changed through space
and time. Jencso et al. (2009) found that in the TCEF, less than 4% of the stream
network was hydrologically connected to the uplands at baseflow. These areas were
generally restricted to landscape positions with high toeslope UAA. Therefore, the
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relative influence of 2D flushing on DOC export at the catchment scale was low (right
side of the connectivity curve in our conceptual model, where the area under the curve is
almost entirely white – Figure 4.7). During low flows at the beginning and end of
snowmelt, 1D flushing was likely the dominant DOC delivery process to the stream, and
2D export was limited to the small portion of the stream network with high UAA.
However, as catchment wetness status increased during snowmelt, HRS hydrologic
connectivity was present across a wider range of UAA, and the relative importance of 2D
flushing on catchment DOC export increased. This is denoted by the increased amount
of dark area under the left side of the connectivity curve, which signifies the time of
highest wetness status (Figure 4.7). At peak snowmelt in the TCEF, 66% of the stream
network was hydrologically connected across the HRS continuum (Jencso et al., 2009).
This was likely the time of the greatest influence of 2D flushing on stream DOC export
(Figure 4.7). As snowmelt declined, the degree of HRS hydrologic connectivity
decreased, and 2D flushing eventually became restricted to the small portion of the
stream network with high UAA (right side of conceptual model diagram). At this time,
only RS hydrologic connectivity was present along the majority of the stream network,
and the relative influence of 1D flushing on stream DOC export returned to the high level
observed during low flows prior to the onset of snowmelt. Our conceptual model
suggests that in complex snowmelt-dominated catchments such as the TCEF, the spatial
and temporal variability of 1D and 2D flushing mechanisms on stream DOC export is
dependent upon landscape structure and wetness status, which strongly influence the
degree of RS and HRS hydrologic connectivity.
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What is the Spatial Extent/Frequency of
Dominant Landscape Settings, and what does
this Mean for DOC Export at the Catchment Scale?
The results of this study indicate that stream DOC export is dependent upon the
spatial extent and organization of dominant landscape settings. Wetlands (Hope et al.,
1994; Creed et al., 2003, 2008; Agren et al., 2007, 2008) and shallow riparian zone soil
horizons (Bishop et al., 2004, Hood et al., 2006; Nakagawa et al., 2008) generally have
high DOC content. Therefore, we can expect catchment areas with large riparian and
wetland extent to be large sources of DOC to the stream. This premise was true in the
TCEF, as illustrated in the comparison of DOC concentrations between the headwaters of
Stringer Creek and Tenderfoot Creek (at Onion Park) (Figure 4.6). The headwaters of
Stringer Creek have a relatively small riparian and wetland extent, and stream DOC
concentrations were low (~1.5-2.5 mg L-1). In contrast, the headwaters of Tenderfoot
Creek have an extensive riparian and wetland network (with intermittent hydrologic
connectivity to the stream) and therefore greater contributions from organic-rich soils.
DOC concentrations at the headwaters of Tenderfoot Creek were generally over 4 mg L-1
and therefore over 100% higher than at the headwaters of Stringer Creek. Further, there
were large decreases in DOC concentrations in the headwaters of Tenderfoot Creek when
flow decreased at the middle of April and then again at the middle of June (Figure 4.6).
This was likely the result of transient hydrologic connectivity between riparian and
wetland DOC source areas. In contrast, the limited extent of riparian and wetland area
had little effect on stream DOC concentrations at the headwaters of Stringer Creek during
the transition from high and low flow. Our comparisons of both the timing and
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magnitude of stream DOC dynamics between the headwaters of Stringer Creek (little
riparian and wetland area) and Tenderfoot Creek (large riparian and wetland area)
indicate the strong influence that the spatial extent of organic-rich riparian and wetland
areas can have on stream DOC export.
The influence of large DOC source areas on stream DOC export is also apparent
when comparing the 4 sub-catchments of the Stringer Creek Watershed. Our results
illustrate that even within a relatively small area (~550 ha), changes in the relative
proportion of riparian to upland area can lead to strong differences in stream DOC export.
At ST1, near the headwaters of Stringer Creek, stream DOC concentrations were low and
relatively stable (Figure 8a). Cumulative stream DOC export during snowmelt (Figure
4.8e) was also relatively low (6.6 kg ha-1). Low DOC at the headwaters of Stringer Creek
likely reflects the relatively small percent of riparian to upslope area (1.42%) within this
sub-catchment of the Stringer Creek Watershed (Table 4.2).
Stream DOC concentrations increased downstream between ST1 and MSC
(Figure 4.8b). This increase was likely in response to the large increase in the percentage
of riparian to upland area in this sub-catchment (3.79%), which was nearly three times
higher than observed between the headwaters and ST1(Table 4.2). This increase in the
extent of organic riparian and wetland areas near the stream led to a large increase in
cumulative stream DOC export (15.4 kg ha-1), and demonstrates the influence of large
DOC-source areas on stream DOC export. Cumulative stream DOC export was low at
the 2 downstream sub-catchments (MSC to ST5, and ST5 to LSC) (6.2 and 7.5 kg ha-1,
respectively). Compared to the large proportion of riparian to upland area observed
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between ST1 and MSC (3.79%), these downstream sub-catchments had relatively low
riparian to upland extent (1.32 and 1.3%). This combination of low stream DOC export
with a low proportion of riparian to upland area further supports the premise that the
relative amount of riparian and wetland area is a strong control on DOC export. High
downstream DOC concentrations likely reflect inputs from large DOC source areas
further upstream (as suggested by the higher percentage of riparian to upslope area, Table
4.2). The results of our study indicate that stream DOC concentrations measured at the
outlet of a catchment can reflect a wide range of internal processes, controls, and
space/time variability. Further, our results show the importance of estimating cumulative
stream DOC export, rather than focusing solely on stream DOC concentrations, when
comparing DOC dynamics from different catchments
The strong control of the relative amount of DOC source areas on stream DOC
export at large scales is also apparent when comparing cumulative stream DOC to the
riparian:upland proportion of each of the larger sub-catchments in the Tenderfoot Creek
Watershed (Table 4.3). In general, the greatest DOC export occurred from catchments
with high riparian:upland ratios. This trend is further supported when plotting
cumulative DOC export versus the proportion of riparian:upland area from all of the
sub-catchments in the Tenderfoot Creek Watershed (Figure 4.9). There was a strong
positive relationship (r2 = 0.62, p < 0.001) between DOC export and the relative amount
of riparian:upland area, which is consistent with the results of other studies (Dillon and
Molot, 1997; Laudon et al., 2007). These results are supported by Hinton et al. (1998)
and Inamdar and Mitchell (2006), who found that catchments with large wetland and
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riparian areas consistently had higher DOC concentrations than catchments with little to
no riparian and wetland extent.
Our estimate of annual cumulative stream DOC export from the entire Stringer
Creek Watershed (9.6 kg ha-1 yr-1) is consistent with estimates from other studies. In a
review of carbon export from nearly 100 catchments across the world, Hope et al. (1994)
found a range of 10 to 100 kg ha-1 yr -1 across a wide range of catchment sizes. Our
estimate of cumulative DOC export from the Stringer Creek Watershed is consistent with
those from catchments of similar size (~5 km2) and ecosystem type. Laudon et al. (2007)
found that annual DOC export ranged from 35 to 76 kg ha-1 yr-1 across 7 catchments in
northern Sweden, and Kortelainen et al. (1997) found a similar range across catchments
in Finland. The site locations used for these studies were boreal catchments, which have
very large stores of DOC (as indicated by stream DOC concentrations of up to an order of
magnitude higher than observed in Stringer Creek), and likely explains the higher export
relative to our study site. The estimates by Laudon et al. (2007) and Kortelainen et al.
(1997) are similar to those of boreal catchments presented by Hope et al. (1994). Our
results indicate that while stream DOC export from subalpine catchments may not be as
high as from boreal catchments, they can still contribute a large flux of DOC, which can
have large implications for ecosystem carbon balances (Laudon et al., 2004a; Neill et al.,
2006; Johnson et al., 2006; Waterloo et al., 2006; Jonsson et al., 2007).
Hydrologic connectivity between the stream and riparian and hillslope zones was
a strong control on DOC export from the landscape to the stream in the Stringer Creek
Watershed. However, our calculations of cumulative stream DOC export illustrate that
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the overall spatial extent of DOC source areas is also important. HRS hydrologic
connectivity along the stream channel was high at all of the sub-catchments within the
Stringer Creek Watershed, ranging from 69-79% (Table 4.2). Similarity in hydrologic
connectivity along the stream channel suggested that stream DOC export would be high
throughout the entire catchment. However, there were large differences in cumulative
stream DOC export (Table 4.2, Figure 4.8). Cumulative stream DOC export was
relatively low between the headwaters of Stringer Creek and ST1. While the degree of
HRS hydrologic connectivity along this section of the stream was high (76% during the
period of this study) (Table 4.2), it had a small percentage of riparian to upland area
(1.42%). A similar trend (high HRS hydrologic connectivity, but low riparian area, and
low cumulative stream DOC export) was also observed between MSC and ST5, and
between ST5 and LSF. In contrast, the area between ST1 and MSC had high HRS
hydrologic connectivity (69%) and a high proportion of riparian to upland area (3.79%).
Cumulative stream DOC export from the ST1-MSC sub-catchment was over twice as
high than from the other sub-catchments (Figure 4.8). Our results indicate that the
intersection between large DOC source areas and high HRS hydrologic connectivity may
lead to “hotspots” for stream DOC export in complex mountain watersheds.
The results of our study also demonstrate the integration of highly variable
internal catchment dynamics in watershed outlet observations (Figure 4.10). The
Tenderfoot Creek Watershed is composed of 7 sub-catchments, which varied in
landscape structure (Jencso et al., 2009) and timing and magnitude of both stream
discharge and DOC concentrations (Figure 4.10). Stream discharge was low in both SC
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(Figure 4.10b) and UTC (Figure 4.10f), and almost never rose above 0.3 mm hr-1. At
these catchments, stream DOC concentrations were very high (maximum concentrations
of over 7 mg L-1 were observed). In contrast, peak discharge was approximately twice as
high in Stringer Creek (at both MSC and LSC), and stream DOC concentrations never
exceeded 4 mg L-1 throughout the study period. Further, while DOC concentrations
increased on the rising limb of the stream hydrograph at all catchments, there was
variability in the timing of peak DOC concentrations across the catchments (Figure 4.10).
There were also differences in DOC trends throughout the snowmelt period across the
different catchments. In general, stream DOC concentrations were relatively stable in
BC, MSC, and LSC, while concentrations were much flashier at the other catchments
(Figure 4.10). At the outlet of Tenderfoot Creek (LTC), stream discharge and DOC
dynamics were intermediate between the dynamics observed at the individual subcatchments of Tenderfoot Creek, and reflect the integration of internal source waters with
variability in landscape structure at the catchment outlet (McGlynn and McDonnell, 2003;
Jencso et al., 2009). Our results indicate that measurements at the outlet of a catchment
are often an unknown amalgamation of internal dynamics and may not be suitable for an
unequivocal interpretation without data collection from a range of landscape positions
within a catchment in order to ascertain the cause of stream dynamics observed at larger
scales.
Conclusions
Based upon catchment scale topographic analysis and measurements of stream,
soil, surface, and groundwater DOC dynamics during snowmelt (April 15 – July 15)
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across three transects and 7 watersheds with a range of landscape settings and hydrologic
connectivity, we conclude that:
1. The relative importance of nutrient flushing mechanisms on stream DOC
export was dependent upon landscape position and the degree of hydrologic
connectivity between the stream, riparian, and hillslope zones. 1D flushing
was restricted to areas with a hydrologic connection across the riparian-stream
(RS) interface, while a hydrologic connection across the entire hillsloperiparian-stream (HRS) continuum was requisite for 2D flushing.
2. The relative importance of 1D versus 2D flushing mechanisms changed
throughout space and time during snowmelt. In areas of small UAA and at
times of low wetness status (such as baseflow), 1D flushing was the dominant
DOC mobilization and delivery mechanism to the stream. In contrast, 2D
flushing was restricted to areas of larger UAA and times of increased wetness
status (such as peak snowmelt). The relative importance of 2D flushing
increased after the initiation of snowmelt, with the greatest control likely at
peak snowmelt when the spatial extent of HRS connectivity was highest
throughout the catchment.
3. The intersection of hydrologic connectivity and high DOC source areas drove
stream DOC export. The greatest DOC export occurred at areas with both
high HRS hydrologic connectivity and large DOC source areas.
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This research provides insight into the spatial and temporal controls of nutrient
flushing mechanisms on stream DOC export during snowmelt. We suggest that
landscape analysis may provide a way forward in determining the relative importance of
1D and 2D flushing mechanisms on stream DOC export, and what areas of the landscape
likely provide the largest contributions of DOC to the stream. To continue to improve
our understanding of DOC export at the catchment scale, future research is necessary
across a range of landscape positions and characteristics, especially in complex terrain.
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Table 4.1: Stringer Creek transect characteristics of upslope accumulated area (UAA),
hillslope-riparian-stream connectivity, riparian width, and slope of hillslope. Hydrologic
connectivity across the hillslope-riparian-stream (HRS) continuum was calculated by
dividing the number of days that a hillslope water table was present by the total snowmelt
period (April 15 - July 15).

Transect

UAA
(m2)

HRS Connectivity Riparian Width

Hillslope

(% of snowmelt)

(m)

(°slope)

ST1-E

10165

38

11.8

15.6

ST1-W

1563

0

12.7

12.5

ST5-W

46112

100

16.5

20.8

Table 4.2: Percentage of stream network with hillslope-riparian-stream (HRS) hydrologic
connectivity, ratio of riparian:upland area, and cumulative stream DOC export from April
15 - July 15, 2007 for 4 sections of Stringer Creek: the headwaters to ST1, ST1 to the
Middle Stringer Creek Flume (MSC), MSC to ST5, and ST5 to the Lower Stringer Creek
Flume (LSC).

Stream

% of stream with riparian:upland

Section

HRS connectivity

(%)

cumulative stream
DOC export (kg ha-1)

HW - ST1

76

1.42

7.8

ST1 - MSC

69

3.79

13.3

MSC - ST5

73

1.32

7.3

ST5 - LSC

79

1.30

8.7
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Table 4.3: Ratio of riparian:upland area and cumulative stream DOC export from April
15 to July 15, 2007 for the sub-catchments within the Tenderfoot Creek Watershed.
Sub-catchment

riparian:upland
(%)

cumulative stream
-1
DOC export (kg ha )

Upper Tenderfoot

5.33

12.4

Lower Tenderfoot

3.86

11.4

Middle Stringer

3.09

8.1

Lower Stringer

2.98

8.4

Bubbling

2.46

9.7

Sun

1.73

9.5

Spring Park

6.08

11.9
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A) Baseflow – low DOC
mineral soil
organic soil
mineral soil

water table

B) 1D rise of water table into
shallow organic-rich soil

C) 2D hydrologic connection to
the hillslope
1. high-DOC  preferential flow paths
2. Dilution from low DOC matrix water

1
2
Figure 4.1: Conceptual model of DOC export from the soil to the stream. At times of low
flow (baseflow) (A), groundwater travels through low DOC mineral soil, and stream
DOC concentrations are low. As flow begins to increase (beginning of snowmelt) (B),
the water table rises into shallow organic-rich riparian soil, and inputs of DOC from the
soil to the stream increase, which we refer to as a one-dimensional process (1D flushing).
As flow continues to increase (C), a hydrologic connection develops across the hillsloperiparian-stream continuum and initiates 2D flushing. A large pulse of DOC can occur as
high DOC water from the hillslopes is transmitted downslope along preferential flow
paths. Runoff from the hillslope is then diluted by low DOC matrix water traveling
through mineral soil.
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Figure 4.2: Location of the Tenderfoot Creek Experimental Forest (TCEF), with
delineations of the sub-catchments, and locations of the flumes (at the outlet of each subcatchment) and the Lower Stringer Creek SNOTEL site. Transect locations are denoted
by rectangles, and the 3 utilized for this study within the Stringer Creek Watershed are
shown in black.
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Figure 4.3: a) snow water equivalent (black line) and soil water inputs from snowmelt
(black bars) and precipitation (grey bars); b) ST1-E1 (riparian) 10 cm, surface, and well
DOC concentrations and groundwater height; c) ST1-E2 (riparian) lysimeter (20 cm), 10
cm and well DOC concentrations and groundwater height; d) ST1-E3 (hillslope)
lysimeter (20 cm) and well DOC concentrations and groundwater height; and e) stream
DOC concentrations and discharge from April 15 to July 15, 2007. The percentage of the
study period that hillslope-riparian-stream connectivity existed, and upslope accumulated
area (UAA) at the toeslope measurement location (E2) are listed at the top of the figure.
Stream discharge is from the Lower Stringer Creek Flume.
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Figure 4.4: a) snow water equivalent (black line) and soil water inputs from snowmelt
(black bars) and precipitation (grey bars); b) ST1-W1 (riparian) 10 cm, surface, and well
DOC concentrations and groundwater height; c) ST1-W2 (riparian) lysimeter (L1 = 20
cm; L2 = 50 cm) and well DOC concentrations and groundwater height; d) statement of
no hillslope water table development above the bedrock interface at 100 cm; and e)
stream DOC concentrations and discharge from April 15 to July 15, 2007. The
percentage of the study period that hillslope-riparian-stream connectivity existed, and
upslope accumulated area (UAA) at the toeslope measurement location (W2) are listed at
the top of the figure. Stream discharge is from the Lower Stringer Creek Flume.
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Figure 4.5: a) snow water equivalent (black line) and soil water inputs from snowmelt
(black bars) and precipitation (grey bars); b) ST5-W1 (riparian) surface and well DOC
concentrations and groundwater height; c) ST5-W2 (riparian) well DOC concentrations
and groundwater height; d) ST5-W3 (riparian) surface and well DOC concentrations and
groundwater height; e) ST5-W4 (hillslope) well DOC concentration and groundwater
height; and h) stream DOC concentrations and discharge from April 15 to July 15, 2007.
Note the difference in scale for DOC at (c) and (d). The percentage of the study period
that hillslope-riparian-stream connectivity existed, and upslope accumulated area (UAA)
at the toeslope measurement location (W3) are listed at the top of the figure. Stream
discharge is from the Lower Stringer Creek Flume.
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Figure 4.6: a) snow water equivalent (black line) and soil water inputs from snowmelt
(black bars) and precipitation (grey bars); b) discharge and DOC concentrations at ST1
on Stringer Creek; c) snow water equivalent and snowmelt; and d) stage height and DOC
concentrations at Upper Tenderfoot Creek (Onion Park) from April 15 to July 15, 2007.
Discharge could not be calculated at Onion Park as no flume was installed.
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Figure 4.7: Conceptual model of 1D and 2D flushing mechanisms. Part (a) is adapted
from Jencso et al. (2009), which shows data for the entire 2007 water year. Part (b)
focuses on the snowmelt period, denoted by the grey box in Part (a). For 1D flushing to
occur, a hydrologic connection is necessary between the riparian zone and the stream
(RS). In contrast, a hydrologic connection across the entire hillslope-riparian-stream
(HRS) continuum is requisite for 2D flushing. At baseflow and/or areas of high UAA,
only a small portion of the stream network has HRS hydrologic connectivity, and 1D
flushing is the dominant DOC mobilization and delivery mechanism to the stream.
However, the relative importance of 2D flushing increases at areas of high UAA and
during times of high wetness status (such as snowmelt or precipitation events). The
greatest influence of 2D flushing on stream DOC export occurs at peak snowmelt when
HRS hydrologic connectivity is highest.
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Figure 4.8: a-d) upstream to downstream Stringer Creek DOC concentrations at a)
Transect 1; b) Middle Stringer Creek Flume (MSC); c) Transect 5; and d) Lower Stringer
Creek Flume (LSC) from April 15 to July 15, 2007. e-h) cumulative DOC export from
each sub-catchment. The percentage of riparian to upland area within each subcatchment is also shown.
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Figure 4.9: Cumulative DOC export between April 15 and July 15, 2007 at each of the
sub-catchments in the Tenderfoot Creek Watershed (including the 4 catchments within
the Stringer Creek Watershed - see Figure 8) as a function of riparian:upland ratio.
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Figure 4.10: Comparison of discharge and DOC concentrations at the catchment outlet of
a) Spring Park Creek; b) Upper Tenderfoot Creek; c) Sun Creek; d) Bubbling Creek; e)
Lower Tenderfoot Creek; f) Lower Stringer Creek, and g) Middle Stringer Creek from
April 15 to July 15, 2007. Riparian:upland extent and cumulative stream DOC export is
given for each sub-catchment.
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CHAPTER 5

SUMMARY

In this dissertation, I synthesized the controls of hydrology and landscape
structure on two dominant avenues of carbon loss from high elevation mountain
ecosystems: soil respiration and stream DOC export. Specifically, my research examined
the biophysical controls and impact of changes in hydrologic regimes on soil respiration,
and the control of landscape structure on stream DOC export across a range of spatial and
temporal scales.
In Chapter 2, “Soil respiration across riparian-hillslope transitions: Biophysical
controls and the role of landscape position,” I found that riparian and hillslope soil CO2
efflux was not significantly different at short timescales, likely due to differential
combinations of soil CO2 production and transport. My results indicated that riparian
zone soils had high CO2 concentrations and low diffusivity in response to high SWC,
while the opposite was true in the hillslopes. This resulted in similar CO2 efflux across
wet and dry landscape positions at short timescales. However, cumulative growing
season CO2 efflux was significantly higher from wet riparian landscape positions. I also
determined that landscape position and attributes (e.g. slope, upslope accumulated area,
and vegetation cover) could be related to soil respiration dynamics and led to organized
heterogeneity in cumulative surface CO2 efflux. These results may provide a way
forward in reducing uncertainly in models of soil respiration across complex terrain and

146
highlight the need for further research of soil respiration across a wide range of
biophysical gradients and landscape positions.
Chapter 3, “Differential soil respiration responses to changing hydrologic
regimes,” built upon the knowledge gained in Chapter 2 by examining how changes in
the timing and magnitude of snowmelt and precipitation affected soil respiration across
wet and dry landscape positions. I found that cumulative growing season efflux peaked
earlier during a drier growing season at both wet and dry landscape positions, but that the
greatest changes occurred at wet areas of the landscape. These results suggest that
predicted changes in soil respiration in response to higher temperatures may be
constrained by concurrent changes in precipitation, which can strongly impact ecosystem
carbon source/sink status.
In Chapter 4, “Variable flushing mechanisms and landscape structure control
stream DOC export during snowmelt in a set of nested catchments,” I examined stream
DOC export during snowmelt. Similar to soil respiration, I found that landscape structure
strongly impacted stream DOC export due to its influence on hydrologic connectivity
between the stream and riparian and hillslope zones and the importance of the relative
amount of high DOC sources areas on cumulative stream DOC export. The greatest
DOC export occurred at landscape positions with high hillslope-riparian-stream
hydrologic connectivity and large riparian sources of DOC. These results suggest that
landscape analysis may provide a way forward for determining which areas of the
landscape are large contributors of DOC to the stream.
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This dissertation focused on the intersection between hydrology, landscape
structure, and carbon export, and to my knowledge, is the first study that examined
carbon export via both soil surface CO2 efflux and stream DOC in complex terrain. Each
chapter elucidated the influence of hydrology and landscape structure on one of these
specific avenues of carbon export. However, not until these chapters are integrated does
it become apparent that hydrology and landscape structure influenced more than one
carbon export mechanism, and that common themes existed. For example, I found that
landscape position and attributes influenced the biophysical controls of soil respiration
and resulted in higher CO2 export from the soil to the atmosphere at wet riparian
landscape positions. I then demonstrated that these wet riparian positions were also large
sources of DOC to the stream, and that the relative amount of riparian area within a
catchment and the degree of hillslope-riparian-stream hydrologic connectivity influenced
catchment DOC export. In both studies, there existed a common theme of increased
carbon export with increased upslope accumulated area. Further, I demonstrated that soil
respiration response to changes in hydrologic regimes, such as snowmelt and
precipitation timing and magnitude, differed across wet and dry landscape positions, with
the greatest changes at wet landscape positions. Based upon the common theme of
higher carbon export via both soil respiration and stream DOC at wet versus dry
landscape positions, I suggest that the greatest changes in DOC export may also occur at
wet landscape positions and from catchments with a large extent of riparian area. Thus,
integration of the chapters presented in this dissertation demonstrates that hydrology and
landscape structure influenced both soil respiration and stream DOC export, which are
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two dominant avenues of ecosystem carbon export. With knowledge of these results, I
propose that hydrology and landscape structure may also impact additional avenues of
carbon loss, such as that from stream dissolved inorganic carbon (DIC) export or aboveground plant respiration. Collectively, these dissertation chapters suggest that studies of
ecosystem carbon export need to account for both hydrology and landscape structure,
particularly in areas of complex terrain, and highlights that landscape analysis may allow
for increased confidence in estimations of ecosystem carbon export and balances.
Based upon the knowledge gained from my dissertation, I offer the following
recommendations for future research:
1. Studies of soil respiration in complex terrain must be conducted across a wide
range of biophysical variables (including soil water content, soil temperature,
substrate, and soil physical properties) and from a variety of landscape
positions in order to elucidate the primary controls of soil respiration
heterogeneity through space and time.
2. Changes in hydrologic regimes, such as snowmelt and precipitation timing
and magnitude, must be considered when examining interannual variability in
carbon export processes. This needs to be a major focus of future carbon
cycle research due to predictions of large changes in hydrologic regimes,
particularly in high elevation mountain ecosystems, which can strongly impact
ecosystem carbon source/sink status.
3. Studies of ecosystem carbon export should not be restricted to only one export
process, and need to address whether the controls of one carbon export
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mechanism is applicable to multiple avenues of carbon export. This may
provide a way forward in simplifying the estimation of ecosystem carbon
export and balances.
This dissertation addresses gaps in our current understanding of the interactions of
the carbon and water cycle: the control of hydrology and landscape structure on carbon
export from complex mountain catchments. Each chapter builds upon the knowledge
gained in the previous chapter, and collectively highlight the need for an interdisciplinary
approach to studies of carbon export. I suggest these disciplines should include, but not
be limited to, hydrology, biogeochemistry, and ecology, the integration of which will
broaden our knowledge on the controls of carbon export from complex mountain
watersheds.

