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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. Hdwewer, t
exists limited understanding of the controls of carbon export from complex mountain
catchments due to strong spatial and temporal hydrologic variability, ayed lar
heterogeneity in landscape structure. The research presented in drisiiss
investigates the control of hydrology and landscape structure and position omjiovo m
avenues of carbon loss from mountain watersheds: soil respiration and stredvedliss
organic carbon (DOC) export. Measurements of soil respiration and its biophysical
controls (soil water content, soil temperature, vegetation, soil organic mattesgia
physical properties) and stream and groundwater DOC dynamicseaenfed across
three years and multiple riparian-hillslope transitions within a complexsnba
catchment in the northern Rocky Mountains, Montana. Variability in soil respiratien w
related to hydrologic dynamics through space and time and was stnothgiynced by
topography and landscape structure. Cumulative soilgiftix was significantly higher
from wet riparian landscape positions compared to drier hillslope locations. Changes i
hydrologic regimes (e.g. snowmelt and precipitation timing and magnilste)
impacted soil respiration. From a wet to a dry growing season, there angrasting
and disproportionate changes in cumulative growing season surfaeffl® at wet
and dry landscape positions. Stream DOC export was also influenced by landscape
structure and hydrologic variability. The mobilization and delivery mesh@nhof 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 ahapkill
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 Ilgave lar
implications for the carbon source/sink status of high elevation mountain ecosythe
influence of changing hydrologic regimes on soil respiration, and the usedstépe
analysis to determine the locations of large source areas for carboh expor



CHAPTER 1

INTRODUCTION

The carbon cycle is at the forefront of environmental science research tae to t
large rise in atmospheric carbon over past decades, which can strongly im st
climate. It has long been understood that the carbon and water cyclesiasealy
intertwined Gchlesinger1997;Chapin et al, 2002), however their interdependence
through space and time remains poorly understood. Soil respiration and streavedlissol
organic carbon (DOC) export are two major avenues of ecosystem carbon loss and a
important components of the global carbon cyBlai¢h and Schlesinget992;Laudon
et al, 2004;Johnson et a) 2006;Lee et al, 2006;Jonsson et al 2007). Investigation of
the spatiotemporal variability of soil respiration and stream DOC exgupuires
examination of the interactions between the carbon and water cycle duantp st
relationships between carbon export and hydrologic variables, such as soitomést
(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 exahaine
the ecosystem or global scat@gchel et al 1993;Hope et al, 1994;Aitkenhead and
McDowell 2000;Lee et al, 2006;Heimann and Reichstei@008), and can therefore
overlook the controls on carbon export at smaller plot level or catchment scaides St
of soil respiration that do occur at smaller scales are often conductedtivetgl

homogeneous terraiPérkin et al, 2005;Tang and Baldocch2005;Baldocchi et al,
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2006), or are limited to subtle biophysical gradieKi=ng et al, 2006;0hashi and
Gyokusen2007;Xu and Wan2008), and are therefore limited in their ability to account
for the influence of landscape structure and associated strong biophysitahtga
Similarly, stream DOC export studigddrnberger et al 1994;Boyer et al, 1997, 2000)
often ignore the influence of landscape structure on the spatial and tempetailitsaof
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 elevaaias g
than 750 m$chimel et aJ 2002).

CO, 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) avaydlbtaich and
Schlesinger1992;Davidson et al 1998, 2000Schuur and Trumbor&006;Scott-

Denten 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 Black1970;McGlynn and Seiber2003;Pacific et al, 2008), which

generally occur in areas of high upslope accumulated area (UAA — a measare of t
amount of land draining to a particular locatiodgricso et aJ 2009). Soil temperature is
often dependent upon aspect and elevation, and higher soil temperatures are generally
found on south-facing slopes in the northern hemisplaeg et al, 2006). Wet areas

of the landscape often have a larger accumulation of SOM because frequietitosat

can retard microbial decompositidBahlesinger1997;Sjogersten et gl2006). Given

the large variability in these topographically influenced drivers ¢faespiration,
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landscape position needs to be accounted for in studies o&XpOrt from the soil to the
atmosphere.

Similar to soil respiration, the influence of landscape structure on Wwatkrs
hydrology can exert a strong influence on stream DOC export from mountztimestts.
Past studies have often focused on DOC dynamics from riparian and wedasdHape
et al, 1994;Creed et al 2003, 2008Bishop et al 2004;Agren et al, 2007, 2008),
which generally have high organic matter content and are therefore rich DQE€ sour
areas ldornberger et al 1994;Boyer et al, 1997;Hood et al, 1996), as compared to
upslope positions with lower DOC mineral s@bofer et al, 1997). However, the
importance of upland DOC source areas on stream DOC export has recently been
documentedNicGlynn and McDonnell2003;Hood et al, 2006). The transport of DOC
from these source areas to the stream requires a hydrologic connectioenbitisve
uplands and the riparian zone and strelitGlynn and McDonnel2003), which is
strongly influenced by the structure and organization of the landsdapesf et a
2009). However, our understanding of hydrologic and landscape structure controls on the
spatial and temporal variability of DOC mobilization and delivery mechanisimsthe
soil to the stream is limited and necessitates further attention. Higitietes mountain
watersheds present an ideal location to examine the control of landscapgesanadt
hydrology on carbon export due to great spatial and temporal variability iolbgutr

dynamics, strong biophysical gradients, and topographic complexity.
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Site Description

The study site was the U.S. Forest Service Tenderfoot Creek Experiferst
(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 Riviauytary
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 sub-
catchment (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 Meuhta
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 inxcomple
terrain.

Mean annual temperature is 0°C, and mean daily temperatures range from -8.4°C
in December to 12.8°C in Juli#drnes et al 1995). Mean annual precipitation is 880
mm, with ~70% falling as snow from November through Megr(es 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 — 2,25@ m
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 ave2&8gaam

per year.
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TCEF geology is characterized by granite gneiss, shales, quartz poremny
quartzite Farnes et al 1995). The major soil group is mixed Aquic Cryoboralfs in the
riparian zonesHoldorf, 1981), where the groundwater tables are generally at or near the
soil surface and soil depths range from 1-2.0em¢so et a) 2009). In the hillslopes,
Loamy skeletal, mixed Typic Cryochrepts are the predominant soil gklgdrf,
1981), and soil depths range from 0.5-1Jancso et a) 2009). Farnes et al (1995) and
Mincemoyer and Birdsal2006) characterized the vegetation in the TCEF. The riparian
zones are generally composed of Bluejoint reedgf@asiunagrostis canadengjsedges
(Carex spp), rushesJuncaceae spp and Willows §alix spp). Lodgepole pineRinus
contortg is the dominant overstory vegetation, and Grouse whortleBéaocinium

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 respiratiogt at

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 catchirhent
dissertation examines the dynamic interactions between carbon exportafndsc
structure, and hydrology across a range of spatial and temporal swhkee#s to
elucidate their fundamental linkages.

Chapter 2, “Soil respiration across riparian-hillslope transitions: Bgigdly
controls and the role of landscape position,” examines the control of landscapgeestruct
and soil respiration driving variables on soil surface €fflux. Specifically, it
investigates the control of soil water content, soil temperature, and smiliorgatter on
soil respiration across a range of riparian-hillslope transitions wik @ifferences in
UAA, slope, aspect, and vegetation cover. This chapter highlights the need for
consideration of landscape position and attributes in soil respiration studies adi@provi
insight into the controls of the spatial variability of soil respiration acroasge of
riparian and hillslope zones.

Chapter 3, “Differential soil respiration responses to changing fogicol
regimes,” assesses the impact that changes in the timing and magnitude oéls@mam
precipitation can have on soil respiration across wet and dry landscape podgitions.
expands upon the information presented in Chapter 2 by examining the response of
riparian and hillslope soil respiration across contrasting wet and dryrgg@easons.

The results presented in Chapter 3 demonstrate that changes in hydrajogeés rean
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lead to opposing and disproportionate soil respiration responses at wet and drypkndsca
positions.

Chapter 4, “Variable flushing mechanisms and landscape structure ctetal s
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 sagtifi
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-streatmaum, and the
distribution and size of DOC source areas, which varied strongly acrosstisedpe.

The greatest DOC export occurred from areas with both high hydrologic conyeatigit
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 recommendatitutsre
studies of carbon export from topographically complex catchments.

This dissertation addresses the spatial and temporal variability oédsailation
and stream DOC export, which are at the forefront of carbon cycle resddrelesults
of each chapter demonstrate an underlying principle: landscape struturgdzaologic
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 tihe Béilt
Mountains of the Lewis and Clark National Forest, Montana. The sub-catchneents ar
delineated, and the upper Stringer Creek Watershed is highlighted, whan#iecasiy
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 fromPacific, V.J., B.L. McGlynn, D.A. Riveros-Iregui, D.L.
Welsch, and H.E. Epstein (in review) Soil respiration across riparian-
hillslope 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, hpwever
most investigations have been limited to small spatial extent or have takernnpdeieas
of limited topographic and biophysical complexity. We investigated groveagos
(June-August) soil respiration across eight riparian-hillslope transitiche subalpine
upper-Stringer Creek Watershed in Montana (~380 ha). The eight transitiooriscat
differed in slope, upslope accumulated area (UAA), aspect, and vegetation covgr durin
the 2005 growing season. Riparian-hillslope transitions are ideal for inviesfitee
controls on soil C@dynamics due to strong, natural biophysical gradients in soil water
content (SWC), temperature, and organic matter, which largely drive goratesn. We
analyzed daily-to-weekly measurements of SWC, soil temperature, spil CO
concentrations, surface G@fflux, and soil and vegetation C and N content (collected
once) at 32 locations across eight transects. Instantaneous soil surfeeffxQvas
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% greatiraeffl
adjacent hillslopes, and that cumulative efflux decreased downstream conaiftrent
decreasing UAA and vegetation cover, and increasing slopes. This study provides
fundamental insight into controls on soil €€¥flux across strong biophysical gradients,
offers implications for up-scaling point scale measurements of soitagepi and

highlights the need for consideration of landscape position in soil respiratthasst

Introduction

Soil respiration constitutes the largest terrestrial flux of @Qhe atmosphere,
contributing over an order of magnitude more,@@an anthropogenic sourcédajch et
al., 2002). While past research has examined the spatial variability of saihtiespi
most studies have been limited to small spatial exkard et al, 1998;Rayment and
Jarvis 2000;Scott-Denton et gl 2003), have not been conducted in areas of complex
terrain Parkin et al, 2005;Tang and Baldocch2005;Baldocchi et al 2006), or have
been limited to only one or two hillslopes and subtle biophysical gradieag) (et al,
2006;0hashi and Gyokusef007;Xu and Wan2008). We define complex terrain as
having a broad range of slopes (e.g. 5 to 45% in our study), aspects, landscapéselem
(e.g. riparian and hillslope zones), topographic convergence and divergence, and
landcover (e.g. forests and meadows). Seventy percent of the westerrrhb 6 soak
potentially occurs at elevations greater than 75&ahifnel et a] 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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C0O; in soil air is the sum of autotrophic (root) and heterotrophic (microbial)
respiration. Soil temperature and soil water content (S\R&ich and Schlesinger
1992;Fang and Moncrieff1999;Tang and BaldocchR005), as well as the availability
of soil organic matter (SOMBchuur and Trumbor006;Scott-Denton et g3/2006),
are considered to be the primary controls on soi @@duction. Traditionally, it is
accepted that increases in both soil temperakard and Moncrieff2001;Yuste et aj
2007;Xu and Wan2008) and SWCavidson et al 1998, 2000L.iu and Li 2005;

Risch and Frank2007) promote higher soil G@roduction. However, soil respiration
rates can quickly decrease when soils become veryHagipell and Chantonl993;
Davidson et al 1998;Guledge and Schime2000) or very dryQonant et al 1998;
Welsch and Hornberge2004;Riveros-Iregui et al 2007, 2008a).

The efflux of CQ from the soil to the atmosphere is the balance between sgil CO
production and soil gas diffusivity (i.e. transport through the soil column). An increase in
SWC often leads to higher soil GProduction Davidson et al 1998, 2000), but
simultaneously reduces soil gas transpigitlington, 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 combinationbeof t
variables) across landscapes where SWC-mediategp@Auction and transport are
spatially variableRacific et al, 2008). For exampl®acific et al (2008) found that
despite concentration gradients that were nearly an order of magnitude highetan ripa
versus hillslope zones, efflux was similar across short timesddieSarthy and Brown

(2006) andsotta et al (2006) also found similar efflux across upland and lowland
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positions, even though SWC was significantly different. These results indiitaxe e
equifinality at short timescales can result from different combinationsodtiption and
transport controlling variables.

Significant differences in the drivers of soil respiration can exiatfasction of
landscape position. For example, higher SWC is often observed in convérgené (
and Black 1970;Anderson and Burtl978;McGlynn and Seiber2003), depressional
(Parkin et al, 2005), lower slope positionSdtta et al 2006;Xu and Wan2008;Pacific
et al, 2008), and locations with high upslope accumulated area (UAA, a measure of the
area of land draining to a particular locatiadgr{cso et al 2009). This variability in
SWC can in turn affect other soil respiration driving variables, such as the abeedanc
SOM (Ostendorf 1996;Sjogersten et gl2006) and magnitude of soil gas diffusivity
(Millington, 1959;Schwendenmann et a2004;Moldrup et al, 2001;Sotta et al 2007).
Aspect can be a strong control on soil temperature, with higher soil tempgrature
generally found on south-facing slopes in the northern hemispkang €t al, 2006).
Spatial variability in vegetation can also influence soil respiration due toatitfes in
root respiration and the quantity and quality of detriRai¢h and Tufekciog/i2000).
These biophysical gradients across landscape positions can lead to strahg spati
heterogeneity in soil respiration.

Riparian and hillslope zones are two dominant landscape elements in headwater
watersheds and generally have distinct SWC and groundwater table regadesg to
differences in soil and vegetation characteristitifi (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 channeb¢ibert and McGlynr2005), and is often characterized by
hydromorphic soilsRhillips et al, 2001;Cosanday et al 2003;Mourier et al, 2008),
high SOM McGlynn and McDonnelR003;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 a) in press). Riparian-hillslope transitions are useful for
investigating the role of landscape position and biophysical variables oasgoiration
due to strong gradients of SWC, soil temperature, soil gas diffusivity, and SOM.
We present measurements of growing season (June-August) surfactl @O
soil CG, concentrations, SWC, soil temperature, and soil and vegetation C and N content
at thirty-two positions along eight riparian-hillslope transitions in a congléslpine
watershed in the northern Rocky Mountains to address the following questions:
1) How does the variability of surface G@fflux 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 TenGezfdo
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 Mountgims the
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Lewis and Clark National Forest of central Montana (Figure 2.1), and is tdréstc of
subalpine watersheds in the northern Rocky Mountains (wide range of slope, agpect, a
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 fr
-8.4°C in December to 12.8°C in Julyafnes 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 pineRinus contortaiis the dominant overstory vegetatidratnes et
al., 1995); subalpine firAbies lasiocarpg Douglas fir Pseudotsuga menzigsii
Englemann sprucd(cea engelmannjij and whitebark pineRinus albicauli$ are also
present. Trees are present on the hillslopes along each transect ane ey gen
found in the riparian areas. Grouse whortlebévigc€inium scopariupns the dominant
understory species in the uplands, while riparian vegetation is mainly composed of
bluejoint reedgrassC@alamagrostis canaden$i@vincemoyer and BirdsglR006). In
general, west-aspect hillslopes often have a denser canopy cover anublateek. The
geology is characterized by granite gneiss, shales, quartz parphyrguartziteRarnes
et al, 1995), and the most extensive soil types are Loamy skeletal, mixed Typic

Cryochrepts, and clayey, mixed Aquic CryoboraHsldorf, 1981).
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Landscape Characterization

Eight transects (approximately 50 m long) were installed within the upper-
Stringer Creek Watershed (Figure 2.1). Each transect originatednae$tdreek, 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 eastivgest pa
(odd = west, even = east along 4 stream reaches along Stringer Creek. T1 amd T2 w
the northern-most (upstream) transects, and T7 and T8 the southern-most (downstream
transects. The riparian-hillslope transition was defined by a break in kigher and
more sustained groundwater tables in the riparian zones (often leading atesiatur
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 aatl miner
soils in the hillslopes)Jeibert and McGlynr2007;Jencso et a) 2009) and vegetation
(predominantly bluejoint reedgrass in the riparian zones and grouse whortiekéey
hillslopes) Mincemoyer and BirdsglR006). Four instrumentation nests were installed
along each transect, two each in the riparian and hillslope zones. The nedébalece
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 collecti@m lakgp to
groundwater table dynamics (T3-2 as riparian, and T2-3, T5-3, and T7-3 as hijllslope

(Seibert and McGlynr2007).

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 landdaa@@ng
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to a particular location, calculated from the instrument nest closest to @@ stinecach
transect; e.g. T1-4, T2-4) and slope (average slope along the fall line fromhbsthay
lowest hillslope location; e.g. T1-1 to T1-2) along each tranSszbért and McGlynn
2007). Riparian zone width was calculated from a GPS survey (Trimble GPS 5700
receiver) Jencso et a) 2009), and vegetation cover was visually estimated in a88ea
surrounding each measurement nest. The topographic wetness index (TWI), which can
be interpreted as a relative wetness index, indicated landscape positiorswetnes
propensity with the following equatioBéven and Kirkly1979):

TWI = In@/tan) (1)
wherea is the upslope contributing area (area of land draining to a particular location,
defined as the measurement location closest to String Creek on each transacf) iand t

the local slope

Environmental Measurements

Along each transect, environmental measurements were collected éveay$-
from June 9 — August 31, 2005. Both volumetric SWC*(ga®/cnt 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 -20°C to 120¢C) wer
manually collected within a 1 Tmeasurement area at each nest location. SWC was
measured three times due to potential spatial variability of SWC, and measisarase

averaged for data analysis.
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The Hydrosense portable SWC meter was calibrated using a time domain
reflectometry (TDR) system developed followiRgbinson et al(2003). The TDR
sensor was tested in the laboratory by comparing TDR and gravimetric sraasts
over a wide range of SWC. Approximately 300 SWC measurements were colhected i
the field with both instruments. Measurements were comparable in the minera upla
soil (* = 0.99), but overestimated by the Hydrosense in the organic riparian soil. The
following equation was therefore used to adjust Hydrosense SWC measurentieats
organic riparian soil:
SWC = (0.7704*Hydrosense measurement) + 0.8774

(r* = 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 replicate
were collected along T1 and T2 from lodgepole pine (roots, needles, and twigs),
vaccinium (roots, stems, leaves) and grass (roots and above-ground vegetatiadhgfr
hillslopes, and broad leaf plants and grass (roots and above-ground vegetation) from the
riparian zones. The samples were dried, sieved (60-mesh, 250 um 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 abflectethe
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 nest
(i.e. 4, 3, 2) along each transect. Groundwater levels were recorded everyBingi

capacitance rods (+/- 1 mm resolution, Trutrack, New Zealand).

Soil CO, Concentrations

Following the methods described Agdrews and Schlesingé001) andNelsch
and Hornbergei(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 extehded a
the ground surface. To ensure that no gas escaped while measurements wemng not bei
collected, the tubing was joined with plastic connectors (6-8 mm HDPE FigimerBr
tubing connectors, Fisher Scientific, USA).

Soil air CQ concentrations were measured by attaching the two sections of gas

well tubing to a portable infrared gas analyzer (IRGA) (model EGM-3, atto 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 G@robe, accurate to within 1% of calibrated
range [0 to 50,000 ppm]; Vaisala, Finland), as performedanjfic et al (2008). Two
IRGAs were available in case one needed to be recalibrated, and measuvaments
routinely compared in the field to ensure validity. The air from the gasnasl|
circulated through the IRGA and returned to the gas well, creating a cbmgedrid
minimizing pressure changes during sampling. Both instruments were ko8& min
warm-up time (per the manufacturer’'s recommendations), and after whieimezl on
for the duration of measurements. The,@€@ncentration measurement required 2-5
minutes (recirculation time) before stabilized values were recordedrcRaton time
did not affect soil C@concentrations in our experimental design or similar designs
(Andrews and Schlesinge2000;Welsch and HornbergeP004;Pacific et al, 2008).
Soil CQ, concentration measurements were internally corrected for air temmgeaad
pressure with the EGM-3 and compensated for air temperature and pressueeIhiR
221 following recommendations by the manufacturer and described in detaihgyet

al. (2003).

Surface CQ Efflux

A 0.5 nf surface CQefflux 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 colldetetkodts

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 3142 accurate to within
1% of calibrated range [0 to 9.99 g £@2 hr'] in conjunction with an IRGA (EGM-4,
accurate to within 1% of calibrated range [0 to 2,000 ppm]; PP Systems, Mastachuse
USA) was used to measure surface,@@lux (three measurements per nest location,
averaged for data analysis). The chamber was flushed with ambient air fdrebb s t
inserted 3 cm into the soil before each measurement began. We estimated weimulati
efflux from June 9 to August 31, 2005, by linearly interpolating between measurements
collected every 2-7 daysRiveros-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 upp@rcm of the
soil profile (which provided an estimatedfin the following equation) using Fick’'s Law
and measured values of surface,@Blux, 20 cm soil C@concentrations, and an
assumed atmosphere €€dncentrations of 400 ppm:

Flux = -D oc 3)
0z

whereD is the diffusivity (nf s%), C is the CQ concentration (ppm), argis the depth

(m).
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Statistical Analyses

Analysis of variance (ANOVA) statistica £ 0.05) were used to test for
differences between the drivers of soil respiration both within transgrasgn versus
hillslope) and between transects (riparian versus riparian, and hillslope véidapd)ji
For analysis of riparian versus hillslope soil C and N content and respecti@Noil
ratios, n = 8, as samples were collected once at each nest location owersieeot 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. ANOVAsisalas also
employed to test for differences in soil £&ncentrations, soil temperature, SWC, soil
gas diffusivity, and surface G@fflux within transects (riparian versus hillslope) and
between transects (riparian versus riparian, and hillslope versus hillslopehes®r t
variables, separate analyses were performed each month due to the temponadigih
our research site. For within-transect analyses, n was higher on T1-Tihgriogn 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 tempudilor®s 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 surfaceffl were collected at
each nest location on all sampling days and averaged for data analysis. th® test
validity of the ANOVA approach and test for autocorrelation problems, we perdorme
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 ni on T7 to 14,783 fon T4, with the lowest values on downstream transects.
The slope of the hillslopes generally increased moving downstream, with a miimum
13.6% on T2 and maximum of 42.5% on T8. Riparian zone width ranged from 12.7 m
on T1lto 4.7 mon 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 ripaneén
hillslope landscape positions within each transect (Table 2.2, Figure 2.2). Significa
differences between riparian zones across transects were not found, svhdé aumber
of differences were observed between hillslopes across transects (Tablgl2e82FR2).
Riparian and hillslope soil N content were generally not significantly diffewehin
each transect (Table 2.2), and few significant differences were found heataegects
(Table 2.2, Figure 2.2).

However, there were differences in riparian versus hillslope soil C:N aitiois
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 trérisgere
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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 differencefowede
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 groundwateese

Vegetation C:N Ratios

Vegetation C:N ratios were highest in hillslope vegetation, with the highksts
in lodgepole pine roots and twigs, and lowest valuesatiniumleaves (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 gcnespectively, versus 0.911 and 0.076 ¢cm
in the hillslopes. Riparian zone soil root density was also higher than in the hd|slope
with an average and standard deviation of 11.5 and 2.5 g rdatokig respectively, in

the riparian zones, and 9.6 and 4.2 g ro6t &gjl in the hillslopes.

Soil Temperature

Soil temperature (12 cm) was not significantly different between ripand
hillslope zones within each transect (with the exception of localized differemc€3,
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 trariBabts 2.5).
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Colder soil temperatures were found during June and July on transects withagpeest
(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 signifi¢eeredces

in soil temperature between transects decreased from June to Auguse(able

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; Figdr&s3.and
2.7). There were also significant differences when comparing both riparian latapail
zones across transects (Table 2.6), with higher SWC generally measurede&snupst
transects (i.e. T1-T4 versus T5-T8). A general downstream decreaseCinvasVv

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 withinmlnes
transects during both June and July (Table 2.4, Figures 2.4 and 2.7). Riparian zone soll
gas diffusivity varied significantly between most transects, while fé@rdnces were

found between hillslopes (Table 2.7).

Soil CO, Concentrations

There were significant differences between riparian and hillslope sgil CO
concentrations within each transect (Table 2.4). Higher concentrations waseratkat
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 @0Oncentrations across transects
in both riparian and hillslope zones (Table 2.8, Figure 2.4). At 20 cm, sgil CO
concentrations in the riparian zone along T8 were always lower than othectsgmgth
a few exceptions in August), and higher concentrations were often observed on T1. |
the hillslopes, there were significant differences in 20 cm sojl €@@centrations
between many transects in June, with fewer observed during July and Augus2(8able
Many 50 cm riparian zone soil GQas wells remained saturated by groundwater over
the course of this study, and soil £€&ncentrations could not be measured at these
locations (denoted by flat lines in Figure 2.4D). Fifty cm soib €@hcentrations could
therefore not be compared between many transects (indicated by dashed latde in T
2.9). In general, there was a downstream decrease in spdddCentrations in the
riparian and hillslope zones at both 20 and 50 cm (Figure 2.4). The downstream decrease
of soil CG, concentration magnitude and variability was much more pronounced in the

riparian zones, particularly at 20 cm.

Surface CQ Efflux

In general monthly averaged soil surface,@@ux was not significantly
different between riparian and hillslope zones within each transect based up&MAANO
analysis (Table 2.4). With the exception of T1, similar ranges and median vahges we
observed in riparian and hillslope zones within each transect when grouping albdata f

June through August (Figure 2.4). For example, differences in median effluednet
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riparian and hillslope zones within each transect were generally less thgauC @ m?,
and similar minimum and maximum values were observed (Figure 2.4). However,
significantly higher riparian zone efflux (p << 0.01) (25% higher in the ripanar<)
becomes apparent when examining median growing season cumulative efiesaltr
transects (1135 versus 819 g Q@7 in the riparian and hillslope zones, respectively;
Figure 2.8). The range of riparian cumulative efflux was 649 to 1918,qrCQwith a
standard deviation of 354 g G&™. In contrast, hillslope cumulative efflux ranged from
432 to 1246 g COmM?, with a standard deviation of 222 g £@? (note that T1-2 was
excluded due to local site disturbance leading to unusually high efflux of 1774
g CO, m?) (Figure 2.9). When comparing riparian and hillslope cumulative efflux within
each transect, higher values were found at riparian nest locations on ndaalysaitts,
except for T1 and T3 (Figure 2.9) where values were similar or more variable.

Significant differences in efflux between transects were observedhmipatian
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 toskecrea
with distance from channel head (but was not significantly different betwe@rams
[T1-T4] and downstream [T5-T8] transects, p = 0.11), ranging from 1160,grG®n
T1/T2 (200 m from channel head) to 810 g, G on T7/T8 (1400 m from channel

head) (Figure 2.10).
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There was not a consistent relationship between surfagefltx and growing
season soil temperature or SWC across all transects (Figure 2.5). \Atistecatly
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 Byéiues.
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 relationshipsebeca
weaker (dashed regression line in Figure 5), and in the case of hillslopeveffbus
SWC, insignificant (Figure 2.5C). When examining the data by individual tnse
there were often significant relationships between surfacee@l0x and soil
temperature, particularly in the riparian zones (Figure 2.6). However, thenshaps
were weak (lowFvalues), and one relationship could not be applied across all transects.
Few significant relationships were found between efflux and SWC in both thiamipa

and hillslope zones across each transect (Figure 2.7).
Discussion

How Does the Variability of Surface G@&fflux Differ
within and between Eight Riparian-Hillslope Transitions?

Within TransectsIn general, monthly surface G@fflux was not significantly

different between riparian and hillslope zones according to ANOVA andliaide 2.4).
This was likely a result of strong temporal heterogeneity in instantantoxsae

monthly timescales, as well as tradeoffs between the relative control©fd®Woil CQ
production and transport (at shorter timescales) across the landscape. niue e3&/C

was significantly different between riparian and hillslope zones (Table Zhith wan
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lead to variations in soil C{production Davidson et al 2000;Schwendenmann et al
2003;Sjogersten et al2006) and soil gas transpaMiflington, 1959;Washington et a|
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 sailp@gduction
(Davidson et al 2000;Schwendenmann et 22003;Sjogersten et 312006). However,
increased riparian SWC also led to decreased soil gas trandgngfon, 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 dedreas
soil CG, production relative to the riparian zones, but higher soil gas transport. We
suggest this tradeoff between the relative control of SWC on segip€@@uction and
transport resulted in equifinality in surface £&flux at monthly timescales (see
conceptual model iRacific et al, 2008). Because soil temperature was not significantly
different between riparian and hillslope positions (Table 2.4, Figure 2igl)ikely that
soil temperature had little control on the spatial variability of soil resmira This is
consistent with previous investigatio&rfol et al, 1995;Xu and Qj 2001;Scott-Denton

et al, 2003).

Cumulative Growing Season Effld&/hile riparian and hillslope instantaneous
surface CQefflux was in general not significantly different within each transect a
monthly timescales (Table 4), higher riparian zone efflux (p << 0.01) becppasent
when integrating to cumulative growing season (June-August) efflux €~y8).

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 ripaoiaa 0il CQ
production in response to higher SWC. Our results show surface efflux can exhibit
equifinality at short timescales across a wide range of SWC. However, teongaof
cumulative efflux demonstrate large differences existed between wetyalathdiscape
positions, and highlights the importance of cumulative analysis in studies of soil
respiration across strong SWC gradients. Our results also indicate that ST®)
efflux was impacted by differences in riparian and hillslope SOsténdorf 1996;Ju
and Chen2005;Sjogersten et 3/2006). 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 a] 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 litteRéich and Tufekciog)i?000;Smith and Johns@r2004;
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 whortleberag¢iniun and lodgepole
pine, which have much higher C:N ratios. With the exceptiamotiniumleaves,
hillslope plant material (roots, twigs, needles, and stems) had C:N rabws 3@:1 (and

up to 172:1 in lodgepole pine twigs) (Table 2.3, Figure 2.3). This variation in plant
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material C:N ratios, as well as higher allocation of photosynthate below growgnddsy
in the riparian zonesaich and Tufekciog|i2000), likely led to increased microbial
respiration in the riparian zones within each trand®aich and Nadelhoffed989;Raich
and Tufekcioglu2000). We suggest that differences in riparian and hillslope cumulative
growing season efflux were the result of higher riparian zone soip@@uction in
response to significantly higher SWC, as well as differences in vegetdthese
differences illustrate that large variability in efflux can exisbasithe landscape when
measurements are integrated over longer time periods (e.g. gronwsog seaipporting
the analysis of cumulative efflux as a useful tool in multi-site, landscabe-sc

comparisons of soil respiratioR&cific et al, 2008;Riveros-Iregui et aJ.2008a).

Between TransectSimilar to comparisons of riparian and hillslope surface CO

efflux within each transect, instantaneous efflux was in general not sigtljicifferent
between transects at monthly timescales according to ANOVA analysisever,
differences in surface G@fflux between transects become apparent when integrating to
cumulative growing season (June-August) efflux (Figure 2.8). For examplalativa
growing season efflux decreased downstream from 1190,grC®n T1/T2 to 850

g CO, m? 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 sppré@uction
(Davidson et al 2000;Schwendenmann et 22003;Sjogersten et al2006), as reflected

by the downstream decrease in soil;@0Oncentrations (Figure 2.4). In contrast, soil gas
diffusivity increased downstream, but only in the riparian zones (Table 2.7, Rig)re

We infer that significant differences in only riparian zone soil gas diiftysivere 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 significantlytiegilagas
transport Killington, 1959;Washington et al 1994;Moldrup et al, 2000, 2001). This
relationship between soil gas transport and SWC is supportesket al (2002), who
observed differences in soil gas diffusivity of up to a factor 8fatBoss a similar range
of riparian SWC. Further, a wider range of cumulative riparian surfagesffilGx was
observed (Figure 2.4 versus Figure 2.8), where riparian cumulative effluxdriioge
649 to 1918 g COM™, versus hillslope efflux of 432 to 1246 g €@ (note that T1-2
was excluded from calculation due to unusually high cumulative efflux of 1774
g CO, m?, see upcoming discussion). We infer the wide range of riparian cumulative
efflux was also due to the wide range of riparian SWC. Our results agairghtghk
importance of examining cumulative efflux in studies of soil respiration heteztge
across the landscape.

Similar to variability of soil respiration within transects, it is likétat inter-
transect heterogeneity in surface flux was partially in response to differences in
vegetation cover. In general, transects with more dense vegetation (udsaresents)
had low soil C:N ratios, which are an indicator of the availability of SOM forahial
decompositionRierzynski et a] 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) wasretas
T7, where vegetation cover was only 40% (Table 2.1). As previous research has

suggested a positive correlation between litter production and soil respiRéich énd
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Nadelhoffey 1989;Raich and Tufekciog|i2000), lower efflux was expected on
downstream transects where vegetation cover was lowest, and root respkalyon li
lower. Our results support this premise, as cumulative growing season sudface C
efflux decreased with distance from the channel head (Figure 9), rangmg fmedian
of 1190 g C@m? on T1/T2 (average vegetation cover of 70%, Table 2.1) to 850
g CO, m? on T7/T8 (average vegetation cover of 35%, Table 2.1). This research
suggests that variations in groundcover (vegetated versus barren ground)dray lea
differences in efflux across the landscape due to litterfall and respieatd 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 surfae#l@O
and growing season soil temperature or SWC do not exist in the upper-Stringer Creek
Watershed and suggest caution for application of relationships across conrgiex ter
While there were significant relationships between efflux and soil tetoper@r SWC
across some transects (Figures 2.6 and 2.7), the relationships were verypweak (I
values), and one relationship could not be applied to all riparian and hillslope zones
within and between transects. This lack of consistent relationships betwegragtf
soil temperature or SWC was likely due to the complication of confounding indersct
between soil temperature, SWC, and soil physical properties and substraktecavhic
vary both spatially and temporallpévidson et al 1998;Xu and Qj 2001;Khomiket
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
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(Figure 2.5) can impact efflux and SWC or soil temperature relationships. d&mpkx
groundwater saturation inhibited soil respiration at some riparian zone locatigns (
T1-4) early in the growing season ($&aific 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 #tdad 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 relationsduips be
weaker, and in the case of surface,@@ux versus SWC, insignificant. Our results
demonstrate the need to collect measurements across a wide range of land#t@pe pos
and to exercise caution when applying soil temperature-SWC-efflux relafsria

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) (EquatioBéyen and Kirklhy1979), which
suggests that the wettest landscape positions will occur in areas with)fdgeand
gentle slopes (which therefore have high TWI valuBshgll 1998). This relationship
was applicable in the upper-Stringer Creek Watershed, as significantly Bighe was
observed on upstream transects (Figure 2.10) where UAA was greatest aadhs&ope
most gentle (Table 2.1). For example, T3, which has the largest UAA (142304 aff

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 amd 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 ggreas
SWC generally promote higher rates of soil respirati2ewv{dson et al 1998, 2000L.iu
and Li, 2005;Risch and Frank2007). Cumulative growing season efflux was 1300
g CO, m? on T3, while only 926 g COm 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 CL{efflux in the landscape context.

In contrast to slope and UAA, aspect (east versus west) generally did not impac
growing season soil respiration within or between riparian and hillslope zones in the
upper-Stringer Creek Watershed (Figure 2.4). While there were somécsignif
differences in soil temperature between transects (Table 2.5), theseedeauty in the
growing season and were likely the result of differences in snowpack permsiatenell
as the influence of the high specific heat of water in saturated 8aafiq et al, 2008).

As all landscape positions became snow-free and SWC declined in manesiadneais,
variability in soil temperature between east and west aspects becamdigasig(ilable
2.6) and suggests that aspect had little impact on the spatial variability gfspaihtion.
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 radiatveeenenorth

and south aspects compared to west versus east in our studgisgms-Iregui(2008b)
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found higher soil temperature on NE versus NW aspects in the same watershed as thi
study. HoweverRiveros-lregui(2008b) collected measurements over much larger
spatial extents (e.g. transects of hundreds of meters in length versus ~50 m inyur stud
and it is possible that the smaller spatial extent of our study did not fully capture t
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 iappkeas
with differences in hydrology, vegetation, etc. For exantj#son et al(1993)
measured increased upland efflux in an oak forest in Tennessee, which conthasts wi
measurements in the TCEF. As differences in valley and upland SWC weratsthall
study site oHanson et al(1993) (relative to the TCEF), this may be the result of
differences in soil root density, as a strong correlation exists betaeedansity and
soil respiration $hibistova et aJ 2002). Soil root density was higher in the riparian
zones in the TCEF, but higher in the uplands at the study ditarson et al(1993).

Sotta et al (2006) found little difference in G&fflux between plateau, valley, and upper
and lower slope positions in Brazil. Our results corroborate their findings &t shor
timescales, however we found high spatial variability in cumulative groseagon

efflux in the TCEF. This difference in the spatial variability of efflsikely due to

differences in SWC (~15-30% at the study sit&ofta et al (2006), compared to

10-85% in the TCEF), as the spatial coherence of SWC patterns often breaks down in dry
areas \Vestern et a) 1999;Western and Grayso2000). Due to the contrasting results

between our study and thoseHdnson et al(1993) andSotta et al (2006), we suggest
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that care must be taken when extrapolating observations to areas with diference
hydrology, landscape attributes, etc., and highlights the need for further iatiessgof

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 (etgrsiad or
ecosystem scales), it is necessary to collect measurements oderrange of landscape
positions and across the full range of biophysical gradients, particularly inchreas
complex terrain. As such data collection is often unfeasible, studies of landseépe
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-StringeelCWatershed.
Cumulative efflux was generally higher and had a wider range in the riparian kmmgs a
each transect (Figure 2.9). This reflects the wide range of riparian zon€3/86%,
Figure 2.4), as well as more narrow (optimal) soil and vegetation C:N (Bigse 2.3).

In contrast, the hillslopes had a smaller range of efflux in concert withleesnaage of
SWC (10-40%, Figure 2.4) as well as much higher soil and vegetation C:N ratuoe (Fig
2.3). Our results also demonstrate the importance of using cumulative analysises st
of soil respiration across strong SWC gradients. At short timescales esefflag can
exhibit equifinality across landscape positions despite strong differen888@)

suggesting SWC had little control on the spatial variability of soil regmiratithin the
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TCEF. However, at longer timescales, cumulative efflux analysis ie8iGWC likely
controls the variability of surface G@fflux across the landscape. Significantly higher
efflux occurred at wetter landscape positions within the TCEF.

Soil CG, concentrations also differed across riparian and hillslope zones.
Riparian soil CQ 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). Thiswas i
contrast to the hillslopes, where the range of soif @idcentrations 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 Uigheand
gentler slopes (Table 2.1). In contrast, the lowest cumulative efflux wasunee 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@trstale
measurements. This concept is widely used in hydrologic modeling, in which lpadsca
position similarity is often related to hydrologic behavior similafitieGlynn et al,
2004;Beighley et al 2005;Seibert and McGIlynr2005). 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 lpadsca

The use of landscape analysis and similarity concepts implies homogeneity
among similar landscape positions, however additional heterogeneity must ioei@zhs
(Seibert and McGlynr2005). For example, while cumulative growing season efflux was
generally lower in the hillslopes along each transect (median values of 819 and 1135

g CO, m*?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 ®Q Figure 2.9). This high
efflux was likely in response to a fallen tree and subsequent increase fialllittdrich
can stimulate solil respiration due to large organic matter contributions tolthe soi
However, while such local heterogeneities and exceptions can exist in addition to
landscape position-induced biophysical variable differences, we suggdanttecape
structure leads to organized heterogeneity at the TCEF. Therefore, landscggie anal
can provide a way forward in up-scaling soil respiration measurements andle usef
when modeling soil respiration to reduce potentially large uncertainty in scaling

measurements to landscape and regional sdaiesrs-Ireguj 2008b).
Conclusions

Measurements of growing season (June-August) SWC, soil temperatua@gdso
vegetation C and N content, soil €&ncentrations, and surface £€¥flux across eight
topographically distinct riparian-hillslope transitions within the uppengen Creek
Watershed suggested that:

1) Instantaneous soil surface g€fflux 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 G@roduction 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 G@fflux 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 heterggenei

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. Differentialot®of
topographically variable respiration drivers such as SWC, SOM avditahitd soil gas
diffusivity can lead to organized heterogeneity in cumulative surfacee@Ox as a
function of landscape position. Our results highlight the need for further invesigat
the spatial variability of soil respiration in complex terrain acrossge of biophysical
gradients and landscape positions in order to elucidate the primary controls ratticspi

heterogeneity across the landscape.

Acknowledgements

We gratefully acknowledge field assistance from Kelsey JencsocaBec
McNamara, Kelley Conde, and Austin Allen. We would like to thank the Tenderfoot
Creek Experimental Forest and the USDA, Forest Service, Rocky Mountaiarétese

Station, especially Ward McCaughey, for logistical support and resete@ctsess.



44
This work was funded by the NSF Integrated Carbon Cycle Research Pré@QR) (
NSF Grant EAR0404130, EAR0403924, and EAR0403906) and fellowships awarded to
VJ Pacific from the Big Sky Institute NSF GK-12 program, Inland North®esearch

Alliance (INRA), and the Montana Water Center Student Research Grantrogra



45

References

Anderson, M. G. and T. P. Burt (1978) Role of topography in controlling throughflow
generationEarth Surface Processes and Landfor@)s331-344.

Andrews, J. A. and W. H. Schlesinger (2001) Soib@Mamics, acidification, and
chemical weathering in a temperate forest with experimentale@chment,
Global Biogeochemical Cycle$5, 149-162.

Baldocchi, D., J. Tang, and L. Xu (2006) How switches and lags in biophysical regulators
affect spatial-temporal variation of soil respiration in an oak-grassisaya
Journal of Geophysical Researcill, G02008, doi: 10.1029/2005JG000063.

Beighley, R. E., T. Dunne, and J. M. Melack (2005) Understanding and modeling basin
hydrology: interpreting the hydrogeological signattigdrological Processes
19, 1333-1353.

Beven, K. J., and M. J. Kirkby (1979) A physically-based variable contributing area
model of basin hydrologylydrological Sciences Bulletir24, 43-69.

Bonell, M. (1998) Selected challenges in runoff generation research in foresthiérom
hillslope to headwater drainage basic scabernal of the American Water
Resources Associatip84, 765-785.

Conant, R. T., J. M. Klopatek, R. C. Malin, and C. C. Klopatek (1998) Carbon pools and
fluxes along an environmental gradient in northern Ariz&mageochemistry43,
43-61.

Cosanday, A. C., V. Maitre, and C. Guenat (2003) Temporal denitrification patterns in
different horizons of two riparian soil&uropean Journal of Soil Sciencst, 25-
38.

Davidson, E. A., E. Belk, and R. D. Boone (1998) Soil water content and temperature as
independent or confounded factors controlling soil respiration in a temperate
mixed hardwood foresGlobal Change Biologw, 217-227.

Davidson, E. A., L. V. Verchot, J. H. Cattanio, I. L. Ackerman, and J. E. M. Carvalho
(2000) Effects of soil water content on soil respiration in forests and cattle
pastures of eastern AmazorBaggeochemistry48, 53-69.

Dunne, T., and R. D. Black (1970) Partial area contributions to storm runoff in a small
New England watershe@lyater Resources Reseayéh 1296-1311.



46

Fang, C., and J. B. Moncrieff (1999) A model for soil s@oduction and transport 1:
Model developmentgricultural and Forest Meteorolog5s, 225-236.

Fang, C., and J. B. Moncrieff (2001) The dependence of sgik@ldx on temperature,
Soil Biology and Biochemistr33, 155-165.

Fang, C., J. B. Moncrieff, H. L. Gholz, and K. L. Clark (1998) Soib@fflux and its
spatial variation in a Florida slash pine plantat@iant and Soil 205, 135-146.

Farnes, P.E., R. C. Shearer, W. W. McCaughey, and K. J. Hanson (1995) Comparisons of
Hydrology, Geology and Physical Characteristics between Tenderfeek Cr
Experimental Forest (East Side) Montana, and Coram Experimental Forest (We
Side) Montana. Final Report RJVA-INT-92734. USDA Forest Service,
Intermountain Research Station, Forestry Sciences Laboratory, Bozeman,
Montana, 19 pp.

Gulledge, J., and J. P. Schimel (2000) Controls on soil carbon dioxide and methane
fluxes in a variety of taiga forest stands in interior Alafi@systems3, 269-
282.

Gurwick, N. P., P. M. Groffman, J. B. Yauvitt, A. J. Gold, G. Blazejewski, and M. Stolt
(2008) Microbially available carbon in buried riparian soils in a glaciated
landscapeS$oil Biology and Biochemistr¢0, 85-96.

Hanson, P. J., S. D. Wullschleger, S. A. Bohiman, and D. E. Todd (1993) Seasonal and
topographic patterns of forest floor g€fflux from an upland oak foreskree
Physiology 13, 1-15.

Happell, J. D., and J. P. Chanton (1993) Carbon remineralization in a north Florida
swamp forest: effects of water level on the pathways and rates of s@ilorga
matter decompositiorzlobal Biogeochemical Cyclgg, 475-490.

Hill, A. R. (1996) Nitrate removal in stream riparian zorksrnal of Environmental
Quality, 25, 743-755.

Hill, A. R., and M. Cardaci (2004) Denitrification and organic carbon availahility i
riparian wetland soils and subsurface sedimé&ug,Science Society of America
Journal 68, 320-325.

Hill, A. R., P. G. F. Vidon, and J. Langat (2004) Denitrification potential in relation to
lithology in five headwater riparian zondsurnal of Environmental Qualifyd3,
911-9109.



a7

Holdorf, H. D. (1981) Soil Resource Inventory, Lewis and Clark National Forest —
Interim In-Service Report. On file with the Lewis and Clark National $tpre
Forest Supervisor’'s Office, Great Falls, MT.

Jencso, K. J., B. L. McGlynn, M. N. Gooseff, S. M. Wondzell, and K. E. Bencala (2009)
Hydrologic connectivity between landscapes and streams: transfezacly and
plot scale understanding to the catchment stdéter Resources Research
10.1029/2008WR007225

Ju,W., and J. M. Chen (2005) Distribution of soil carbon stocks in Canada’s forests and
wetlands simulated based on drainage class, topography and remotely sensed
vegetation parameterndydrological Processed9, 77-94.

Kang, S., D. Lee, J. Lee, and S. Running (2006) Topographic and climatic controls on
soil environments and net primary production in a rugged temperate hardwood
forest in KoreaEcological Resource1, 64-74.

Kellman, L., H. Beltrami, and D. Risk (2007) Changes in seasonal soil respivath
pasture conversion to forest in Atlantic Candiageochemistry82, 101-109,
doi: 10.1007/s10533-006-9056-0.

Khomik, M., M. A. Arain, and J. H. McCaughey (2006) Temporal and spatial variability
in soil respirationAgricultural and Forest Meteorology 40, 244-256.

Liu, H. S., and F. M. Li (2005) Root respiration, photosynthesis and grain yield of two
spring wheat in response to soil dryifant Growth Regulationst6, 233-240.

McCarthy, D. R., and K. J. Brown (2006) Soil respiration responses to topography,
canopy cover, and prescribed burning in an oak-hickory forest in southeastern
Ohio, Forest Ecology and Manageme@87, 94-102.

McGlynn, B. L., and J. J. McDonnell (2003) Role of discrete landscape elements i
controlling catchment dissolved organic carbon dynariiger Resources
Research39, doi:10.1029/2002WR001525.

McGlynn, B. L., and J. Seibert (2003) Distributed assessment of contributingretea
riparian buffering along stream networkBater Resources Researd9,
doi:10.1029/2002WR001521.

McGlynn, B. L., J. J. McDonnell, J. Seibert, and C. Kendall (2004) Scale effects on
headwater catchment runoff timing, flow sources, and groundwater-streamflow
relations,Water Resources Reseayd®, doi:10.1029/2003WR002494



48

Merot, P., B. Ezzahar, C. Walter, and P. Aurousseau (1995) Mapping waterlogging of
soils using digital terrain modeldydrological Processe®, 27-34.

Millington, R. J. (1959) Gas diffusion in porous medajence 130, 100-102.

Mincemoyer, S. A., and J. L. Birdsall (2006) Vascular flora of the Tenderf@eakCr
Experimental Forest, Little Belt Mountains, Montakadronqg 53, 211-222.

Moldrup, P., T. Olsen, P. Schjgnning, T. Yamaguchi, and D. E. Rolston (2000) Predicting
the gas diffusion coefficient in undisturbed soil from soil water charactsristic
Soil Science Society of America Jourré, 94-100.

Moldrup, P., T. Olsen, T. Komatsu, P. Schjgnning, and D. E. Rolston (2001) Tortuosity,
diffusivity, and permeability in the soil liquid and gaseous ph&asScience
Society of America Journa5, 613-623.

Mourier, B., C. Walter, and P. Merot (2008) Soil distribution in valleys according to
stream orderCatena 72, 395-404.

Ohashi, M., and K. Gyokusen (2007) Temporal change in spatial variability of soll
respiration on a slope of Japanese ce@eypgtomeria japonicd. Don) forest,
Soil Biology and Biochemistrg9, 1130-1138.

Ostendorf, B. (1996) Modeling the influence of hydrological processes onl spatia
temporal patterns in GGoil efflux from an arctic tundra catchmeAtctic and
Alpine Research28, 318-327.

Pacific, V. J., B. L. McGlynn, D. A. Riveros-Iregui, D. L. Welsch, and H. E. Epstein
(2008) Variability in soil respiration across riparian-hillslope transitions
Biogeochemistrydoi: 10.1007/s10533-008-9258-8.

Parkin, T. B., T. C. Kasper, Z. Senwo, J. H. Prueger, and J. L. Hatfield (2005)
Relationship of soil respiration to crop and landscape in the Walnut Creek
WatershedJournal of Meteorology6, 812-824.

Phillips, D. H., J. E. Fossa, C. A. Stilesa, C. C. Trettinb, and R. J. Luxmoore (2001) Soil-
landscape relationships at the lower reaches of a watershed at Bdan€ae
Oak Ridge, Tennesse@atena 44, 205-222.

Pierzynski, G.M., J. T. Sims, and G. F. Vance (eds.) (2@l and Environmental
Quality. CRC Press: New York, N.Y. 480 pp.

Pinol, J., J. M. Alcaniz, and R. Roda (1995) Carbon dioxide efflux and pCsdils of
threeQuercus ilexnontane forest®iogeochemistry30, 191-215.



49

Raich, J. W., and A. Tufekcioglu (2000) Vegetation and soil respiration: correlations and
controls,Biogeochemistry48, 71-90.

Raich, J. W., and K. J. Nadelhoffer (1989) Belowground carbon allocation in forest
ecosystems: Global trendsgology 70, 1346-1354.

Raich, J. W., and W. H. Schlesinger (1992) The global carbon dioxide flux in soil
respiration and its relationship to vegetation and clinlagtys 44B, 81-99.

Raich, J.W., C. S. Potter, and D. Bhagawati (2002) Interannual variabigtglal solil
respiration, 1980-945lobal Change Biology8, 800-812.

Raymment, M. B., and P. G. Jarvis (2000) Temporal and spatial variation of soil CO
efflux in a Canadian boreal foreSiil Biology and Biochemistrg2, 35-45.

Risch, A. C., and D. A. Frank (2007) Effects on increased soil water availability on
grassland ecosystem carbon dioxide fluBdsgeochemistry86, 91-103.

Risk, D., L. Kellman, and H. Beltrami (2002) Soil ¢@roduction and surface flux at
four climate observatories in eastern Can&labal Biogeochemical Cycle$6,
69-1 — 69-11, doi:10.1029/2001GB001831.

Riveros-Iregui, D. A., B. L. McGlynn, H. E. Epstein, and D. L. Welsch (2008a)
Interpretation and evaluation of combined measurement techniques for soil CO
efflux: discrete surface chambers and continuous saild@@centration probes,
Journal of Geophysical Research — Biogeosciembais10.1029/2008JG000811

Riveros-Iregui, D. A. (2008b) Hydrologic-Carbon Cycle Linkages in a Subalpine
Catchment. PhD Dissertation. 220 pp. Montana State University-Bozeman.

Riveros-lregui, D. A., R. E. Emanuel, D. J. Muth, B. L. McGlynn, H. E. Epstein, D. L.
Welsch, V. J. Pacific, and J. M. Wraith (2007) Diurnal hysteresis between soil
temperature and soil G@s controlled by soil water conterf@eophysical
Research Lettergloi: 10.1029/2007GL030938.

Robinson, D. A., S. B. Jones, J. M. Wraith, D. Or, and S. P. Friedman (2003) A review of
advances in dielectric and electrical conductivity measurements inusmitp
time domain reflectometryadose Zone Journa®, 444-475.

Schimel, D., T. G. F. Kittel, S. Running, R. Monson, A. Turnipseed, and D. Anderson
(2002) Carbon sequestration studied in western U.S. mouriass,
TransactionsAGU, 83, 445-456.



50

Schuur, E. A. G., and S. E. Trumbore (2006) Partitioning sources of soil respiration in
boreal black spruce forest using radiocarl®iopal Change Biologyl2, 165-
176.

Schwendenmann, L., E. Veldkamp, T. Brenes, J. J. O’'Brien, and J. Mackensen (2003)
Spatial and temporal variation in soil €€fflux in an old-growth neotropical rain
forest, La Selva, Costa Ridailogeochemistry64, 111-128.

Scott-Denton, L. E., K. L. Sparks, R. K. Monson (2003) Spatial and temporal controls of
soil respiration rate in a high-elevation, subalpine fof&si, Biology and
Biochemistry 35, 525-534.

Scott-Denton, L. E., T. N. Rosenstiel, and R. K. Monson (2006) Differential controls by
climate and substrate over the heterotrophic and rhizospheric components of soil
respirationGlobal Change Biologyl2, 205-216.

Seibert, J., and B. L. McGlynn (2005) Landscape element contributions to storm runoft.
Encyclopedia of Hydrological Sciencé¥iley.

Seibert, J., and B. L. McGlynn (2007) A new triangular multiple flow-direction dhguri
for computing upslope areas from gridded digital elevation modédser
Resources Research3, W04501, doi:10.1029/2006WR005128.

Shibistova, O., J. Lloyd, S. Evgrafova, N. Savushkina, G. Zrazhevskaya, A. Arneth, A.
Knohl, and O. Kolle (2002) Seasonal and spatial variability in soj &flux
rates for a central Siberidinus sylvestrigorest, Tellus 54B, 552-567.

Sjogersten, S., R. van der Wal, and S. J. Woodin (2006) Small-scale hydrological
variation determines landscape £idxes in the high ArcticBiogeochemistry
80, 205-216.

Smith, D. L., and L. Johnson (2004) Vegetation-mediated changes in microclimate
reduce soil respiration as woodlands expand into grassiBoolegy 85, 3348-
3361.

Sotta, E. D., E. Veldkamp, B. R. Guinaraes, R. K. Paixao, M. L. P. Ruivo, and S. S.
Almeida (2006) Landscape and climatic controls on spatial and temporal variation
in soil CG efflux in an Eastern Amazonian Rainforest, Caxiuana, Biaarest
Ecology and Managemerz37, 57-64.



51

Sotta, E. D., E. Veldkamp, L. Schwendenmann, B. R. Guimaraes, R. K. Paixao, M. P.
Ruivo, A. C. DaCosta, and P. Meirs (2007) Effects of an induced drought on soil
carbon dioxide (Cg) efflux and soil CQ production in an Eastern Amazonian
rainforest, BrazilGlobal Change Biologyl3, 1-12, doi: 10.1111/].1365-
2486.2007.01416.x

Tang, J., and D. D. Baldocchi (2005) Spatial-temporal variation in soil respinatéon i
oak-grass savanna ecosystem in California and its partitioning into autotrophic
and heterotrophic componenBpgeochemistry73, 183-207.

Tang, J., D. D. Baldocchi, Y. Qi, and L. Xu (2003) Assessing sojl €flux using
continuous measurements of £@ofiles in soils with small solid-state sensors,
Agricultural and Forest Meteorology 18, 207— 220.

Washington, J. W., A. W. Rose, E. J. Ciolkosz, and R. R. Dobos (1994) Gaseous
diffusion and permeability in four soil profiles in central Pennsylvebid,
Science 157, 65-76.

Welsch, D. L., and G. M. Hornberger (2004) Spatial and temporal simulation of soil CO
concentrations in a small forested catchment in VirgBiageochemistry71,
415-436.

Western, A. W., and R. B. Grayson (2000). Soil moisture and runoff processes at
Tarrawarra.Spatial Patterns in Catchment Hydrology: Observations and
Modelling Cambridge University Press

Western, A. W., R. B. Grayson, G Bloschl, G. R. Willgoose, and T. A. McMahon (1999)
Observed spatial organization of soil moisture and its relation to terrainsndice
Water Resources Reseay@, 797-810.

Xu, M., and Y. Qi (2001) Soil-surface G@fflux and its spatial and temporal variations
in a young ponderosa pine plantation in northern Califo@liahal Change
Biology, 7, 667-677.

Xu, W., and S. Wan (2008) Water- and plant-mediated response of soil respiration to
topography, fire, and nitrogen fertilization in semiarid grassland in northern
China,Soil Biology and Biochemistr40, 679-687.

Yuste, J. C., D. D. Baldocchi, A. Gershenson, A. Goldstein, L. Mission, and S. Wong
(2007) Microbial soil respiration and its dependency on carbon inputs, soll
temperature and moistur@|obal Change Biologyl3, 1-18, doi: 10.1111/j.1365-
2486.2007.01415.x



52

Table 2.1: Landscape characterization of upslope accumulated area (yaAHxTZONe
width, predominate slope of hillslope, approximate vegetative groundcover (visually
estimated in 3 farea surrounding each measurement nest), and topographic wetness
index (TWI). UAA and slope were calculated using 3 m digital elevation m{@eilsert
and McGlynn 2007).

Transectf UAA Riparian Hillslop&egetatio TWI
Width slope Cover
m? m % %
1 2249 127 18.1 80 9.4
2 1804 11.8 13.6 60 9.5
3 14304 21.0 14.6 a0 11.5
4 14783 8.3 30.0 60 10.8
5 14304 11.7 24.0 20 11.0
6 1023 6.5 21.4 80 8.5
7 1373 4.7 41.7 40 8.0
8 1755 9.9 42.5 30 8.3

Table 2.2: Analysis of variance statistios{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 a®aly Riparian and
hillslope average and standard deviation across all transects are provided.

Transect | C-20 C-50 N-20 N-50 C:N-20 C:N-50
0.49 0.91 0.31 0.86 0.05 0.33
0.24 0.34 0.54 0.57 0.45 0.69
0.48 0.27 0.40 0.13 0.02 0.01
0.68 0.04 0.40 0.02 0.03 <<0.01
0.25 0.22 0.02 0.07 0.14 0.25
0.93 0.50 0.20 0.21 0.12 0.15
0.14 0.58 0.36 0.49 0.37 0.49
0.67 0.75 0.84 0.97 0.32 0.42

O ~NO O WDN P

RIP: avd 2.34 1.77 0.17 0.12 14.1 15.4
st dey 1.33 0.89 0.09 0.06 2.8 3.0
HILL: avg 2.74 1.34 0.11 0.06 26.1 27.7
st dey 1.8 0.69 0.86 0.04 9.7 11.9
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Table 2.3: Analysis of variance statistios{ 0.05) for transect-versus-transect
comparisons A) soil carbon content; B) soil nitrogen content; and C) respsmti@N
ratios at 20 and 50 cm in both riparian and hillslope zones. Shaded boxes indicate
significant differences. A dashed line indicates that statistical eisayuld 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.

Riparian (20 cm)

X

X

A) Carbon Content

O ~NO D WNE
pas

X

Riparian (50 cm) Hillslope (20 cm) lislope (50 cm)

1[ X 1 A 1

2l X 2 2

3 X 3 X 3 X

4 X 4 X 4 X

5 X 5 X s X

6] X 6 X ¢ X

7 X 7 7

8 ¥ g FER: P
12345678 12345678 12345678

1234561738

B) Nitrogen Content

Riparian (20 cm) Riparian (50 cm) Hillslope (20 cm) lislope (50 cm)

1[ ] 1 4 1 e

2 X 2 X 2 X 2 X

3 X 3 X 3 3 X

4 X 4 X 4 X 4 -1 X

5 X 5 X q X s X

6 X 6 X 6 X [

7 X 7] X| 7l X ¥ X

8 x| 8 x| g N 4 X
12345678 12345678 12345678 12345678

C) C:N Ratio

Riparian (20 cm) Riparian (50 cm) Hillslope (20 cm)  lislope (50 cm)

1[ ¥ 1[ 1A UIE

2 X 2 X 2 2

3 X 3 X 3 X 3 X

4 X 4 X 4 X 4 X

5 X 5 X 5 X 5 X

6 X 6) X q X ¢ X

7 X 7 X 7 1

8 x| 8 X g FER: -] P
12345678 12345678 12345678 12345678
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Table 2.4: Analysis of variance statistios{ 0.05) for riparian versus hillslope soil €O
concentrations (20 and 50 cm), soil temperature, soil water content, surfaeffl@Q
and soil gas diffusivity during A) June; B) July; and C) August, 2005. Bold numbers
indicate statistically significant differences.

A) JUNE

Transect n CO,-20 CO-50 Temp SWC Efflux Diff

1 52 << 001 <<0.01 0.16 <<001 <<001 <<0.01
52 << 001 <<0.01 0.21 <<0.01 0.24 <<0.01
52 <<0.01 <<001 <<001 <<0.01 0.67 0.43
52 <<001l <<001 <<001 <<001 0.12 <<0.01
44 << 0.01 0.41 0.86 <<0.01 0.82 <<0.01
44 <<0.01 <<0.01 0.48 <<0.01 0.74 <<0.01
24 << 0.01 <<0.01 0.98 <<0.01 0.21 0.09
24 <<001l <<001 <<001 <<00 0.50 <<0.01

O~NO O~ WNDN

B) JULY

Transect n CO,-20 CO-50 Temp SWC Efflux Diff

1 80 <<0.01 <<0.01 0.57 <<0.01 0.14 <<0.01
80 <<0.01 <<0.01 0.41 <<001 <<0.01 0.04
80 <<0.01 <<0.01 0.07 <<0.01 0.30 <<0.01
80 << 0.01 0.12 <<0.01 <<0.01 0.13 <<0.01
36 << 0.01 0.04 0.75 <<0.01 0.33 <<0.01
36 <<0.01 <<0.01 094 <<001 <<0.01 0.04
28 <<0.01 <<0.01 0.66 <<0.01 <<0.01 0.12
28 <<0.01 <<001 <<001 <<0.01 0.09 <<0.01

O~NO O~ WNDN

C) AUGUST

Transect n CO-20 CO-50 Temp SwWC Efflux Diff

1 56 <<0.01 <<0.01 0.70 <<001 <<0.01 <<0.01
56 << 001 <<0.01 0.62 <<001 <<0.01 <<001
56 << 001 <<0.01 0.97 <<001 <<0.01 <<001
56 << 0.01 0.01 0.18 <<0.01 0.52 <<0.01
24 <<0.01 <<0.01 0.94 <<0.01 0.09 <<0.01
24 <<0.01 <<0.01 0.70 <<001 <<001 <<0.01
24 <<0.01 <<0.01 0.64 <<001 <<0.01 0.11
24 <<0.01 <<0.01 0.22 <<001 <<0.01 0.67

oO~NO O WN
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Table 2.5: Analysis of variance statistias{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

X X]

X X

O ~NO D WNE
x

O ~NO D WN B
x

X A
12345678 12345678

B) July
Riparian Hillslope

X X

X X]

O ~NO s WNBE
x

O ~NO D WN =
x

X A
12345678 12345678

C) August
Riparian Hillslope

X X]

X X

O ~NO D WNE
x

O ~NO D WN B
x

X A
12345678 12345678
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Table 2.6: Analysis of variance statistias{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

X X

X X

O ~N O UL WNBE
x

O ~N OO U WN
x

X X
12345678 12345678

B) July
Riparian Hillslope

X X]

X X

D ~N O UL WN B
X

O ~N OO UL WN
x

A A
12345678 12345678

C) August
Riparian Hillslope

X X]

X X

D ~N O UL WN B
x
O~ O WN
x

A A
12345678 12345678
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Table 2.7: Analysis of variance statistios{ 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 Z4 for T
versus T8 in June to 80 for T1 versus T2 in July.

Soil Gas Diffusivity

A) June
Riparian Hillslope

X X

X X

O N O O D WN B
x

x
O N O 01D W N
x

X x
12345678 12345678

B) July
Riparian Hillslope

X X

X X

O N O O D WN B
x

O N O O D WN
x

x| A
123456738 1234561738

C) August
Riparian Hillslope

X X

X X

0O ~NO UL WNBE
x

0O N O U D WN
x

X q

123456738 1234561738
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Table 2.8: Analysis of variance statistias{0.05) for transect-versus-transect
comparisons of riparian and hillslope soil £&ncentrations (20 cm) during A) June; B)
July; and C) August, 2005. Shaded boxes indicate significant differences. n ramged fr
24 for T7 versus T8 in June to 80 for T1 versus T2 in July.

Soil CO, Concentrations - 20 cm

A) June
Riparian Hillslope

X X

X X]

O N O D WN B
x

O N O 01D W N
x

X x
12345678 12345678

B) July
Riparian Hillslope

X X

X X

0O ~NO UL WNBE
x

0O N O U1 b WN
x

X q

123456738 1234561738

C) August
Riparian Hillslope

X X

X X

O ~NO 0D WN B
x

O N O 01D W N =
x

X A
12345678 12345678
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Table 2.9: Analysis of variance statistias{0.05) for transect-versus-transect
comparisons of riparian and hillslope soil £&ncentrations (50 cm) during A) June; B)
July; and C) August, 2005. Shaded boxes indicate significant differences. n ramged fr
24 for T7 versus T8 in June to 80 for T1 versus T2 in July.

Soil CO, Concentrations - 50 cm

A) June
Riparian Hillslope

X X

X
-l X
ENEEEE q
123456 7 8 1234567 8

X|

O ~NO U WNBE
X

O ~N O 01D WN B
x

B) July
Riparian Hillslope

X X

X
-1 X
- T o
123456 7 8 1234567 8

X

O ~NO D WN B
v v
il i

DO ~N O UTD WN B

C) August
Riparian Hillslope

X X

X

X
1 ]
123456738 123456738

X

O ~NO D WNBE
X

O ~NO D WN B
x
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Table 2.10: Analysis of variance statistias{0.05) for transect-versus-transect
comparisons of riparian and hillslope soil surface, €fflux 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 CQ Efflux

A) June
Riparian Hillslope

X X]

X X

O ~NO D WNE
x

O ~NO D WN B
x

| A
12345678 12345678

B) July
Riparian Hillslope

X X

X X

0 ~NO UL WNE
x

O ~NOO D WN B
x

| A
12345678 12345678

C) August
Riparian Hillslope

X X

X X

0 ~NOO OB WNE
x

O ~NOO O WN B
x

| 4
12345678 12345678
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~ 380 ha

Figure 2.1: LIDAR (ALSM) topographic image (resolution < 1 m for barehesrt
vegetation) of the upper-Stringer Creek Watershed within the Tenderfoot Creek
Experimental Forest (Lewis and Clark National Forest), MT. Transect dnd soi
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@snaiye
values are written instead of plotted as they affected the bar graph scale.
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A: Lodgepole B: Vaccinium C: Grass D: Grass E: Broad-
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Figure 2.3: Bar graphs of vegetation C:N ratios in hillslope (black) and mp@priay)
zones: A) lodgepole pine (roots, twigs, and needles); B) vaccinium (roots, tvagss)e
C) grass in the hillslopes (roots, and above-ground); D) grass in the ripamias (zoots
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 indigated b
solid black (hillslope) and grey (riparian) lines.



Temp SwC CO2-20cm CO2-50cm Diffusivity Efflux
Transect1 A 80 -B C . D E :F
151 3 . o ? 30000 o 15000 24e-5 15 ;
10 % ? g ? 40 $ H 20000 Q 10000 | - 16e5) . - 1.0 % : é
5]+ 4 1L 20 % é 10000 5000 % & 8.0e-6 % Q 0.5 % E
- B D C :
Transect 2 80 .
151 . 60 oo 30000 : 15000 2.4e-5 . 15
10 % @ ? ? 0 E T 20000 10000 ) 1.6e-5 w0
R 20 & 10000 ; % 5000 | , e é 8.0e-6 05 ! é é
%I él - li' = - Cs Q = él é T
Transect 3 80 . tig 1
5, 5, | & 30000 15000 2.4e-5 154 . .
10 % @ T & ol Tt 20000 10000 1665 - 1.0 i
s{ P 20 % 10000 é . 5000 | i, i 8.0e-6 é _ 05 % %
) - - %I g S
Transect 4 80 —~
15 . 60 ; 30000 15000 | 24e-5 ao1s
10 1 % % 0 . @ gzoooo é E 10000 w1 16e5 : 1o, oo
— : — H o 5 b
05 g@ : K20 é £ 10000 - | = 5000 é L 8.0e-6 | % £05 é
> - o El E e & g £ l £ %I P | o %I Q %l
£ Transect < 80 o o %‘2 se-5 - 8
S| S| By & 30000 © 15000 | g7 15
o 20000 N 1.6e-5 .
10 @ ? ? 40 é = 8 % 810000 ;DE él.o } %
5% ¢ 20 . 10000 5000 ; é 8.0e-6 | &5 - ] T é
. - ? El él U = = %I ‘;‘ = é T
Transect 6 80
15 60 o 30000 ) 15000 2.4e-5 15 ;
10 ? @ : ? 0 = | 20000 Q 10000 16e5( - | . é :
5 ? £ 10000 5000 | 4 8.0e-6 é 0.5 : Q
S = e aha B0S i
Transect 7 80
15 o 60 ) 30000 15000 24e5 15
10 ? ? 5 g 0 Q 20000 10000 1.6e-5 é 1.0 é
5 Ll 201 4 é - 10000 5000 | g5 & 8.0e-6 é 05| £ 55
. SEE L= Pde SE SR
Transect 8 80
15 i 60 ;s 30000 15000 2.4e-5 15
. ? $ @ ® E E 20000 10000 1.6e-5 1.0
5 é ols 1 10000 : 5000 | 8.0e-6 | _ 05 ; %
I é é = D i) & o = = ‘%‘ B
Hill -> Rip Hill -> Rip Hill -> Rip Hill -> Rip Hill -> Rip Hill -> Rip

Figure 2.4: Box-plots of A) soil temperature; B) soil water content; CYXoil
concentration — 20 cm; D) soil G@oncentration — 50 cm; E) soil gas diffusivity; and F)
surface CQefflux along each transect from June 14 to August 31, 2005.
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Figure 2.5: Bivariate plots of soil temperature and surfaced@fdix at A) riparian, and

B) hillslope zones; and SWC and surface,@@ux 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 provideafer0.05. Circles show data from T1IN2
and T2N3, boxes show 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 surfaceda@fdix 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<d@.05. Dark boxes indicate a
statistically significant relationship.
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Figure 2.7: Bivariate plots of soil water content and surfacge@ftix 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$d.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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CHAPTER 3

DIFFERENTIAL SOIL RESPIRATION RESPONSES TO CHANGING
HYDROLOGIC REGIMES

Adapted fromPacific, 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 regim8&sbmitted for publication in
Water Resources Research — Rapid Communications.

Abstract

Soil respiration is tightly coupled to the hydrologic cycle (e.g. snowmdlt a
precipitation timing and magnitude). We examined riparian and hillslope spitaton
across a wet (2005) and a dry (2006) growing season in a subalpine catchment. When
comparing the riparian zones, cumulative@®lux was 33% higher, and peak efflux
occurred 17 days earlier during the dry growing season. In contrast, cumefétix in
the hillslopes was 8% lower, and peak efflux occurred 10 days earlier during the drier
growing season. Our results demonstrate soil respiration was moreveeositiier

growing season conditions in wet (riparian) landscape positions.

Introduction

Soil respiration is a critical component of ecosystem carbon source/sink status
(Oechel et a] 1993;Cox et al, 2000;Heimann and Reichstei@008;Luyssaert et aJ
2008) and is strongly controlled by soil water content (SVBChéphoff et al 2006;
Riveros-Iregui et a).2007;Pacific et al, 2008), and therefore precipitatiddgchel 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¥&,et al, 2008). This intensification of
the hydrologic cycle is predicted to increase by up to 20% in North Americaheveext
century Christensen et al2007). Peak snowmelt-dominated streamflow is occurring 1-
4 weeks earlierStewart et al.2005), and is predicted to occur an additional 3-5 weeks
earlier over the next centurtewart et al 2004). These alterations to the hydrologic
cycle (at seasonal to annual timescales) will likely lead to stronggesan SWC, and
therefore soll respiration. However, large uncertainty exists in the respbsail
respiration to changes in SWC across different landscape positions (e.g. wet and dr
areas).

Intermediate SWC is optimal for soil respiratidafidson et al 2000;
Sjogersten et 312006). Soil respiration is limitedlatv SWC by root and microbial
desiccation stres©fchard and Cook1983;Linn and Doran 1984) and at high SWC
due to bidirectional limitations in diffusion of gas and nutrients to plants and
microorganisms§kopp et al 1990;Moldrup et al, 2000). Previous research has
indicated that higher soil water inputs can increase soil respiration sitesyand
decrease respiration at wet sites, and lead to similar sgiefflOx across wet and dry
landscape position®avidson et al 1998;Savage and Davidsp2001). However,
Davidson et al(1998) andsavage and Davidsd2001) 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 (hillslopgdape

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 (TCEFs laediClark
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 saiatesgpvariability due
to strong, natural biophysical gradients in the drivers of soil respiration. Théaiega
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 Rockyidount
Research Station from 1996-2006 at the upper-Stringer Creek Flume (lociedi@d
m of the field plots along Stringer Creek).

Eight transects (approximately 50 m long) originating at StringezikCaad
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 hogiggpole
pine Pinus contorty, the understory vegetation is grouse whortlebérac€inium

scoparium, and riparian vegetation is predominantly bluejoint reedg@alsainagrostis
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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 mix
Aquic Cryoboralfs Holdorf, 1981).

We collected measurements of soil temperature, SWC, and soil surface CO
efflux during contrasting wet (2005) and dry (2006) growing seasons. Measurements
were taken from June 9 — August 31 during both years, which was the approxineate tim
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 (Raa@fi¢c 2008).

One measurement of soil temperature (12 cm soil thermometer, Reotemp émstrum
Corporation, San Diego, California, USA; measurement range of -20°C to 120°C) and
three measurements of volumetric SWC {&#s0/cnt soil, integrated over the top 20 cm
of soil; Hydrosense portable SWC meter, Campbell Scientific Inc., Utah, W&w)
collected on each sampling day at each of the 32 locations. Three surfae& GO
measurements were collected at each measurement location withessicétion

chamber (SRC-1 chamber with a footprint of 314.2,@mcurate to within 1% of
calibrated range [0 to 9.99 g €@ hr'] in conjunction with an IRGA (EGM-4,

accurate to within 1% of calibrated range [0 to 2,000 ppm]; PP Systems, Mastachuse
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 tim&{veros-Iregui et a] 2008). Analysis of variance (ANOVA)
statistics ¢ = 0.05) were employed to test for differences between riparian and hillslope
cumulative surface C£efflux, soil temperature, and SWC. The three measurements of
SWC and surface Cfflux 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 recorde Bidy), 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 sngwrmeet
slightly greater in 2005 than 2006 (Figure 3.1), but a higher percentage fell as nagn duri
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 wettergnpand 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 riparia
zones was similar between years (~65%, limited by porosity), while mininpaman
SWC was much lower during the dry growing season (13% compared to 37%).

Maximum and minimum SWC in the hillslopes were similar across both groeaspss
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(~30% and 5%, respectively). Soil temperature was significantly higher dbanget
growing season (p << 0.01) (Figure 3.2). When comparing the riparian zones,
cumulative surface CL{efflux was 33% larger during the dry year (2006) than the wet
year (2005) (1344 versus 1012 g 07 (p << 0.01). Peak efflux in the riparian zones
occurred 17 days earlier in the dry growing season (July 1 versus July 18) @GRBjure
In contrast to the riparian zones, comparison of cumulative efflux from the@pdksl
showed that efflux was 8% lower (749 versus 809 g @®) (insignificant, p = 0.92),
and peak hillslope efflux occurred 10 days earlier during the dry growingrsghsy 1
versus July 11). CgLefflux 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 CQ 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 monotorsdfaeros
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 wereithet the
range of the 10-13 year data record (Figure 3.1), in which precipitatiom \mriE69%

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 soi
respiration Davidson et al 2000;Sjogersten et gl2006)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 {ffooduction and transpqRacific et al, 2008) due
to bidirectional limitations in diffusion of CQoxygen, and nutrientSkopp 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 comparingumipari
zones, cumulative efflux was 33% higher in the dry (2006) growing season thart the we
(2005) growing season, and peak efflux occurred 17 days earlier during the dnyggrowi
season (Figure 3.3). Increased efflux in the riparian zones during the dry greason s
was likely due to a shorter period of above-intermediate SWC, and thereforera longe
duration of relatively high soil C£production and diffusionRacific 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). Ttiesendes
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-irtiztae
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hillslope SWC during the drier growing season, as inhibited saoilgZ@luction can
occur at low SWC from desiccation stre€s¢hard and Cook1983;Linn and Doran
1984). Itis likely that changes in soil temperature had a small effect on thailitgunia
soil respiration between 2005 and 2006. Soil temperatures were significantly higher
during 2005 (p << 0.01) (Figure 3.2), and would promote higher efflaxiada 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 indltatehanges 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 msabpti
for respiration, the degree of which can vary strongly by landscape position.

We suggest that differences in soil respiration across the landscaperb2008e
and 2006 were the result of decreased SWC from earlier snowmelt and lower
precipitation, however other interpretations are possible. For example, thentrgqnel
timing of precipitation pulses may be more important than the total amount of
precipitation Schwinning and SaJ&2004). Large increases in soil respiratidogtin 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 vegetdiiengr and Schimel
2002). In 2005, there was a period of intense rainfall at the end of June (Figure 2), which
may have stimulated solil 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 2005L8)uly

may be due to reduced gas diffusivity following the increase in SWaCific 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 petigui® (5.2),
which can increase evaporation and therefore decrease SWC. This indicates that
predicted rises in temperature may constrain the effects of increasguitatien. We
suggest that further research is necessary to determine the control otgirenipulses
and interactions between soil temperature and SWC on soil respiration variabilit
following changes in hydrologic regimes.

The results of this study can have large implications for ecosyst&oncar
balances. We observed large and disproportionate changes in efflux from wedr(yipari
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 Am€hcistensen
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 exacenldhiefliure,
and that changes in hydrologic regimes may strongly impact carbon source/sink
magnitude and status of wet and dry landscape positions. Low Arctic and bdseatesoi
historically large carbon sinks due to a cold climate and wet &hisgin 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 anthropogeniceactiviti

(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 incré2sehel et al 1993). When comparing
wet landscape positions (riparian zones) between a wet and a dry groasng,see
found significantly lower efflux during the wet growing season, despite higher soill
temperatures. These results suggest that possible warming-inducesasdnearctic
and boreal soil respiration could be constrained by increasing precipitatioanttast,
the predicted rise in precipitation in arid and semi-arid ecosystehmsi{ensen et al
2007) could increase soil respiration in these water-limited areas. This is sddport
our comparisons of soil respiration at dry landscape positions (hillslope zonesgratwe
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 imipact on t
global carbon cycle, as arid and semi-arid lands cover 41% of the Earth’surfac
(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 direations a
with different magnitudes. The greatest changes may occur with drying anelsthpe

positions.

Conclusions

Based upon measurements and analysis of riparian and hillslope soil surface CO
efflux, SWC, and soil temperature across contrasting wet and dry greaasgns with
large differences in snowmelt and precipitation timing and magnitude, we corftiide t

1. Wetter landscape positions were more sensitive to drier growing season

conditions. When comparing the riparian zones, cumulative soile@l0x
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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 C@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
the hydrologic cycle (e.g. snowmelt and precipitation timing and magnitiile)
suggest wetter landscape positions could show the greatest changes in &flu@@nd

therefore the greatest shifts in carbon source/sink status.
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Figure 3.1: Streamflow and cumulative water inputs (rain and snowmeltyeajrlow

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), dnd soi
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) effuxry
growing season riparian zone e) precipitation, f) SWC, g) soil temperataré) efflux.

i-I: wet growing season hillslope zone i) precipitation, j) SWC, k) soibterature, and [)
efflux. m-p: dry growing season hillslope zone m) precipitation, n) SWC, o) soil
temperature, and p) efflux. Measurements were collected between June 9 artdBAugus
during both 2005 and 2006 from 14 riparian and 18 hillslope measurement locations
across 8 transects. Symbols indicate average values, and error bars indistaadare
deviation. nranged 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 respiratidingdlas
40-60% in the TCEFPacific et al., 2008). Precipitation was 91% higher in 2005 than
2006.
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Figure 3.3: Cumulative riparian and hillslope growing season saile@fiDx during the

wet and dry growing seasons. Cumulative growing season efflux (measurements
collected from June 9 - August 31) at riparian (black) and hillslope (grey) zoneg duri

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 timésithe i
guartile 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 NESD
CATCHMENTS

Adapted fromPacific, 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 catchmer@sbmitted 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 thecstike
stream remains poorly understood. We investigated stream, soil, surface, and
groundwater DOC dynamics across 3 transects and 7 watersheds with angedefra
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 wadystrong
controlled by landscape position and the degree of hydrologic connectivity behgeen t
stream, riparian, and hillslope zones. 1D flushing required a hydrologic connection
across the riparian-stream interface, and likely occurred at landscagengosith 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 contréagHiny
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appeared restricted to areas with a hydrologic connection across thdidlstope-
riparian-stream continuum, which generally occurred only at areas with high UA
and/or at times of high wetness (such as at peak snowmelt). Further, thre sefaduint
of DOC-rich riparian and wetland zones strongly influenced stream DOC export
Cumulative stream DOC export was highest from catchments with a largetpmo@dr
riparian:upland area, and ranged from 7.8 to 13.3 Kgplseoss the study period. This
research suggests that the greatest stream DOC export during snowiorlpliexc
subalpine catchments occurs at areas with both high hydrologic connectivitygand la

DOC source areas.
Introduction

Stream DOC export from watersheds is a significant component of the carbon
cycle Laudon et al 2004aNeill et al, 2006;Johnson et a] 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 snowmeld¢rnberger 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 undergaod peri
of accumulation in the soil, and are then released to the stream during snowmelt or
precipitation eventsBurns 2005). This flushing can lead to a characteristic peak in
DOC concentrations on the rising limb of the event stream hydrogrighl{erger et

al., 1994;Boyer et al, 1997;Hood et al.,2006;van Verseveld et al2008). However,
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the controls on DOC flushing at the hillslope, riparian, and catchment scale are poorly
understood\\Veiler and McDonnell2006;van Verseveld et al2008).

DOC flushing is often used to describe different, but related processes. At
baseflow, stream DOC concentrations are generally low due to grounditmesi
through deep, low DOC mineral soil (Figure 4.1ddinberger et al 1994). However,
rise in the groundwater table at the beginning of snowmelt or precipitation events ca
initiate the flushing process. One flushing mechanism refers to the ini@nsaca
rising water table with shallow DOC-rich riparian soil layerg(ffe 4.1b) Bishop et al
1994;Hornberger et al 1994;Boyer et al. 1997, 2000Bishop 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 conductieigyglihg to increased
lateral flow contributions to runofBBjshop et al 2004;Laudon et al 2004b;Weiler and
McDonnell 2006). Here, we define this rise of the water table into shallow soils a one-
dimensional (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 recentiyficGlynn and McDonnell
(2003) proposed a two-dimensional (2D) nutrient flushing mechanism, which is
supported byishop et al(2004) andHood et al (2006). Here, catchment DOC export
occurs as a function of the connectivity between near-stream and upland ayeies (Fi
4.1c), and activation of different source areas can control DOC export and stream
concentrations over time. The initial rise in stream DOC concentrations occurg

the 1D rise of the water table into shallow organic-rich riparian soils. A seoantkef
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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 transmissi
hillslope water that is rich in DO@{shop et al.2004) along preferential flow paths
(McGlynn and McDonnell2003). This high DOC initial hillslope runoff is then diluted
with lower DOC matrix water, which can lead to lower stream DOC corat&mts on
the falling limb of the stream hydrogragii¢Glynn and McDonnel2003).

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 thrpagh s
and time. For example, it is likely that rapid 1D flushing occurs in riparials atehe
initiation of snowmelt, resulting in an important early near-stream source Gf(BQyer
et al, 1997). However, as uplands become hydrologically connected to riparian zones,
2D flushing can be initiated, thereby increasing the relative importanceawsfcuputrient
sourcesMcGlynn and McDonnelR003;Inamdar and Mitche)l2006;0campo et aj
20064, b). We suggest that in high elevation, snowmelt-dominated catchments, the
relative control of 1D and 2D processes on stream DOC export can vary strongihthrou
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 bydandsca
structure Jencso et a) 2009).

Following Jencso et al(2009), we define hydrologic connectivity as the time
period when a groundwater connection exists between landscape elements éeng. stre
riparian, and hillslope zones). For 1D flushing to occur, a hydrologic connectiorebetwe

the riparian zone and stream (RS) is necessary. However, 2D flushing requires
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hydrologic connection across the hillslope-riparian-stream (HRS) contiiigure
4.1c). Through a combination of extensive groundwater monitoring (> 120 recording
groundwater wells) and landscape level topographic analgsisso et al(2009) found
that the duration and timing of HRS hydrologic connectivity was a function dbpees
upslope accumulated area (UAA) - the amount of land area draining to a particul
location. They found a strong positive relationship between HRS hydrologic connectivity
and UAA (¢ = 0.91), with the highest and most persistent HRS hydrologic connectivity
at landscape positions with large UAA. Here, we seek to investigate thenstepi
between landscape position and hydrologic connectivity on the spatial and temporal
variability of DOC flushing mechanisms during snowmelt in a subalpine catchmigat
northern Rocky Mountains. We present stream, soil, surface, and groundwater DOC
dynamics during snowmelt (April 15 — July 15, 2007) across three transects and 7 sub
catchments with a range of landscape settings and hydrologic cortgdotaddress 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 FOGEE)
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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 typicallg in lat
May or early June. Mean annual temperature is 0°C, and mean daily tempeeatgees
from -8.4°C in December to 12.8°C in JuBafnes et al 1995).

The geology is characterized by granite gneiss, shales, quartz porpidry, a
guartzite 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 zonedgncso 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 andtfenedsdlay
textured, and water tables are at or near the soil sudaneqo et aJ 2009). In riparian
areas with deeper water tables and coarsely textured soils, Willolwss{§a) are often
present. In the uplands, Lodgepole piRan(s contortais the dominant overstory
vegetation Farnes et al. 1995), and Grouse whortleberijaccinium scopariuin

primarily composes the understory vegetatidincemoyer and BirdsglR006).



95

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 thentatctiete.
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 haslgpate
(median of 5.8°), and a relatively small amount of riparian and wetland area. Spking Pa
Creek (SPC, 400 ha) has an extensive riparian and wetland area at the heahdate
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 are
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 (13nkajktTr
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 maligi
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 trankion

hillslope to riparian zone) and slope (average slope along the fall line fronghesti



96
hillslope location to the toeslope along each transect). Toeslope UAA wastsdcul
using a triangular multiple flow-direction algorithm following the methodSebert and
McGlynn(2007) andlencso et al(2009). Riparian zone width was mapped with a GPS
survey (Trimble GPS 5700 receiver - accurate to within 1-5 cm) and caatetavith
the ALSM-derived DEM analysisiéncso et aJ 2009). The riparian-hillslope boundary
was determined in the field, based upon break in slope and change in soil chacacteris
(depth, gleying, organic matter accumulation, textuvGlynn and Seiber2003;
Seibert and McGlynr2007;Pacific et al, 2008;Jencso et a] 2009). Sedencso et al
(2009) for a more detailed description of terrain analyses in the TCEF. Wiatadcthe
percentage of time that HRS hydrologic connectivity existed by dividingpthenumber
of days that a groundwater table was present along the HRS continuum by the total
snowmelt period (91 days)éncso et a) 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 mnth(Figure 3).

Measurement Locations

This research was conducted concurrently with other research objectives and
included locations and instrumentation both universal and specific to this Baclfiq
et al, 2008;Pacific et al, in review a, bRiveros-Iregui et a] 2008, 2009, in review;
Jencso et a) 2009). Measurements were collected at the outlets of each of the sub-
catchments within the TCEF (MSC, LSC, SPC, BC, SC, UTC, and LTC), assnll a
Onion Park (headwaters of Tenderfoot Creek). In addition, 14 transects weeed iocat

the Stringer Creek Watershed, and 8 in the Tenderfoot Creek Watershed (Rgure 4.



97
Three transects within the Stringer Creek Watershed were utilizeddasing
monitoring in this study because they represented the range of landsitens s
observed at TCEF. The Stringer Creek transects were located in 7 pdursaeti pair
consisting of one transect on both the east (E) and west (W) side of Stringer Griebk, w
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 ordeest si
Stringer Creek. On each transect, measurement locations were theateesigth 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. Fodyhis st
measurements were collected on ST1-E and ST1-W (most upstream traaidbets

headwaters of the Stringer Creek), and ST5-W (just below the middle of thsiveater

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 tharripane (1 m
from stream channel), near the toe-slope (the transition point between thanrgrat
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 maekigl we
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measurements using an electric water level tape. Soil tension tgsmere 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 attachmuroos
ceramic cup (1 bar entry, Soilmoisture Equipment Corporation). The lysimeisss
installed with a hand auger to the depth of interest, placing the lysimeter irskhuggil
made from native material. The lysimeters were in place and frequeatiymad
(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 weraateds
from 500 mL high-density polyethylene (HDPE) bottles, open at the top for sidag
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 floa
potentiometers (installed and maintained by the USFS) and water levetaapacods
(Trutrack, Inc., £ 1 mm resolution). Stage was also measured at the outlet of Okion Pa
at the headwaters of Tenderfoot Creek. However, discharge could not be edlaalab
flume was installed. Hourly measurements of precipitation, air temperahow depth,
and snow water equivalent (SWE) were obtained from two Natural Resource
Conservation Service snow survey telemetry (SNOTEL) stations locat€ER, 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).



99

Water Sampling

Water samples for DOC analysis were collected in 250 ml HDPE bottles.
Samples were collected approximately every 2-4 days from the fiduneg) 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 sampkesallected
from wells and lysimeters (when water was present) along each transecBe/ days.
Wells, soil lysimeters, and 10 cm and surface cups were purged until dry the al@y bef
sampling occurred. Soil lysimeters were vacuumed to -0.35 bars after purgeg. T
water samples were passed through a P 3ilter 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 HCI, kept in a
cooler during transport to Montana State University (MSU), and then froz&tt -

until analysis.

DOC Analysis

Total DOC was analyzed with a high-temperature combustion technichee at t
MSU Watershed Hydrology Analytical Facility using a Shimadzu TOC-ah@lyzer
(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 (ptepared from reagent
grade potassium hydrogen phthalate). Method detection limits were 0.%,ragd.

analytical precision was within 0.05 mg-L
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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 imegoralation
between actual field measurements, and cumulative export was calculatezi9arday
study period (April 15 - July 15, 2007). Cumulative stream DOC export for each sub-
catchment within the Stringer Creek Watershed was estimated with e $2@C
concentration and discharge at that sub-catchment outlet after subtracting titveitoomt
from the upstream catchments. To aid in comparison with other studies, we also
estimated annual stream DOC export for the Stringer Creek Watershed. timethe
outside of our study period of April 15 to July 15, 2007, we used a baseflow DOC

concentration of 1.6 mg'l, 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 widtd, slope
(Table 4.1). ST5-W had the largest UAA, widest riparian zone, and steepaephuill
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 aitbe. 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 ardygsriod
(April 15 — July 15) was similar across each sub-catchment in the St@ngek
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 elemdtlmo@hysical
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, 2e6¢do et aj
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,sacderie
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-EastThis 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 strearthe 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 throughout snowmelt, but briefly declined to
0.7 mg L} 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 mglmilar 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 toesloptje 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 mgLuntil 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 amgJune
12 during the recession to baseflow, then remained at ~3’ntyrdughout the rest of the
study period. Similar DOC concentrations were observed at the 50 cm lysimé&ttar
was never present in the 20 cm lysimeter, which was likely the result atlaar poor

seal.

ST1-E3 (hillslope zonedhe 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 taldiayby
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 DOCeturations
were measured (5.8 and 7.3 mig kespectively), 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 ¢

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 streathg 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 ritgilas 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, lwhere they remained until the beginning of June.
Concentrations declined to ~1.5 mg hy the middle of June concurrent with the gradual
decline in the water table, where they remained until the end of the study peraber W
was present in the 10 cm cup on only May 13, and had a DOC concentration of'5 mg L
Overland flow was present on the June 2 and June 12 sampling events, with DOC

concentrations of ~6 mg'L
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ST1-W2 (riparian zone, near toeslop&youndwater 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 then peaked at
4.2 mg L* on May 5 following the rise in the water table. DOC concentrations fluctuated
between ~2-3 mg 't 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 mdigher at the 20 cm lysimeter on all

sampling events.

ST1-W3 (hillslope)the water table never developed above the bedrock interface

(200 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 etgor

the stream was high.

ST5-W1 (riparian zone, next to streanme 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 mgWwas measured on May 4, and then quickly

declined to a minimum concentration of 1.7 niydn May 9, coincident with the rise in
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stream discharge. Concentrations then quickly increased and reached a maiximum o
7 mg L* on May 25. Following a large decline in streamflow, DOC concentrations
remained between 5.5 and 7 mg 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 amg L
May 18 following the peak in streamflow, and then gradually declined to 2.4’ g L

July 9.

ST5-W2 (riparian zone, between the stream and the toestbperoundwater
table fluctuated between 20 and 30 cm below the ground surface for the majdréy of t
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'mgé.
measured (note the difference in scale on the y-axis: 0-25mgpmpared to 0-8 mg't
at all locations other than ST5-W3), then declined by over an order of magnitude to
1.5 mg L* by May 9 coincident with peak discharge. DOC concentrations then increased
to ~20 mg [* by May 25 as discharge declined, where they remained for the remainder

of snowmelt.

ST5-Wa3 (riparian zone, near the toeslopbg 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 ng-Lnote the change in scale) were

measured on May 2 coincident with the initial rise in the water table. Concamgrat
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gradually decreased to a minimum of 5.4 nigdn May 25, then remained at ~7 mg L

for the remainder of snowmelt.

ST5-W4 (hillslope zonethe 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 cotioastra
were high at the beginning of snowmelt (6.5 mY),lthen declined as discharge
decreased. When discharge increased at the beginning of May, DOC coimcentrat
continued to decline, and reached a minimum of 3.5thgytMay 18. The DOC
concentration rose to 5.8 m@ by May 25 following the decrease in stream discharge,

then remained between ~4 and 5 migfar the remainder of the study period.

Stream Discharge and DOC Dynamics

Stream DischargeéArea-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 Hj 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 andréan St
discharge from all catchments is presented in Figure 4.10. In generah disgharge

from all catchments had similar temporal dynamics. The lowest digghas measured

at SC, and the highest at LSC, with intermediate values at the other cahmeafirst
peak in discharge followed the initiation of snowmelt and occurred between May 3 and
May 6 throughout all catchments, and ranged from 0.18 rifrat8C to 0.43 mm Hrat

LSC (Figure 4.10). Stream discharge then declined to approximately halt of tha
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measured at the initial peak as snowmelt slowed in response to a period of chit weat
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 mih&rSC to 0.55 mm Hrat LSC. As
soil water inputs from snowmelt decreased (black bars in Figure 4.2a), strehargis
declined to ~0.1-0.2 mm fiby 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 mméatiSC to 0.45 mm Hrat LSC

(Figure 4.10). Stream discharge then began the final snowmelt recessimul per

Stream DOC Concentratians

Stringer CreekDOC concentrations were highly variable along Stringer Creek
(Figure 4.8). At ST1, near the headwaters, DOC concentrations were rglstaldé at
~1.8 mg L%, but rose to 2.5 mg'ton May 5 associated with the first snowmelt-driven
peak in stream discharge (Figure 4.8a). DOC concentrations then declinedlukiring
first streamflow recession, and continued to decline during the second risenm strea
discharge near the middle of May (reaching a minimum concentration of 1.6)mg L
Stream DOC concentrations at ST1 increased during the third and final riseharde,
and continued to rise during the recession to baseflow, with a peak concentration of 2.6
mg L™ 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 mgvas 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 I* on May 23. DOC concentrations then sharply increased, reaching a
maximum of 3.2 mg L by the beginning of June concurrent with the third snowmelt
stream discharge peak. Concentrations remained at ~2.5 thgdughout June, and
then returned to the baseflow concentration of 1.4 thy.the beginning of July
(Figure 4.8Db).

At ST5, a peak streamflow DOC concentration of 3.5 Mgvas measured
during the first sampling event on April 26 (Figure 4.8c). DOC concentrations then
quickly declined to 0.9 mgtby May 14, coincident with the peak in stream discharge.
A sharp rise to 2.5 mgtoccurred on May 18 as discharge decreased. Stream DOC
concentrations then declined to a minimum value of 0.6 thgrLMay 25, concurrent
with the decrease in discharge at the end of May. By June 12, concentrations rose to
2.1 mg L* following the rise in stream discharge after the late-spring snow, areht
then decreased to 1.5 mg 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'rag the
first sampling date at the end of April, rose slightly, and then declined toLT'roy
May 12, just before the peak in stream discharge (Figure 4.8d). A briéd rise

2.1 mg L* occurred on May 14 (at peak discharge), then concentrations returned to
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1 mg L* 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, ahddeac
peak of 3.3 mg t at the beginning of June. Stream DOC concentrations fluctuated
between 2 and 3 mgithroughout June. DOC concentrations then declined during the

recession to baseflow and reached 1.6 My the middle of July (Figure 4.8d).

Tenderfoot CreekDOC 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). tiNadte
relative stage height and not discharge is shown at the outlet of Onion Parkiras a fl
was not installed here, and therefore no rating curve was available. While@(g
concentrations were observed during the early rise in flow (~4 Hgpeak
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 £ on July 9 (Figure 4.6).

At UTC, DOC concentrations were also high (Figure 4.10). The stream DOC
concentration was ~3 mg'lat the beginning of snowmelt, then increased by over 100%
on the rising limb of the stream hydrograph. DOC concentrations fluctuatecebetwe
4 and 7 mg L* until the beginning of June, when concentrations quickly declined
coincident with the recession to baseflow, and reached a minimum of 2.1 org L
July 9 (Figure 4.10). AtLTC, a similar trend was observed, however DOC
concentrations were approximately half that measured at UTF and geflactillgted

between 2 and 4 mg'L(but decreased to 0.8 mg bn May 23 following the large
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decline in discharge). The largest DOC concentration was measured onrldifab

of the last peak in discharge near the beginning of June.

Spring Park CreekDOC concentrations were relatively low and similar to those
measured at MSC and LSC (Figure 4.10). Concentrations generally flddbestecen
2 and 3 mg [* throughout snowmelt, but declined to ~1 nifydn both the rising and

falling limb of the peak in stream discharge at the middle of May.

Sun CreekRelative to other catchments, stream DOC concentrations were high
(Figure 4.10). At the beginning of snowmelt, a DOC concentration of 4 hvegls
measured, followed by a quick rise to a peak concentration of 7’nog the rising limb
of the initial peak in stream discharge. DOC concentrations declined to 2.8 mg L
following the decline in peak discharge at the middle of May. DOC concentrdi@ms t
remained at ~ 5 mgtuntil the beginning of June, when they decreased during the
recession to baseflow, reaching a minimum of 2.5 mdpy.the end of the study period

(Figure 4.10).

Bubbling CreekDOC concentrations were stable and remained between 3 and
4 mg L* for the majority of the study period (Figure 4.10). A peak concentration of
5 mg L* 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 ngds measured at

the end of the study period as the stream receded to baseflow (~I')n(itpare 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 kif)hand ranged from 7.3 to 8.7 kg hat
the other sub-catchments (Table 4.2, Figure 4.8e-f). For the larger sub-catcohtkeat
Tenderfoot Creek Watershed, cumulative stream DOC export over the study period
ranged from 8.1 to 12.4 kg h4Table 4.3). For the entire Stringer Creek Watershed,
cumulative stream DOC for the 2007 water year was 9.6 kg fikere was a strong
positive relationship fr= 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 orairexipit
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. Inthe 1D mechanism, a rising water table intersects shallow nuthesilri
in the riparian zone (Figure 4.1 d¢rnberger et al 1994;Bishop et al1994;Boyer et
al., 1997, 2000tLaudon 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 D@E&ssour

become increasingly important during 2D flushing as a hydrologic connection develops
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between the riparian and the hillslope zone (Figure 4Mc{(ynn 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 pyod@€xC
export changes through space and time. We suggest these changes in DOC export
mechanisms are strongly influenced by the timing and magnitude of rigargam (RS)
and hillslope-riparian-stream (HRS) hydrologic connectivity. To investiD®©C
mobilization and delivery mechanisms during snowmelt and the control of landscape
structure, we collected measurements of DOC and stream and groundwatarcs
across 3 transects and 7 sub-catchments with distinct differences in landstageasd
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 oiegre
hydrologic connectivity. Our results suggest that 1D flushing likely oedwacross the
full range of landscape settings and hydrologic connectivity (both RS and HRS).
contrast, 2D flushing appeared restricted to only landscape settings dithidgyc
connectivity across the entire HRS continuum. These areas generalgldiaely high
toeslope UAA Jencso et a] 2009).

Our comparisons of DOC dynamics across 3 transects within the Striregge Cr
Watershed illustrate the control of landscape structure on DOC export to #m.stre
ST1-W has a small toeslope UAA (1,563)rfTable 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 ocavicGlynn and McDonnel2003). Our
measurements of groundwater and DOC dynamics along ST1-W support this premise
DOC concentrations in both riparian wells followed fluctuations in the groundvadler t
(Figure 4.4b and c). At the beginning of snowmelt, concentrations increased as the wate
table rose to just below the ground surface and intersected shallow, organic-sich soil
then decreased during the initial decline in the water table. The relationshgebe
increasing DOC concentrations and a rising water table indicated 1Dnhfjushs the
dominant DOC mobilization mechanisiddrnberger et al 1994;Boyer et al, 1997,
2000;Inamdar and Mitche]l2006). DOC concentrations again increased coincident with
the rise in the water table after a snowstorm at the end of May, further g ploet
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 intmwsbajanic-
rich soils, as overland flow would likely be dilute if only comprised of low DOC
snowmelt Schiff et al, 1998;Laudon et al 2004a, 2007Buffam 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 dynamic-8¢ ST
indicate that in areas of small UAA and no HRS hydrologic connectivity, 1D figssi
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)nand 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 ajitiverize
of snowmelt (Figure 4.3b) as the water table rose into organic-rich steaditsy High
DOC concentrations were also observed in both the surface and 10 cm flow cups. These
DOC dynamics indicated the occurrence of 1D flushihgrQberger 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 continlemado et a)
2009) and suggested that 2D flushing also impacted riparian DOC dynamicsiatehis t
Our results support this premise. DOC concentrations at the beginning of snowneelt w
high in the hillslope, and it is likely that this DOC-rich hillslope water waskdyi
transmitted along preferential flow patitséer 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 gre$&ix
flushing McGlynn and McDonnell2003). After this initial rise in riparian DOC
concentrations, continued HRS hydrologic connectivity led decreased conoestrhie
to dilution by low DOC matrix water from the hillslop€l¢Glynn 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 snawst
(Figure 4.3d). However, the water table in the hillslope persisted for only a shod per
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 STdake itiak
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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 hydrolog
connectivity.

Similar to ST1-E, both 1D and 2D flushing mechanisms were observed on ST5-
W, which had a very large toeslope UAA (46,119 and was connected across the HRS
continuum for the entire study period (Figure 4.5). 1D flushing was evident at 2T5-W
and ST5-W3, where DOC concentrations of 22 and 11 Thgdspectively, were
measured at the beginning of snowmelt (note the difference in scale on&gpiend
e). These concentrations were 3-4 times the maximum concentrations measuhed on ot
transects (~3-6 mg1). This was likely in response to high organic matter content near
the ground surface, which is supported by observations of anoxic Aegsr(igal et al
1993) and hydromorphic soilPlillips et al, 2001;Cosanday et al 2003;Mourier et
al., 2008) at these locations. These elevated DOC concentrations were measweed as t
water table rose at the beginning of snowmelt and entered shallow orggnicdsemating
the presence of 1D flushingl¢rnberger 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 flushikig(nberger 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). 108% HR

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 zodGlynn and McDonnegll2003). 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., Herevater
table never rose above 50 cm below the ground surface (Figure 4.5b), and therefore
remained in deeper, low DOC mineral s@bger et al, 1997; 2000). However,
increased DOC concentrations were measured at the beginning and end of ptay des
very little water table fluctuation. These increases in DOC followedrdyndantical
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 mechazmnsm
occur in areas with persistent yet still dynamic hydrologic connggctivi

Comparison of well and groundwater DOC dynamics on 3 transects with large
differences in landscape setting and HRS hydrologic connectivity dentedstna 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 contyecti
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 froge afreandscape
settings in order to ascertain DOC mobilization and delivery mechanisims stréam 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 D@t éx
strongly influenced by the degree of riparian-stream (RS) and hilslopengsream
(HRS) hydrologic connectivity, which is partially dependent upon landscape structur
and wetness statudgncso et a] 2009). 1D flushing can lead to DOC contributions from
the riparian zone to the stream as the water table rises and interséots, sitghnic-rich
soil layers Bishop et al1994;Hornberger et al 1994;Boyer et al, 1997, 2000Bishop
et al, 2004;Laudon et al 2004b). DOC export during this rise of the water table is
often augmented by transmissivity feedbaBiskiop et al 2004;Laudon et al 2004b;
Weiler and McDonnell2006). 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 eventdcGlynn and McDonnelR003;Hood et al, 2006). Here, high
DOC concentrations on the rising limb of the stream hydrograph are init@thytfire 1D
rise of the water table into shallow riparian soil. A second large pulse of DQ& &
the water table develops in the hillslope, and DOC-rich hillslope water is ttégsmi
along preferential flowpaths to the streavtcGlynn and McDonngll2003). Stream
DOC concentrations then decrease on the falling limb of the hydrograph fidgrardby
low-DOC hillslope soil matrix water. For 1D flushing to occur, there must be RS
hydrologic connectivity, while a hydrologic connection across the entii® ¢tiRtinuum
is requisite for 2D flushingMcGlynn and McDonnell2003). While 1D DOC flushing

can occur in any area of the watershed where a rising water table itststsdtow soil
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layers, it is likely the only flushing mechanism present in areas with sraslope UAA
and little to no HRS hydrologic connectivity. In contrast, 2D flushing can occur bnly a
catchment areas with HRS hydrologic connectivity, which are gepasgbciated with
landscape positions with higher toeslope UARr{cso et a].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 darleer area
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 areghender
curve is nearly all white), few areas of the landscape have HRS hydrotwgiectivity,
and 1D flushing is the dominant DOC export mechanism. As the wetness status of the
catchment increases (such as during snowmelt or precipitation eventk)sRing
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 DOQ expor
likely greatest at times of high wetness status, such as at peak rugofe (#.7).

At our study site, both 10Hornberger et al 2004;Boyer et al, 1997;Bishop et
al. 1994, 2004t.audon et al 2004b) and 2DMcGlynn and McDonnelR003;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 thnoacg s
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 wer

generally restricted to landscape positions with high toeslope UAA. Therdiere, t
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relative influence of 2D flushing on DOC export at the catchment scale wasdbv (r
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, HRSdgdrol
connectivity was present across a wider range of UAA, and the relapgetance 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 teetim
highest wetness status (Figure 4.7). At peak snowmelt in the TCEF, 66% oé#me str
network was hydrologically connected across the HRS contindentgo et aJ 2009).
This was likely the time of the greatest influence of 2D flushing on streamé&xPat
(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). Atithes
only RS hydrologic connectivity was present along the majority of thanstnetwork,
and the relative influence of 1D flushing on stream DOC export returned to the high leve
observed during low flows prior to the onset of snowmelt. Our conceptual model
suggests that in complex snowmelt-dominated catchments such as the TCEFjahe spat
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. Wettamset al,
1994;Creed et al 2003, 2008Agren et al, 2007, 2008) and shallow riparian zone soil
horizons Bishop et al 2004,Hood et al, 2006;Nakagawa et a)J 2008) generally have
high DOC content. Therefore, we can expect catchment areas with largenrgrat
wetland extent to be large sources of DOC to the stream. This premise waghraie
TCEF, as illustrated in the comparison of DOC concentrations between the tezadwa
Stringer Creek and Tenderfoot Creek (at Onion Park) (Figure 4.6). The head#aters
Stringer Creek have a relatively small riparian and wetland extent, aadsBOC
concentrations were low (~1.5-2.5 mg)L In contrast, the headwaters of Tenderfoot
Creek have an extensive riparian and wetland network (with intermittent ogarol
connectivity to the stream) and therefore greater contributions from orgammorls.

DOC concentrations at the headwaters of Tenderfoot Creek were geneealy mg [*

and therefore over 100% higher than at the headwaters of Stringer Creek. , Fuetieer
were large decreases in DOC concentrations in the headwaters of TenGezilotvhen
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 betweeamiap and

wetland DOC source areas. In contrast, the limited extent of riparian aatdvatba

had little effect on stream DOC concentrations at the headwaters of 5Cegd 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 Stringkr(/@tle
riparian and wetland area) and Tenderfoot Creek (large riparian and waatta)d
indicate the strong influence that the spatial extent of organic-rich npamwetland
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. Qsir resul
illustrate that even within a relatively small area (~550 ha), changes idaheere
proportion of riparian to upland area can lead to strong differences in stream DOC expor
At ST1, near the headwaters of Stringer Creek, stream DOC concentratioriswanel
relatively stable (Figure 8a). Cumulative stream DOC export during snoyigrre
4.8e) was also relatively low (6.6 kgHha Low DOC at the headwaters of Stringer Creek
likely reflects the relatively small percent of riparian to upslope @rd&%) 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 increaseartcbpstage
of riparian to upland area in this sub-catchment (3.79%), which was nearly these tim
higher than observed between the headwaters and ST1(Table 4.2). This imctlease i
extent of organic riparian and wetland areas near the stream led to ia¢aegse in
cumulative stream DOC export (15.4 kg'haand demonstrates the influence of large
DOC-source areas on stream DOC export. Cumulative stream DOC expastwas |
the 2 downstream sub-catchments (MSC to ST5, and ST5 to LSC) (6.2 and 75 kg ha

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 expdut. Hig
downstream DOC concentrations likely reflect inputs from large DOC s@ueas
further upstream (as suggested by the higher percentage of riparian to upstofalble
4.2). The results of our study indicate that stream DOC concentrations nieastine
outlet of a catchment can reflect a wide range of internal processes|scatd
space/time variability. Further, our results show the importance of estgaimulative
stream DOC export, rather than focusing solely on stream DOC conaerdrathen
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 streato B@C
riparian:upland proportion of each of the larger sub-catchments in the Tendedekt Cr
Watershed (Table 4.3). In general, the greatest DOC export occurred fohrmeats
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 fr= 0.62, p < 0.001) between DOC export and the relative amount
of riparian:upland area, which is consistent with the results of other stlilies @nd
Molot, 1997;Laudon et al 2007). These results are supportedimton et al.(1998)

andlnamdar and Mitchel(2006), who found that catchments with large wetland and
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riparian areas consistently had higher DOC concentrations than catchvitbriif$le to
no riparian and wetland extent.

Our estimate of annual cumulative stream DOC export from the entire $tringe
Creek Watershed (9.6 kg hgr?) is consistent with estimates from other studies. In a
review of carbon export from nearly 100 catchments across the wWope, et al (1994)
found a range of 10 to 100 kg hgr * across a wide range of catchment sizes. Our
estimate of cumulative DOC export from the Stringer Creek Watershed isteansvith
those from catchments of similar size (~5°%kand ecosystem typé.audon et al (2007)
found that annual DOC export ranged from 35 to 76 Kgymd across 7 catchments in
northern Sweden, ari€brtelainen et al(1997) found a similar range across catchments
in Finland. The site locations used for these studies were boreal catchments, which ha
very large stores of DOC (as indicated by stream DOC concentrations of up teaaofor
magnitude higher than observed in Stringer Creek), and likely explains the higbdr ex
relative to our study site. The estimated_aydon et al(2007) anKortelainen 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 catchmamgtaot be as
high as from boreal catchments, they can still contribute a large flux of DOQ) wdmc
have large implications for ecosystem carbon balanaaslpn et al 2004aNeill et al,
2006;Johnson et a) 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 Striegkr Cr

Watershed. However, our calculations of cumulative stream DOC expdriailéuthat
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the overall spatial extent of DOC source areas is also important. HRS hyarolog
connectivity along the stream channel was high at all of the sub-catchmignmtsthe
Stringer Creek Watershed, ranging from 69-79% (Table 4.2). Similaritydrologic
connectivity along the stream channel suggested that stream DOC export wogjd be hi
throughout the entire catchment. However, there were large differencesulatuen
stream DOC export (Table 4.2, Figure 4.8). Cumulative stream DOC export was
relatively low between the headwaters of Stringer Creek and ST1. Whilegites dé
HRS hydrologic connectivity along this section of the stream was high (768g dioe
period of this study) (Table 4.2), it had a small percentage of riparian to upénd ar
(1.42%). A similar trend (high HRS hydrologic connectivity, but low riparian areh, a
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 ogerasvi
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 catynety
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 FH®€)
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 wadlaw SC
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(Figure 4.10b) and UTC (Figure 4.10f), and almost never rose above 0.3 mmthr
these catchments, stream DOC concentrations were very high (maximum iarent
of over 7 mg [ 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 mgtthroughout the study period. Further, while DOC concentrations
increased on the rising limb of the stream hydrograph at all catchmengsytser
variability in the timing of peak DOC concentrations across the catchmegiseB.10).
There were also differences in DOC trends throughout the snowmelt period heross t
different catchments. In general, stream DOC concentrations ietiealy stable in
BC, MSC, and LSC, while concentrations were much flashier at the other catshme
(Figure 4.10). At the outlet of Tenderfoot Creek (LTC), stream discharge and DOC
dynamics were intermediate between the dynamics observed at the indsudual
catchments of Tenderfoot Creek, and reflect the integration of internal souers wih
variability in landscape structure at the catchment odleGlynn and McDonnel2003;
Jencso et a) 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 dlzdarger

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 landscapeaattimggrologic
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 rigtneam
(RS) interface, while a hydrologic connection across the entire hillslope-
riparian-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 increasec:8s
status (such as peak snowmelt). The relative importance of 2D flushing
increased after the initiation of snowmelt, with the greatest control lékely
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 refafpogtance 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 researctssanece

across a range of landscape positions and characteristics, especiathplaxcterrain.
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Table 4.1: Stringer Creek transect characteristics of upslope actedataa (UAA),
hillslope-riparian-stream connectivity, riparian width, and slope of ksl Hydrologic
connectivity across the hillslope-riparian-stream (HRS) continuum iadatad by

dividing the number of days that a hillslope water table was present by thenmtahelt
period (April 15 - July 15).

Transect UAA HRS Connectivity Riparian Width Hillgle
(m?) (% of snowmelt) (m) wlope)

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-riparianrst(e®S) hydrologic
connectivity, ratio of riparian:upland area, and cumulative stream DOC exmoridjpril
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 Stringek Cr
Flume (LSC).

Stream % of stream with riparian:upland  cumulativeatn
Section HRS connectivity (%) DOC export (kg hd)
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 Apri
15 to July 15, 2007 for the sub-catchments within the Tenderfoot Creek Watershed.

Sub-catchment| riparian:upland  cumulative stream
(%) DOC export (kg hd)

Upper Tenderfogt 5.33 12.4

Lower Tenderfoof 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

_____ ) v

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

Figure 4.1: Conceptual model of DOC export from the soil to the stream. At tirfeeg of
flow (baseflow) (A), groundwater travels through low DOC mineral soil, &nedus

DOC concentrations are low. As flow begins to increase (beginning of snowB)elt) (
the water table rises into shallow organic-rich riparian soil, and inputs of DD Ctie

soil to the stream increase, which we refer to as a one-dimensional pid2dissiing).
As flow continues to increase (C), a hydrologic connection develops acrossslopéill
riparian-stream continuum and initiates 2D flushing. A large pulse of DOC canas
high DOC water from the hillslopes is transmitted downslope along prefeéféntia
paths. Runoff from the hillslope is then diluted by low DOC matrix water trayelin
through mineral soil.
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Figure 4.2: Location of the Tenderfoot Creek Experimental Forest (TQHR),
delineations of the sub-catchments, and locations of the flumes (at the outldt sfieac
catchment) and the Lower Stringer Creek SNOTEL site. Transect locat®dsnoted
by rectangles, and the 3 utilized for this study within the Stringer Creg&rgthed are
shown in black.
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Figure 4.3: a) snow water equivalent (black line) and soil water inputs from sibwm

(black bars) and precipitation (grey bars); b) ST1-E1 (riparian) 10 cm, susgiad well

DOC concentrations and groundwater height; c) ST1-E2 (riparian) lysi(26tem), 10

cm and well DOC concentrations and groundwater height; d) ST1-E3 (hillslope)

lysimeter (20 cm) and well DOC concentrations and groundwater height) atream

DOC concentrations and discharge from April 15 to July 15, 2007. The percentage of the
study period that hillslope-riparian-stream connectivity existed, and upslopealated

area (UAA) at the toeslope measurement location (E2) are listed aptb&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 sibwm
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DOC concentrations and groundwater height; c) ST1-W2 (riparian) lysifhdte 20

cm; L2 = 50 cm) and well DOC concentrations and groundwater height; d) staigime
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 conngetwsted, and
upslope accumulated area (UAA) at the toeslope measurement location (i&tpdrat
the top of the figure. Stream discharge is from the Lower Stringer Chamle F
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Figure 4.6: a) snow water equivalent (black line) and soil water inputs fromrsgibw

(black bars) and precipitation (grey bars); b) discharge and DOC conaaTdrattiST1

on Stringer Creek; c) snow water equivalent and snowmelt; and d) stage height@nd DO
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 andathe stre
(RS). In contrast, a hydrologic connection across the entire hillslopeangsream

(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,land 1
flushing is the dominant DOC mobilization and delivery mechanism to the stream.
However, the relative importance of 2D flushing increases at areas of Alylahdl

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 snovwreael

HRS hydrologic connectivity is highest.
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Figure 4.8: a-d) upstream to downstream Stringer Creek DOC concentra@ns a
Transect 1; b) Middle Stringer Creek Flume (MSC); ¢) Transect 5; and dgrLstwnger
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 sub-
catchment 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 catchmemts withi
the Stringer Creek Watershed - see Figure 8) as a function of ripariaut wate.
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Figure 4.10: Comparison of discharge and DOC concentrations at the catchretmfout
a) Spring Park Creek; b) Upper Tenderfoot Creek; c) Sun Creek; d) Bubbling Qreek; e
Lower Tenderfoot Creek; f) Lower Stringer Creek, and g) Middle StringegkCirom

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, | 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. Specificallygsagnch examined
the biophysical controls and impact of changes in hydrologic regimesloasmration,
and the control of landscape structure on stream DOC export across a rangjalarspa
temporal scales.

In Chapter 2, “Soll respiration across riparian-hillslope transitions: Bepaly
controls and the role of landscape position,” | found that riparian and hillslope soil CO
efflux was not significantly different at short timescales, likely due ferdihtial
combinations of soil C@production and transport. My results indicated that riparian
zone soils had high G@oncentrations and low diffusivity in response to high SWC,
while the opposite was true in the hillslopes. This resulted in similare@lOx across
wet and dry landscape positions at short timescales. However, cumulatiweggyro
season Ceefflux was significantly higher from wet riparian landscape positidragso
determined that landscape position and attributes (e.g. slope, upslope accumuwdated are
and vegetation cover) could be related to soil respiration dynamics amddeghhized
heterogeneity in cumulative surface £&¥flux. These results may provide a way

forward in reducing uncertainly in models of soil respiration across comptaintand
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highlight the need for further research of soil respiration across a wige o&n
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 respieaiross
wet and dry landscape positions. | found that cumulative growing season efflux peaked
earlier during a drier growing season at both wet and dry landscape positiohs il t
greatest changes occurred at wet areas of the landscape. Thessuggaksthat
predicted changes in soil respiration in response to higher temperatyrbs ma
constrained by concurrent changes in precipitation, which can strongly ieguosgistem
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,” | exatngaed s
DOC export during snowmelt. Similar to soil respiration, | found that landscaptuse
strongly impacted stream DOC export due to its influence on hydrologic contyecti
between the stream and riparian and hillslope zones and the importance of the relati
amount of high DOC sources areas on cumulative stream DOC export. Thetgreates
DOC export occurred at landscape positions with high hillslope-riparian-stream
hydrologic connectivity and large riparian sources of DOC. These resultssstigat
landscape analysis may provide a way forward for determining whiak af¢he

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 £€¥flux and stream DOC in complex terrain. Each
chapter elucidated the influence of hydrology and landscape structure ontbeseof
specific avenues of carbon export. However, not until these chapters gratededoes
it become apparent that hydrology and landscape structure influenced nmooae¢ha
carbon export mechanism, and that common themes existed. For example, | found that
landscape position and attributes influenced the biophysical controls of soiltieapira
and resulted in higher G@xport from the soil to the atmosphere at wet riparian
landscape positions. | then demonstrated that these wet riparian positiersdsedarge
sources of DOC to the stream, and that the relative amount of riparian ar@aawithi
catchment and the degree of hillslope-riparian-stream hydrologic contyeictiluenced
catchment DOC export. In both studies, there existed a common theme of thcrease
carbon export with increased upslope accumulated area. Further, | demonsatated t
respiration response to changes in hydrologic regimes, such as snowmelt and
precipitation timing and magnitude, differed across wet and dry landscapemssiith
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, | suggest that the greatest changes in DOC expal$or@scur at
wet landscape positions and from catchments with a large extent of rip@aanTdus,
integration of the chapters presented in this dissertation demonstrategdtioégy and

landscape structure influenced both soil respiration and stream DOC expoht ani
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two dominant avenues of ecosystem carbon export. With knowledge of these results, |
propose that hydrology and landscape structure may also impact additional afenues
carbon loss, such as that from stream dissolved inorganic carbon (DIC) export er above
ground plant respiration. Collectively, these dissertation chapters suggestities of
ecosystem carbon export need to account for both hydrology and landscape structure,
particularly in areas of complex terrain, and highlights that landscabgsenmay allow
for increased confidence in estimations of ecosystem carbon export and balances

Based upon the knowledge gained from my dissertation, | 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 tempeyatur
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 sciplhdiary
approach to studies of carbon export. | suggest these disciplines should include, but not
be limited to, hydrology, biogeochemistry, and ecology, the integration of whiich wi
broaden our knowledge on the controls of carbon export from complex mountain

watersheds.



