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Abstract

Global climate change is largely due to human induced increases in the emission of

greenhouse gases to the atmosphere. Although this fact does not directly motivate

this research, it does set the backdrop for the impressive increase in research that

topic has garnered across disciplines over the past 30 plus years. The goals of the

research presented herein were to investigate the spatial and temporal dynamics of

carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) flux dynamics in a

snowmelt dominated, semi-arid watershed in central Montana, and to assess if and

how these fluxes were related to patterns imposed by the topographic structure of

the watershed. In the process, it has become apparent that a conceptual model

that incorporates all three of these important GHGs, and their relationships with

environmental variables does not exist. This is certainty, at least in part, due to

the high variability of these fluxes within and between ecosystems. However, a

conceptual model is necessary to compare empirical evidence, and test alternative

scaling methods across systems. Explicitly incorporating hydrologic processes into

a conceptual framework will not only be important, but imperative, to predicting

and assessing responses of these biogeochemical fluxes to a changing climate. This

will be particularly relevant in locations that are likely to experience a change in the

timing of precipitation, such as snow versus rain dominated in sub-alpine zones or

change in the timing and frequency of rain events arid environments.

In this study, we assessed the spatial and temporal dynamics of three major
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GHGs using a spatially distributed sampling campaign over two growing seasons.

Real time sensors (5 locations) and local spatial variability plots („ 700 m2, n = 7,

with 30 samples in each) were nested within a landscape scale sampling design (n =

52). The sites that were distributed across the landscape (n = 52) were organized

by transects that either exemplified specific landscape elements (e.g. uplands vs

riparian area) or crossed significant environmental gradients (e.g. riparian – uplands

or clearcut – forest). Total annual precipitation was similar between the two focal

years (2012 = 764 mm 2013 = 749 mm). However, the contribution from rain versus

snow shifted from 76% snow and 24% rain in 2012 to 56% snow and 44% rain in 2013.

The influential rain events in 2013 began on 17 July and were observed through 14

August.

Our first set of questions addressed the spatial variability of soil water content

(✓) and soil respiration (Rs) across landscape positions, from the plot to landscape

scale, through a growing season. Linking the hydrologic processes that create the

spatial variability of ✓ to topographic metrics of water redistribution is critical if these

metrics are to be used to scale biogeochemical processes based on their relationship

with ✓. We observed that the strength of the relationship between ✓ and topographic

metrics of water redistribution increased as the average wetness of the watershed

declined. The landscape scale control on ✓ mediated Rs at the site scale. At the plot

scale Rs was highly variable, and did not have a seasonal pattern, which might be

why it is necessary to use cumulative seasonal values of Rs to predict landscape scale

patterns of Rs. The legacy e↵ects of clearcutting remained prevalent with regards to

Rs (which was significantly higher in the forest than in the clearcut regrowth), while

di↵erences in the spatial and temporal variability of ✓ were not evident between the

two landcover types.

We then assessed how dominant landscape elements (riparian vs. upland), and

gradients of key environmental variables influenced the direction and magnitude of
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CO2, CH4, and N2O fluxes. The relationship between each gas and ✓ was variable,

and was not consistent between riparian and upland landscape elements, while the

influence of temperature was not significant at the site scale. Although the transition

zone between riparian and upland locations has been a focal point in watershed

biogeochemistry (due to dynamic O2 conditions and substrate delivery), it appears

that focusing on the shifting hydrodynamics, or the dominant hydrologic processes

themselves, might be more important than focusing on specific, pre-defined locations

in the landscape.

We capitalized on the significant relationships between terrain mediated ✓ in

the uplands and cumulative seasonal flux of CH4 to empirically scale our weekly

measurements of CH4 flux to the watershed scale. We determined that incorporating

multiple terrain metrics in the model produced the strongest fit between modeled and

observed CH4 flux. This scaling exercise showed that the best fit model predicted over

twice as much CH4 consumption in the uplands than predicted with an individual

topographic wetness index or by extrapolating the mean/median CH4 flux to the

watershed. Additionally, we determined that even if we used the maximum value

of seasonal CH4 e✏ux in the riparian area to estimate riparian contributions, the

riparian CH4 e✏ux only constituted 1 – 4% of the net watershed CH4 flux (depending

on which value of net influx is used).

While searching for the mechanisms that create biogeochemical optima can be in-

teresting and valuable, moving forward, it seems equally important to investigate the

spatiotemporal dynamics of fluxes (or times/ places) that we expect to exhibit more

landscape scale characteristic levels of a given flux/pool/process. It is also critical

that we do not treat the hydrologic dynamics that can influencing those pools/fluxes

as a ”black box”. Field studies that measure these hydrologic dynamics can provide

rich data sets to test accepted and proposed conceptual models and provide useful

calibration data for process-based models. Creating sampling campaigns designed
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to capture the relevant scales of variability, and utilizing this data to parameterized

process-based models and test hypothesis with various statistical models will most

certainly advance our understanding of the spatial and temporal dynamics of green-

house gas fluxes across given systems. However, updating our conceptual models

along the way will be key to assessing how each unique field site or modeling ex-

ercise contributes to greater process understanding and predictive capacity. Here,

we contribute to an updated conceptual model of the relationship between the pro-

cesses that influence these GHG fluxes and soil water content. We hope that these

conceptual contributions will spur new research questions that span systems and

scales, while the empirical contributions highlight a few ways that this can be done

in practice.
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1

Introduction

1.1 Foundations in Ecology and Hydrology

Current landscape ecology, watershed hydrology and biogeochemistry reflect a rich

history rooted in the parent disciples of ecology and hydrology. Hydrology has fo-

cused on characterizing dominant processes and the relative importance of various

streamflow generation mechanisms (Horton, 1933), while ecosystem ecology has char-

acterized rates and processes that allow biota to respond and interact with each other

and their abiotic environment (Tansley, 1935). An increased desire and promotion of

more holistic thought and management practices has pushed the relatively young in-

terdisciplinary science of ecohydrology to unite the theory and methods of hydrology

and ecology (King and Caylor, 2011). Here I briefly highlight some of the contri-

butions that frame the concepts that were used to examine the relative influence of

landscape hydrologic processes on the spatiotemporal dynamics of carbon cycling in

soils.

Although concern with the e↵ects of vegetation on water resources in the United

States was already prevalent in forest hydrology (e.g. Zon 1927; Bates and Henry

1



1928), the ecosystem concept highlighted the linkages between water, material, and

energy flows, formally recognizing the importance of integrating biotic and abiotic

components of the system (Odum, 1953; Bormann and Likens, 1967; Odum, 1968).

Over this time period, among other concepts, hydrologists were establishing how

distinct water transport mechanisms contributed to streamflow (e.g. transalatory

flow, Hewlett and Hibbert 1967, saturated-excess overland flow, Dunne and Black

1970a).

The development of theoretical ecology, systems ecology, and biogeochemistry

motivated increased attention to the importance of spatial heterogeneity in ecology

(Hutchinson, 1953; Rowe, 1961; Levine and Paine, 1974), while the acknowledgement

of partial area contributions to stormflow spurred research on the spatial heterogene-

ity of watershed processes (Betson, 1964). Hewlett and Hibbert (1967) showed that

the yielding portion of the watershed expands and shrinks as a function of antecedent

soil saturation conditions, while (Dunne and Black, 1970b) noted the seasonality of

these variable source areas. The newly available remote sensing, GIS and computing

capabilities converged with formal descriptions of the structural components of land-

scapes (Forman and Godron, 1981), and functional di↵erences in watershed elements

(Beven, 1978).

The progression of describing portions of the landscape based on function in ad-

dition to structure gained widespread recognition with the Allerton Park workshop

which convened to develop a framework for landscape ecology (Risser et al., 1983;

Weins et al., 2006). One example of integrating concepts of structure and function

is a study by Peterjohn and Correll (1984) who examined the influence of lateral

fluxes of water, by quantifying the importance of riparian bu↵ers in filtering nutrient

fluxes from agricultural uplands. This desire to explicitly understand how pattern

influences processes (whether it be ecological, biogeochemical, or hydrologic) was

congruent with increased attention to influences of scale across disciplines (Pastor
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and Post, 1986; Wood et al., 1988; Meentemeyer, 1989; Turner, 1989; Weins, 1989). In

addition to continued work on spatial heterogeneity in watershed processes (Beven

and Clarke, 1986; Beven et al., 1988), Keith Beven contributed to the conceptual

development of scaling in hydrology by noting the ”lack of theory of subgrid scale in-

tegration” and the general limitations and applicability of process based, distributed

hydrologic modeling (Beven, 1989).

The following decade saw the use of both experimental and modeling approaches,

at landscape and watershed scales, to integrate concepts of spatial heterogeneity

and scaling (Weins et al., 1993; Bloschl and Sivapalan, 1995; Wu and Loucks, 1995;

Grayson et al., 1997; Marks et al., 1999; Western et al., 1999). This was facili-

tated by the tremendous increase and improvement in high-resolution environmental

sensors, monitoring networks, and remote sensing data. In conjunction with expand-

ing computational capabilities these resources allowed for detailed, spatially explicit

process-based models grounded with empirical data (e.g Potter et al. 1996b; Beven

and Freer 2001).

The growing interest and body of research in ecohydrology over the past two

decades (Porporato and Rodriguez-iturbe, 2003; Burt et al., 2010; Vose et al., 2011),

reflects the history of multiple disciplines ranging in organismal, spatial and temporal

scales. Here I will use a rich data set from a long-term research site,Tenderfoot Creek

Experimental Forest (TCEF), MT to study how hydrologic patterns influence biotic

dynamics in a subalpine catchment. We are motivated to understand how complex

terrain, and the resultant redistribution of water across the landscape influences

the spatial and temporal magnitude and heterogeneity of soil carbon cycling and

GHG fluxes. We utilize an experimental design that leverages landscape spatial

heterogeneity and environmental gradients, and will use methods derived from both

landscape ecology and hydrology to assess the influence of landscape gradients and

use of functional landscape elements for process based scaling of greenhouse gas
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fluxes.

1.2 Tenderfoot Creek Experimental Forest

Location and Watershed Structure

The Tenderfoot Creek Experimental Forest (TCEF: latitude 46° 55’N, longitude

110° 55’W) is located in the Little Belt Mountains, flanking the eastern side of the

Rocky Mountains in central Montana (Figure 1.1). Seven gauged catchments form

the headwaters of Tenderfoot creek (22.8 km2), which drains into the Smith River, a

59 mile long tributary of the Missouri River. The headwaters (1,838 – 2,421 m asl)

range from gentle to moderate-gradient slopes (average slope „8°), with hillslope

lengths of up to 1200 m (Jencso et al., 2009). Grassland parks, riparian complexes

and seeps are found in the mid- elevations with steep narrow canyons characteristic

of the lower elevations (Farnes et al., 1995; Jencso et al., 2009). The climatic pattern

is typical of the northern Rocky Mountains with over half of the annual precipitation

(„800 mm) falling as snow during the winter. Spring rains contribute a significant

proportion of the remaining precipitation, the driest months occur the summer and

fall.

Geology and Soils

The geology of TCEF is comprised of three major rock types and the landscape

has relatively homogeneous shallow soils. The majority of the watershed is underlain

by flathead sandstone, quartz monzonite is found in the highest elevations, a layer of

wolsey shale intersects the upper hillslopes of Stringer and Spring Park, and the lower

reaches of Stringer and the main stem of Tenderfoot Creek are dominated by granite

gneiss. Soils are shallow („1m) typic cryocrepts in the uplands and aquic cryobalfs

in the riparian areas. This di↵erentiation in soil types reflects the seasonal dry down

of the upland soils versus sustained wetness in the riparian area, which maintains a

shallow water table throughout the season (Jencso et al., 2009). Although soils in
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TCEF site summary
A subalpine, subarid, snowmelt 
dominated headwater catchment, 
Little Belt Mountains, MT
• Location: 46’N 110’W

• Elevation: 1,838 – 2,421 m asl

• Area: 22.8 km2

• Annual precipitation: ~880 mm

• Mean temperature: 0°C

• Soil: ~1m deep, sandy loam

• Snowmelt: late May - early June

• Hillslope length: 500 – 1200 m

• Average slope: ~8°

• Lodgepole Pine uplands

• Riparian parks

Figure 1.1: Tenderfoot Creek Experimental Forest, MT, heavily instrumented wa-
tershed with over 12 years of research. Real time measurements include: streamflow,
precipitation, snow water equivalent, depth to groundwater table (over 150 wells),
met stations with soil water content, soil temperature, and soil CO2 concentration,
photosynthetically active radiation (PAR), and an eddy covariance tower.
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the uplands are characteristically sandy loam, they range in rock and organic matter

content across landscape positions.

Vegetation

Plant communities across the landscape transition from wet riparian meadows

in the valley bottom, through drier meadows to upland conifer forest. The vegeta-

tion of the riparian area is predominately grasses (Juncus, Carex, Poa) and willows

(Salix ) with a mixture of wildflowers (Erigeron, Aster) (Mincemoyer and Birdsall,

2006). The forest is primarily comprised of Lodgepole pines (Pinus contorta, and

subalpine fir Abies lasiocarpa); Englemann spruce (Picea engelmannii) and white-

bark pine (Pinus albicaulis) are also common, as is Grouse whortleberry (Vaccinium

scoparium) in the understory.

Fire and management History

The mean fire interval (determined from a fire history since 1580) is approximately

38 years for stand replacing fires, and about 103 years for major fires (over 600 acres),

the latter being responsible for the current age mosaic. The last fire of significance

was in 1947 (20 acres) and the last major fire was in 1902 (650 acres). The age class

mosaic consists of over-mature trees ranging from „120 – 260 years old (75 – 90%),

young stands that are 45 – 90 years old (8%), whitebark pine, Englemann spruce

and subalpine fir up to 410 years old (2%) (Barrett, 1993). Selective thinning and

clear cutting (leaving patches of forest between clearcut corridors) occurred in 2000

in portions of two sub-watersheds (Spring Park Creek and Sun Creek). The total

treated area was „32% („127 ha) of the Spring Park catchment and „45% („162

ha) of the Sun creek catchment, resulting in about 50% of the basal area removed in

each treatment. Prescribed burning in half of the treatments occurred in 2002 and

2003.

Review of hydrologic and carbon cycling research at TCEF

Tenderfoot Creek Experimental Forest has been the site of intensive hydrologic
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and biogeochemical research for over ten years. Research has spanned both experi-

mental and modeling approaches, with foci on hillslope hydrology and riparian con-

nectivity (Jencso et al., 2009, 2010), nutrient flushing (Pacific et al., 2010), baseflow

generation (Jencso and McGlynn, 2011), and water and carbon fluxes through the

soil-plant-atmosphere continuum (Pacific et al., 2008, 2010; Riveros-Iregui and McG-

lynn, 2009). The combination of streamflow data, spatially distributed hydrologic

and environmental measurements, remote sensing data, LiDar (and associated ter-

rain analysis) has furthered our understanding of the influence of landscape structure

in mediating hydrologic response and biogeochemical cycles.

Initial watershed scale hydrologic research built on the growing literature exam-

ining the relative roles of hillslope and riparian areas in generating streamflow and

influencing its composition (Hooper et al., 1997; McDonnell et al., 1998; McGlynn

et al., 1999; McGlynn and Seibert, 2003). At TCEF this research involved installing

over 150 ground water wells and piezometers across the 7 sub catchments of the Ten-

derfoot Creek watershed, and landscape analysis of water accumulation patterns.

Using the resulting measurements of the shallow groundwater table, Jencso et al.

(2009) showed that the relative duration of hillslope-riparian-stream (HRS) connec-

tivity could be predicted by upslope contributing area. This shallow groundwater

network was later found to be the primary driver of runo↵ generation in an as-

sessment of hierarchical controls on runo↵ generation (Jencso and McGlynn, 2011).

Although the shallow groundwater network was the most responsive/ active part of

the system, the vegetation, and the underlying geology did create a lagged response

in runo↵ that became more important late in the season (base flow) (Jencso and

McGlynn, 2011). This research e↵ectively showed how landscape scale patterns of

connectivity and water redistribution influences streamflow, this transport of wa-

ter and dissolved constituents also has implications for patterns of mobilization of

nutrients through the system.
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The spatial heterogeneity and patterns of ecologic and biogeochemical processes

across ecosystems can be particularly di�cult to characterize because of interact-

ing and conflicting mechanisms. However, linking hydrologic processes and carbon

cycling provides an opportunity to infer some of the physical drivers of important

ecosystem processes. Initial investigations into how the physical template influences

the carbon cycle were primarily focused on how dissolved organic carbon (DOC)

reached the stream (Pacific et al., 2009), with further work examining the spatial

heterogeneity of CO2 fluxes from the soil to the atmosphere (Pacific et al., 2008,

2009; Riveros-Iregui and McGlynn, 2009).

With respect to watershed export of DOC, Jencso et al. (2009), showed that

hillslopes with larger contributing areas stay connected to the stream for longer du-

rations, and their DOC export was limited to times of high wetness (e.g. snowmelt)

which could result in a dilution e↵ect on the falling limb of the hydrograph (Pacific

et al., 2010). Although locations with high connectivity were important to the de-

livery of DOC to the stream, Pacific et al. (2010) found it to be secondary to the

relative proportion of riparian to hillslope area, with locations having both high con-

nectivity and large riparian areas being the largest cumulative contributors of DOC

to the stream. Understanding how hydrology influences where and when carbon

accumulation versus mobilization occurs across the landscape is relevant for both

biogeochemical cycling and vegetation patterns across the landscape.

The spatially and temporally dynamic mosaic created by complex terrain was

particularly useful in investigations of the relationships between spatial hydrologic

patterns and CO2 e✏ux (Pacific et al., 2008; Riveros-Iregui and McGlynn, 2009).

This research showed that competing CO2 transport and production mechanisms

can contribute to non-linear responses to environmental variables (Riveros-Iregui

et al., 2007; Pacific et al., 2008). Production of CO2 in the soil increases with soil

water content (SWC), but can be inhibited when the soil approaches saturation (eg.
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riparian areas), causing the di↵usion of O2 into the soil and CO2 out of the soil to be-

come limiting (Pacific et al., 2008). Soil water content can also regulate the response

of soil CO2 concentration to temperature. For example, early in the season, CO2

concentration in the soil showed hysteresis with temperature, but responded more

linearly to temperature as SWC decreased over a growing season due to increased

rates of di↵usivity (Riveros-Iregui et al., 2007).

The limits imposed by soil moisture on the production and transport of soil CO2

to the atmosphere leads to CO2 fluxes that are heavily influenced by complex terrain

and a seasonal hydrologic regime. The rapid dry-down of hillslopes results in an in-

termediate SWC early in the season that corresponds with peak seasonal CO2 flux in

those locations, whereas riparian locations that retain groundwater table throughout

the season peak later (Pacific et al., 2009). Although the riparian area had peak CO2

flux later in the year, it had high enough e✏ux rates that it produced more CO2

cumulatively than the hillslopes over a growing season (Riveros-Iregui and McGlynn,

2009). The response of CO2 fluxes with di↵erent hydrologic inputs is particularly

relevant with the onset of changing climate regimes. In a dryer year, peak fluxes

occurred earlier in the season and riparian sites were found to respond more strongly

hillslope positions, with a 33% increase and 8% decrease respectively (Pacific et al.,

2009). These disproportionate responses to environmental change demonstrated how

characterization and process understanding of spatial variability of ecosystem pro-

cesses can be important for predicting possible responses to environmental change.

The establishment of where and when water moves through landscapes can pro-

vide hydrologic and ecologically relevant insights about watershed heterogeneity and

biogeochemistry. Building on past observations of spatiotemporal variability of CO2

emissions, I am incorporating CH4 and N2O fluxes and add to the perceptual model

of how the redistribution of water and nutrients can influence carbon cycling across

landscapes. This research can provide new understanding of the dynamic interactions
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of abiotic and biotic components of ecosystems that lead to observed GHG fluxes,

their relative magnitudes, and how they integrate to the watershed scale GHG flux

dynamics and net GHG source/sink status of the forest.

1.3 Greenhouse Gas Review

Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are greenhouse gases

(GHGs) that have increased in atmospheric concentration over the past half century,

with rates of increase in the past decade (2000 – 2010) over twice that of the previous

three (1970 – 2000, IPCC 2014). Although present at lower atmospheric concentra-

tions, CH4 and N2O have respective global warming potentials 25 and 298 times

that of CO2 over a 100 - year time frame. Despite modeling e↵orts across ecosys-

tems, there are large uncertainties in climate-terrestrial GHG feedbacks, especially

in mountainous regions (Wickland et al., 1999; Riveros-Iregui and McGlynn, 2009).

Uncertainty can arise due to di↵erences between local and regional environmental

conditions, and their relative influence on GHG exchange with the atmosphere. Pro-

cess understanding of landscape scale environmental influences on spatial patterns

and temporal dynamics of GHG fluxes is requisite for predicting ecosystem GHG

balances and their response to change.

The microbially mediated production and consumption of GHGs can vary by

orders of magnitude across landscapes, particularly in arid or seasonally dry ecosys-

tems that have significant seasonal and aperiodic variability of precipitation (Castaldi

et al., 2006; Moyes and Bowling, 2012; Austin et al., 2014). Local thermodynamics

and environmental conditions including soil moisture, temperature, substrate avail-

ability, pH, and oxygen status contribute to the high variability of fluxes across

landscape-imposed gradients (Born et al., 1990; Conrad, 1996; Hedin et al., 1998;

Davidson et al., 2000). Greenhouse gas models often represent the processes driving

greenhouse gas emissions by a range of soil physical and soil biological components
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(e.g. microbial growth, Michaelis-menton kinetics, Blagodatsky and Smith 2012),

but typically do not incorporate the spatially heterogeneous distribution of these

influences.

Considerable e↵ort has been directed to the study of CO2 in complex forested

terrain, using both spatially distributed chamber measurements, and eddy covariance

methods (Lavigne et al., 1997; Riveros-Iregui and McGlynn, 2009). Although eddy

covariance measurements are useful in that they integrate the spatial variability of

CO2 fluxes, a spatially detailed understanding and assessment of trace gas fluxes is

particularly important because of disproportionate e↵ects that parts of the landscape

can have on total landscape fluxes and due to the switching from consumption to

production of both CH4 and N2O (Davidson and Swank, 1986; Wachinger et al.,

2000; von Fischer and Hedin, 2002; McClain et al., 2003). Numerous studies have

begun to characterize the temporal and spatial heterogeneity of CH4 (Dalal et al.,

2008) and multiple trace gases in various ecosystems (Imer et al., 2013; Kim et al.,

2013), but sampling sites are generally sparse, and determining seasonal dependencies

and relative role of abiotic influences on this variability has been relatively limited

(Fiedler and Sommer, 2000; Ullah and Moore, 2011; Nicolini et al., 2013).

The flow paths of water, and associated nutrients (Hedin et al., 1998; von Fischer

and Hedin, 2007), can create heterogeneity in environmental conditions throughout

the soil matrix, and across the landscape. Two hydrologic mechanisms that influence

local conditions and substrate availability include mass flow, which replenishes nutri-

ents through infiltration and redistribution, and di↵usion of O2 and substrates (e.g.

NH4, CO2, NO
´
3 ) as result of imposed concentration gradients. Soil water content

(✓) directly influences root respiration and microbial processes by placing constraints

on microbial production and consumption of CH4 (methanogenesis, anaerobic condi-

tions, methanotrophy, aerobic), the production of N2O in both aerobic (nitrification)

and anaerobic (denitrification) conditions, and maximum respiration which typically
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Figure 1.2: Conceptual model of the influence of soil water content on greenhouse
gas fluxes from soil. Adapted from Appendix Figures 6.5 and 6.6 (Linn and Doran,
1984; Lohse et al., 2009).

occurs around field capacity (Figure 3.12). This hydrologic mediation of some of the

factors influencing microbial processes suggests that hydrologic similarity could lead

to biogeochemical similarity and could provide a basis for scaling GHG fluxes from

point to landscape scales.

Delineation of functional landscape elements that represent important processes

and their similarity across space, remains a challenge in hydrology, ecology, and bio-

geochemistry (Meentemeyer, 1989; Reynolds and Wu, 1999). Techniques to delineate

these functional landscape elements are continuing to be developed, and landscape

metrics such as upslope accumulated area (UAA, a surrogate for water accumula-

tion), hold promise for representing hydrological influences on variables relevant for

GHG fluxes (e.g. redox state, di↵usivity, and substrate availability). Integration of

spatially distributed measures of soil water content and groundwater elevation with

topographic analysis using high resolution DEMs provides the opportunity to inves-

tigate spatial patterns of biogeochemical fluxes in relation to both short and long

term magnitudes of relevant hydrologic states. Discretization of landscapes into a
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continuum of functional elements with boundaries that shift in space and time based

on the dominant hydrologic state could allow for testable scaling hypotheses across

ecosystems. As these methods are used more frequently, it will be important to

link the patterns we can measure from remotely sensed datasets with the processes

they represent, and asses how the associated assumptions a↵ect the utility of these

methods across systems.
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2

Nested scales of spatial and temporal variability of

soil water content across a montane catchment

2.1 Introduction

Topography has a fundamental influence on the spatial configuration of water and

energy mass balances across watersheds (Beven and Kirkby, 1978; Wagener et al.,

2007; Sommer et al., 1997). Spatial patterns of soil water content can arise from evap-

otranspiration and water redistribution processes and have been shown to influence

streamflow (McGlynn and Seibert, 2003; Jencso and McGlynn, 2011; Atkinson and

Sivapalan, 2003; Nippgen et al., 2011) and associated nutrient dynamics (McGlynn

and McDonnell, 2003; Gardner and McGlynn, 2009; Pacific et al., 2010). Landscape

structure describes topographic, geologic, and vegetation form and has been used to

predict the variability of ecohydrologic processes (Kaiser et al., 2013; Emanuel et al.,

2010) and to extrapolate point measurements to watershed scales (Riveros-Iregui

and McGlynn, 2009; Webster et al., 2008; Duncan et al., 2013; Emanuel et al., 2010).

The use of topographic wetness indices as metrics of water availability with which to

scale point measurements has become common. However, the utility and applicabil-
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ity of these approaches depends on the underlying relationships between patterns of

water redistribution and topography (Western et al., 2001). Therefore, determining

the degree to which hydrologic patterns are reflected by terrain metrics is critical to

their use in scaling/predicting processes influenced by soil water content.

The influence of topography on soil water content (✓) has received particular at-

tention by a number of research groups, most notably in the Tarrawarra Catchment,

Australia (annual precipitation x = 820, slope x = 8%, e.g. Grayson and Western

2001; Park and Giesen 2004), the Mahurangi Catchment, New Zealand (annual pre-

cipitation x = 1600 mm, slope x = 16%, e.g. Wilson et al. 2003; Western et al.

2004), and at the Shale Hills CZO, Pennsylvania, USA (annual precipitation x =

980 mm, slope x = 25 – 48%, e.g Lin et al. 2006; Takagi and Lin 2012). This re-

search has highlighted that the spatial variability of ✓, and its change over time, can

be highly location dependent. In Shale Hills and Tarrawarra, the spatial variability

of ✓ increased with increasing catchment wetness (Lin, 2011), meaning that ✓ was

more similar across the landscape when the catchment was dry. Conversely, in the

NZ catchments, the variability of ✓ decreased with increasing catchment wetness

(Western et al., 2004). These contradictions have been attributed to the scale of

topographic variability across each catchment, di↵erences in soils, seasonal climatic

di↵erences, and their resulting influence on the dominant hydrologic processes at a

given time (Western et al., 2004; Takagi and Lin, 2012).

In addition to landscape scale patterns of water redistribution that can be strongly

influenced by topography, plot scale variability (10 s of meters) in soil water content

can impact the utility of landscape structure metrics for extending point measures

to whole landscapes. To address this, we examined the spatiotemporal variability

of soil water content across a montane landscape to inform the use of topographic

metrics for estimating relative soil water content and its influence on the variability

of ecological and biogeochemical processes that are linked to vadose zone hydrology.
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Our nested sampling design captured a wide range of topographic settings (n = 42)

with seven high density (n = 30) plots to determine the spatial variability of soil

water content within and across scales. We sought to answer the following questions:

Q1: What is the relationship between soil water content and topography

across seasonal drydown?

Q2: How does landscape variability of soil water content compare to

local variability? Do the processes that control this variability change

from wet to dry watershed states?

2.2 Methods

2.2.1 Site Description

Tenderfoot Creek Experimental Forest (TCEF) is located in central MT. Our sam-

pling campaign occurred in two sub watersheds (Figure 2.1); upper Stringer Creek

(394 ha; 2090 – 2425 m) which is an undisturbed watershed, and Spring Park Creek

(SPC, 400 ha; Elev) which contains patch cuts of thinned and clear cut forest, har-

vested in 2000 (Hardy et al., 2006). These watersheds receive average annual precip-

itation of 880 mm, with 70% falling as snow from October through April (Schmidt

and Friede, 1996; Nippgen et al., 2011). Flathead sandstone, Wolsey shale, and gran-

ite gneiss are overlain by shallow soils (<1 m, typic cryocrepts in the uplands and

aquic cryobalfs in the riparian areas). Uplands are moderately sloping (average 8%)

and are covered by Grouse whortleberry (Vaccinium scoparium) in the understory

of a lodgepole pine forest (Pinus contorta), interspersed with subalpine fir (Abies

lasiocarpa); Englemann spruce (Picea engelmannii) and whitebark pine (Pinus albi-

caulis). The riparian corridor is „ 3% of the Stringer Creek watershed area and „
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6% in SPC, and is predominately grasses (Juncus, Carex, Poa) and willows (Salix )

(Mincemoyer and Birdsall, 2006).

2.2.2 Sampling Design

We created a nested sampling design where spatial variability plots (n = 7 plots,

area = 707 m2, n = 30 measurements within each plot, sampled bi-weekly (n =

4)) were interspersed within a larger, more spatially distributed sampling network

that reflected landscape scale variability (greater spatial extent, 42 sites sampled

weekly, Figure 2.1). Each spatial variability plot (upland plots n = 5, near-stream

plots n = 2) was established around a central location (one of the landscape scale

sampling points). Measurement locations within each plot were set with a random

compass direction and distance up to 15 m from the center point, which created

a sampling area of up to 707 m2 (Figure 2.1). We established two riparian plot-

scale sites; one was fully in the riparian area (Transect 2 (T2)) while the other

included both the riparian area and the transition zone into the uplands (Transect 1

(T1)). The five upland plots encompassed a range of landscape positions, captured

in the distributed sampling scheme. The distributed upland sampling sites included

distinct convergent and divergent components of the landscape on both south and

north facing aspects. Two transects that crossed the stream reflected riparian to

upland transitions. The distal ends of these transects were located in the forested

uplands. The transects crossed the backslope (steep area around the middle of the

hillslope, Conacher and Dalrymple 1977; Webster et al. 2011; MacMillan et al. 2000),

the footslope (moderately sloped transitional area between steep upland and gently

sloped lowlands), the toeslope (flat to gently sloped area at base of hillslope), and

the often saturated riparian area. One transect (n = 10 sites) was located in an

adjacent catchment (SPC) and captured the transition from a clearcut (CC) patch

(14 years of modest regrowth) to a forest patch (Figure 2.1). One of the plot scale
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Figure 2.1: Map of nested sampling design showing sites, plots, transect and their
relative scales across Stinger Creek and the management transect in Spring Park.
Transect 1 is one of the most heavily instrumented transects in the watershed. Real
time measurements here include: groundwater level, soil water content (0 – 12, 20, 50
cm), soil temperature, and precipitation. It has 8 sites (squares), which are labeled
by the side of the creek they are located on (East (E) or West (W)), and numbered
1 – 4, with 1 being closest to the creek. T1W4 and T1E4 are not shown in this
image, they are each 40 m farther up their respective hillslopes. The large circle
denotes the transitional plot with 30 measurement locations, this is representative
of all the spatial variability plots (n = 7), but highlights the range of conditions in
the near-stream area.
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sites was located in the clear cut (Upland site 5(CC)) and one was located in the

adjacent forest patch (Upland site 4).

2.2.3 Environmental Measurements

At every distributed sampling site across the landscape (n = 42, weekly) and at

the 30 sites within each spatial variability plot (n = 7, biweekly), volumetric water

content (VWC) was measured in triplicate using a Hydrosense II portable soil water

content meter (12 cm rods, Campbell Scientific Inc., Utah, United States). The

Hydrosense II was inserted vertically into the soil, integrating the soil water content

in the upper 12 cm of soil (3600 cm3 sensing volume). The spatial variability plots

were sampled within two days of each other, coincident with sampling of the sites

distributed across the landscape which were sampled within a three day time period.

2.2.4 Real Time Measurements

Capacitance rods (˘ 1 mm, TruTrack, Inc., New Zealand) were used to measure

stage and using established rating curves, runo↵ (hourly), at the outlet of Stringer

Creek. Snowmelt and precipitation were measured in the headwaters of TCEF (2259

m) and near the outlet of Stinger Creek (1996 m) at two National Resources Con-

servation Service (NRCS) SNOTEL sites. An hourly snow melt interpolation model

constrained with the two SNOTEL sites was used to determine precipitation and

melt inputs to Stringer Creek (Nippgen et al., 2015). Rainfall precipitation was cor-

roborated with data from rain gauges (TE525WS, Texas Electronics, ˘ 1% up to 1

in. hr´1) at T1 and in the CC of SPC. Groundwater wells, created from 1.5 inch

diameter PVC, screened from completion depth to within 10 cm of ground surface,

were installed along the riparian-hillslope transects (T1 and T2) and along the man-

agement transect in SPC. Each shallow groundwater well was instrumented with

capacitance rods recording groundwater level every 30 minutes (Jencso et al., 2009).
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Well completion depths (to the soil bedrock interface) ranged from 0.5 – 1 meter in

the riparian zones and 0.8 – 1.5 m in the uplands. Installation details can be found

in (Jencso et al., 2009).

Real-time environmental sensors were installed at multiple depths in 4 landscape

positions in upper Stringer Creek and on both sides of the SPC (adjacent water-

shed) management boundary (Figure 2.1). Campbell Scientific CS655 SWC sensors

measured percent volumetric soil water content (VWC) and soil temperature every

hour at 5 and 20 cm depths (Figure 2.1). Photosynthetically active radiation, air

temperature, atmospheric pressure, and precipitation were co-located with the T1

riparian site in Stringer Creek and in the patch cut of the management block located

in SPC.

2.2.5 Statistical Methods

Standard metrics of central tendency and variability (mean (x), standard deviation

(SD), and coe�cient of variation (CV)) were calculated for each plot and sampling

round. These metrics were also calculated for the distributed landscape scale sites

where the x, SD, and CV were calculated separately for upland (n = 35) and riparian

sites (n = 7). PDFs were fitted to plot scale VWC data from each sampling round

using a gamma distribution. Variograms were used to assess spatial correlation in

the plot scale sites using the Spatial Nonparametric Covariance Functions package

in R (ncf, Bjørnstad and Falck 2001).

VWC of each upland site (n = 35) was compared to landscape scale metrics of

terrain mediated water redistribution. Ten meter digital elevation models (DEMs)

were created by coarsening 1 m2 resolution light detection and ranging (LIDAR)

data. These data were collected in 2005 by the National Center for Airborne Laser

Mapping (NCALM). We calculated topographic characteristics that describe both

incoming solar radiation at the ground surface and relative water availability of
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each site using DEM landscape analysis methods as described in (McGlynn and

Seibert, 2003). Terrain metrics included in the analysis were: upslope accumulated

area (UAA, m2) and the topographic wetness index (TWI). UAA is the watershed

area contributing to each point in the landscape and was derived using the MD8
algorithm (Seibert and McGlynn, 2007). TWI is another approximation for relative

wetness and was calculated using the following equation (Eq(3.1), Beven and Kirkby

1978):

“
TWIs “ ln ˆ

ˆ
a

tan�

˙
(2.1)

where a is UAA and � is local slope. Both topographic metrics were assessed for

relationships with ✓ over the course of the season.

2.3 Results

The 2013 water year (1 October 2012 – 31 September 2013) had lower total precip-

itation (749 mm) than average (x = 886 mm, 1981 – 2010). In 2013, 56% of total

precipitation fell as snow. SWE on 1 April 2013 was 314 mm, near the median 1 April

SWE for the period of record (343 mm, 1981 – 2010). Streamflow peaked on 4 June

(10.8 mm day´1), within a few days of the annual average peak streamflow (29 May,

Pacific2009). The first round of measuring the distributed sampling sites occurred

on 29 May. These sites were measured weekly thereafter. We began sampling the

spatial variability plots on 25 June, at which point streamflow had decreased to 1.1

mm day´1. Small rain events began on 12 July (Table 2.1), and continued through

the sampling campaign. The August precipitation events (16.6 mm cumulatively

over three days) were the only ones large enough to increase streamflow appreciably.

Real-time ✓ (riparian, toeslope, and backslope)

Real time soil water content (✓) sensors, located in 3 distinct landscape positions,
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Table 2.1: Rain events >0.1 mm measured at Transect 1 during the 2013 growing
season after the snowmelt period.

Date Total Rain Intensity
(mm) (mm hr´1)

07/12 2.5 0.31
07/17 3.6 0.17
07/29 3.8 1.90
08/01 10.6 2.12
08/02 2.2 1.10
08/09 3.9 1.3
08/11 4.6 2.3
08/12 3.6 0.90

measured the decline in ✓ over the course of the sampling campaign. They also

measured varied responses to rain events (Figure 2.2, Table 2.1). Only the riparian

site retained a shallow water table through the growing season. The three sites

showed di↵erential dry down between landscape positions. At the riparian site, the

soil volumetric water content (VWC) was 54% when snowmelt ended („ 21 June) and

declined to 45% by mid-summer, increasing to 53% after the rain events on 01 – 02

August. At the toeslope landscape position, VWC was 37% when snowmelt ended,

while the backslope was only 27% VWC. The backslope position dried more rapidly

than the toeslope position, which lead to increasingly di↵erent VWC between the

two landscape positions. The toeslope position briefly responded to the 17 July rain

event and exhibited a strong response to the series of rain events in early August

(increase of 10% VWC), while the ✓ sensors on the backslope barely respond to

the rain event (negligible increase of 1% VWC, perhaps due to drier surface soil

conditions).

Landscape scale ✓

Soil moisture declined through the summer growing season across all sites at

the landscape scale (Figure 2.3). These sites reflected the distribution of landscape
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Figure 2.2: Real-time measurements of volumetric soil water content across the T1
riparian - upland transect. Vertical grey bars denote when plots were measured.

positions/settings across upper Stringer Creek (Figure 2.4). Riparian sites exhibited

significantly higher mean ✓ than the uplands. The variability of soil moisture in

the riparian area sampling sites, as assessed by CV, did not change significantly

early in the season (Figure 2.3). After the 15 July sampling CVs increased, which

could be due to decreases in mean VWC, or change in VWC following the rain

events. The mean riparian ✓ (44%) and few measures <30% VWC (9% of riparian

measurements), suggest that this portion of the landscape exhibited a wet preferred

state (Appendix Figure 5.1). Across all of the measurements of upland ✓ in 2013,

less than 3% were greater than 29% ✓ indicating a dry preferred state during most

of the growing season (Appendix Figure 5.1). The CV of upland ✓ increased until

the first significant rain event on 17 July (3.8 mm), at which point the landscape

scale CV of ✓ remained relatively consistent through the remainder of the season.

Although the rain events did not influence mean ✓, they appear to have influenced
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the seasonal trend in SD and CV (Figure 2.3). At the landscape scale, variability

of ✓ was much higher in the uplands (CV = 0.65) than in the riparian area (CV =

0.20). Comparison of terrain metrics (UAA and TWI) to weekly site-scale ✓ in the

uplands (n = 25) indicated that the strength of the relationships were strongest at

the end of the season, when the watershed was in it’s driest state (Figure 2.5). The

strength of the relationship between ✓ and both metrics of water redistribution, were

weakest when the watershed was transitioning from wetter to drier conditions.

Plot scale ✓

Mean ✓ at the plot scale tracked average upland ✓, with one upland plot lower

than the rest of the plots. This plot (3) was located on a steeper slope and had

more coarsely textured soil), Figure 2.3 and Figure 2.6). The mean ✓ of the riparian

plot did not change strongly relative to the decline in ✓ in the distributed riparian

sites, however, the CV doubled from the beginning to the end of the sampling sea-

son (Figure 2.3). The transition plot between then riparian and upland landscape

positions exhibited an average ✓ that fell between the riparian and upland plots (Fig-

ure 2.3). However, it’s high CV highlights that it exhibited two modes of behavior;

approximately 1/3 of the points were riparian-like while the other 2/3 exhibited ✓

characteristic of upland landscape positions (Figure 2.6, Figure 2.7).

We compared the forest and the clearcut plots and determined that shallow soil

moisture was only significantly higher in the forest than in the CC in the last sampling

round. The range and variability of plot scale ✓ was similar in the CC and the forest

(Table 2.2). The first rain event (3.8 mm, 17 July) was small enough that we did

not measure a significant change in ✓ in the ✓ sensors, or the spatial variability plots

in the management transect (Figure 2.6, Figure 2.7). After the precipitation events

from 29 July to 03 August, the plot scale variability of ✓ significantly decreased in

the forest, while the opposite was true for the clearcut (Table 2.2).
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Table 2.2: Means and coe�cient of variation for each sampling round in the spatial
variability plots located in the clearcut patch and adjacent forest patch. p denotes
significant di↵erences between the plots, and t denotes significant di↵erences between
sampling rounds based on 2 sample t-test, p <0.05.

Mean VWC (%) VWC CV

Date Forest Clearcut Forest Clearcut
26 June 18.87p 19.26p 0.29 0.23
9 July 11.63 13.23 0.33 0.46
24 July 7.03t 5.55 0.71 0.44
4 August 7.51pt 5.09p 0.41 0.54

Although the mean ✓ in the uplands (at the plot scale n = 5) did not change

significantly in response to rain events, the plot scale CVs diverged from the seasonal

increase in variability after the 17 July rain event (Figure 2.3) with CVs becoming

more similar by the last sampling round (after the series of rain events). Pdfs fitted to

the distributions of ✓ in upland plots for each sampling time point showed that early

in the growing season each plot had a unique mean and range of ✓, which generally

became more similar by the 7 July sampling round (Figure 2.8). However, the plots

diverged by the 24 July sampling following the rain events (Figure 2.6). We tested for

spatial correlation within each of the 7 plots across the landscape using variograms.

We found no significant spatial correlation among the 30 sampling locations within

any of the 707 m2 plots (data not shown).

2.4 Discussion

Topographic redistribution of water typically has a strong e↵ect on streamflow re-

sponse during snowmelt or saturated conditions (Beven and Kirkby, 1978; McGlynn

et al., 1999; McGlynn and Seibert, 2003; McGlynn et al., 2004; Yeakley et al., 1998).

Empirical evidence and modeling e↵orts at TCEF have shown that streamflow during

the snowmelt period is driven by topographic redistribution of water and connectiv-
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ity of shallow throughflow (Jencso et al., 2009, 2010; Jencso and McGlynn, 2011;

Nippgen et al., 2011; Payn et al., 2012; Nippgen et al., 2015). In a modeling exercise

(WeCHO), Nippgen et al. 2015 estimated that once shallow soil moisture dropped be-

low „29% VWC, the rate of down gradient delivery of water abruptly changed. This

threshold was used to delineate active areas of the watershed since this intermediate

✓ denoted the change from saturated throughflow to unsaturated water flow. By July,

the spatial extent of active areas dropped significantly (Nippgen et al., 2015) and the

drier locations in the landscape were no longer contributing to the rapid lateral flow

of water downslope. This lack of saturated connectivity in the uplands suggests that

the lateral movement of water was no longer the dominant process controlling the

spatial distribution of water in the vadose zone. Instead, local controls (e.g. vegeta-

tion, insolation, soil properties) were likely mediating soil moisture largely through

vertical processes (e.g. evaporation, transpiration, drainage; Grayson et al. 1997). If

the lateral movement of water controls saturated throughflow early in the season and

vertical loss of water through ET and drainage control shallow soil moisture late in

the season, then the spatial scales associated with each of these processes might be

di↵erent. This begs the question, is there a memory e↵ect associated with the former

(landscape scale saturated throughflow drainage pattern) even after it is no longer

the dominant process contributing to streamflow? Or, do local vertical processes

become the predominant influence on local water availability?

The strength and timing of topographic influence on shallow soil water content

has been found to be variable across systems (Western et al., 2004; Lin, 2011).The

utility of terrain metrics for predicting patterns in hydrologic processes is dependent

on the underlying assumptions about terrain mediated water movement, which may

or may not coincide with the dominant hydrologic processes of a given watershed or

point in time. Common assumptions include: spatially uniform recharge; hydraulic

gradients that are reflective of the direction and magnitude of the surface slope; uni-
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form soil depths and shallow impermeable bedrock, and spatially consistent hydraulic

conductivity (Western et al., 2002; Beven and Kirkby, 1978). Explicitly considering

these assumptions and the e↵ects of their violation is critical to evaluating where

and when terrain metrics will be useful to assess (and scale) spatial contributions

to stream flow, variability in shallow soil moisture, and any biological or di↵usive

processes that occur in the soil that are influenced by water availability. Assess-

ment of which terrain metrics best represent individual hydrologic processes could

also be useful. For example, shallow soil moisture could be related to topographic

wetness indices, whereas deeper soil moisture could be more related to elevation, as

was observed at Shale Hills (Baldwin et al., 2017).

Landscape scale patterns of ✓

At TCEF, the relatively uniform distribution of melt input, the shallow, homoge-

neous soils, and surface topography that is reflective of bedrock topography (Jencso

et al., 2009, 2010; Jencso and McGlynn, 2011), suggest that application of topo-

graphic wetness indices is appropriate in this landscape. In this setting, we observed

that the strength of the relationship between site level ✓ and the topographic wetness

indices (TWI and UAA) was greatest at the end of the season when soil moisture was

at its lowest (Figure 2.5). When the watershed was at an intermediate wetness state,

the strength of this relationship was at its lowest. Over the course of approximately

4 weeks (10 June – 10 July), average upland ✓ decreased from 25% to 11% (Figure

2.3). It is important to note that this intermediate wetness was not uniformly dis-

tributed across the watershed, rather, some locations in the watershed continued to

be laterally connected to their contributing areas via saturated throughflow, while

other locations had already crossed the threshold to unsaturated conditions and more

1-d dominated water movement (Nippgen et al., 2015). This di↵erential dry-down

of the watershed in terms of both rates and absolute values is likely responsible for
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the decreased landscape scale relationship between terrain metrics and soil water

content.

We observed that explanatory power of terrain for the spatial variability in soil

moisture increased with increasing dryness. This is essentially the inverse of the

temporal evolution of topographic controls on streamflow generation (Nippgen et al.,

2015; Jencso et al., 2009). In the case of streamflow generation, saturated through-

flow initiation and cessation were directly related to the size of the upslope area

contributing to a location. Streamflow magnitude then was a function of the fraction

of the stream network with saturated throughflow connectivity to adjacent uplands.

Others have also found that terrain metrics can exhibit increased explanatory power

for soil moisture during dry times. In a steep humid landscape in North Carolina,

topographic controls on soil moisture (0 – 90 cm) were stronger during drought pe-

riods, and during wetter periods, soil water storage properties exerted more control

on ✓ (Coweeta, NC, Yeakley et al. 1998). Greatest topographic explanatory power

during dry conditions is the opposite of findings from the Tarrawarra watershed in

Australia. Tarrawarra has similar annual precipitation soil depth, and average slope

as TCEF, yet Western et al. 2004 found no significant relationships with terrain met-

rics once the watershed was no longer in a saturated throughflow state. Tarrawarra

exhibits high soil moisture in the winter and low moisture in the summer, but does

not have winter snowpack or the associated high spring runo↵. Our findings add to

the literature that suggests the seasonality and the duration (or rate) of lateral flow

processes could regulate how and when topographic metrics are most related to soil

moisture.

Mean soil moisture and variability of ✓ at the plot scale tracked landscape scale

variability of ✓ through the season (Figure 2.3). Specifically, as mean landscape scale

soil moisture decreased, it decreased at the same rate in the upland plots. Although

a similar pattern occurred in the riparian area, the plot scale mean ✓ did not decrease
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as much as in the distributed sampling sites that covered a wider range of riparian

settings. The general seasonal increase in variability of soil water content across the

landscape (CVs) also tracked plot scale increase in soil water content variability. This

suggests that the landscape and plot scales behaved similarly, but that topographic

influence, or legacy from peak wetness and water redistribution at the landscape

scale, was significant enough to be greater than the local scale variability imposed

by 1-D processes later in the growing season (Figure 2.3 and 2.5).

Plot scale patterns of ✓

Nested within these landscape scale patterns, local variability of soil moisture

can be high. Plot scale variability of ✓ (10s m) can be attributed to interactions and

feedbacks between soil properties (e.g. water retention, texture, organic content,

macropores), microclimate, evapotranspiration, and vegetation (which can be both

a consequence and cause of soil moisture patterns) (Lin et al., 2006; Rosenbaum

et al., 2012). Given that the strength of the relationship between soil moisture and

topographic metrics increased as watershed soil moisture declined at the landscape

scale, one might expect that variability of soil moisture within a plot would decrease

over the course of the season because individual landscape positions would become

more distinct as the range of soil moisture across the watershed increased. Instead,

we observed that the CVs of plot scale soil water content in the uplands were at their

lowest, and the most similar to one another, when ✓ in the uplands was at its highest

(„25% ✓; Figure 2.3). Hence, plot scale variability of soil moisture was greater once

lateral movement of throughflow was no longer a significant process, allowing vertical

processes to dominate the local distribution of soil moisture (see June versus August

sampling rounds, Figure 2.6). In our study, the riparian area had the lowest CVs at

both the plot and landscape scale, which suggests that this highly connected portion

of the landscape (continuous throughflow) was more hydrologically homogeneous
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than the drier uplands. The transition plot that was comprised of both riparian and

upland positions had much higher CVs throughout the season, and highlights the

sharp transition from the saturated soils of the riparian area to the dry upland soils

(Figure 2.3).

Late growing season rain events at TCEF are generally rare, but when they do

occur they can provide insight into the potential e↵ects of the temporal shift in pre-

cipitation that is expected with a changing climate (Walsh et al., 2014). A week after

the small 17 July rain event (3.8 mm) CVs of the upland plots diverged; some plot

level CVs increased while others decreased. This response was superimposed on the

seasonal increase in variability (at the plot and landscape scale) that resulted from

the declining influence of lateral transport. This might suggest that if more precipita-

tion were to fall on the watershed when most of the watershed is no longer connected

via lateral saturated throughflow, then the soil moisture would be more randomly

distributed within and between plots (707 m2 in our study) than if that amount of

precipitation had been routed through the watershed during snowmelt, when the

distribution of soil moisture is largely a function of topographic redistribution.

Variograms can be used to assess and quantify the spatial correlation of measure-

ments/locations. For example, Western et al. (2004) used variograms to assess the

spatial structure of ✓ in humid and subhumid watersheds and found that correlation

lengths were between 30 and 60 m. They also assessed the variograms for a topo-

graphic wetness index, aspect, and slope and found that some of the watersheds’ ✓

correlation lengths were related to topographic correlation lengths, but others were

not, suggesting that the scales of ✓ variability were not always due to topography

alone. Our plot scale results could support the Western et al. (2004) findings, in that

we did not find any spatial correlation of ✓ at the plot scale (<30 m), suggesting that

if there is a ✓ correlation length at TCEF, then it is greater than 30 m (Appendix

Figure 5.2).
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Forest thinning and clearcutting generally increase growing season soil tempera-

ture and decreases litter and organic matter (Striegl and Wickland, 2001). Increased

insolation after clearing of vegetation changes the surface energy balance. Soil com-

paction that often occurs during and after harvesting can decrease porosity and

infiltration capacity. Here we used the spatial variability plots in the clearcut and

the forest to assess how this landcover change e↵ected shallow soil moisture at TCEF.

Soil water content was significantly di↵erent between the plots early in the season

when VWC% was relatively high and at the end of the season after the rain events

(Table 2.2). Early in the season, this could have been due to di↵erential snow accu-

mulation and melt associated with the two landcovers. This could also suggest that

the influence of both lateral and vertical processes can create distinct di↵erences

between locations with di↵erent vegetative cover. However, under dry conditions

(current and antecedent), there were no significant di↵erences between plots. Al-

though soil moisture was not significantly di↵erent between plots during these times,

the relative contribution of evaporation versus transpiration to the flux of water out

of the soil likely shifted with similar ✓ as a result of compensatory evaporation.

Implications

Topography is often considered a master variable for ecologic and biogeochemical

processes that occur across the landscape due to its’ influence on incoming solar ra-

diation and the redistribution of water and solutes. The use of topographic metrics

to scale biogeochemical processes (based on their relationships with soil moisture or

other environmental variables) is becoming more common. However, to do appropri-

ately, one needs to identify the hydrological mechanisms that create the conditions

that the processes are responding to through time. The a↵ect of inter-annual cli-

mate variability on soil respiration is a good example. Summer rain events can create

bi-directional responses in the magnitude of CO2 flux in riparian versus upland land-
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scape positions (Pacific et al., 2009; Riveros-Iregui et al., 2012). In 2005, summer

rain events increased CO2 flux in the uplands, while diminishing CO2 flux in the

riparian area. The former was stimulation of soil respiration after lifting water limi-

tation, while the latter was likely due to decreased di↵usion of CO2 out of the near

saturated soils (Pacific et al., 2009; Riveros-Iregui et al., 2012). Riveros-Iregui and

McGlynn 2009 used CO2 flux data from the drier of the two years (2006) to quantify

how topography influenced the magnitude of cumulative seasonal CO2 flux. They

used the empirical relationships with terrain metrics to scale CO2 fluxes to the water-

shed scale. Based on our findings from this study, drier years might lead to stronger

relationships between topographic metrics and shallow soil moisture. Therefore, re-

lationships between ecological/biogeochemical process and terrain metrics, which are

based on the influence of ✓ on those processes, would be stronger in drier years (years

with little – no summer precipitation).

2.5 Conclusions

In this study, we examined how patterns and spatial variability of soil water content

(✓) changed across landscape positions and land cover types through a growing sea-

son. There observed no spatial correlation within plots (0 – 30 m), suggesting the

length scales of topographic spatial correlation are longer than measured (Western

et al., 2004). The riparian area maintained a higher mean ✓ than the uplands and the

influence of downvalley and downslope contributions (connected, lateral flow) were

likely responsible for consistently lower CVs in the riparian area than in the uplands

(across scales). The shift in landcover due to clearcutting did not significantly a↵ect

the soil moisture variability between the CC and the forest. Shallow soil water con-

tent was significantly di↵erent between the patches when ✓ was at its highest early

in the season and after shallow re-wetting events late in the season.

Topographic structure organized landscape scale heterogeneity of ✓, which set
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the conditions for the smaller scale variability in ✓. Here, the variability of ✓ across

the landscape increased over the growing season. Unlike some studies, the landscape

scale variability became more correlated with topographic wetness indices at the end

of the season when the watershed was at its driest state. It is interesting that the

strength of the relationship between topography and soil water content was stronger

during dry times while the explanatory power of topography for streamflow gener-

ation has been found to be stronger during wet times. Our findings suggest that

the legacy of saturated throughflow during wet times can be exhibited in unsatu-

rated ✓ during dry times. Landscape positions dry down at di↵erent rates and to

di↵erent degrees, partially as a function of upslope topographically mediated water

contributions. Therefore, the explanatory power of topography was at its weakest at

an intermediate watershed wetness state because individual components of the land-

scape were on di↵erent sides of the wet state to dry state transition. This suggests

an interplay between climate and topography that can influence the strength of the

topographic – streamflow and topographic – ✓ relationships across watersheds. As-

sessing how these spatial and temporal patterns in vertical and lateral fluxes manifest

as hierarchical controls on ✓ warrants further investigation into the resulting e↵ects

on spatial patterns of ecologic and biogeochemical processes through time.
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3

Spatial and temporal dynamics of greenhouse gas

fluxes across complex terrain

3.1 Introduction

Research focused on trace gas fluxes from soils, namely carbon dioxide (CO2), methane

(CH4), and nitrous oxide (N2O), has burgeoned in the past 10 years. Networks of

eddy covariance towers, manual soil chamber measurements, and installations of real

time CO2 sensors in soils have proliferated. As a result, the annual number of pub-

lications focused on greenhouse gas fluxes (Fghg) from soils has doubled since 2009

(wok citation report). This research has spanned field, experimental, and modeling

e↵orts, with questions spanning topics such as the environmental controls on Fghg

(Batjes and M., 1992; Blagodatsky and Smith, 2012), how topography influences Fghg

(Webster et al., 2008; Duncan et al., 2013; Riveros-Iregui and McGlynn, 2009), which

microorganisms (and associated enzymes) are carrying out the processes (Conrad,

1996; Du et al., 2015), how these factors change across ecosystems (Potter et al.,

1993, 1996a,b; Del Grosso et al., 2000), and a combination of these factors to test

scaling and modeling approaches (Ito and Inatomi, 2012; Khalil et al., 2013).
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With increasing experimental and sensor data, the ensuing ”data deluge”, can

make it di�cult to synthesize findings from unique, place based research (Porter

et al., 2012; Beven, 2000), but the increasing flexibility of data storage and sharing

platforms (e.g. Consortium of Universities Allied for Water Research, cuahsi.org; In-

terdisciplinary earth Data Alliance, iedadata.org) and opportunities to publish data

sets (Earth System Science Data, The Data Publishing Journal) will continue to

promote inter-site comparison and synthesis. Many researchers have accepted the

challenge of summarizing the state of our understanding of greenhouse gas fluxes.

For example, Ullah and Moore (2011) synthesized the biogeochemical controls of

fluxes of all three GHGs (CH4, N2O and CO2) in eastern Canada, McClain et al.

(2003) instigated research on times and locations of particularly high biogeochemical

fluxes, Davidson et al. (2000) reviewed the ”hole-in-the-pipe” model of the nitro-

gen cycle (Firestone and Davidson (1989)), after which, Chapuis-Lardy et al. (2007)

spurred an increase of research on N2O sinks, Serrano-Silva et al. (2014) reviewed

methanogenesis and methanotrophy in soils, and Lohse et al. (2009) provided a valu-

able review on the ”interactions between biogeochemistry and hydrologic systems”.

These reviews are essential to identifying commonalities across studies, and highlight

gaps in our understanding of what drives the processes that create these GHG fluxes.

Yet, conceptual development of the similarities and interactions between all three of

the aforementioned GHG fluxes has been limited.

Conceptual development of how topography and associated flow paths influence

biogeochemical fluxes has spawned a new era of research that combines the scaling

and remote sensing techniques common in watershed hydrology and landscape ecol-

ogy research with the fine grained investigations characteristic of soil biogeochemistry

(McClain et al., 2003; Creed and Sass, 2011). This began in earnest when process-

level models were used to estimate global soil CH4 consumption and N2O flux using

1° gridded datasets (Potter et al., 1996a,b). Since then, the ”hot spot hot moment”
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conceptual model proposed by McClain et al. (2003) has been in vogue after synthe-

sizing early work on preferential flow paths, the resulting delivery of substrate, and

the distribution of soil organic matter (Fisher et al., 1998; Hill et al., 2000; Bundt

et al., 2001). By highlighting the disproportionally high fluxes that can occur in

specific times or places, they have garnered over 800 citations that report high fluxes

across scales, and systems, from a range of disciplines. But a recent review of the

”hot spot hot moment” model by Bernhardt et al. (2017), found that only a small

percentage of those publications were rigorously testing if those times and locations

of high fluxes were actually disproportionately influencing the net flux at the scale of

interest. They then proposed the use of more specific terminology (ecosystem control

points), and encouraged researchers to identify the specific mechanisms that create

the underlying biogeochemical process rates. We would add, that the specific hydro-

logical mechanisms that influence these processes should be explicitly incorporated

in conceptual models of biogeochemical fluxes.

In this study, we sought to address these research needs by examining spatial and

temporal dynamics of GHG fluxes at Tenderfoot Creek Experimental Forest (TCEF),

a semi-arid, subalpine watershed in central Montana. This long-term research water-

shed has a rich history of empirical work that has supported a range of ecohydrologic

models of the watershed, including variable flushing mechanisms controlling stream

DOC export (Pacific et al. 2010), spatiotemporal and climatic controls on water-

shed evapotranspiration (Emanuel et al. 2010; Mitchell et al. 2015), process-based

CO2 flux modeling (Riveros-Iregui et al. 2011), landscape hydrology and hierarchical

controls on runo↵ generation (Jencso and McGlynn 2011), spatiotemporal evolution

runo↵ source areas (Nippgen et al. 2015), parameter identifiability and sensitivity for

transient storage and hydrologic partitioning (Kelleher et al. 2013, 2015), and the ef-

fect of data transformations on models of streamflow hydrographs (Smith et al. 2014).

We utilized the associated conceptual models of watershed hydrology at TCEF , and
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build upon previous research focused on the spatiotemporal variability of CO2 fluxes

(Pacific et al., 2008, 2009, 2011; Riveros-Iregui et al., 2007; Riveros-Iregui and McG-

lynn, 2009; Riveros-Iregui et al., 2012), to examine if/how CO2, CH4, and N2O fluxes

were related to seasonal and spatial gradients of environmental variables across the

landscape.

Streamflow at TECF is predominately driven by topography, and the relative in-

fluence of topography, vegetation and geology changes with watershed wetness state

(citepJencso2011). We hypothesized that the GHG fluxes would also be strongly

mediated by topographic structure due to its influence on distribution of soil mois-

ture (✓) which has significant spatial and temporal gradients over the course of the

growing season (Chapter 1). This research uses extensive field data to assess the

spatiotemporal variability of biogeochemical fluxes and to consider how specific hy-

drologic processes and their relative scales might contribute, or constrain variability

of these GHG fluxes from the point to the watershed scale.

In this study, we asked the following three questions, and work to place this

research within the context of other studies of GHGs fluxes to test, and contribute

to, the conceptual models that include these three greenhouse gases.

Q1: How does water availability di↵erentially influence the magnitude,

direction, and persistence of CH4, N2O, and CO2 fluxes, and how are

they interrelated?

Q2: How does landscape setting relate to the direction and magnitude

of GHG fluxes?

Q3: How do temporal patterns and net seasonal fluxes of GHGs di↵er

between two hydrologically distinct growing seasons?
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3.2 Methods

3.2.1 Site Description
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Figure 3.1: Site map of upper Stringer Creek watershed (394 ha), showing locations
of sampling sites, and meteorological stations. Riparian area is denoted in light green
(5 ha).

Upper Stringer creek is a sub watershed of the Tenderfoot Creek Experimental

Forest (TCEF: latitude 46°55’N, longitude 110° 55’W), located in the Little Belt

Mountains in central Montana (Figure 3.1). Upper Stringer Creek is 394 ha, and

the elevation ranges from 2090 – 2425 m. Average annual precipitation is 880 mm,
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with 70% falling as snow during the winter. Peak snowmelt occurs between mid-

May and June. By July the stream is typically nearing baseflow. The mean annual

temperature is 0°C, rising to a growing season average temperature of „10.5°C.

Bedrock in Stringer creek is predominately Flathead sandstone, Woolsey shale

is found in high elevations and granite gneiss in lower elevations. The watershed is

covered by shallow (<1 m) sandy loam soil (typic cryocrepts) in the uplands and

organic soil (aquic cryobalfs) in the riparian areas. Lodgepole pine (Pinus contorta)

and subalpine fir (Abies lasiocarpa) dominate the upland forests and are interspersed

with Engleman Spruce (Picea engelmannii) and whitebark pine (Pinus albicaulis).

Grouse whortleberry (Vaccinium scoparium) is common in the understory. Riparian

areas are vegetated with a mix of grasses (Juncus, Carex, Poa), willows (Salix ), and

wildflowers (Erigeron, Aster) (Mincemoyer and Birdsall, 2006).

3.2.2 Sampling Locations

Sampling sites (n = 32) were distributed across the uplands (n = 25) and the riparian

area (n = 7) to sites were selected to cover a range of slope, convergence/ divergence,

aspect, and upslope contributing area. Two transects (T1 and T2) bisected the creek,

allowing for characterization of the gas fluxes in response to the strong environmental

gradients found across lower hillslope to riparian zone transitions near the creek.

Sites within these transects are identified by the side of the creek on which they are

located (East/West) and with numbers that increase away from the creek.

3.2.3 Terrain Analysis

Light detection and ranging (LIDAR) data was collected in 2005 by the National

Center for Airborne Laser Mapping (NCALM). The 1m2 resolution data was coars-

ened to create a 10m2 digital elevation model. We used landscape analysis methods

(as described in McGlynn and Seibert 2003, and Seibert and McGlynn 2007) to char-
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acterize the topography of the watershed and used terrain metrics that reflect the

lateral redistribution of water and relative energy availability. We included slope

(%), insolation (kWh m´2), aspect (scaled from 0 to 1, with 1 being North and 0

being South), elevation above the creek (EAC, m), distance from creek (DFC, m),

gradient to creek (GTC), upslope accumulated area (UAA, m2), and the topographic

wetness index (TWI) in our analysis. Potential incoming solar radiation (kWh m´2)

was determined using the System for Automated Geoscientific Analysis (SAGA),

and calculated on hourly increments averaged over five day windows for the growing

season (May 1st – September 1st ) (Böhner and Antonic, 2009). Flow accumulation

metrics range from simple representations of the topography (e.g. slope and elevation

above the creek) to more complex algorithms. We used the MD8 algorithm (Seib-

ert and McGlynn, 2007) to calculate upslope accumulated area (UAA), which is the

area of the watershed contributing to each point in the landscape. The topographic

wetness index (TWI) uses UAA and local slope as a way to represent the relative

amount of water availability in a given location (Equation (3.1), Beven and Kirkby

1978):

“
TWIs “ ln ˆ

ˆ
a

tan�

˙
(3.1)

where � is local slope. The riparian area was delineated based on extensive

field surveys (90 transects; Jencso et al. 2010), and greenhouse gas dynamics. The

temporally dynamic transition zone between the riparian area and uplands is di�cult

to delineate remotely, but specific sites are denoted as such based on observed local

groundwater dynamics.
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3.2.4 Soil characterization measurements

Soil characteristics were determined by collecting soil cores within a meter of each

sampling site on July 8th and 9th 2012. Soil cores were laterally excavated from the

organic (0 – 10 cm) and mineral (22.5 – 27.5 and 47.5 – 52.5 cm) soil layers using

a 100 cm3 cylinder. Samples were dried and weighed upon return from the field to

calculate bulk density and were analyzed for % Carbon (C) and % Nitrogen (N), � 13

C, and �

15 N at the Kansas State Stable Isotope Mass Spectrometry lab (CE 1110

elemental analyzer with Conflo II interface for C and N analysis of solids, additional

details in Nippert et al. 2013). Additional intact soil cores and bulk soil samples

were collected on August 6th and 7th 2014 to determine particle size distributions,

bulk density, porosity, and organic content of the 0 – 5 cm horizon following standard

procedures.

3.2.5 Environmental measurements

Soil and atmospheric environmental variables were measured in conjunction with

soil gas sample collection from May–September 2012 and 2013 between 900 and

1800 hours. Barometric pressure (Atmospheric Data Center Pro, Brunton, Boulder,

CO), and air temperature were recorded at each site. Soil temperature (12 cm soil

thermometer, Reotemp Instrument Corporation, California), and volumetric water

content (Hydrosense II portable SWC meter; 12 cm, Campbell Scientific Inc., Utah,

United States) were measured three times at each site, and the mean of the mea-

surements were used for data analysis. Real-time water content probes inserted from

0-12 cm, and soil temperature probes were recording every hour at a subset of sites

(T1E2 and T1E3; Figure 3.1).
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3.2.6 Hydrological Measurements

Discharge was measured at the outlet of Stringer Creek hourly at a 3.5-foot H-flume

using capacitance rods (˘ 1mm, TruTrack, Inc., New Zealand). Precipitation and

snowmelt were measured at two National Resources Conservation Service (NRCS)

SNOTEL sites located in the headwaters of TCEF (2259 m) and near the outlet of

Stinger Creek (1996 m), these data were used in an hourly snow melt interpolation

model to determine melt and precipitation inputs to Stringer Creek (for details see

Nippgen et al. 2015). Precipitation measurements were corroborated with data from

rain gauges (TE525WS, Texas Electronics, ˘ 1 % up to 1 in. hr´1) at T1. The two

riparian-hillslope transects had groundwater wells co-located with gas sampling sites.

Groundwater levels were recorded every 30 minutes with capacitance rods installed

in wells that were created from 1.5-inch diameter PVC, screened from completion

depth to within 10 cm of ground surface. Wells were installed to the soil-bedrock

interface, completion depths were 0.5 – 1 m in the riparian area and 0.8 – 1.5 m in

the hillslopes, further installation details can be found in Jencso et al. (2009).

3.2.7 Soil gas measurements and flux calculations

Soil gas concentrations of CH4, CO2, N2O, and O2 were sampled from gas wells (5.25

cm diameter, 15 cm long polyvinyl chloride (PVC), capped with size a 11 rubber

stopper) installed at 5 cm, 20 cm, and 50 cm. Gas wells installed at 20 and 50cm

were open at the bottom to equilibrate with soil gas concentrations at each depth.

Shallow gas wells were screened at 5 cm and closed at the bottom with a PVC cap to

equilibrate with soil gas concentrations closer to the soil surface. A closed sampling

loop was created by passing polyethylene tubing (4.8 mm inside diameter, Nalgene

180 clear PVC, Nalgene Nunc International, Rochester New York, USA) through the

rubber stopper, and were connected above the ground surface with 6 – 8 mm HDPE

tubing connectors (FisherBrand, Fisher Scientific, USA).
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Soil gases were sampled after soil CO2 concentration stabilized, which was mea-

sured in-line using a Vaisala Carbocap handheld CO2 meter GM70, accuracy within

1.5% of range (0 – 20,000 ppm) + 2% of reading). Soil O2% was measured at the

same time using an in-line Apogee O2 sensor (MO-200, accuracy 0.1% at 20.9%;

Logan, Utah). Samples were taken with a Precision Glide needle (22G1, Becton

Dickinson & Co, NJ) and 60 mL Luer-Lok syringe (BD, Franklin Lakes, NJ) from a

swage lock brass T fitting with a 9.5 mm Cole Palmer Septa (Vernon, IL) sampling

port. The syringe was flushed with 10 mL of air from the gas well three times before

taking the sample („50 mL), which was stored in 150 mL Flex Foil sample bags

(SKC, Eighty Four, PA).

Soil CO2 flux was measured in triplicate at each site per sampling round using a

soil respiration chamber SRC-1 chamber, footprint 314.2 cm2, accurate to within 1%

of calibrated range (0 – 9.99 g CO2 m2 hr´1)) in conjunction with an IRGA EGM-4

Environmental Gas monitor, accurate to within 1% of calibrated range (0 – 2000

ppm); PP systems, Massachusetts, United States). Prior to each measurement, the

chamber was flushed with ambient air for 15 s and inserted 3 cm into the soil, the

change in concentration was measured over „120 s. Flux values were removed if the

change in concentration was greater than 60 ppm, or lower than 40 ppm and outside

of the 95% confidence interval for the linear regression of low flux values (under 0.5

g CO2 m2 hr´1) versus change in concentration.

Gas samples were analyzed for CH4 and N2O at Montana State University using

a Hewlett-Packard 5890 Series II gas chromatograph outfitted with flame ionization

(FID) and electron capture devices (ECD). The instrument was calibrated using

Certified standard mixtures of CH4 in air and N2O in N2 (Air Liquide/Scott Specialty

Gases). These conditions allowed for a quantification accuracy of 0.05 ppmv for CH4

and 0.003 ppmv for N2O. Sample bags were emptied by vacuum, flushed with N2

carrier gas and evacuated before sample collection in the field, this was done twice for
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sample bags that contained CH4 concentrations significantly higher than ambient.

Methane and N2O fluxes were calculated from the 5 cm soil concentrations using the

gradient method (Equation(4.2)).

“
F s “

“
´ Ds ˆ drgs

dz

(3.2)

Where, F is the flux of gas out of the soil (µmol m´2 hr´1), D is the gas spe-

cific e↵ective di↵usivity (m2 hr´1), and drgq
dz is the gas gradient from 5 cm to the

atmosphere. E↵ective di↵usivity was calculated for each sample using an empirical

relationship between VWC and CH4/ N2O di↵usivity (Figure 4.3). To establish the

relationship for each gas, CH4 and N2O fluxes were measured using a LI-COR 8100A

with an in-line sampling port across a range of landscape positions (co-located with

gas wells) and time points. The models relating e↵ective CH4/N2O di↵usivity are

in agreement with standard physical models of gas transport (Buckingham, 1904;

Millington and Quirk, 1961; Moldrup et al., 2000), and incorporate variability in

site conditions. Cumulative growing season fluxes were calculated by linearly inter-

polating between flux measurements, and summing the daily fluxes for the entire

season (26 June 2012 – 16 August 2012 and 29 May 2013 – 12 September 2013). Net

seasonal fluxes are expressed in global warming potential (GWP, 100 year GWP is

25 for CH4 and 298 for N2O IPCC 2014)

3.2.8 Statistical Analysis

To compare average site VWC and temperature of each year, averages were calculated

using the analogous range of sampling dates for each site, the start date ranged from

16 May to 12 July. Linear and multiple regressions were assessed for terrain metrics

versus cumulatives, but the range of start dates in 2012 shortened the time series that

could be used for comparing cumulative fluxes. Cumulatives based on time series less
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Table 3.1: Hydrologic inputs of each water year (01 October – 30 September), per-
centage of total is shown in parentheses.

Year 1 April SWE Snowfall Rainfall Total
(mm) (mm) (mm) Precipitation (mm)

2012 446 581 (76%) 183 (24%) 764
2013 314 417 (56%) 332 (44%) 749

than six weeks, or missing the period shortly after snowmelt were not representative

of growing season fluxes and are not presented in results. In addition to testing for

global relationships between all GHG measurements and environmental variables,

we also tested for relationships between average site environmental conditions and

average site fluxes, and for relationships between environmental variables and GHG

fluxes through time for each site.

3.3 Results

3.3.1 Environmental variables

SWE on 1 April 2013 was 70% lower than on 1 April 2012. Despite this, total annual

precipitation was very similar (Table 3.1, Figure 3.2). Peak stream flows occurred

from mid-May to June in both years, but the annual hydrograph peak in 2013 was

64% of peak streamflow observed in 2012. The similarity in total precipitation be-

tween the two years was due to higher summer precipitation in 2013, which was

almost double the amount of precipitation that fell as rain in 2012 (332 mm versus

183 mm respectively). The summer rain events in 2013 even caused a slight increase

in streamflow after a series of rain events from 29 July 2013 to 1 August 2013, this

is not often observed at TCEF (Nippgen et al., 2011).

Soil volumetric water content (VWC) had similar seasonal patterns during both

seasonal sampling campaigns, but multiple surficial soil re-wetting events occurred

in 2013 with the late season rain events. After snowmelt, VWC decreased across the
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Figure 3.2: (left) Distributed measurements of volumetric water content (VWC)
and (right) soil temperature across sampling sites (upland n = 25 (circles), riparian
n = 7 (triangles)). Real time soil water content data from a riparian (blue) and
backslope (black) site in 2012 and 2013 show the di↵erential dry down of these
landscape positions. The seasonal pattern of VWC and rise to peak temperature
were similar between the two years.

51



landscape, upland sites had low VWC by late July, and riparian sites maintained

a range of VWC throughout both seasons (Figure 3.2). After truncating data to

the same date range for 2012 and 2013, average seasonal VWC was slightly higher

in 2013 than in 2012, but not significantly di↵erent between years (Uplands: 8.9%

versus 7.9% in 2012, two-sample t-test p = 0.36; Riparian: 44.7% versus 41.4% VWC

in 2012, two-sample t-test p = 0.45, Figure 3.2).

Soil temperatures increased from the beginning of sampling through July in both

years. Mean soil temperature was not significantly di↵erent between the two years

(Two-sample t-test p = 0.65), but maximum soil temperature was higher in 2012

(2012: 23.7°C, 2013: 20.3°C), and occurred three weeks later in 2012 (30 July)

than in 2013 (9 July; Appendix Table). In August 2012 soil temperatures began

to decline, and although they declined slightly in late July 2013, they remained

relatively consistent through August 2013.
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3.3.2 Landscape scale relationships between environmental factors and greenhouse
gases
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CO2

Relationships between fCO2 and environmental variables were dependent on the land-

scape element considered (riparian versus uplands, Figure 3.3, Table 3.2, Appendix

Figure MeanData; Appendix Table 5.4). Mean site fCO2 was significantly related

to mean site VWC in the uplands (n = 25, p = 0.10, r2 = 0.11, Figure 3.4), and

but this relationship was stronger when considering the entire landscape (n = 32

(all sites), p <0.001, r2 =0.52). Maximum fCO2 in the riparian area occurred from

45 – 58% VWC, and at 12% in the uplands in 2012 (Figure 3.3, Figure 3.4). In

2013, maximum fCO2 occurred at 3.5 % VWC, shortly following a few summer rain

events that wetted surficial soils (Figure 3.4). There was no significant relationship

between soil temperature and fCO2, but optimum soil temperatures (associated with

highest fluxes) ranged from 12´- 17°C, and declined at higher or lower temperatures

(Figure 3.3). Mean site fCO2 and mean site 20 cm O2 % were significantly related in

the riparian area (n = 7, p = 0.02, r2 = 0.70) and the uplands (n = 25, p = 0.07, r2 =

0.14; Figure 3.4). The upland landscape positions were well aerated, with observed

O2 between 20.5 and 21%. The riparian area maintained fCO2 (up to 0.42 g CO2 -C

m2 hr´1) at lower O2% (14%) than the uplands.
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CH4

The direction of fCH4 was mediated by soil water content (✓), e✏ux occurred at high

✓, and influx occurred at low ✓. Mean site ✓ was significantly related to mean fCH4

(n = 31, the site with the mean fCH4 that was two orders of magnitude higher than

the rest of the sites was excluded from regression analysis; p <0.001, r2 = 0.46, Fig-

ure 3.4). The magnitude of fCH4|ef was not significantly correlated to ✓ or depth to

groundwater table, but fCH4|in was positively correlated to ✓ (n = 25, p = 0.04, r2 =

0.18), where higher fCH4|in occurred at lower VWC. Near zero fCH4 occurred through-

out the range of VWC and the transition from net influx to net e✏ux occurred at

approximately 36% VWC (Figure 3.3). fCH4|in increased with decreasing VWC, even

at the lowest measured VWC of each year (3% – 5% VWC). The maximum CH4

e✏ux (28,704 µg CH4-C m2 hr´1) occurred at 51% VWC. Maximum fCH4 occurred

between 11´- 14°C and diminished fCH4 was observed with both higher and lower

temperatures (Figure 3.3), suggesting an optimal temperature for both CH4 e✏ux

and uptake. A small peak in consumption also occurred at the lowest recorded tem-

peratures (0°C), which could have been in response to concurrent snowmelt. Mean

site soil temperature was significantly related to mean fCH4 across the landscape (n =

31, p = 0.04, r2 = 0.10; Figure 3.4), the scatter in this relationship is high, but might

suggest methanotrophic and methanogenic communities have di↵erent responses or

sensitivity to temperature. High fCH4 occurred across the range of observed O2 and

there was no observable relationship between fCH4|ef and 5 cm or 20 cm O2%. How-

ever, the highest fCH4|ef occurred at 6% 5 cm O2. Although anoxic conditions are

requisite for methanogenesis, low O2%, did not result in high fCH4|ef . For example,

at 14.4% 5 cm O2 we measured a small fCH4|ef of 0.84 µg CH4-C m2 hr´1 (Figure

3.3f), and at 7% 20 cm O2, -1.3 µg CH4-C m2 hr´1. In both 2012 and 2013 maximum

fCH4|in occurred at 20.8% O2, with lower fCH4|in occurring at both higher and lower
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O2%. However, when all data is grouped, mean site fCH4 is related to mean site

O2%, and the strongest of these relationships is with 50 cm O2 (n = 31 p <0.001 r2

= 0.46)

N2O

At the landscape scale, there were no significant relationships between fN2O and any

of the measured environmental variables (Figure 3.3g-i, Table 4). However, average

site fN2O was related to average O2%. The strength and direction of this relationship

was dependent on the landscape element; in the uplands, mean site fN2O had a

negative relationship with mean 50 cm O2% (n = 25 p = 0.04 r2 = 0.18), while in

the riparian area fN2O had a positive relationship with 5 cm O2% (n = 7, p = 0.002,

r2 = 0.86), the latter relationship is heavily weighted by one low value of O2% (Figure

3.4). The combination of measurements from across both space and time limits the

predictability of N2O fluxes from most variables at the landscape scale.

3.3.3 Relationships between fCO2, fCH4 and fN2O

The only significant relationship between fCO2, fCH4 and fN2O was a negative rela-

tionship between mean site fCH4 and mean site fCO2 (n = 31, p <0.001, r2 = 0.37,

Appendix Figure 5.5, Figure 3.4). The range of fN2O decreased with increasing fCO2,

potentially due to the lower frequency of high fCO2. Three sites had a significant

relationship between fCO2 and fCH4 (p value <0.05), 2 sites between fCO2 and fN2O

and 5 sites between fCH4 and fN2O (Table).

3.3.4 Terrain Analysis

The 2012 sampling season was initiated while gas wells some gas wells were being

re-installed resulting in site level time series that started at di↵erent times. This

reduced the number of sites with comparable cumulative flux time periods / lengths.

We tested various lengths of available time series, but significant relationships were
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not evident when the time series were shortened to less than 6 weeks, nor if the weeks

following snowmelt were not included. Therefore, due to sort 2012 time series, few

2012 versus 2013 statistical tests were feasible.

In 2013, neither cumulative fCO2 or fN2O exhibited significant linear relationships

with terrain metrics. However, natural log-transformed cumulative fCH4|in in the

uplands was significantly related to upslope accumulated area (UAA, r2 = 0.27, p

<0.01), topographic wetness index (TWI, r2 = 041, p <0.01), elevation above creek

(EAC, r2 = 0.17, p = 0.05) and distance from creek (DFC, r2 = 0.17, p = 0.05) and

average VWC of each site (r2 = 0.32, p <0.01; data not shown Chapter4). Higher

cumulative CH4 fluxes occurred in drier landscape positions characterized by being

farther from, and higher in elevation above the creek (higher DFC/EAC), and having

smaller contributing areas (lower UAA/TWI).

3.3.5 Inter-year variability and seasonality

CO2

It might appear that the seasonality of CO2 e✏ux (fCO2) was relatively similar be-

tween 2012 and 2013. However, in 2012 there was high fCO2 early in the season,

and peak e✏ux (across the landscape) occurred a month earlier in 2012 than in 2013

(Figure 3.5). Additionally, summer rain events in 2013 diminished, or changed sea-

sonal patterns of fCO2 across the landscape. Not only did peak e✏uxes occur later in

2013, but in some riparian sites fCO2 increased through the season (Figure 3.6). This

pattern was opposite the decline in fCO2 observed through the 2012 season (Figure

3.6), this is in accordance with similar results from previous work on fCO2 at TCEF

(Riveros-Iregui et al., 2012). Most upland sites exhibited decreasing fCO2 through

the 2012 season. In 2013 sites exhibited declining fCO2 until the rain events mid-

summer stimulated increased fCO2 that persisted though the end of sampling (Figure

3.5, Figure 3.6).
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Figure 3.5: (top) Time series of fghg in 2012 and (bottom) 2013. Hydrographs
indicate the seasonal decline in water availability, 1 April snow water equivilant
was 446 mm in 2012 and 314 in 2013 (Table 1). (left) Maximum measured fCO2

occurred shortly after snowmelt in 2012, while in 2013, the largest fCO2 occurred in
late July. (center) In 2012 fCH4|ef and fCH4|in mirror each other, and maximum fCH4

occurred in mid- late July. In 2013, fCH4|ef was rare, and fCH4|in increased through
the season.(right) FN2O exhibited no landscape scale seasonal trend.

CH4

The seasonality of CH4 influx (fCH4|in) was di↵erent between 2012 and 2013 (Figure

3.5be). Peak fCH4|in occurred in late July of both years and in 2012, fluxes declined

through the remainder of the season. In contrast, in 2013 fCH4|in remained relatively

high after peak uptake (up to -104.8 µg CH4-C m2 hr´1; Figure 3.5, Table, Appendix

Figure). Riparian fCH4|ef did not exhibit a seasonal trend, but fluxes were more

variable in 2012 than in 2013 because of a few observed high fluxes (Figure 3.5,

Table 2). Although 2013 appeared to have fewer high e✏ux events, this might be

due to limited early season sampling of riparian gas wells that were filled with water
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(day of year). In 2012, fluxes were higher in the T2 riparian area, but otherwise,
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in 2013 (Figure 3.7)

N2O

N2O fluxes (fN2O) were highly variable in space and time across the landscape, with

CVs 4 – 8 times higher than CVs for fCO2 or fCH4 in the uplands (Table 2). There

were no observable fN2O landscape scale seasonal trends in 2012 or 2013 (Figure 3.5,

and Figure 3.8). In 2012 fN2O was generally positive e✏ux out of the soil, with only

a few measured occurrences of net uptake, whereas both e✏ux and influx of N2O
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of CH4 (Figure 3.1, Figure 3.9). For example, T2 is gently sloping on the west side,
with both down-valley and down-slope hydrologic contributions, versus a steeper
transition to upland conditions on the west side of T1.

occurred in 2013 (Figure 3). However, this might partially be due to later initiation

of sampling in 2012.

Although there were no observable seasonal trends in fN2O at the landscape scale,

seasonal patterns were observed at the site scale in 2013 (Figure 3.5, Figure 3.9).

Over half of the sites had large fN2O|in after snowmelt (up to 41.7 µg N2O- N m2
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influx to e✏ux was similar across sites in 2013.

hr´1) Some of those sites exhibited declining fN2O|ef for the remainder of the season

(n = 14, fN2O|ef up to 16.3 µg N2O-N m2 hr´1), while some sites exhibited net fN2O|in

after the rain evens in August (n = 5, fN2O|in up to 8.01 µg N2O-N m2 hr´1). Seven

sites had low fN2O|in early in the season (up to 3.9 µg N2O-N m2 hr´1). After the

August rain events fN2O|ef was measured up to 114.6 µg N2O-N m2 hr´1, in one of

the farthest sites from the stream. Three sites had an influx of N2O for most of the

season, and two sites had no distinguishable seasonal pattern.
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Focusing on the two transects that cross the creek (T1 and T2), we observed

that the seasonality of fN2O was relatively consistent across transects, but di↵ered

between the two years. In 2012, the upland sites had peak fluxes early in the season,

followed by a decline and recovery in magnitude near 17 July (Figure 3.9). In 2013,

net consumption of N2O generally occurred early in the season and shifted to net

production in mid-July when the rain events began.

3.3.6 Gas dynamics at landscape interfaces: riparian to upland transects

The changes in groundwater levels and soil moisture from the riparian area to the

uplands results in strong environmental gradients that can manifest in di↵erential

biogeochemical cycling through non-uniform availability of nutrients (Pacific et al.,

2010), variations in microbial communities (Du et al., 2015), and di↵erences in phys-

ical environment (Jencso et al., 2009). Here, we focus on this gradient across two

transects that span Stringer Creek. In addition to observing the development of a

strong spatial gradient between riparian and upland positions, in response to the tem-

poral decline of soil moisture that occurs over the season, we assessed the dynamic

transition zone, and its variable influence on GHG fluxes.

The spatial pattern of CO2 fluxes across the creek transects were consistent with

previous studies at TCEF (Pacific et al., 2008, 2011). fCO2 in the riparian area

was higher than in the uplands and fluxes decreased with distance away from the

creek (Figure 3.6 and Figure 3.9). The shift in magnitude of fCO2 from riparian to

uplands was gradual and these spatial patterns generally held across both transects

and years. The transitional (toeslope) site at T1 located at the interface of the

riparian and upland area (Figure 3.9) had a high fCO2 soon after the groundwater

table fell below 50 cm in 2013. This is characteristic of other transitional sites which

had early season fluxes as large or larger than riparian sites (Figure 3.6). Once soil

moisture declined, these locations exhibited fCO2 on par with upland locations.
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Figure 3.9: Seasonal patterns of fghgs across a riparian – upland transect. The
plots at the top of the figure are closest to the stream while the plots at the bottom
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the rest due to the high fluxes in those locations. Seasonal patterns in the riparian
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Considering the GHGs in this study, CH4 had the strongest spatial pattern of

flux dynamics across the two transects (Figure 3.7). The prevailing direction of fCH4

(either influx or e✏ux) at a given site stayed consistent across years. The riparian

area had sites that were large sources of CH4 in both transects. Sites that produced

CH4 that led to net e✏ux extended father on the west side of transect two due to

an extensive wet meadow upslope. In the transitional zone, the groundwater table

was present through July and this limited fCH4|in until the groundwater table fell

below 75 cm (Figure 3.9f). The spatial pattern of where and how long shallow soil

groundwater tables persisted at T1 was characteristic of upland - riparian transects

at TCEF (Jencso et al., 2009, 2010).

There were no generalizable spatial patterns in fN2O across the transects, but the

transitional site on T1 did have consistently higher fN2O than other sites (Figure 3.8,

Figure 3.9). The largest of these events (167.5 µg N2O-N m2 hr´1; 67 times higher

than the median fN2O), occurred at the same time as the largest fCO2 at this site,

shortly after the water table dropped below 50 cm (Figure 3.9). One riparian site

was a consistent sink for N2O and the magnitude of this sink was consistent between

2012 and 2013. There is some semblance of individual site seasonal patterns at the

sites highlighted in Figure 3.9. Site level patterns were also observed across T1 and

T2 upland including large N2O e✏uxes (Figure 3.9).

3.3.7 General patterns of net GHG fluxes across the landscape

CO2 fluxes vastly exceeded fluxes of CH4 and N2O across the landscape even when

considered in greenhouse gas equivalents (Figure 3.10). The highest net fluxes of CO2

occurred in the wettest part of the landscape and variability within the drier parts

of the landscape can be largely be attributed to aspect (Riveros-Iregui and McGlynn

2009, Figure 3.11). Substantial CH4 e✏ux only occurred in 1 of 7 riparian sites

and net consumption was generally higher in drier landscape positions (Figure 3.11).
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N2O fluxes were highly spatially variable, with both production and consumption

occurring across the landscape (Figure 3.10 and GWPvwc).

3.4 Discussion

Q1: How do environmental variables di↵erentially influence the magnitude, direc-

tion, and persistence of CH4, N2O, and CO2 fluxes, and how are these GHG fluxes

interrelated?

Substrate, temperature, soil moisture (✓), and plant/microbial physiology all in-

fluence the production, consumption and net flux of GHGs (Butterbach-bahl et al.,

2013; Keller and Reiners, 1994; Serrano-Silva et al., 2014; Nicolini et al., 2013). We

measured soil temperature, soil volumetric water content (VWC), and O2 % of each

site when we sampled for CH4, N2O, and CO2. In this semi-arid, complex terrain, the

dominant environmental gradient is often soil water content. Therefore, we briefly

discuss the influence of temperature on all three gases, and assess contemporary con-

ceptual models of how the flux of each gas is mediated by ✓ and determine if/how

our findings fit into those conceptual models and whether they might need to be

expanded to represent a broader range of environmental conditions.

We did not observe a significant linear relationship between soil temperature

and the magnitude of any of our measured GHG fluxes. Although soil temperature

influences fCO2, the scale of this analysis might not represent the scale at which

temperature is influencing soil respiration, and the strength of temperature on fCO2

at TCEF has been shown to be influenced by soil saturation state. For example,

Riveros-Iregui et al. (2007) found that the diel hysteresis between fCO2 and tempera-

ture declined as soil moisture decreased below field capacity. In addition, Riveros2009

found that di↵erences in the soil water content fCO2 relationship were a function of

aspect mediated soil temperature. They also observed that the influence of aspect

on fCO2 was not as strong in drier landscape positions. Those findings suggest that
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the influence of temperature on fCO2 could be reduced when water is limiting. Here,

we found that landscape scale fCO2 could not be predicted by temperature, however

including it in multiple regression models at the site scale did improve explanatory

power.

The individual processes consuming and producing fCH4 and fN2O could con-

tribute to the lack of observable significant relationships between the net flux of each

of these gases and soil temperature. Each of these processes could have di↵erent

sensitivities to changes in temperature (which also might be associated with the

stratification of these processes in the soil profile). Or the influence of temperature

on these processes could also a function of soil moisture. It has been suggested that

the influence of temperature on methane oxidization could be dependent which fac-

tor is rate limiting (King and Adamsen, 1992; Dijkstra et al., 2011; Crill, 1991). For

example, when soils are saturated, di↵usion can be limiting, while in dry conditions

fCH4 could be water limited, and perhaps only when neither of these are limiting

would temperature be clear as the primary influence on enzymatic activity. The

covariance of soil temperature and ✓ adds another layer of complexity. Nonetheless,

although we did not find significant simple monotonic relationships, there appeared

to be an optimal temperature range for maximum fCO2 and fCH4 at the landscape

scale, suggesting that enzymatic processes were likely influencing the magnitude of

those fluxes, while fN2O exhibited no observable response to temperature (Figure

3.4). Smith (1997) provided an extensive review of the potential feedback e↵ects of

global warming on fN2O, and suggest that although there might be optimum tem-

perature range for nitrification, this might be dependent on climatic region (due to

adaptation), and that increased temperature can decrease the N2O/N2 ratio from

denitrification. Despite these complexities, the net e↵ect of increased temperature

on fN2O has seems to be positive (Smith, 1997). At TCEF, the relatively small range

of fN2O could hinder measurable, significant relationships with temperature at the
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site scale. Assessing how soil moisture can impact relationships among the measured

gasses and temperature will be important to establish in order to better understand

the complexities of feedbacks that will likely occur with a changing climate.

Influence of soil water content on CO2, CH4, and N2O fluxes

Soil water content (✓) mediates the di↵usion of oxygen which determines the

ranges of ✓ associated with oxidative and reductive processes. At an intermediate

range (near field capacity, Davidson et al. 2000) both oxidative and reductive pro-

cess can occur; macropores are air-filled, and micro pores remain saturated (Figure

3.12). This could support generalizable relationships between each GHG and ✓, but

the strength and significance of these relationships would also dependent on the

combination of processes producing each gas (e.g. nitrification vs. denitrification).

Although multiple communities are respiring carbon, maximum microbial activity

is identified as an optimization between oxygen and substrate di↵usion (Appendix

Figure 6.1, Skopp et al. 1990; Linn and Doran 1984). Methanogenesis and methan-

otrophy are generally constrained to anoxic/oxic conditions respectively, while the

multiple competing (and often incomplete) processes that create N2O could obfuscate

any simple relationships.

Soil CO2 respiration is generally considered to be optimized near field capacity,

while low ✓ limits soluble substrate di↵usion and high ✓ limits O2 di↵usion (Ap-

pendix Figure 6.2, (Luo and Zhou, 2006)). Multiple biotic communities (e.g. roots,

microbes, fungi) contribute to observed soil respiration e✏ux measured at the soil

surface. Therefore, the CO2 e✏ux response to ✓ should be varied, and dependent

on the phenology and physiology of the plant species and microbial communities. In

modest sized catchments such as those at TCEF, these di↵erences should be mini-

mized within landscape elements and that have similar vegetation and environmental

conditions. In this study, we measured maximum CO2 fluxes at 12% VWC in the
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Figure 3.12: Conceptual model of the influence of soil water content on greenhouse
gas fluxes from soil. Adapted from Linn and Doran 1984, and Lohse et al. 2009.
Reprint of Figure 1.2 from Introduction.

uplands, and at 58% VWC in the riparian area. This supports previous findings that

highlight the spatial variability of fCO2 and it’s variable response to ✓ in riparian and

upland locations.

In the case of CH4, given that methanogens are obligate anaerobes and methan-

otrophy is an oxidative process, the ranges of ✓ where consumption, production,

and near neutral fCH4 occurs could be identifiable. However, methanogenesis and

methanotrophy can both occur in the same location, due to multiple mechanisms.

Oxidative and reductive processes can co-occur in the soil near field capacity, or

even in oxygenated soils, where methanogenesis can occur in anoxic microsites, or

from synergistic microbial relationships (Paerl and Pinckney, 1996). Alternatively,

or additionally, the location of methanogenesis and methanotrophy could be strati-

fied in the soil, with methanogenesis occurring in the deeper, more saturated zone,

and methanotrophy occurring in the oxygenated upper soil horizons. In each case,

this can lead to variable or unmeasurable CH4:✓ relationships.

In this study, the direction of net fCH4 was stratified by predominant ranges
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Figure 3.13: (top) CO2 fluxes are optimized at an intermediate ✓ where both O2

and substrate di↵usion are minimized (Skopp et al., 1990; Luo and Zhou, 2006).
(center) The direction of CH4 fluxes are mediated by the influence of soil saturation
on gaseous di↵usion on O2 and CH4; for methanotrophy di↵usive constraints on at-
mospheric CH4 is limiting as ✓ increases; high CH4 flux can occur once soil is above
field capacity, but anoxic microsites can occur even in dry soils, allowing methano-
genesis to contribute to net fluxes even at low ✓. (bottom) N2O can be produced
by either denitrification or nitrification at low or intermediate ✓ (at low ✓ DNF can
occur in microsites of anoxia). Large fluxes can occur after shallow soil rewetting
events, which do not necessarily increase ✓ at the scale of measurement. Fluctuat-
ing groundwater tables create dynamic oxygen conditions and deliver fresh substrate
which can produce high N2O fluxes around field capacity. These large events are
layered on top of background N2O emissions (Appendix Figure 6.9, Brumme et al.
1999. Substrate availability, pH, redox, soil type, and inter-annual climate variability
can shift these relationships between all of the above GHGs and ✓.
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of water content and their associated landscape positions (Figures 3.7, 3.9, 3.11).

In the drier uplands, net methane consumption (fCH4|in) covaried with gradients

of ✓. At an intermediate ✓ range (32-38% VWC), fCH4 was near neutral, in drier

soils (below 32% VWC) neutral to net influx occurred, and in saturated (or near

saturated, above 38% VWC) soils, neutral to net CH4 e✏ux occurred (data: Figure

3.3, conceptual model: Figure 3.13). Although we were not able determine the

magnitude of gross consumption and production, oxidation of CH4 in the upper soil

horizons was likely consuming CH4 that was produced deeper in the soil in addition

to atmospheric CH4 (50 cm CH4 concentrations were always higher than shallow CH4

concentrations, data not shown). Below intermediate ✓, methanotrophy can increase

as di↵usive constraints on CH4 and O2 are lifted (Potter et al., 1996a; Conrad, 1996).

Above intermediate ✓, the soil approaches saturation and the magnitude of fCH4|ef

cannot be predicted from VWC alone (Meixner and Eugster, 1999; Potter et al.,

1996a). An alternative to ✓ as an explanatory variable for CH4 e✏ux, is depth to the

ground water. As the water table declines in elevation, the aerobic soil volume above

the water table increases, thereby decreasing methanogenesis while simultaneously

increasing potential methanotrophy (Bartlett and Harriss, 1993). However, at TCEF

the depth to the groundwater table was also not predictive of fCH4|ef in riparian and

toeslope landscape positions.

The theoretical relationship between ✓ and fN2O is less straight forward. Although

nitrification (NF) and denitrification (DNF) are the two dominant processes creating

N2O, and each is associated a range of ✓ (low to intermediate ✓, and saturated

conditions respectively, Linn and Doran 1984, Appendix Figure 6.5), N2O is a by-

product of NF and an intermediate of DNF. The ”hole-in-the-pipe” (HIP) model

(Appendix Figure 6.4, Davidson et al. 2000) has been used to characterize the controls

on relative fluxes of nitric oxide (NO) N2O and nitrogen gas (N2) and has been

extensively tested in both field and experimental studies (Davidson et al., 2000;
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Russenes et al., 2016). This conceptual model posits that below 60% water filled

pore space (WFPS) NO is the dominate product of NF; from about 60 – 80% WFPS,

N2O is the dominant product from a combination of DNF and NF; and above 80%

WFPS, N2O is reduced, making N2 the dominant product of DF (Maag and Vinther

1996, Figure 3.12, Appendix Figures 6.4, 6.7, 6.6, and 6.8). This suggests that the

largest N2O fluxes should occur at intermediate to high WFPS. However, this was

not observable at TCEF (Figure 3.4).

The highest fN2O|ef are generally expected to occur in locations with dynamic

water tables or episodic rewetting of the surface soil because of the associated al-

ternating oxic and anoxic conditions. In our study, ground water tables were most

dynamic in the toeslope and backslope positions, for about three weeks during the

snowmelt period. Once streamflow recession began, the groundwater table in the

riparian area and toeslope position gradually declined and the backslope position

lost its shallow groundwater table all together (Figure 3.9). The shallow ✓ in the

uplands declined at varying rates (Nippgen et al. 2015, Chapter 1). In this setting,

we observed no measurable influence of VWC on fN2O. This might indicate that dif-

ferent processes were occurring at individual sites, or a shift in dominance between

DNF or NF do depending on the current and antecedent conditions of a site as they

change through the season. This could also be due to a similar mechanism as de-

scribed for fCH4, where DNF was potentially occurring deep in the profile and NF in

shallower soil horizons. In the uplands, fN2O was negatively related to 50 cm O2%,

which suggests that when O2 was low, deeper in the soil profile, N2O would be re-

duced to N2. This is incorporated in some process based models (e.g. de-nitrification

de-composition, DNDC), but not all (Zhang et al., 2015).

Alternatively, if the production of N2O was not limited by the di↵usion oxygen

or water availability, then it could have been limited by substrate availability (Skopp

et al., 1990; Keller and Reiners, 1994; Veldkamp et al., 1998; Wolf et al., 2011).
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This is likely at TCEF considering it has low levels of both dissolved and organic

and inorganic nitrogen (e.g. in-stream NO3 is 10 – 20 µg L´1 in the headwaters of

Stringer Creek, and 20 – 50 µg L´1 at the outlet, Seybold and McGlynn 2016). While

research in locations with low N have also been studied, these locations are often

used as controls with more of the focus on denitrification potential (e.g. riparian

areas (Bettez and Gro↵man 2012) and fertilized agricultural land (Gro↵man and

Tiedje 1988)). Additionally, although there have been numerous studies focused on

the influence of topography on N2O and N2 losses, many of these locations (and

locations of previous N2O research Davidson et al. 1991) were in locations that have

high rates of N deposition (Enanga et al., 2016; Duncan et al., 2013).

Comparison of the relative fluxes of NO, N2O, and N2 might provide better in-

sight into process magnitudes, but using ratios can mask how fluxes of each gas are

related to soil moisture. Ratios can also be very sensitive when the numerator is sig-

nificantly higher than the denominator (Davidson et al., 2000; Chapuis-Lardy et al.,

2007). Chapuis-Lardy et al. 2007 noted this in their review of N2O consumption in

soils, and highlighted the lack of research on the mechanisms controlling fN2O|in. The

resulting wave of research has emphasized other environmental variables, namely, re-

dox conditions, pH in addition to soil water content and nitrogen availability. Each

of these limiting factors mediate the size of the holes in the leaky pipe that produces

N2O (Davidson et al., 2000), which regulates the magnitude variability of N2O flux.

N2O fluxes are extremely variable in space and time, with some fluxes contributing

disproportionately more to the net flux relative to their spatial extent or temporal

duration (control points, Bernhardt et al. 2017), but these large values are also super-

imposed on relatively low ”background levels” of flux which can have low magnitude

seasonal patterns (Brumme et al., 1999). Combining the environmental setting (land-

scape position and environmental variables) that create larges fluxes in conceptual

model that represents both high and low fluxes could aid in contextualizing observed
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N2O fluxes in relation to other field studies.

For example, at TCEF, the two sites that produced the largest fN2O were in very

di↵erent landscape positions, (Figure 3.1). The toeslope position is relatively wet

(early in the season) and just meters from the stream, while the steep, rocky up-

land site is far from the stream, and has a small upslope accumulated area and low

soil moisture. The commonality between these sites is that they both responded

to changing hydrologic conditions. But, the hydrologic processes creating these

fluxes were fundamentally di↵erent. In the toeslope position, the large flux event

occurred shortly after snowmelt when the groundwater table dropped >40 cm below

the ground surface (i.e. controlled by lateral processes, Figure 3.9, Chapter 1). In

the high upland site, the large fN2O occurred after a late season, shallow soil rewet-

ting event (subsequent rain events led to continued high fN2O). This site had the

largest cumulative N2O flux (>2 x the next highest cumulative FN2O, Figure 3.9).

The disparity between where we would predict large fluxes and the locations where

they can occur on the landscape can be large. Associating a given flux with a specific

landscape position, rather than the underlying processes or combination of processes

that can lead to high fluxes, could hinder our ability to find and measure these poten-

tial ecosystem control points (Bernhardt et al., 2017). Additionally, although these

two sites exemplify two hydrologic processes in distinct landscape positions that lead

to high fN2O, the same processes are likely mediating the ”background” fN2O, but

perhaps at a di↵erent scale. Bernhardt et al. 2017, provide such a conceptual frame-

work for considering process-controls from the microbial to the regional scale. The

surfaces they present highlight the changing significant variables across these scales,

and the varied response surfaces (e.g. threshold versus gradient, Appendix Figure

6.10). TCEF would be at the low end of the nutrient axis, nested within which

could be variable response to ✓ based on landscape position (Figure 3.13). This 3-D

surface would likely be more complex than CH4 or CO2, mainly due to the various
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combination of hydrologic processes (and covariates) that could lead to large fluxes.

However, using field data to update our conceptual models would allow us to use

statistical, and process-based models like DNDC tools to support hypothesis testing

(Zhang et al., 2015).

Relationships between CO2, CH4, and N2O fluxes

The redox conditions necessary for the processes that produce and consume these

GHGs would suggest that the net flux of these GHGs could be related to one another

(e.g. anaerobic processes would have large e✏uxes in the same time/ location). How-

ever, this is challenging to disentangle with regard to both N2O and CH4, because

although they can be produced in saturated conditions, they can be reduced before

di↵using out of the soil. Additionally, at TCEF, fN2O was nearly always low, making

it challenging to assess any relationships. Despite this, the toeslope and upland sites

with the two largest average fN2O|ef (discussed above) both had a net influx of CH4.

The average VWC of these two sites (25 and 11% respectively), highlight the distinct

hydrologic settings that can produce fN2O, while constraining fCH4 (the transitional

site had relatively low mean FCh4|in= 17 µg CH4-C m´2 hr´1, and median = 10 µg

CH4-C m´2 hr´1, while the high upland site mean fCH4|in = -56 µg CH4-C m´2 hr´1;

median = -62 µg CH4-C m´2 hr´1). Determining how net production and consump-

tion of CH4 and N2O can be related under various soil moisture conditions, created

by transient water tables or transient shallow soil moisture, with a range of nutri-

ent treatments would be a valuable contribution to understanding the interactions

between these biogeochemical cycles.

Mean site fCO2 and net fCH4 were positively correlated across the landscape and

independently within the uplands (Figure 3.4). The strength of the relationship

at the landscape scale highlights the influence of the di↵erences between riparian

and upland landscape elements. Given the opposing influence of soil moisture on
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methanotrophy versus respiration (positive relationship between ✓ and fCO2, negative

relationship between ✓ and fCH4|in), we might expect that fCO2 and fCH4|in would have

a negative relationship. Instead, we found that they were positively related in the

uplands, but less so than across the landscape. When methane is oxidized, CO2 is

produced, which could contribute to the positive relationship between the two fluxes.

On the other hand, O2 is consumed during soil respiration, which could limit methane

oxidation. These contradictions highlight the complexities of relationships between

fCO2 and fCH4 and the necessity for further research that will help elucidate how these

gas fluxes will independently respond to changing climate conditions (i.e separate

relationships with soil moisture, but intrinsically linked such that they cannot be

easily separated).

Q2: How does landscape setting mediate the direction and magnitude of GHG

fluxes?

Landscape hydrologists seek to understand the water balance of catchments by

examining the (patterns) of elements within them (e.g.representative elementary

area concept Woods et al. 1995; catena concept Webster et al. 2008; Creed et al.

2012). The water balance at TCEF is driven by a watershed-scale hydrologic event

(snowmelt), and di↵erentially dries down across the landscape (Nippgen et al., 2015).

The resulting landscape elements are driven by hillslope – watershed scale flow paths

(connected GW tables, Jencso et al. 2009; Jencso and McGlynn 2011), and the transi-

tion from this wet catchment state to the dry conditions common late in the summers

can last 3 – 4 weeks. Once the watershed is dry, evaporation and transpiration be-

come a significant source of variability in ✓ at the plot scale, but the legacy e↵ects of

landscape scale flowpaths continue to organize the heterogeneity of soil water content

at watershed scale (Chapter 1).

This landscape scale control on ✓ thereby influences redox conditions, di↵usivity,
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and substrate availability. The riparian and upland landscape elements at TCEF, and

in many landscapes, have di↵erent water holding capacity and wetness regimes due to

soil texture and organic matter. These physical distinctions are often compounded by

di↵erences in nutrient availability and vegetation type (e.g. soil organic carbon, fine

root biomass). Additionally, these locations may have di↵erent rate limiting factors.

For example, O2 could limit fluxes in the saturated riparian area, while delivery

of substrates could limit fluxes in the dry upland soils (Linn and Doran, 1984).

These landscape gradients have made topographic structure a useful framework for

identifying locations in the landscape that have the potential to produce high GHGs

fluxes (N2O: Corre et al. 1996; van Kessel et al. 1993; CH4: Bridgham et al. 2013 CO2:

Webster et al. 2011. Following this framework, and given the di↵erent influences of

✓ on Fghg, we hypothesized that soil moisture (as mediated by landscape position)

would regulate where and when maximum and minimum fluxes would likely occur.

Riparian areas support anoxic conditions and although the extensive uplands are

well oxygenated, a range of soil moisture conditions can occur (Figure 3.2). The

transition zone between riparian and upland landscape positions is often seasonally

dynamic and can exhibit characteristics of both riparian and upland settings. These

transition zones are important components of the landscape to consider for GHGs.

At TCEF, the expansion of the riparian area hydrologic dynamics and periods of

transient connectivity with the uplands led to variable redox conditions and solute

delivery from upslope (e.g. Hill et al. 2000; Hedin et al. 1998; Webster et al. 2011. In

this study, the riparian areas, the backslope, and the transition zone (toeslope) were

additionally characterized using data from groundwater wells that indicated hillslope

saturated throughflow connectivity to the transition zone and riparian area early in

the season, during snowmelt (Jencso et al., 2009). As stream flow and watershed

wetness declined, the water table in the transition zone receded to create a distinct

delineation between the wetter riparian area and the adjacent drier upland area.

80



We hypothesized that the distinct spatial and temporal patterns of soil moisture

at TCEF would manifest as spatial patterns of GHG fluxes within and between

landscape elements.

At TCEF, CO2 fluxes were significantly higher in the riparian zone in both years

of sampling (Table), but patterns of fCO2 were best described as a gradient rather

than a sharp transition between the riparian and upland landscape elements (Figure

3.6, and Figure 3.10). As described previously, summary sent of CO2 v VWC so

the VWC associated with maximum fCO2 might be regulated based on the relative

landscape position. In the uplands, fCO2 has previously been shown to be related

to relative water availability and temperature as described by topographic metrics

(Riveros-Iregui and McGlynn, 2009). However, here we did not find any significant

relationships between landscape metrics and fCO2. Our sampling scheme consisted

of half the number of sites (n=32) used in previous work at the site by Riveros-

Iregui and McGlynn (2009) (n = 64), annual climatic variability likely influences the

strength of these relationships given the static nature of terrain indices.

The distinction between riparian and upland landscape elements was particularly

relevant for fCH4 which was positive (net production) in the riparian area and nega-

tive (net consumption) in the uplands (Figure 3.7, Figure 3.9, Table). CH4 dynamics

in the transition zone between these landscape elements was particularly interesting

because fCH4|ef occurred early in the season, and once the groundwater table declined

enough for oxic conditions to dominate, fCH4|in increased indicating the relevance of

hydrologic conditions in mediating the e✏ux and influx of CH4 at a given site. Across

the uplands, fCH4|in was significantly related to metrics of landscape mediated water

availability (UAA, TWI, Table), fCH4|in increased with decreasing values of soil mois-

ture (Figure 3.3). This suggests that the spatial variability of net CH4 consumption

can be represented by the spatial variability in soil moisture. It further suggests

that metrics of water availability can be useful for scaling point measurements to the
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watershed scale. Although empirical relationships with static terrain metrics might

not be good predictive tools, these results do highlight the advantage of spatially

explicit coupled water and carbon models that can incorporate patterns of water

redistribution (e.g. Rhesyss) in contrast to regional and global climate models which

typically do not include representation of the lateral redistribution of water.

We did not observe correlation between fN2O and environmental variables. There-

fore, it is not surprising that fN2O was not significantly di↵erent between the riparian

area and the uplands (Figure 4). Many studies have found that toe slope (transition)

positions between upland and riparian areas produce the highest fN2O due to flashy

water table dynamics, substrate availability, and intermediate soil water content (Vi-

lain et al., 2010; Izaurralde et al., 2004). In our study, one transitional (toeslope)

site (T1E2, Figure 3.7 and Figure 3.9), did regularly exhibit high fN2O|ef , however

elevated fN2O|ef occurred at all sites, with the largest cumulative FN2O occurring at

one of the farthest sites away from the stream (Figure 3.11). This location also had

one of the lowest average VWC measured across the landscape (11%), which might

explain why it had such high fN2O (114.6 µg N2O-N m´2 hr´1) after the late season

rain events. Although some of the fN2O|ef in the transitional area were orders of

magnitude greater than other locations in the landscape, their small areal extent,

and short periods of high activity, likely limit their ability to strongly e↵ect net wa-

tershed fluxes. The influence of late season rain events on site scale fN2O|ef in the

uplands and their contribution to net watershed fluxes is not well constrained. This

might be due to the apparently spatial stochasticity of these large fluxes, further

complicated by the e↵ects of stochastic di↵erences in rainfall at this scale. Another

upland location also exhibited high fN2O (82.7 µg N2O-N m´2 hr´1, 25 July) after

the earlier rain events. Although there is a desire to identify where the largest fluxes

occur in the uplands, it might be a su�cient to recognize that di↵erent landscape

elements within the same watershed can significantly contribute to the net FN2O of
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the watershed. This can occur because a given set of hydrologic conditions can occur

at di↵erent times of the season in di↵erent locations. It seems that by searching for

”hot spots” in the landscape we risk limiting ourselves to areas near the stream as

most important because of the multitude of interactions we can visibly identify (e.g.

vegetation and hydrologic patterns). However, significant variability of environmen-

tal conditions can be present even at small scales in the uplands, particularly with

increasing stimulation by inherently stochastic summer precipitation events in arid

landscapes.

Landscape characterization can be useful for identifying the relative magnitude

of fCO2, the direction of fCH4, the magnitude of fCH4|in in the uplands, and identifying

where one might find locations with high fN2O, despite the high observed variability

in spatial patterns. This is at least partially due to the role of both historical and

contemporary soil moisture redistribution in water limited systems. Searching for

locations with high fluxes might be interesting, but given that even in our extensive

sampling, we only found one site that exhibited extreme CH4 behavior and one loca-

tion for N2O, it is unlikely that these rare locations contribute substantially to impact

net watershed fluxes in this landscape. Additional research at TCEF (Chapter 3),

has shown that even using the maximum seasonal riparian e✏ux and extrapolating

to the entire riparian area it comprised less than 2% of the total watershed CH4

sink. We cannot utilize the same scaling approach for fN2O because of the lack of

relationships with terrain metrics, but we can identify that sites in both upland and

transitional landscape positions can exhibit high fN2O fluxes, but these high fluxes

can be the result of di↵erent mechanisms. an estimate that proportionally scales the

net seasonal fN2O would result in a total flux of xy, with the one site with high fN2O

contributing xy amount. With the large, post-rain event fN2O contributing xy% of

that. Although these locations of high flux may not significantly contribute to net

watershed balances, it is interesting to note that fN2O appears to have more mea-
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surements that contribute disproportionately to net seasonal flux in comparison to

fCH4, which has relatively consistent magnitude of fluxes through the season (Figure

3.11)?

Q3: How do temporal patterns of GHGs and influences of environmental variables

di↵er between two hydrologically distinct growing seasons?

Biological processes occurring in snowmelt dominated watersheds can exhibit

significant responses to the dramatic shift in water availability and temperature from

spring runo↵ through summer drydown. When considering the e↵ects of a changing

climate we often ask how the legacy of those early season dynamics might influence

processes occurring later in the season. Here, we observed that the timing of peak

CO2 and CH4 e✏uxes were synchronous with the decline of snowmelt and the increase

in soil temperatures in 2012, but that the rain events in 2013 modified this simple

seasonal pattern (Figure 3.2, Figure 3.5). We observed inter-annual variability in

the seasonality of CH4 and CO2. fCO2 generally declined over the course of the 2012

season, but in 2013, late season rain events increased fCO2 resulting in a dampened

seasonal trend (Figure 3.5, Figure 3.6). In 2012, fCH4 declined after late July, whereas

in 2013, the late season rain events appear to have relieved water stress allowing for

continued increases in fCH4 through the season (Figure 3.5 and Figure 3.7). Although

we cannot fully and quantitatively compare the two years due to the timing and

extent of the sampling periods, we did find that fCO2 and fCH4|in both increased late

in the season due to the rain events in 2013, but that these events were not apparent

in observed soil water content that integrated more of the soil profile.

Although there was no observable seasonality in fN2O at the landscape scale,

there were some seasonal trends at individual sites in 2013 that did not occur in

2012 (or occurred before our sampling began). Additionally, more fN2O—in occurred

in 2013. The most common site-level seasonal pattern was in response to snowmelt:
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N2O fluxes increased from the onset of sampling and peaked as stream flow began

to recede after snowmelt (n = 20; Figure 5j). This could have been due to a delivery

of substrate (NO3) which would stimulate denitrification (DNF), increasing N2 and

N2O in the subsurface. As the upper soil horizons dried down, nitrification (NF)

could then occur at a higher rate. The corresponding increase in di↵usivity due to

drier soils would allow for the built-up gases from both processes to be transported to

the atmosphere. Over half of these sites (n = 6, one riparian and 5 upland) exhibited

decreased net N2O flux for the remainder of the season. This could have been a result

of N limitation once substrate delivered by snowmelt declined. A few sites (n = 5;

Figure 3.9) responded to the late season rain events in 2013, but the direction of the

change in fN2O was variable. Increased fN2O|ef could have been be due to stimulation

of DNF, or gaseous products from NF being ”pushed” out of the soil (Kim et al.,

2012). Alternatively, rain events could stimulate DNF such that the process was

completed, allowing for consumption of N2O (Davidson et al., 2000). Seven sites

had a net consumption of N2O during the snowmelt period and transitioned to a net

production of N2O later in the season. The saturated early season conditions could

have promoted DNF deep in the soil horizon, creating a downward gradient resulting

in fN2O—in (Figure 3.9). As soil moisture declined, NF could have produced N2O

(Davidson et al., 2000). Two sites exhibited a net consumption of N2O through

the 2013 season, with the two peaks in consumption occurring during the snowmelt

period, and then in late July when soil temperatures were reaching their maximum.

Although background levels of fN2O were highly variable, further investigation into

this small scale seasonal patterns in response to re-wetting events could elucidate

some of the mechanisms behind the high spatial and temporal heterogeneity.

Di↵erences in the timing of precipitation clearly impacted fluxes of all three

GHGs. Responses to increased summer precipitation can result in bidirectional

changes in riparian and upland fCO2, upland CH4 consumption can be relieved of
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water stress, and increased stimulation of fN2O in dry soils be to almost the same

magnitude as the fN2O response to dry down after snowmelt in the transitional zone.

3.5 Conclusions

This study examined how terrain, and the resulting redistribution of resources me-

diated greenhouse gas fluxes in a semi-arid, snowmelt-dominated watershed. Sepa-

rating the influence of specific environmental variables and landscape structure are

challenging because although the processes creating these GHG fluxes are influenced

by site-scale conditions, those smaller scale dynamics are mediated by watershed-

scale topography. However, determination of which hydrologic processes can sup-

port significant relationships between terrain metrics, soil moisture, and greenhouse

gas fluxes could be an important step in determining where and when high and

low fluxes will likely occur, and for assessing where/when scaling GHG fluxes using

terrain metric is appropriate.

Q1 & Q2: How do environmental variables di↵erentially influence the magni-

tude, direction, and persistence of CH4, N2O, and CO2 fluxes, and how are these

GHG fluxes interrelated? How does landscape setting mediate the direction and

magnitude of GHG fluxes?

Water availability di↵erentially influenced CO2, CH4 and N2O as demonstrated

by correlations (or lack thereof) with average site fluxes, soil water content, O2%,

and landscape position. The influence of each of these variables was scale-dependent

for each gas.

CO2 flux is mediated by soil water content at the site scale, and although temper-

ature did not have a direct influence at this scale, cumulative CO2 fluxes do appear

to mediated by aspect, as shown previously at TCEF (Riveros-Iregui and McGlynn,

2009). The combination of the landscape position (riparian versus upland, aspect)
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and interannual climate variability create nested scales of variability across the wa-

tershed.

Functional landscape elements were particularly useful for characterizing the di-

rection of fCH4, because they are dependent on soil saturation state. In unsaturated

conditions, the variability at the landscape scale is related to water redistribution

patterns. Average site temperature is related to CH4 fluxes when all sites are in-

cluded, but not within individual landscape elements. This begs the question of

whether the microbes and enzymes associated with each process have di↵erent sen-

sitivities to temperature, or if, similar to CO2 flux, soil water content is mediating

the relationship between fCH4 and temperature.

The absolute magnitude of N2O wasn’t predictable at any scale using any one

variable. This might be due to low N availability, and the low background levels of

flux that were most common during the study period. However, we might be able

to use our ability to predict which hydrologic mechanisms are driving the shallow

soil moisture in di↵erent times or locations (e.g. throughflow or ET) to determine

where/when dynamic fluctuations in O2 might be occurring. We found that the

large fluxes in the near stream zone generally occurred early in the season once

groundwater levels declined, whereas large fluxes in the uplands occurred late in the

season after rain events. Distinguishing the hydrologic processes that are creating

these fluxes in unique landscape positions could help develop hypotheses about the

seasonality of N2O flux in a given location based on the seasonality of hydrologic

inputs and spatial variability of the dominate hydrologic processes.

Q3: How do temporal patterns of GHGs and influences of environmental variables

di↵er between two hydrologically distinct growing seasons?

We observed inter-annual variability in the seasonality of fCH4 and fCO2 at the

landscape scale, but no generalizable di↵erences in fN2O between years (likely due to
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the combination of hydrologic processes that create these fluxes, as mentioned above).

A year with summer precipitation events resulted in less of a seasonal pattern in fCO2

because fluxes remained high late into the season. This was similar for CH4 uptake

in the uplands where the late season rain events likely relieved water stress, allowing

CH4 influx to remain high in August, rather than declining as in the previous year.
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4

Landscape analysis of soil methane flux across

complex terrain

4.1 Abstract

Relationships between methane (CH4) fluxes and environmental conditions have been

extensively explored in saturated soils. In aerated soils, the relatively small magni-

tudes of CH4 fluxes have made research less prevalent, despite the heterogeneity

of upland soils. Our study builds on previous carbon cycle research at Tenderfoot

Creek Experimental Forest, Montana. Here, we measured soil CH4 concentrations

and fluxes across a range of landscape positions (7 riparian, 25 upland), utilizing to-

pographic and seasonal gradients to examine the relationships between environmental

variables, hydrologic dynamics, and CH4 emission and uptake. Riparian areas emit-

ted small fluxes of CH4 throughout the study (median “ 0.186 µg CH4-C m´2 hr´1)

and uplands increased in sink strength with dry down of the watershed (median:

-22.9 kg CH4-C ha´2). Locations with volumetric water content (VWC) below 38%

were methane sinks, and uptake increased with decreasing VWC. Above 43% VWC,

net CH4 e✏ux occurred, and at intermediate VWC net fluxes were near zero. Ripar-
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ian sites had near neutral cumulative seasonal flux, and cumulative uptake of CH4

in the uplands was significantly related to topographic indices. These relationships

were used to model the net seasonal CH4 flux of the upper Stringer Creek watershed

(-1.75 kg CH4-C ha´2). This spatially distributed estimate was 111% larger than

that obtained by simply extrapolating the mean CH4 flux to the entire watershed

area. Our results highlight the importance of quantifying the space-time variability

of net CH4 fluxes as predicted by the frequency distribution of landscape positions

when assessing watershed scale greenhouse gas balances.

4.2 Introduction

Considerable e↵ort has been directed to the study of carbon dioxide (CO2) in a

variety of diverse terrestrial ecosystems using both spatially distributed chamber

measurements and eddy covariance methods (Lavigne et al., 1997; Sotta et al., 2004;

Webster et al., 2008; Riveros-Iregui and McGlynn, 2009; Allaire et al., 2012). How-

ever, challenges associated with measuring upland methane (CH4) fluxes (Denmead,

2008; Wolf et al., 2011) have made similar studies less prevalent, despite CH4 being a

more potent greenhouse gas (GHG) than CO2. Global CH4 emissions have increased

by 47% since 1970 (IPCC2014), and though the soil CH4 sink is significantly smaller

than its chemical oxidation in the atmosphere, the uncertainty in the size of the soil

CH4 sink is on par with the annual atmospheric CH4 growth rate (Kirschke et al.,

2013). Despite progress in our understanding of CH4 dynamics in saturated soils,

assessing the variability of CH4 fluxes in aerated soils and exploring how landscape

structure influences CH4 fluxes and watershed CH4 budgets has been limited. Topog-

raphy can create predictable physical redistribution of resources across a landscape,

suggesting that these patterns (e.g., soil moisture: Western et al. 1999, temperature:

Urban et al. 2000; Emanuel et al. 2010, and soil organic matter and nutrients: Creed

and Band 1995; Mengistu et al. 2014) could produce observable landscape patterns in
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soil C fluxes (Webster et al., 2008; Riveros-Iregui and McGlynn, 2009; Pacific et al.,

2011).

Net soil CH4 flux can be highly variable in space and time, particularly because

microbial production and consumption of CH4 can occur simultaneously in the soil

profile. Methane is predominantly consumed in aerated upland soils, and produced

in saturated or nearly saturated riparian soils. Methanogenesis occurs though two

major microbial pathways (CO2 reduction and acetate fermentation) under anoxic

conditions and at low redox potential (Hanson and Hanson, 1996; Mer et al., 2001).

Methanotrophic bacteria oxidize CH4 to CO2 under aerobic conditions, and recent

research has also highlighted that anaerobic oxidation of methane (AOM) can occur

in a variety of environments, including forest soils (Blazewicz et al., 2012; Gauthier

et al., 2015). The interactions of local thermodynamics and environmental conditions

including soil moisture, temperature, substrate availability, pH, and oxygen status

have made it di�cult to determine the most influential parameters across ecosystems

(e.g. temperate forest, desert: Luo et al. 2013). In addition, the spatial scale of

analysis can influence which environmental factors create observed heterogeneity

in CH4 fluxes. For example, the microbial dynamics that drive CH4 cycling are

influenced by small scale (cms) environmental conditions (e.g. substrate availability

and redox state) (Born et al., 1990; Conrad, 1996). However, at larger scales these

environmental conditions can be heavily influenced by physical processes such as

landscape scale (kms) hydrology (Burt and Pinay, 2005; Lohse et al., 2009), and at

still larger scales (100 kms, here we will refer to as ecosystem scale), parent material

and climate create the setting in which these processes occur (Potter et al., 1996a;

Tang et al., 2006; Tian et al., 2010).

A spatially explicit understanding of heterogeneity in CH4 fluxes is necessary

for appropriate watershed scale budgets (Ullah and Moore, 2011; Bernhardt et al.,

2017), particularly in mountainous regions, where the spatial distribution of resources
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could have a significant influence on the direction and magnitude of CH4 fluxes

due to the lateral redistribution of water and substrates caused by convergent and

divergent areas of the landscape (Davidson and Swank, 1986; Meixner and Eugster,

1999; Wachinger et al., 2000; von Fischer and Hedin, 2002). Many studies have

quantified the magnitude of CH4 fluxes, and characterized their temporal and spatial

heterogeneity in various ecosystems (Del Grosso et al., 2000; Dalal and Allen, 2008;

Yu et al., 2008; Teh et al., 2014; Tian et al., 2014). Although these studies often

covered large spatial extents (from transects 10s of meters long to 100s kms), and

captured significant environmental gradients at those scales, sampling locations were

generally sparse. The smaller scale patterns of CH4 fluxes within these landscapes

has not been investigated as thoroughly as ecosystem scale gradients, which could be

problematic if those patterns are important for estimating CH4 fluxes (Fiedler and

Sommer, 2000; Ullah and Moore, 2011; Nicolini et al., 2013).

Functional landscape elements have proven useful for assessing spatial hetero-

geneity and influences of scale in hydrology (Wood et al., 1988), ecology (Forman

and Godron, 1981), and biogeochemistry (Corre et al., 1996; Reynolds and Wu,

1999). Functional landscape elements and terrain metrics that represent topographi-

cally driven hydrologic gradients have been used to analyze and scale biogeochemical

cycles (carbon: Creed et al. 2002; Riveros-Iregui and McGlynn 2009; Pacific et al.

2011, nitrogen: Hedin et al. 1998; Creed and Beall 2009; Duncan et al. 2013; An-

derson et al. 2015, phosphorus: Devito et al. 2000, sulfate: Welsch et al. 2004), but

limited analogous work has been done for CH4 consumption. The importance of soil

moisture in mediating CH4 fluxes has been shown across ecosystems (Smith et al.,

2000; von Fischer and Hedin, 2007), but studies of how this influence is related to,

or predictable from, landscape characteristics have been limited (Boeckx et al., 1997;

Creed et al., 2013). Continuous topographic metrics such as upslope accumulated

area (UAA, a surrogate for water accumulation), could represent hydrologic influ-
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ences on variables relevant for CH4 fluxes (e.g. redox state, di↵usivity of CH4, and

O2, and substrate availability). Here, we build on previous research from Tenderfoot

Creek Experimental Forest (TCEF) that has demonstrated how topographic metrics

can represent landscape structure and its influence on hydrologic processes (Jencso

et al., 2009; Jencso and McGlynn, 2011) and carbon cycling (Riveros-Iregui and McG-

lynn, 2009; Pacific et al., 2010, 2011). Our objectives were to determine how locally

and distally mediated environmental conditions influence CH4 fluxes, and to esti-

mate the net seasonal CH4 balance of the upper Stringer Creek watershed. Spatially

distributed measures of soil moisture, groundwater elevation, and landscape posi-

tion provide the opportunity to investigate spatial patterns of CH4 fluxes, linking

the point scale conditions to watershed scale hydrologic patterns. We suggest these

approaches are beneficial for interpolating, scaling, and predicting CH4 dynamics,

particularly in complex terrain. We address the following questions to assess spatial

and temporal dynamics of CH4 fluxes across this semi-arid, sub-alpine landscape,

examine environmental relationships, and estimate net watershed balances:

Q1: How do environmental variables relate to CH4 flux across a subalpine

watershed through the growing season?

Q2: How does landscape structure relate to relative magnitude, direction

and persistence of CH4 fluxes across the landscape?

4.3 Methods

4.3.1 Site description

Tenderfoot Creek Experimental Forest (TCEF; latitude 46° 55’N, longitude 110°

55’W) is located in the Little Belt Mountains of central Montana (Figure 4.1). This
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Figure 4.1: Map of upper Stringer Creek watershed (394 ha), located in central
Montana, showing sampling locations and meteorological towers. Inset shows tran-
sects (T1 and T2) profiles where site number increases away from the creek on the
west and east sides.

study was conducted in the upper Stringer Creek watershed (394 ha; elevation 2090 –

2425 m), a sub-watershed of TCEF. The gentle to steep-gradient slopes (average 15%)

and the range of aspect and topographic convergence/divergence in upper Stringer

Creek are characteristic of the greater Tenderfoot Creek watershed (Jencso et al.,

2009).

The watershed experiences a continental climate with 70% of the 800 mm annual
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Figure 4.2: Streamflow and precipitation inputs to upper Stringer Creek over the
2013 growing season. Gas sampling began on 29 May, shortly after the first hydro-
graph peak.

precipitation typically falling as snow from OctoberNovember to AprilMay. Growing

season length ranges from 45 to 70 days (Schmidt and Friede, 1996), and mean daily

summer temperature is 11°C (Farnes et al., 1995). Peak snowmelt typically occurs

between mid-May and mid-June, and the driest months occur in the late summer and

fall (Figure 4.2). Summer precipitation rarely causes significant streamflow response

(Nippgen et al., 2011).

The geology of the Stringer Creek watershed is comprised of Flathead sandstone,

Wolsey shale, and granite gneiss. Soils are shallow (<1m) typic cryocrepts in the

uplands and aquic cryobalfs in the riparian areas. The seasonal dry down of the

upland soils versus the riparian areas (which typically maintain a shallow water table

throughout the year (Jencso et al., 2009)), reflects the di↵erentiation in soil types.

Upland soils have a sandy loam texture, but vary in rock and organic matter content

across landscape positions. Plant communities transition from wet riparian meadows

in the valley bottom, through drier meadows to the upland conifer forest. The

95



vegetation in the riparian area is predominately grasses (Juncus, Carex, Poa) and

willows (Salix ) with a mixture of wildflowers (Erigeron, Aster).The forest is primarily

comprised of Lodgepole pine (Pinus contorta), and subalpine fir (Abies lasiocarpa);

Englemann spruce (Picea engelmannii) and whitebark pine (Pinus albicaulis) are also

common; Grouse whortleberry (Vaccinium scoparium) is dominant in the understory

(Mincemoyer and Birdsall, 2006).

4.3.2 Landscape characterization

Ten meter and three meter digital elevation models (DEMs) were constructed by

coarsening 1 m2 resolution light detection and ranging (LiDar) data. These data

were collected in 2005 by the National Center for Airborne Laser Mapping (NCALM).

We calculated topographic characteristics that describe both energy availability and

relative water availability of each site using DEM landscape analysis methods as

described in (McGlynn and Seibert, 2003). Terrain metrics included in the analysis

were: aspect (scaled from 0 to 1, with 1 being North and 0 being South), insola-

tion (kWh´2), slope (%), elevation above the creek (EAC, m), distance from creek

(DFC, m), gradient to creek (GTC), upslope accumulated area (UAA, m2), and the

topographic wetness index (TWI) (Jencso and McGlynn, 2011; Nippgen et al., 2011).

Potential incoming insolation (from May 1st to September 1st) was calculated in the

System for Automated Geoscientific Analysis (SAGA) using one hour increments

averaged over five day windows (Böhner and Antonic, 2009). UAA is the watershed

area contributing to each point in the landscape and was derived using the MD8
algorithm (Seibert and McGlynn, 2007). TWI has also been used as an approxima-

tion for relative wetness and was calculated using the following equation (Equation

(4.1), Beven and Kirkby 1978):
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“
TWIs “ ln ˆ

ˆ
a

tan�

˙
(4.1)

where a is UAA and � is local slope. All topographic metrics were assessed for

relationships with CH4, and for inclusion in the multivariate model. The riparian

area was initially delineated as the area less than two meters in elevation above

the creek using topographically derived flowpaths and validated with extensive field

surveys (90 transects; Jencso et al. 2010).

We examined the spatial and temporal variability of CH4 fluxes using data col-

lected across a range of landscape positions in the Stringer Creek watershed. Terrain

metrics were used to select 32 sampling sites that span a range of slopes, contribut-

ing area, and convergence/ divergence in the upper Stringer Creek watershed (Figure

4.1). Twenty-five sites were distributed across the uplands, and two transects that

cross Stringer creek (with 3 – 4 riparian sites each) were selected to characterize the

riparian and backslope positions and their transition. The transition zone between

the riparian area and the uplands is identified hydrologically as the toeslope posi-

tion, where groundwater tables persist longer than in the uplands, but not through

the growing season as observed in the riparian area. Measurement sites along the

two transects that cross the creek are identified by the side of the creek they are on

(East/West) and increase in number away from the creek.

4.3.3 Soil characterization measurements

Soil cores were collected on July 8th and 9th, 2012 within two meters of each gas

sampling site for soil analysis. Soil cores were extracted using a 100 cm3 cylinder

that was inserted, and laterally excavated from the organic (0 – 10 cm) and mineral

(22.5 – 27.5 and 47.5 – 52.5 cm) soil layers (n “ 32). The samples were dried

and weighed to calculate bulk density and were analyzed for % Carbon (C) and
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% Nitrogen (N), 13C, and 15N (Kansas State Stable Isotope Mass Spectrometry

lab, ThermoFinnigan Delta Plus mass spectrometer and CE 1110elemental analyzer

withConFlo IIUniversal Interface for C and N analysis of solids, additional details in

Nippert et al. 2013). This data was used to calculate total Csoil (g cm´2), Nsoil (g cm

´2) and molar C:N ratios. Intact soil cores and bulk soil samples were also collected

from 0 – 5 cm on August 6th and 7th, 2014 to determine porosity, bulk density,

mineral bulk density and organic content for each site. Porosity was determined by

measuring the change in weight between fully saturated and oven dried intact soil

cores (n = 18). The bulk samples were used to corroborate bulk density and particle

size distribution following standard procedures.

4.3.4 Environmental measurements

Weekly measurements of soil and atmospheric environmental variables were collected

in conjunction with gas samples at each site from May – September 2013 between

900 and 1800 hours. Environmental variables that were measured included volumet-

ric soil water content (VWC), soil temperature (12 cm soil thermometer, Reotemp

Instrument Corporation, California), and barometric pressure (Atmospheric Data

Center Pro, Brunton, Boulder, CO). Volumetric soil water content (VWC) was mea-

sured three times at each site during each round of sampling using a Hydrosense II

portable Soil Water Content meter, (12 cm, Campbell Scientific Inc., Utah, United

States). The mean of the three samples was used for data analysis. We measured

real-time water content (hourly measurements) at a riparian (T1E1) and toeslope

(T1E2), backslope (T1E3), and dry upland site using water content probes (CSI

model 616, Campbell Scientific Inc., Utah, United States) that were inserted from 0

– 12 cm in the soil (Figure 4.1).
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4.3.5 Hydrological measurements

Groundwater table data were recorded in wells located along the two riparian-upland

transects to augment the weekly measurements of near surface soil water content

(Figure 4.1). Groundwater wells (created from 3.81 cm diameter polyvinyl chloride

(PVC), screened from completion depth to within 10 cm of ground surface), were

installed along the riparian-upland transects (co-located with gas wells). Capacitance

rods (˘ 1 mm, Tru Track, Inc., New Zealand) in each well recorded groundwater

level every 30 minutes. Well completion depths (to the soil bedrock interface) ranged

from 0.5 to 1 m in the riparian zones and 0.8 to 1.5 m in the uplands. Installation

details can be found in Jencso et al. (2009). Groundwater data were also used to

evaluate our initial delineation of sites as riparian versus upland.

4.3.6 Soil gas measurements and flux calculations

Soil gas wells constructed of 5.25 cm diameter, 15 cm long sections of PVC were

installed to sample soil air for concentration measurements of CH4, CO2 and O2 at 5

cm, 20 cm, and 50 cm depths. Gas wells were buried at completion depths of 20 and

50 cm and capped with a size 11 rubber stopper. These gas wells were open at the

bottom to equilibrate with soil gas at their respective depths. Shallow gas wells were

designed to measure gas concentrations closer to the soil surface; the bottoms were

closed with a PVC cap, and screened openings on the sides enabled equilibration

with soil gas at 5 cm depth. All gas wells were outfitted with a closed sampling

loop made of PVC tubing (4.8 mm inside diameter, Nalgene 180 clear PVC, Nalgene

Nunc International, Rochester New York, USA) that was passed through the rubber

stopper, and joined above the ground surface by 6 – 8 mm HDPE tubing connectors

(FisherBrand, Fisher Scientific, USA). Thus, the equilibrium volume was the volume

of the PVC well plus that of the tubing

Soil CO2 concentration was measured in-line using a Vaisala Carbocap handheld
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CO2 meter (GM70 measurement range of: 0 – 20,000 ppmv, or 0 – 50,000 ppmv)

adjusted for local temperature and pressure. Gas samples were sampled from the

closed recirculation loop after observed soil CO2 concentration stabilized. Soil O2 %

was also measured in-line using a handheld Apogee O2 sensor (MO-200, Logan, Utah;

precision ˘ 0.1 % O2). Once the CO2 concentration reading stabilized, gas samples

were collected from a brass Swagelok T fitting with a 9.5 mm Cole Palmer Septum

(Vernon, IL) sampling port, using a Precision Glide needle (22G1, Becton Dickinson

& Co, NJ) and 60 mL Luer-Lok syringe (BD, Franklin Lakes, NJ). Gas samples

(„50 mL) were transferred to and stored in 150 mL laminated Flex Foil sample bags

(SKC, Eighty Four, PA). Prior to sample collection in the field, sample bags were

emptied by vacuum, filled with N2 carrier gas, and evacuated in the lab to avoid

sample contamination. This process was done twice for bags that had previously

contained gas with concentrations of CH4 considerably higher than ambient. The

sampling syringe was cleared between samples and flushed with 10 mL of air from the

gas well three times before slowly taking the sample (to avoid creating any vacuum

in the gas well). During snowmelt, saturated soils in the riparian area resulted in

flooded wells, preventing gas sampling at those time points.

Gas samples were analyzed for CH4 at Montana State University using a Hewlett-

Packard 5890 Series II gas chromatograph outfitted with a flame ionization detector

(FID). The inlet system used a 10-port injection valve with a 1 cm3 sample loop.

The injection valve was configured for backflushing of a precolumn (25 cm ˆ 0.32 cm

OD, packed with Porapak-T 80/100 mesh) to prevent water vapor from reaching the

analytical column. The sample loop temperature (ambient) was monitored using a

NIST-traceable electronic thermometer, and barometric pressure was obtained from

a weather station located on the roof of the building. Two analytical columns (both

183 cm x 0.32 cm OD, packed with Chromosorb 102 80/100 mesh and Porapak-Q

80/100 mesh, respectively) were used in series for gas separation. The temperatures
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Figure 4.3: Relationship between e↵ective soil di↵usivity for methane Ds (expressed
relative to its free-air di↵usivity Do) and soil water content. This empirical relation-
ship was used to estimate 0 – 5 cm soil CH4 di↵usivity for every sampling event at
each site.

of the column oven and FID were 55°C and 240°C, respectively. The carrier gas was

a commercial ultra-high purity N2, which was further purified through Molecular

Sieve 5A, activated charcoal and an oxygen scrubber. The carrier flow to the FID

was maintained at approximately 30 mL min´1. Under these conditions, CH4 eluted

to the FID at 1.9 min. A certified 51 ppmv CH4 in air standard (Air Liquide; ˘
1% accuracy) was used for instrument calibration, both alone and after dilution into

ultra high purity N2 carrier gas; the detector response was linear and the overall

analytical precision was better than ˘ 0.05 ppmv.

Methane fluxes were calculated using the gradient method (Fick’s first law) and

measured soil concentrations at 5 cm (Equation (4.2)).

“
F s “

“
´ Ds ˆ drgs

dz

(4.2)

where F is the flux of CH4 out of the soil (µg CH4-C m´2hr´1), D is the CH4
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e↵ective di↵usivity (m´2hr´1), and drgs
dz is the CH4 gradient from 0.05 m to the soil

surface (µg CH4-C m´4); the distance from the soil surface, z(m), is defined as

positive upward). For determination of drgs
dz , measured mole fractions of CH4 were

converted to mass concentrations assuming ideality of gases and using the measured

soil temperature. The CH4 concentration gradient from shallow depths to the sur-

face is typically relatively linear (Koschorreck and Conrad, 1993), suggesting that

determining fCH4 using a linear equation is appropriate. E↵ective di↵usivity was es-

timated for each sample using an empirical relationship between the measured VWC

and CH4 di↵usivity (Figure 4.3). This relationship was established by measuring

methane flux concentrations across a variety of spatial locations (co-located with gas

wells) and time points using a LI-COR 8100A infrared gas analyzer with a 20 cm

diameter chamber and an in-line sampling port for collecting discrete time-course

CH4 samples from the chamber. Our exponential model relating e↵ective CH4 dif-

fusivity to soil water content is mathematically equivalent to an exponential fit of

di↵usivity to air-filled pore space (Richter et al., 1991) when total porosity is treated

as a constant. Our model results were in good agreement with other commonly used

physical models of soil gas di↵usion for total porosities near 0.6 (Buckingham, 1904;

Ghanbarian and Hunt, 2014; Møldrup et al., 2014), and incorporates site to site vari-

ability due to local VWC. We calculated cumulative seasonal CH4 flux (FCH4) for

each site (May 29th – September 12th) by summing the linearly interpolated daily

fluxes.

4.3.7 Statistics and modeling

We used two-sample t-tests to compare fCH4 and environmental variables in riparian

and upland locations, and linear regression analysis to assess relationships between

upland fCH4 and environmental variables using the R Stats Package (R Core Team,

2016). Regression analysis was also performed on natural log -transformed cumu-
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lative CH4 influx (ln|FCH4|in) versus all terrain metrics, soil properties, and each

sites’ average VWC (VWCavg) and temperature (Tavg). If two variables had a Pear-

son’s R correlation coe�cient >0.6 (Dormann et al., 2013), the variable with a lower

correlation to ln|FCH4|in was removed from the multiple regression analysis to pre-

vent multicollinearity in the final model (Appendix Figure 5.7). Multiple regression

was performed on three sets of predictor variables: 1) both terrain metrics and lo-

cal measurements (VWCavg, Tavg, and soil properties), 2) only terrain metrics, and

3) only local measurements. A parameter jack-knife method (Phillips et al., 2006;

Phillips and Dudik, 2008) was used to determine the importance of individual vari-

ables within each of these sets of data (Appendix Figure 5.8). We used the Leaps

package and the exhaustive search method (Lumley and Miller, 2009) to select the

best models of a given size (number of parameters). Given the necessity of using

the same dataset to select predictor variables that were used to create the model,

we performed a leave-one-out cross validation (LOOCV) using the DAAG package

(Maindonald, J. H., Braun, 2015) to assess the mean square error of each model.

4.4 Results

4.4.1 Terrain analysis

Terrain analysis was performed using both 3 m and 10 m DEMs, and although higher

resolution mapping can be beneficial in some scenarios, the 10 m flow accumulation

results have been shown to be more reflective of the lateral transport of water in

TCEF (Jencso et al., 2009). The slopes in the upper Stringer Creek watershed range

from moderate (2%) to steep (66%). Sampling sites encompassed the range of as-

pects in the watershed (72° – 312°), however the range of potential incoming solar

radiation was relatively narrow over the growing season (1026 – 141 kWh m´2). Our

site selection spanned a range of landscape hydrologic settings with UAAs ranging

from 318 m2 to 10,667 m2 in the uplands, with one site representing a less frequent
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Table 4.1: Average soil characteristics with 1 standard deviation in parentheses.

Landscape Bulk Density Total Porosity C N Molar C:N
Element (g cm´3) (g cm´3) (g cm´3)
Uplands 0.75 (0.17) 0.65 (0.06) 4.7 (1.9) 0.17 (0.064) 31.6 (7.8)
Riparian 0.64 (0.47) 0.76 (0.09) 5.6 (1.3) 0.41 (0.12) 16.4 (2.2)

but much higher UAA (22,981 m2). This site was removed from upland regression

analysis due to the strong leverage it had on observed relationships. The 10 m2

DEM representation was not used to characterize riparian site UAAs due to their

relatively small extent (less than the grid size) and challenges associated with dis-

cerning between down hillslope and down valley flow accumulation. A threshold of

2 m in elevation above the creek (EAC) was used to identify riparian areas (Jencso

et al., 2009), and was consistent with field observations for 5 of 7 riparian gas well

nests. One site (T2W3), located 40 m away from the creek (4.5 m EAC) was heavily

influenced by the large upstream riparian extent and gentle local slope, which re-

sulted in it maintaining a groundwater table and high soil water content throughout

the season, characteristic of riparian sites. Alternatively, a sampling site that was

located within the EAC delineated riparian area (T2W2 1.5 m EAC, 15 m away), no

longer had a groundwater table present by late July, and had a steady decline in soil

water content which is characteristic of upland locations. The hydrologic dynamics

of these sites suggested that their CH4 dynamics could be better characterized by

categorizing them based on hydrologic measurements rather than the simple terrain

analysis.

4.4.2 Environmental Variables

Soil properties

Soil molar C:N ratios ranged from 13 – 43 in the shallow soil samples (0 – 5 cm).
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Average bulk density was 0.64 g cm´3 at riparian sites (n = 7) and 0.75 g cm´3 in

the uplands (n “ 25; Table 4.1). Soil C:N had a negative relationship with VWCavg

(r2 “ 0.32, p <0.01 (uplands only); r2 “ 0.54 and p <0.001 (including riparian sites).

This correlation was consistent with the C:N ratio of vegetation at TCEF; lodgepole

pine had C:N ratios 5 – 10 times higher than riparian meadow grasses (Riveros-Iregui

and McGlynn, 2009). Soil C:N ratios in the uplands also had a significant negative

relationship with bulk density (r2 “ 0.44, p <0.001). Average soil porosity in the

riparian area (0.76; n “ 6) was significantly higher (two-sample t-test, p <0.05) than

average soil porosity of the uplands (0.65; n “ 12), and agreed well with the estimated

landscape-average soil porosity of 0.6 implicated by the exponential VWC-di↵usivity

relationship (Figure 4.3).

Soil temperature

Soil temperatures ranged from 0° – 8°C across all sampling sites during the first

sampling event on May 23rd, 2013, and reached the seasonal maximum soil tem-

perature (9° – 20°C) by mid-July. Soil temperatures declined through August with

seasonally intermediate temperatures by September 12th (8° – 15°C). The average

soil temperature in the riparian area (11.5°C) was higher than that of the upland

soils (10.6°C), likely due to minimal canopy cover and thus higher insolation in the

riparian corridor.

Soil water content

Volumetric soil water content (VWC) had a strong seasonal pattern and was

significantly di↵erent between riparian and upland landscape positions (two-sample

t-test, p <0.001; Figure 4.4), as shown by real time water content probes and spatially

distributed VWC measurements (Figure 4.5). VWC reached a minimum (2 – 12%

in the uplands and 25 – 55% in the riparian area) in late July prior to a sequence of

late season rain events that increased the range of VWC in the uplands to 3 – 21%,
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Figure 4.4: (left) Riparian and upland soil water content. (center) Percent oxygen
of riparian and upland landscape positions at 5, 20 and 50 cm. (right) Methane flux
in riparian and upland landscape positions. Riparian and upland sample sets were
significantly di↵erent for all sets of data except for the 5cm O2 data (two-sample t-
test, p <0.01). Riparian measurements n = 53; upland measurements n = 259. Boxes
denote 25th, 50th, and 75th percentiles, whiskers represent maximum and minimum
values, and crosses denote outliers (greater than 75th percentile times interquartile
range, or less than 25th percentile times interquartile range).

and the riparian area to 29 – 59%.

Groundwater levels

Groundwater (GW) table dynamics can be described by three general responses

that were related to proximity to the creek (Figure 4.6). Riparian locations main-

tained a GW table throughout the season, with near surface saturation during

snowmelt, and GW tables 20 – 50 cm below the soil surface late in the season.

GW wells closest to the stream (T1E1 and T1W1) had a water table within 22 – 25

cm of the surface throughout the season. Toe slope positions (near the strong break

in slope on the east side), responded rapidly to snowmelt, and retained a GW table

through late July. Wells in this transition zone (e.g., T1E2, Figure 4.6c) had variable

GW dynamics, which included GW response to the rain events (up to 11 mm) in

the first week of August. At another transition location, a well that was influenced
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Figure 4.5: Real time water content sensors (solid lines) that were distributed
across landscape positions during the growing season of 2013 show the seasonal dry
down of the landscape, with a muted signal in the riparian area. These high-frequency
sensor data corroborate the distributed volumetric water content (VWC) measure-
ments made at every site during discrete sampling (filled symbols). Although the
range in riparian VWC increases through the season, and the uplands dry down to
low soil moisture conditions, the latter have greater variability at the landscape scale
(Chapter 1).

by the large local riparian extent, and low local gradient (T2W3) maintained a GW

table within 70 cm of the surface throughout the season. Upland positions above the

break in slope exhibited transient GW tables during peak snowmelt, and by mid to

late June no longer had GW tables present. During snowmelt these wells had a GW

table for up to 28 days and no wells had a GW table after 26 June.

Oxygen

The shallow soil was well oxygenated; in the uplands 5 cm O2 ranged from 19.6

to 21.2%, and 5 cm riparian O2 ranged from 18.3 to 21.0% in the soil atmosphere

(Figure 4.4). Upland soils were well oxygenated across all sites and depths (19.2 –
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Figure 4.6: Methane dynamics and the seasonal decline of the groundwater (GW)
table at three sites located along a riparian-upland transect during the 2013 growing
season. (a) Rain and snow inputs for the season, (b) The riparian GW table remained
in the soil zone throughout the season, and this location (T1E1) was a source of
CH4, (c) The toeslope position (T1E2) GW table dropped below the soil zone in
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landscape position produced CH4 but gradually increased CH4 uptake as the GW
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late June, and was a CH4 sink the entire season, with maximum uptake at the end
of July.
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Table 4.2: Methane flux statistics (µ g CH4-C m´2 hr´1); SD = 1 standard deviation.

Landscape Unit Mean SD Median Min Max Skewness
Uplands -28.5 25.1 -22.9 -121 3.53 -0.841
Riparian 6.54 24.9 0.186 -4.44 141 4.17

21.5% O2 at 20 cm, 17.9 – 21.2 % O2 at 50 cm; Figure 4.4). The only substantial

depletion of O2 was in the 20 and 50 cm samples in the riparian area, which ranged

from 10.2 – 20.9% O2 at 20 cm, and 11.7 – 18.5% O2 at 50 cm (Figure 4.4). Median

O2 of riparian sites decreased from 20.5% at 5 cm to 18.2% at 20 cm and 16.7% at

50 cm.

4.4.3 Methane

Methane fluxes (fCH4) exhibited a considerable range across the landscape (-121 to

141 µg CH4-C m´2 hr´1; Figure 4.4, Table 4.2), with significantly di↵erent fCH4

between the riparian and upland positions (two-sample t-test, p <0.001). Riparian

CH4 e✏ux was generally low, and the upland positions were predominately sinks

(Table 2). Upland locations did produce small CH4 fluxes out of the soil (up to 3.5

µg CH4-C m´2 hr´1) early in the season.

Environmental influences on measured CH4 fluxes

Net CH4 uptake was largest in dry soils, and a transition to net emission occurred

around 38 – 43% VWC (Figure 4.7). Upland fCH4 was significantly correlated with

VWC (r2 “ 0.36, p <0.001), and the variability in magnitude of CH4 uptake increased

with decreasing VWC. Maximum e✏ux occurred at 43% VWC and maximum uptake

occurred at 4.7 % VWC. Substantial fCH4 into or out of the soil occurred at low

and high VWCs respectively, yet near net zero fCH4 was also measured through the

full range of VWC (1.4 – 64%; Figure 4.7). Methane fluxes were not significantly

correlated with O2 % at any depth, or with soil temperature (Appendix Figure 5.6).
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CH4 uptake was constrained to samples with 5 cm O2 above 19 %, and generally

increased with increasing 5 cm % O2, with the largest between 20 and 21% O2 (i.e.,

at ca. atmospheric levels). CH4 e✏ux occurred even when 5 cm O2 was 21% and up

to 19.5 % O2 at 20 cm. Soil temperature shows a quadratic relationship with fCH4,

the largest fCH4 (either into or out of the soil) occurred between 8° and 14°C, and

declined with higher or lower temperatures.

Cumulative seasonal CH4 fluxes and relationships to environmental variables and

landscape position

Cumulative seasonal CH4 fluxes (FCH4) ranged from -170 to -33 mg CH4-C m´2

in the uplands and from -0.98 to 3.12 mg CH4-C m´2 in the riparian sites, with one

riparian location producing a relatively large FCH4|in of 232 mg CH4-C m´2 (Figure

4.8). Rates of upland consumption generally increased through the season, and were

consistent across sites until July when cumulative fluxes began to diverge (Figure

4.8). We assessed how terrain metrics were related to average VWC (VWCavg) and
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temperature of each site and (Tavg), soil characteristics, and cumulative seasonal

CH4 influx (ln|FCH4|in). VWCavg for each site was a significant local influence on

ln|FCH4|in (r2 “ 0.32, p <0.01), as were four of the nine terrain metrics evaluated,

EAC, DFC, TWI and UAA (Appendix Figure 5.6). Distance from creek (DFC) and

Elevation above creek (EAC) showed a positive relationship with ln|FCH4|in (r2 “
0.17, p “ 0.05); meaning locations farther away or higher in elevation than the creek

(e.g., ridges) had higher ln|FCH4|in than near-creek sites. Upslope accumulated area

had a negative relationship to ln|FCH4|in (r2 “ 0.27, p <0.01). The topographic

wetness index (TWI) was positively related to VWCavg (r2 “ 0.25, p “ 0.01); the

negative influence of soil moisture on ln|FCH4|inresulted in lower ln|FCH4|in in loca-

tions with higher TWI (Figure 4.9, Figure 4.10). Both landscape mediated relative

water availability and local VWC explain CH4 net uptake across the watershed dur-

ing the 2013 growing season.Although most environmental variables (bulk density,

C:N, Csoil, Nsoil, Tavg, 13C, and 15N) were not significantly correlated with ln|FCH4|in,

a few were correlated with terrain metrics. Tavg had a significant relationship with

aspect and potential incoming radiation were related to (r2 “ 0.33, p <0.01 and r2

“ 0.41, p <0.001, respectively, Appendix Figure 5.7). Nsoil was positively correlated

with slope (r2 “ 0.14, p “ 0.05).
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4.4.4 Multiple regression of landscape and environmental variables
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Figure 4.10: Measured cumulative CH4 influx (ln|FCH4|in) versus predicted
ln|FCH4|in using five linear regression models with decreasing complexity (number
of parameters). Grey lines are 1:1 lines for reference. The associated adjusted r2 is
shown with each model, details on model fit and coe�cients are in Table 4.3.

Multiple regressions that included soils data explained up to 63% of the observed

variability in ln|FCH4|in (Table 4.3), showing that although not as readily available,
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extrapolating values in Table 4.4 to the entire riparian area.

the addition of soils variables can improve modeling results. Although these models

cannot be extrapolated to the watershed scale, including Nsoil improves the model

performance by 13%, whereas including �

13C only improves the model by 1% (Ap-

pendix Figure 5.8. Although explaining less of the variability in ln|FCH4|in, models

with fewer parameters were also assessed (Table 4.3, Figure 4.10). We modeled upper

Stringer Creek ln|FCH4|in using the model with TWI, aspect and EAC as parameters

(Equation 3, Table 4.3 and Figure 4.11). Of the models with only terrain metrics,

Model 3 had the best fit (adjusted r2 = 0.54, p <0.001), and lowest BIC (Bayesian

Information Criterion for model selection, where the model with the lowest BIC is

preferred, (Schwarz, 1978)). Seasonal CH4 uptake from the spatial coverage of Model

3 results reached up to 8.30 kg CH4-C ha´2 , averaged 1.75 kg CH4-C ha´2 and to-

taled 680 kg CH4-C for the entire upland area (Table 4.3). We extrapolated the

mean, median and maximum riparian FCH4 to estimate contributions from riparian

area (5 ha), resulting in a range of potential total riparian FCH4 (Table 4.4). Even
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Table 4.4: Modeled and observed CH4 uptake (separated by landscape element),
as well as total, areally integrated seasonal CH4 exchange. As model complexity
decreases, predicted net CH4 uptake decreases. Observed mean and median of up-
land CH4 bracket the estimated average FCH4 from the most simple model. Total
estimated riparian CH4 e✏uxes are orders of magnitude smaller than uptake in the
uplands.

Extrapolation Cumulative Total Seasonal
Method Seasonal Flux Exchange

(kg CH4-C ha´1) (kg CH4-C)
Model 3 -1.75 -680

Modeled Fluxes Model 4 -1.52 -591
Model 5 -0.77 -300

Observed Upland Median -0.73 -282
Fluxes (Area = 389 ha) Mean -0.83 -322

Observed Max 2.32 11.6
Riparian Fluxes Mean 0.34 1.70
(Area = 5 ha) Median 0.02 0.11

when using the maximum riparian CH4 e✏ux, the riparian emission o↵set <2 % of

total upland CH4 influx, highlighting the strong role of upland uptake in the net

landscape CH4 balance.

4.5 Discussion

We utilized process understanding of watershed hydrology at TCEF to design a

sampling campaign which captured CH4 fluxes (fCH4) across environmental gradi-

ents characterized through topographic analysis, field observation, and hydrological

measurements. This approach allowed us to assess nested scales of environmental

influences on fCH4; at the point scale, we examined environmental influences on ob-

served fCH4, at the intermediate scale, we identified functional landscape elements

which mediate the direction and persistence of fCH4, and at the landscape scale, as-

sessed the influence of relative landscape position on cumulative CH4 fluxes in the

uplands (ln|FCH4|in) through topographic analysis. Our observed average fCH4 (-28.5
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25.1 µg CH4-C m´2 hr´1) was comparable to those of other temperate forests, which

range from -333 to 0.75 g CH4-C m´2 hr´1 (mean: 32.9 g CH4-C m´2 hr´1, standard

error “ 18; Dalal and Allen 2008). We used relationships with between ln|FCH4|in

and topographic metrics to create multiple regression models of varying complexity

to estimate the total FCH4 of the watershed. The average predicted FCH4 from the

spatially distributed model of upland CH4 fluxes was twice as high as the measured

FCH4, this suggests that without capturing (and modeling) the spatial variability of

landscapes we might be underestimating CH4 consumption in these landscapes.

4.5.1 Influence of environmental variables and functional landscape elements on
soil CH4 fluxes

Research on soil-atmosphere CH4 exchange has been conducted across a range of

ecosystems (Smith et al., 2000; Castaldi and Fierro, 2005; Dalal and Allen, 2008;

Luo et al., 2013), but assessing the spatial and temporal variability of CH4 fluxes

within a given system has been limited. Studies focused on CH4 oxidation have

shown varied responses to commonly measured environmental variables such as soil

moisture and temperature (Adamsen and King, 1993; Bradford et al., 2001; Price

et al., 2004), nutrient variability (e.g., N species: Verchot et al. 2000; dissolved

organic carbon: Sullivan et al. 2013). In addition to these physiological constraints,

soil structure and texture create the physical landscape at the microbial scale by

mediating how quickly soils drain and saturate, directly influencing transport and

di↵usion of substrates and O2 (Dorr et al., 1993; Czepiel et al., 1995; Ball et al.,

1997; von Fischer et al., 2009). Soil texture and nutrient status can be important

in understanding the variability of CH4 dynamics between ecosystems or dominant

landscape units (Boeckx et al., 1997; Saari et al., 1998), but these factors did not

have a significant influence on CH4 uptake at the landscape scale. Although we did

not find relationships between soil characteristics and CH4 uptake, small scale (cms -
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meters) variability in soil structure and organic matter can be particularly relevant in

low moisture conditions, where small di↵erences can result in a range of soil moisture

conditions (and therefore di↵usivity) even with similar values of VWC.

Rates of both soil CH4 production and consumption have been shown to increase

with increasing temperature in laboratory studies (Bowden et al., 1998) and in field

studies spanning wetlands, rice paddies (Bartlett and Harriss, 1993; Segers, 1998;

Meixner and Eugster, 1999; Yvon-Durocher et al., 2014), spruce forests of Germany

(Steinkamp et al., 2001), the Mongolian steppe region (Wu et al., 2010), and alpine

grasslands (Wei et al., 2014). However, consensus has not been reached on the re-

lationship between CH4 flux and temperature across ecosystems (Luo et al., 2013).

In fact, several studies have shown limited temperature influence on daily and sea-

sonal variability of CH4 consumption in uplands soils (King and Adamsen, 1992; Del

Grosso et al., 2000; Smith et al., 2000; Castaldi and Fierro, 2005; Shrestha et al.,

2012; Imer et al., 2013). At TCEF, we did not find a simple relationship between

fCH4 and soil temperature. Early in the growing season, when soils were near sat-

uration due to the recent snowmelt, both low soil temperatures and restricted gas

phase transport were likely limiting fCH4. As the season progressed and temperatures

increased, the largest range and magnitude of fCH4 was observed, but these condi-

tions coincided with increased di↵usivity due to decreasing soil moisture, making

the independent e↵ects di�cult to ascertain. These compounding seasonal factors in

both riparian and upland settings, and the relatively low range of variability in soil

temperature suggest our site is not an ideal location for assessing temperature e↵ects

on CH4 fluxes. Given these caveats, our results do agree with findings from a study

of temperature and moisture e↵ects on methane consumption across ecosystem types

(Luo et al., 2013), which found maximum CH4 uptake corresponded with average

soil temperature.

Soil moisture has a strong influence on the microbial populations that drive
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methane cycling (Conrad, 1996; Potter et al., 1996a; Smith et al., 2003; Luo et al.,

2013; Du et al., 2015), but the di↵erential response of methanotrophs and methanogens

to soil moisture status can make it di�cult to find simple relationships between net

fCH4 and VWC. The hydrologic landscape at TCEF is such that the groundwater

dynamics are heavily influenced by topography (Jencso et al., 2009, 2010), which

creates a range of soil moisture conditions across the uplands and a distinct riparian

area that maintains a shallow water table through the growing season (Figures 5

and 6). We assessed the direction, magnitude and seasonality of fCH4 and deter-

mined the patterns created by the environmental conditions influencing these fluxes

functionally corresponded to riparian, transitional, and upland landscape elements

Riparian zones are often characterized by high rates of biogeochemical cycling

due to organic carbon availability, fluctuating water tables and correspondingly vari-

able redox conditions. At TCEF, soil in the riparian area is saturated during the

snowmelt period, and the hydrologic connection to the uplands provides a downslope

pulse of dissolved organic carbon (Pacific et al., 2010). This seasonal input of car-

bon could lead to increased methanogenesis, yet soil CH4 concentrations remained

relatively consistent throughout the growing season (data not shown). Fluxes from

some riparian sites increased through mid-July; this pattern could be due to more

physiologically favorable conditions associated with warmer soil temperatures, but

the consistency of soil CH4 concentrations over this time period (data not shown)

suggests that decreasing VWC allowed for increasingly e�cient transport of CH4 out

of the soil. Overall, there was no consistent seasonal trend in riparian CH4 fluxes.

Although the riparian locations sampled at TCEF maintained a water table

throughout the season, these sites often exhibited little to no measurable CH4 flux

(Figure 4.6, Figure 4.7). The low magnitude of observed CH4 fluxes is consistent

with observations from other forest riparian areas, where much of the CH4 produced

deeper in the soil is oxidized before reaching the soil surface (humid tropics: Teh et al.
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2005, floodplain wetland: Batson et al. 2015 seasonally dry ecosystems: von Fischer

and Hedin 2002; Castaldi et al. 2006, riparian area: Vidon et al. 2015). The relatively

few large fluxes might be due to the short growing season, limited sampling when gas

wells were inundated (potentially missing ebullition events), recalcitrance of organic

matter (Valentine et al., 1994; Updegra↵ et al., 1995), or lack of sampling of fluxes

from riparian vegetation, which can be an important transport process in wetlands

(Whiting and Chanton, 1993; Shannon et al., 1996; Bridgham et al., 2013). Given

these caveats, 115 samples over 13 weeks of sampling show that although riparian

areas can be locations of high rates of biogeochemical cycling, large net emissions of

CH4 were not common among the riparian sites sampled at TCEF.

Depth to groundwater table, VWC and O2 have been used to estimate soil redox

conditions that are essential for methanogenesis (Fiedler and Sommer, 2000; Liptzin

et al., 2011). As depth to water table increases, the volume in which oxidation can

occur increases, thereby decreasing net CH4 e✏ux (Moore and Roulet, 1993), yet

similar to Fiedler and Sommer 2000, we found that depth to groundwater table was

not su�cient to predict the magnitude of riparian CH4 e✏ux. High VWC is often

associated with O2 depletion (Silver et al., 1999), yet we measured near atmospheric

O2 even up to 60% VWC, similarly to Hall et al. 2012 who suggest that high VWC

does not necessarily lead to depleted O2, even when soil water content is above field

capacity. Additionally, Teh et al. 2005 show that laboratory experiments varying

O2 does not result in significant changes in rates of methanogenesis. Based on these

findings, we suggest that using VWC as a proxy for O2 conditions should be used

with caution when estimating biogeochemical fluxes reliant on redox conditions, and

highlight the limited support for predictability of CH4 e✏ux based on O2.

Transition zones, or boundaries between landscape elements can exhibit steep gra-

dients in hydrologic conditions and nutrients (Hedin et al., 1998). We determined this

was also true for CH4 dynamics, which shifted from CH4 e✏ux in the saturated soils
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of the riparian area to CH4 uptake in the aerated soils of the uplands. Distinguishing

the boundary between riparian and upland landscape elements might be tractable

using terrain metrics (here, the EAC threshold of 2 m), but accurately capturing the

spatial and temporal extent of the transition zone can be challenging (Creed and Sass,

2011), and at TCEF, required direct measurement of the local groundwater table.

The near net zero FCH4 in these transitional sites were a culmination of both CH4

e✏ux and uptake rather than an intermediate VWC that created near neutral fluxes

throughout the season. Near neutral CH4 fluxes can result from the co-occurrence

of methanogenesis and methanotrophy, with the CH4 produced deeper in the soil

profile near the groundwater table being consumed above, or through synergistic mi-

crobial relationships in unsaturated soils harboring microsites of anoxia (Paerl and

Pinckney, 1996). Alternatively, at intermediate VWC, rates of methanogenesis could

be low and di↵usion of CH4 could be limiting soil CH4 uptake (Castro et al., 1995;

von Fischer et al., 2009). We did observe near zero fluxes in the VWC range of 38 –

43% that are in accordance with VWC thresholds (32 – 44%) di↵erentiating net CH4

e✏ux from net uptake in other upland forests (Sitaula et al., 1995; Luo et al., 2013),

but this intermediate VWC is likely a transient state that occurs in some parts of

the landscape rather than being characteristic of a landscape position throughout

the season. We expect the transition zones could be particularly sensitive to climate

variability, because the resulting changes in hydrologic dynamics could shift their

boundaries and net CH4 flux behavior (Chapter 3).

CH4 consumption in the uplands was strongly mediated by local soil water content

(Figure 4.7), resulting in a seasonal pattern of fCH4 that was reflective of the snowmelt

dynamics in this watershed. During and shortly after snowmelt, relatively high

upland VWC constrained fCH4, and even resulted in a few small sources of CH4

(Figure 4.6). Low rates of fCH4 could have been due to the combined e↵ects of

restricted di↵usion of CH4 (and O2) into the soil, production of CH4 deeper in the soil,
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and/or low temperatures. As the soil moisture state of the watershed decreased gas-

phase transport of CH4 into the soil increased, microsites of potential methanogenesis

decreased, and those combined e↵ects increased CH4 uptake through the growing

season (Figure 4.6). Previous studies have suggested that there is an optimum water

content range for CH4 oxidation, below which methanotrophs become water stressed

and consume less CH4 (Adamsen and King, 1993; Torn and Harte, 1996; West and

Schmidt, 1998; Dunfield, 2007). Here, we did not find a pronounced decrease in

uptake at low water content, in fact, we observed our largest measured influx at

an extremely dry site (Figure 4.7), we note however, this was preceded by a rain

event which might have influenced this fCH4 measurement (Lohse et al., 2009). Net

CH4 consumption at low water content has been documented in other systems, most

notably in arid environments (savannas: Otter and Scholes 2000, desert soils: McLain

and Martens 2005, shrublands: Castaldi and Fierro 2005, and in some temperate

forests: Castro et al. 1995). At TCEF, the driest sites were not only the locations of

the largest measured CH4 uptake, but also showed the greatest variability in fCH4,

again highlighting the potential influence of small scale heterogeneity in soil texture

and nutrient status.

4.5.2 Prediction and scaling of CH4 consumption using terrain analysis

Greenhouse gases have been modeled using a range of frameworks including empir-

ical (data-driven), mechanistic (process based), and atmospheric inverse modeling

(see Blagodatsky and Smith 2012, and Wang et al. 2012 for detailed reviews). Al-

though these modeling e↵orts have significantly advanced our understanding of GHG

dynamics at landscape to regional scales, most of them do not reflect spatial pat-

terns (or variability) in the lateral redistribution of water (Tague and Band, 2001;

Gro↵man, 2012). The spatial patterns of soil properties (Konda et al., 2010), micro-

bial assemblages (Florinsky et al., 2004), and resultant biogeochemistry influenced
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by landscape position and topography (Creed and Beall, 2009; Riveros-Iregui and

McGlynn, 2009; Creed et al., 2013; Anderson et al., 2015) have been investigated

and used to scale point observations to the larger landscape in a limited number

of studies. Remote sensing and vegetation classification have also been suggested

as empirical methods to scale CH4 e✏uxes from wetlands to larger areas (Bartlett

et al., 1992; Bubier et al., 1995; Sun et al., 2013), but similar remotely sensed scaling

of soil methane uptake is currently lacking.

Terrain analysis reflects the long-term conditions of a given location relative to its

landscape setting. Lower VWC (at the point scale) or relative water availability (as

represented by TWI at the landscape scale), corresponded to more CH4 uptake, and

are the most influential parameters at those respective scales (Figure 4.9 & Figure

4.10, Appendix Figure 5.8). Our modeling exercise demonstrates soil variables aid in

the explanation of CH4 uptake (particularly at high CH4 uptake), and suggests that

we might be conservatively estimating CH4 consumption given the lack of spatially

distributed soil parameters.

We used multiple empirical models based on topographic indices to scale CH4

fluxes from point measurements to the watershed scale (Figure 4.11). The extensive

area of dry uplands consuming CH4 (98% of watershed area), and low average produc-

tion from the small riparian area resulted in a watershed net growing season sink up

to 680 kg CH4-C (1.75 kg CH4-C ha´1). Alternative models were also assessed, and

as they decreased in complexity, they were less e↵ective at predicting locations with

high CH4 uptake. In fact the simplest spatial model (ln|FCH4|in f (TWI)) estimated a

total net seasonal CH4 uptake similar to the CH4 uptake estimated by extrapolating

the mean FCH4|in. These estimates were 41– 47% less than the estimate from the

best fit spatially distributed model (Table 4.4). This di↵erence is partially due to

the high frequency of landscape settings that experience drier conditions: thus, a

disproportionate amount of the landscape exhibits high net CH4 uptake. The use of

124



central tendency and its e↵ects on estimating GHG fluxes across landscapes was also

highlighted with respect to CH4 by Vidon et al. (2015), and has significant implica-

tions for our understanding of the contribution of upland landscapes to regional and

global CH4 inventories.

In conjunction with previous research on CO2 fluxes at TCEF (Riveros-Iregui

and McGlynn, 2009) and other studies (Duncan et al., 2013; Vidon et al., 2014) our

regression model results suggest that either the topographic redistribution of water,

or the frequency distribution of relevant functional landscape elements should be

considered in scaling exercises. These approaches may better reflect CH4 dynamics in

a variety of watersheds, such as locations where the riparian extent is proportionally

larger and potentially o↵sets the upland CH4 sink to a greater degree (Sakabe et al.,

2016). Here, even if the maximum fCH4 from the riparian area was used to estimate

net e✏ux, it would have to comprise over 40% of the watershed area to o↵set the net

CH4 consumption in the uplands. As noted in a recent review by Bernhardt et al.

(2017) it is critically important to perform these scaling exercises to determine the

relative influences of point scale measurements on net watershed balances. These

results highlight the importance of accounting for the upland CH4 sink which can

significantly o↵set ”hot spots” of methane production in riparian areas.

4.6 Conclusions

The strong gradients of water availability at TCEF impose both a direct (local) and

indirect (distal / historic) e↵ect on the microbial communities and physical transport

processes regulating biogeochemical fluxes. We implemented a sampling design that

utilized these hydrologic gradients to study the influence of landscape heterogene-

ity on watershed CH4 fluxes. We determined that soil moisture was the dominant

environmental influence on the direction of net CH4 fluxes, and the magnitude of

CH4 uptake in the uplands. Low nutrient status and limited range in soil tempera-
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ture could be responsible for the lack of a direct relationship between Csoil, Nsoil or

Tavg to CH4 uptake, but likely contribute to the variability in CH4 fluxes across the

landscape.

Landscape elements can be useful in characterizing parts of the landscape that

behave similarly as net sources or sinks of CH4, but the boundary between these

elements can shift as the landscape dries down or wets up. Although riparian areas

can disproportionally contribute to net landscape biogeochemical fluxes, their area

relative to the uplands made them a minor component of the CH4 balance in upper

Stringer Creek. Interestingly, there was limited support for a consistent seasonal

trend in CH4 e✏uxes in the riparian area, while the uplands increased in sink strength

as the growing season progressed.

The e↵ect of soil moisture on CH4 uptake led to an observable relationship be-

tween landscape structure and CH4 flux. We used these relationships to create em-

pirically derived multiple regression models with spatially distributed parameters.

This allowed us to extrapolate from the point to the watershed scale, in a more

rigorous way than use of central tendency which doesn’t incorporate the frequency

distribution of landscape settings relative to measurement locations. These findings

contribute to the literature on the importance of spatial heterogeneity, and the lateral

redistribution of water, and suggest that we could be significantly under predicting

net watershed CH4 sink strength if we do not account for this variability.
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5

Appendix

5.1 Chapter 2 Appendix Figures

Appendix Figures for Chapter 2: Nested scales of spatial and temporal variability of

soil water content across a montane catchment
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Figure 5.1: (top) Histograms of VWC measured across the distributed landscape
sampling (n = 32). Uplands (grey) are heavily skewed to the left (mean: 11.3 %
VWC median: 7.7 % VWC), while the riparian area is only slightly skewed to the
right (mean: 46 % VWC median: 44% VWC). (center) Standard deviation and
(bottom) coe�cient of variation of the triplicate measures of VWC at the site scale
versus the associated average % VWC.
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5.2 Chapter 3 Appendix Figures

Appendix figures for Chapter 3: Spatial and temporal dynamics of greenhouse gas

fluxes across complex terrain
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Figure 5.3: Bivariate plots of mean site fghg and environmental conditions (n =
32). Note, the site with the highest mean fCH4 (2.5 x103 µg CH4-C m´2 hr´1) is o↵
scale.
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CO2	 	 		 		 		 		 		 		 		 		
P-	values	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 0.13	 0.79	 0.58	 0.07	 0.11	 0.00	 0.14	 0.72	
	 Riparian	 0.26	 0.98	 0.46	 0.02	 0.12	 0.00	 0.40	 0.96	
	 All	 0.00	 0.95	 0.00	 0.00	 0.00	 0.00	 0.00	 0.40	
R2	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 0.10	 0.00	 0.01	 0.14	 0.11	 1.00	 0.10	 0.01	
	 Riparian	 0.30	 0.00	 0.14	 0.78	 0.61	 1.00	 0.18	 0.00	
	 All	 0.51	 0.00	 0.23	 0.58	 0.48	 1.00	 0.37	 0.02	
CH4	 	 		 		 		 		 		 		 		 		
P-	values	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 0.04	 0.38	 0.12	 0.75	 0.56	 0.10	 0.00	 0.67	
	 Riparian	 0.45	 0.72	 0.54	 0.95	 0.31	 0.40	 0.00	 0.78	
	 All	 0.00	 0.04	 0.00	 0.00	 0.00	 0.00	 0.00	 0.87	
R2	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 0.18	 0.04	 0.11	 0.00	 0.02	 0.11	 1.00	 0.01	
	 Riparian	 0.15	 0.04	 0.10	 0.00	 0.33	 0.18	 1.00	 0.02	
	 All	 0.46	 0.10	 0.18	 0.43	 0.46	 0.37	 1.00	 0.00	
N2O	 	 	        
P-	values	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 1.00	 0.54	 0.30	 0.05	 0.04	 0.72	 0.67	 0.00	
	 Riparian	 0.37	 0.95	 0.00	 0.81	 0.52	 0.96	 0.78	 0.00	
	 All	 0.71	 0.54	 0.07	 0.64	 0.79	 0.40	 0.87	 0.00	
R2	 Landscape	

element	 VWC	
Soil	
Temp	

5cm	
O2	

20cm	
O2	

50c
m	O2	

CO2	
Flux		

CH4	
flux	

N2O	
Flux	

	 Uplands	 0.00	 0.02	 0.05	 0.17	 0.18	 0.01	 0.01	 1.00	
	 Riparian	 0.21	 0.00	 0.86	 0.02	 0.15	 0.00	 0.02	 1.00	
	 All	 0.00	 0.01	 0.07	 0.00	 0.00	 0.02	 0.00	 1.00	
	

Figure 5.4: Results from fitting linear models to average site fghgs and associated
average site conditions. The toeslope site with the average fN2O twice as high as the
rest, and the riparian site with the average fCH4 that was orders of magnitude higher
than the rest were removed from those respective analyses to minimize e↵ects on the
rest of the relationships. r2 and p-values for significant relationships are in black,
and insignificant relationships are grey.
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Figure 5.5: Bivariate plots of (left) all fghgs measurements, riparian sites (blue
triangles), upland sites (gray circles), (right) average fghgs of each site.The only
significant relationship was between fCO2 and fCH4 in the uplands and across all
sites. 132



5.3 Chapter 4 Appendix Figures

Appendix figures for Chapter 4: Landscape analysis of soil methane flux across

complex terrain

Figure 5.6: Bivariate plots of CH4 flux (fCH4) with (top) Soil temperature, (center)
5 cm %O2, (bottom) 20 cm % O2. Circles are measurements from upland locations
and triangles are from riparian locations.

133



Figure 5.7: Pearson correlation matrix for variables included in the multiple re-
gression models. Significance is denoted by asterisks () = 1, (*) = 0.05, (**) =
0.01, (***) = 0.001. Blue text is associated with negative relationships and red with
positive relationships. Histograms of each variable separate the correlation coe�-
cients from the bivariate plots. Bivariate plots with filled symbols denote significant
relationships. Aspect is scaled from 0 – 1, with 1 being North and 0 being South.
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Figure 5.8: Results from the variable jack-knife analysis to determine which vari-
ables are the most important from a given parameter set. Variables included in each
set are on the x-axis. The y-axis shows the contribution to the total adjusted r2 of
the model when the variable is included in the model (the larger the number the
more important the variable is to the model, and the higher its’ relative influence on
FCH4|in). Given the penalty to the adjusted r2 for additional variables, some vari-
ables did not contribute to model performance, and were not included in any of the
models (e.g. Tavg, C:N).
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6

Conceptual Figure Appendix

The following figures have been referenced throughout the document and are provided

to aid in visualization of previous conceptual development of relationships between

greenhouse gas fluxes and soil water content.
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6.1 Soil Respiration Conceptual Models

Figure 6.1: Aerobic microbial activity as a function of ✓ (Skopp et al., 1990).
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Figure 6.2: Optimal versus plateau of optimum conditions for soil respiration,(Luo
and Zhou, 2006). Our results suggest there is a range of optimal ✓ for soil respiration,
but this range might be mediated by the landscape position.

Figure 6.3: Webster et al. 2009, tested various statistical models of soil respiration
to evaluate and compare the performance of each. They found that a model that
had a linear temperature relationship, and quadratic relationship with soil moisture
explained 57% of the soil respiration variance.
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6.2 Nitrous Oxide Production and Flux Conceptual Models

Figure 6.4: The ”Hole-in-the-pipe” model by Davidson et al. 2000, highlights the
unique complexity of N2O fluxes. N2O is both produced and consumed through
nitrification (NF) and denitrification (DNF). Although each of these processes are
maximized in aerobic and anaerobic conditions respectively, they can occur across
a range of soil water content. For example, DNF has been observed to occur in
microsites of anoxia in soil aggregates in aerated soil.
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Figure 6.5: Relationship between water filled pore space and nitrification, denitri-
fication, and respiration (Linn and Doran, 1984).

Figure 6.6: Influence of ✓ on nitrification, denitrification, ammonification, and
respiration (Lohse et al., 2009).
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Figure 6.7: Relative contributions of NO, N2O, and N2 from Davidson 1991,
(Davidson et al., 2000).

Figure 6.8: Influence of ✓ on the relative emissions of NO, N2O, and N2 (Meixner
and Eugster, 1999). Although the relative emissions of NO are high at low ✓, N2O
e✏uxes can also be high at low ✓, particulalry after shallow soil rewetting events.

141



Figure 6.9: Conceptual model for hierarchical controls on nitrous oxide emission
based on field data collected in forests in central Germany (Brumme et al., 1999). In
our study, the landscape position could be classified as a ”long-term” control, while
inter-annual climate variability (e.g. summer precipitation events) are classified as
”short-term” controls. The disparity in the scale of these two types of controls, and
how they are related to terrain metrics representing water redistribution, a↵ects if
and how strongly fluxes are related to topography.
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6.3 Ecosystem Control Point Conceptual Figures

Figure 6.10: Conceptual figures of controls on denitrification from the microbial to
regional scale (Bernhardt et al., 2017). Utilizing 3-D surfaces allows for the concep-
tualization of how multiple parameters create interacting controls on biogeochemical
fluxes. The parameters of interest, and the shape of the associated relationships
change with scale, this creates a challenge for synthesizing results from across stud-
ies.
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Figure 6.11: The machine metaphor used by Bernhardt et al. 2017 to describe how
parts of the landscape can become ecosystem control points places emphasis on the
specific processes that create the disproportionate fluxes of interest.

144



Bibliography

Adamsen, A. and King, G. M. (1993), “Methane consumption in temperate and sub-
arctic forest soils: Rates, vertical zonation, and responses to water and nitrogen,”
Applied and Environmental Microbiology, 59, 485–490.

Allaire, S. E., Lange, S. F., Lafond, J. A., Pelletier, B., Cambouris, A. N., and Du-
tilleul, P. (2012), “Multiscale spatial variability of CO2 emissions and correlations
with physico-chemical soil properties,” Geoderma, 170, 251–260.

Anderson, T. R., Gro↵man, P. M., and Walter, M. (2015), “Using a soil topographic
index to distribute denitrification fluxes across a northeastern headwater catch-
ment,” Journal of Hydrology, 522, 123–134.

Atkinson, S. E. and Sivapalan, M. (2003), “Dominant physical controls on hourly
flow predictions and the role of spatial variability: Mahurangi catchment, New
Zealand,” Advances in Water Resources, 26, 219–235.

Austin, A. T., Yahdjian, L., Stark, J. M., Belnap, J., Porporato, A., Norton, U.,
Ravetta, D. A., and Schae↵er, S. M. (2014), “Water pulses and biogeochemical
cycles in arid and semiarid ecosystems,” Oecologia, 141, 221–235.

Baldwin, D., Naithani, K. J., and Lin, H. (2017), “Geoderma Combined soil-terrain
stratification for characterizing catchment-scale soil moisture variation,” Geo-
derma, 285, 260–269.

Ball, B. C., Dobbie, K. E., Parker, J. P., and Smith, K. A. (1997), “The influence of
gas transport and porosity on methane oxidation in soils,” Journal of Geophysical
Research, 102, 301–308.

Barrett, S. W. (1993), “Fire History of Tenderfoot Creek Experimental Forest, Lewis
and Clark National Forest,” Tech. rep., Systems for Environmental Mangement.

Bartlett, K. B. and Harriss, R. C. (1993), “Review and assessment of methane emis-
sions from wetlands,” Chemosphere, 26, 261–320.

Bartlett, K. B., Crill, P. M., Sass, R. L., Harriss, R. C., and Dise, N. B. (1992),
“Methane emissions from tundra environments in the Yukon-Kuskokwim Delta,
Alaska,” Journal of Geophysical Research, 97, 16,645–16,660.

145



Bates, C. and Henry, A. (1928), “Forest and Stream-flow Experiment at Wagon
Wheel Gap, Colorado. Final Report of the second phase of the experiment.” Tech.
rep., US Department of Agriculture, Monthly Weather Review, Supplement 30.

Batjes, N. H. and M., B. E. (1992), “A review of soil factors and processes that
control fluxes of heat, moisture and greenhouse gases,” Tech. rep., International
Soil Reference and Information Centre.

Batson, J., Noe, G. B., Hupp, C. R., Krauss, K. W., Rybicki, N. B., and
Schenk, E. R. (2015), “Soil greenhouse gas emissions and carbon budgeting in
a short-hydroperiod floodplain wetland,” Journal of Geophysical Research: Bio-
geosciences, 120, 77–95.

Bernhardt, E. S., Blaszczak, J. R., Ficken, C. D., Fork, M. L., Kaiser, K. E., and
Seybold, E. C. (2017), “Control Points in Ecosystems: Moving Beyond the Hot
Spot Hot Moment Concept,” Ecosystems.

Betson, R. P. (1964), “What Is Watershed Runo↵?” J. Geophys. Res., 69, 1541–1552.

Bettez, N. D. and Gro↵man, P. M. (2012), “Denitrification potential in stormwater
control structures and natural riparian zones in an urban landscape,” Environ-
mental Science and Technology, 46, 10909–10917.

Beven, K. (1989), “Changing ideas in hydrology- The case of physically-based mod-
els,” Journal of Hydrology, 105, 157–172.

Beven, K. and Freer, J. (2001), “Equifinality, data assimilation, and uncertainty
estimation in mechanistic modelling of complex environmental systems using the
GLUE methodology,” Journal of Hydrology, 249, 11–29.

Beven, K. J. (1978), “The hydrological response of headwater and sideslope areas.”
Hydrological Sciences Bulletin, 23, 419–437.

Beven, K. J. (2000), “Uniqueness of place and process representation in hydrological
modelling.” Hydrology and Earth System Sciences, 4, 203–213.

Beven, K. J. and Clarke, R. T. (1986), “On the variation of infiltration into a ho-
mogeneous soil matrix containing a population of macropores,” Water Resources
Research, 22, 383–388.

Beven, K. J. and Kirkby, M. J. (1978), “A physically based, variable contributing
area model of basin hydrology,” Hydrological Sciences Bulletin, 24, 43–69.

Beven, K. J., Wood, E. F., and Sivapalan, M. (1988), “On hydrological heterogeneity
- catchment morphological and catchment response,” Journal of Hydrology, 100,
353–375.

146



Bjørnstad, O. N. and Falck, W. (2001), “Spatial covariance functions: estimation
and testing,” Environmental and Ecological Statistics, 8, 53–70.

Blagodatsky, S. and Smith, P. (2012), “Soil physics meets soil biology: Towards
better mechanistic prediction of greenhouse gas emissions from soil,” Soil Biology
and Biochemistry, 47, 78–92.

Blazewicz, S. J., Petersen, D. G., Waldrop, M. P., and Firestone, M. K. (2012),
“Anaerobic oxidation of methane in tropical and boreal soils: Ecological signifi-
cance in terrestrial methane cycling,” Journal of Geophysical Research: Biogeo-
sciences, 117, 1–10.

Bloschl, G. and Sivapalan, M. (1995), “Scale issues in hydrological modelling: A
review,” Hydrological Processes, 9, 251–290.

Boeckx, P., Cleemput, O. V., and Villaralvo, I. (1997), “Methane oxidation in soils
with di↵erent textures and land use,” Nutrient Cycling in Agroecosystems, 49,
91–95.
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