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Figure 1. Site figures of Santa Catalina Mountain research site: a) location within
Arizona; b) percentage of annual precipitation that falls during the winter months, with
eddy covariance flux tower location and vicinity to Tucson.
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ABSTRACT

This thesis reports the results of a study that observed how the duration of snow
season could influence evaporation and respiration fluxes from montane soils. The study
occurred in the Santa Catalina Mountains north of Tucson, AZ from July, 2010 through
September, 2011. It consisted of routinely measuring fluxes at locations determined to
see earlier or later snow melt times, which were used as proxies to represent shorter and
longer snow seasons, respectively.
The results of this study showed a strong correlation between evaporation fluxes
and soil moisture, and soil respiration and soil temperature. Additionally, short snow
season sites often saw higher fluxes of both evaporation and soil respiration than long
snow season sites on any given day that measurements were taken. This suggests that if
climate change results in shorter snow seasons, there will be increased carbon and water
fluxes from the soil in these montane ecosystems.
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1. INTRODUCTION

1.1 Climate Change and Subalpine Mixed-Conifer Ecosystems

Global temperatures are predicted to rise as much as 5°C within the next century
(USGCRP 2009). This may result in changes to precipitation patterns of both rain and
snow (Molotch et al. 2009) as well as the timing of snowmelt (Mote et al. 2005, Knowles
et al. 2006). These changes may have profound effects on ecosystems at higher
elevations, where snowmelt plays a large role in ecosystem processes (Bales et al. 2006).
Thus, it is important to understand the climate changes that may occur, as well as what
effects they may have on ecosystems, in order to better prepare for changing resource
availability in the future.
As timing of snowfall and melt changes, it affects the water balance that is vital to
the survival of montane forests (Barnett et al. 2005). In mixed-conifer ecosystems in the
southwestern United States, snowmelt is fundamental to start the spring growing season
and to sustain the plants through the summer until the monsoon rains arrive (Bales et al.
2006, Hamlet et al. 2007). Without adequate snowfall, there is less snowmelt to sustain
the ecosystem. Montane forest zones, especially those found in the semi-arid
southwestern United States, are also important water sources for watersheds downstream,
and many ecosystems in the Southwest depend on precipitation from these ‘sky islands’
to sustain desert ecosystems (Viviroli and Weingartner 2004, Bales et al. 2006). The
mountains create orographic uplift that causes air to cool and the water vapor to
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condense, producing precipitation (Wu et al. 2009). This precipitation is important to
downstream ecosystems that may not see much rain directly, but utilize the streams and
groundwater supplies that are replenished from higher elevations (MEA 2005).
Snowpack is expected to decrease in semi-arid mixed-conifer ecosystems due to
climate change (Mote et al. 2005, Knowles et al. 2006). A decreased snowpack results in
less snowmelt to provide water to the montane regions and their water-dependent
watersheds, thus there is less water for agricultural and ecological needs (MEA 2005).
Additionally, if temperatures in the future increase, then snowmelt will occur earlier in
the spring (Groisman et al. 2004), resulting in a longer growing season, in which more
water is needed to sustain the vegetation. Under these decreased precipitation conditions,
there will be less plant available moisture throughout the spring and summer (Leung et al.
2004, Hamlet et al. 2007), increasing the likelihood of drought conditions and stress on
the vegetation. Over prolonged periods of drought, the vegetation of these montane
ecosystems become more prone to insect infestations (Anderson et al. 2010, Kane and
Kolb 2010) and less resistant to fire (Bessie and Johnson 1995, Sibold and Veblen 2006,
Blarquez and Carcaillet 2010), potentially resulting in massive losses of these
ecosystems.

1.2 Climate Change Implications for Soil Evaporation and Soil Respiration in Subalpine
Mixed-Conifer Ecosystems

Aside from changing precipitation patterns, evaporation also plays a large role in
the amount of moisture that remains within a catchment. About half of precipitation can
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be intercepted by vegetation as it falls, much of which evaporates before it can reach the
ground (Musselman et al. 2008). Of the precipitation that does reach the ground, a
significant portion of it evaporates before it can infiltrate into the soil or be used by
plants. In the Southwest, large percentages of precipitation can easily be lost to
evaporation, especially in low-elevation ecosystems (Kurc and Small 2004). In order to
better predict water availability in the future, it is essential to understand how evaporative
fluxes may change.
Research has tended to focus on evaporative fluxes related to vegetation
(evapotranspiration) when working on ecosystem-level scales in mixed-conifer
ecosystems because it tends to be easier to measure than evaporation alone (Hamlet et al.
2007, LaMalfa and Ryle 2008). Some ecosystem-scale studies have worked to break
apart evapotranspiration into its components, evaporation and transpiration, but these are
often based on equations and/or remote sensing data rather than in situ measurements
(Seguin et al. 1994, Carlson et al. 1995). Research has also explored how vegetation may
impact evaporation due to radiative forcing and distribution of snow accumulation, with
open inter-canopy areas resulting in earlier snowmelt and greater snow ablation and
usually resulting in more evaporation (Thomas and Rowntree 1992, Molotch et al. 2009).
Other studies have explored how climatic changes will affect the water balance,
specifically in the form of snow sublimation or evaporation during snowmelt, showing
that years with warmer spring temperatures and earlier snowmelt result in more water lost
to evaporation (Schmidt et al. 1998, Moore et al. 2008). However, most of these studies
focus on winter months, when snow is present, and largely miss what happens to the
evaporation fluxes from the soil throughout the summer. Thus, this study works to link
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the snow season duration to the soil evaporation fluxes seen throughout the year, in order
to better understand how a changing snow season will affect annual evaporation trends.
In addition to changes in evaporation, climate change may also alter terrestrial
carbon fluxes. Soils contain large stores of carbon, and increasing temperatures may
release greater amounts of carbon from the soils to the atmosphere (DeForest et al. 2006,
Bond-Lamberty and Thomson 2010). This release of carbon in the form of carbon
dioxide, i.e. soil respiration (R), is mainly composed of components from microbe and
plant root processes (Bond-Lamberty and Thomson 2010). Since such a contribution of
greenhouse gases to the atmosphere could further propagate climate change, and since R
can be such a large percentage of total ecosystem respiration (Barron-Gafford et al.
2011), it is important to study how soil respiration might change in the future.
In recent years, studies have begun to explore how carbon fluxes to the
atmosphere may change in coming decades by observing ecosystem-scale respiration
utilizing eddy-covariance towers to study responses to climatic factors (i.e. precipitation,
temperature changes; e.g. Brown-Mitic et al. 2007, Anderson-Teixeira et al. 2011,
Riveros-Iregui et al. 2011). Fewer have tried to partition between sources of carbon
within the ecosystem (e.g. DeForest et al. 2006, Bond-Lamberty and Thomson 2010,
Hasselquist et al. 2010, Khomik et al. 2010). While many of the ecosystem-scale studies
have been conducted in subalpine mixed-conifer ecosystems, most of these ecosystems
are in snow-dominated regions that lack significant reliance on summer rains.
Additionally, the partitioning studies have spanned a range of ecosystems (i.e. boreal to
deciduous), often resulting in conflicting ideas of whether R will increase or decrease
with changing soil moisture and temperatures, making these findings difficult to apply to
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ecosystems that rely heavily on snowmelt. The partitioning studies have also largely
overlooked how the duration of snow cover may alter R fluxes, and many only conduct
measurements over one portion of the year (Hirano 2005, Concilio et al. 2009, Peichl et
al. 2010). Thus, to more fully understand how changes within the mixed-conifer
ecosystems of the North American Southwest may influence R fluxes, this study looks to
how changing duration of snow seasons will alter carbon fluxes throughout the year.

1.3 Research Objectives

While predicting changes due to potential future climate conditions can be
difficult, it is clear that more studies need to be conducted to better understand how
evaporation and soil respiration might be affected by climate variations, such as
snowmelt. Of particular importance is how these factors might change in semi-arid
mixed-conifer ecosystems like those found in the southwestern United States so that we
can better understand water availability and changes to the carbon balance.
This study was designed to fill this knowledge gap. Here we observed different
areas classified to have earlier and later snowmelt times and tracked water and carbon
fluxes for over a year. We identified three different study locations within an existing
study site on Mt. Bigelow in the Santa Catalina Mountains north of Tucson, AZ (Figure
1). We installed soil collars (PVC pipe) into the soil in sites we had identified to have
later or earlier snowmelt, referred to as ‘short snow season’ and ‘long snow season’ sites,
respectively (three collars in each site type, across all three study locations, for a total of
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18 collars). We expected to see higher levels of evaporation and soil respiration from the
late snow melt sites. This was due to the prediction that these sites would have more
water entering the soil later in the spring, resulting in a greater soil water content during
higher temperature days to drive respiration and evaporation compared to the short snow
season sites. We also expected peak fluxes to occur later in the spring for the long snow
season sites than the short snow season sites, since spring peaks would be influenced by
the different timing of snowmelt. Finally, we expected summer peaks to occur at the
same time for both site types since summer peaks would be driven by monsoon rains,
which occur at the same time for both the long and short snow season sites.

1.4 Site Description

The study area is located in the Santa Catalina Mountains in southern Arizona,
about 10 km north of Tucson (Figure 1). The climate of the site is semi-arid, with
precipitation falling primarily in a bimodal pattern (Brown-Mitic et al. 2007), as snow
during the winter (December through March) and rain during the North American
monsoon (July and August; Gochis et al. 2006). Average annual precipitation is 750 mm,
and average temperatures range from -5 to 32°C (Brown-Mitic et al. 2007). The
dominant species in the study area are primarily Ponderosa pine (Pinus ponderosa) and
Douglas fir (Pseudotsuga menziesii), and soils are a sandy loam. An eddy covariance
tower is located in the middle of the study area and stands 30 m tall at an elevation of
2570 m a.s.l.. This tower measures ecosystem-scale water vapor and carbon fluxes,
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incoming and outgoing radiation, wind speed and direction, precipitation, and sensible
heat (for more information, see Brown-Mitic et al. 2007). Additionally, placed within the
footprint of this tower are three time-lapse digital cameras used to observe and study
snowfall patterns and under-canopy growth.

b)

a)

Figure 1: a) Location of study site in Arizona. b) Study site (black triangle) in relation to
Tucson, showing distribution of percentage of precipitation that falls during winter
months. This figure was produced using monthly precipitation averages from 1971-2000.
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1.5 Structure of Subsequent Chapters

The body of this study is in manuscript form, included in its entirety in Appendix
A. The appendix includes the detailed methods, results, and discussion. The manuscript
is planned for submission to a peer reviewed publication in early 2012.
The following section, Present Study, includes the abstract summarizing
Appendix A.
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2. PRESENT STUDY

The methods, results, and discussion of this study are provided in the appendix of
this thesis. Supplied here is an abstract of Appendix A, which describes the study in
detail in the form of a paper to be submitted for publication.

2.1 Abstract of Appendix A: Influence of snow season duration on evaporation
and soil respiration effluxes in mixed-conifer ecosystems

Subalpine mixed-conifer ecosystems are dependent on snowfall, which is
expected to decrease under projected climate change. Changes in snowpack are likely to
have important consequences for water and carbon cycling in these ecosystems and those
downstream in the watersheds. Particularly within semiarid environments, snowpack
changes will directly influence localized water and carbon dynamics and indirectly
influence regional-scale levels of water availability and carbon sequestration. In this
study we monitor soil evaporation (E) and soil respiration (R) and evaluate how snow
cover affects these effluxes within a mixed-conifer ecosystem within the Santa Catalina
Mountains about 10 km north of Tucson, Arizona. Using time-lapsed digital photos we
identified areas of consistent short and long snow duration and we monitored E and R in
these areas every two weeks for fifteen months. Our primary findings include: (1) E does
not vary much between long and short snow season sites, (2) E for both short and long
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snow seasons has a strong relationship with soil moisture and a poor relationship with
soil temperature, (3) R varies noticeably between long and short snow season sites
throughout the year, with short snow season fluxes typically higher than those of long
snow season sites, and (4) R for short and long snow seasons has a strong relationship
with soil temperature and a poor relationship with soil moisture. Our findings suggest
that soil respiration may be influenced enough by these environmental changes such that
we might expect greater carbon losses to the atmosphere given current climate change
scenarios.
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1. Introduction

Evidence suggests that the global climate is changing [IPCC, 2007], and that
these changes are affecting ecosystems worldwide both directly [Breshears et al., 2005;
Feeley et al., 2007; Jump et al., 2006; van Mantgem and Stephenson, 2007] and
indirectly [e.g. Bentz et al., 2010; Kulakowski et al., 2011; Littell et al., 2009]. Forested
ecosystems at subalpine elevations may be particularly vulnerable to climatic changes
[Crimmins et al., 2011; Parmesan, 2006; Sang and Bai, 2009], which will have important
consequences for areas downstream of them [e.g. Brown et al., 2008; Lopez and Justribo,
2011; Viviroli and Weingartner, 2004]. Unquestionably, understanding how changes in
climate may affect subalpine forested ecosystems is of critical importance in forest and
watershed management [e.g. Allen et al., 2010; Viviroli et al., 2003].
Within the semiarid southwestern United States (US), a transition to a drier
climate began in the late 20th century and is expected to be sustained well into the future
[Seager et al., 2007; Woodhouse et al., 2010]. In the higher elevation areas, this
translates to less precipitation that occurs as snow [Barnett et al., 2008; Knowles et al.,
2006; Miller et al., 2003; Mote et al., 2005] and an earlier onset of snowmelt [Hidalgo et
al., 2009; Stewart et al., 2005]. As a consequence of less snowpack and earlier melt, less
soil moisture will be available in the spring at the onset of the growing season [GimenezBenavides et al., 2007; Hamlet et al., 2007; Kueppers and Harte, 2005] and throughout
the summer [Leung et al., 2004; Peterson and Peterson, 1994; Quiring and Kluver, 2009]
in these subalpine ecosystems. Furthermore, while summer rainfall events are expected
to increase in intensity in the southwestern US, the frequency of these events is likely to
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decrease [Seager et al., 2007]. This new rainfall regime should further limit the amount
of soil moisture available for ecohydrological processes in these ecosystems [Hamlet et
al., 2007; Wetherald and Manabe, 2002].
Despite their influence on fluxes of water and carbon lower in the watershed, few
field studies have looked at ecohydrological processes in subalpine forested ecosystems
[Bales et al., 2006; Matyssek et al., 2009], especially within semiarid regions.
Ecohydrological processes within these forested ecosystems generally depend on two
main soil moisture seasons; the first associated with spring snow melt and the second
with summer rains [e.g. Brown-Mitic et al., 2007; LaMalfa and Ryle, 2008]. Soil
moisture in these two seasons tends to penetrate the soil column to depths in the rooting
zone beyond the influence of evaporative demand [Boulet et al., 1997], enabling an
increase in plant-driven ecohydrological processes such as water loss through
transpiration [Matyssek et al., 2009; Small and McConnell, 2008] and carbon
sequestration through photosynthesis [Kueppers and Harte, 2005; Monson et al., 2002].
Moisture provided from snow melt has also been shown to persist throughout the
summer, the presence of which tends to elevate summer soil respiration in these
subalpine mixed-conifer ecosystems within semiarid regions [Concilio et al., 2009;
Hogberg et al., 2001].
Few field-based research studies have evaluated how ecohydrological processes
will be impacted by climate change, especially with respect to changes in winter
precipitation dynamics. Previous research in a deciduous forest demonstrated that
annual carbon dynamics were strongly dependent on growing season length and amount
of snow cover, such that years with longer growing seasons were associated with more

24
carbon sequestration and years with deeper insulating snowpack were associated with
more carbon release [Goulden et al., 1996]. However, a recent long-term study in a
subalpine forested ecosystem illustrated that an increase in the length of the growing
season was actually associated with a decrease in carbon uptake [Hu et al., 2010; Monson
et al., 2002]. This unexpected finding is a consequence of years with longer growing
seasons tending to have less snow cover, a critical resource for this mixed-conifer
ecosystem that depends on snowmelt water for about 70 % of its gross primary
productivity [Hu et al., 2010]. Noticeably absent is a study from a subalpine forested
ecosystem which also receives significant summer rains in addition to winter snow.
Given the expected changes in the length of snow cover [e.g. Brown and Mote, 2009;
Mote et al., 2005] and in the length of the growing season [e.g. Menzel and Fabian, 1999;
Schwartz et al., 2006], a more complete understanding of the role of winter precipitation
dynamics in ecohydrological processes is critical for predicting how water and carbon
cycles will be altered under the pressures of climate change.
Trends in snowpack appear to provide a critical coupling between climate and
water and carbon cycles that is not well understood. To help address this knowledge gap,
we looked at the influence of snow cover duration on ecohydrological processes in a
subalpine mixed-conifer forest ecosystem of the southwestern US. By evaluating
multiple years of time-lapse digital photos, we identified persistent sites of long and short
snow duration within our ecosystem. At these sites, we evaluated the seasonal dynamics
of soil evaporation (E) and soil respiration (R) for over a year across the two main soil
moisture seasons (winter snow, summer rain) to address the following hypotheses. We
hypothesized that (i) the time series of E and R would be bimodal, responding first to
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spring snow melt and then to summer rain; (ii) sites of long snow duration would have a
lagged but larger springtime peak in E than sites of short snow duration; and (iii) the
springtime respiration response to snowmelt would be larger than the summer respiration
response to rain and that this springtime response would be greater in the sites of long
snow duration. These hypotheses were based on the assumptions that (i) greater water
availability would result in higher E and R rates, (ii) water would become available for
evaporation later at the long snow season sites due to later snowmelt, and (iii) snowmelt
would result in more water entering the soil in a shorter amount of time than would the
summer rains, leading to higher spring respiration rates.

2. Methods

2.1 Study Area
The study was conducted in the Santa Catalina Mountains in southern Arizona,
about 10 km north of Tucson (Figure 1). The climate is semiarid and precipitation falls
primarily in a bimodal pattern [Brown-Mitic et al., 2007], as snow during the winter
(December through March) and rain during the North American monsoon (July and
August) [Gochis et al., 2006]. Average annual precipitation is about 750 mm, and
average temperatures range from -5 to 32°C [Brown-Mitic et al., 2007]. The dominant
plant species in the study area are primarily Ponderosa pine (Pinus ponderosa) and
Douglas fir (Pseudotsuga menziesii) and the soil is predominantly sandy loam. An eddy
covariance (EC) tower is centrally located in the study area and stands 30 m tall at an
elevation of 2570 m. The instrumentation at this EC tower provides ecosystem-scale
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estimates of water vapor and carbon fluxes, incoming and outgoing radiation, wind speed
and direction, precipitation, and sensible heat flux (for more information, see BrownMitic et al. [2007]). Additionally, within the footprint of this EC tower are three timelapse digital cameras used to observe and study snowfall patterns and under-canopy
growth.

2.2 Soil Evaporation and Soil Respiration Measurements
2.2.1 Soil Collar Sites
Three Game Spy I-60 digital cameras (Moultrie Feeders, Alabaster, AL) were
installed at 1 m above the ground within the eddy covariance tower footprint in the winter
of 2009-2010. The cameras are set to take hourly red-green-blue spectrum (RGB)
images, which are downloaded every two weeks. These images are used to observe snow
melt patterns, as persistent bare and snow-covered patches became apparent in the images
throughout the spring. Sites for Long Snow Season (LSS) and Short Snow Season (SSS)
sites were selected based on the duration of snow cover in the image frame. Within each
camera frame, three LSS collar sites and three SSS collar sites were selected for a total of
18 collar sites across the three camera sites (Figure 2). For our study period, which began
in July 2010, the average difference in snow cover seasons between LSS and SSS sites
was 12 days, but ranged in length from 38 to 56 days long for SSS sites and 45 to 64 days
for LSS sites. This 12-day difference falls within the projected change in snow season
length of one to four weeks [Stewart et al., 2005]. For this study, we use the average
difference in snow cover season (i.e. the number of days collars were covered in snow) as
a proxy for differences in snow cover duration between the sites. We note that this
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approach may be less than ideal as vegetation and microclimatic forcings may shape
snow cover at this scale. However, the collars are within several meters of each other and
previous research has shown that soil moisture differences at this scale are not
statistically distinct [Bales et al., 2011]. Therefore, we feel this novel approach offers
the best means at non-invasively examining how snow cover duration may influence
evaporation and respiration while holding larger scale climate forcings constant.

2.2.2 Sampling Design
We installed polyvinyl chloride (PVC) soil collars (10.2 cm diameter) 5 cm into
the soil within the field of view of each time-lapse camera at LSS and SSS sites. In the
summer of 2010, soil respiration measurements were conducted before, during, and after
several rainfall events (DOY 174, 188, 195, 208, 217). Beginning in September of 2010,
measurements were taken biweekly until the onset of the snow season. Measurements
were always taken between 0900-1200 local time. To avoid disturbing the melting
patterns during the snow season, measurements were not taken when snow on the ground
prevented access to the collars. Measurements were also not taken if snow was present in
the collar.

2.2.3 Data Collection and Analysis
Measurements were taken at each collar using an infrared gas analyzer system
(LI-840, LI-COR Biosciences, Lincoln, NE). A custom PVC chamber (3 L volume)
connected to the gas analyzer was fitted tightly onto the collar and concentrations of CO2
and water vapor (H2O) were measured at 1 Hz for two minutes (similar to methods
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described in Barron-Gafford et al. [2011]). A small fan within the chamber ensured the
gases remained well-mixed. Thermocouples within the chamber were used to measure
air temperature and surface soil temperature. Additional measurements taken within 15
cm of the outside edge of the chamber included volumetric soil moisture in the upper 6
cm (W.E.T. sensor, Delta-T Devices, Cambridge, UK) and soil temperature in the top 10
cm (15-077-8B digital thermometer, Fischer Scientific, Pittsburgh, PA). Depth from the
top edge of the collar to the soil surface within the collar was also measured using a ruler
at four points along the circumference. The average of these depths was used to
determine the additional volume of the collar for the flux calculations.

2.2.4 Calculating Soil Evaporation and Soil Respiration Fluxes
To calculate the soil respiration (R) within each chamber, CO2 concentration
measurements taken during the two-minute interval were graphed as a function of time.
The slope was then calculated and used in the following equation to convert the measured
change in concentration of CO2 within the chamber into a flux value:

R  n

P V

T A

(1)

where R is soil respiration (mol CO2 m-2 s-1), n is the slope from the time-CO2
relationship (ppm s-1), P is the pressure inside the chamber (atm),  is the universal gas
constant (L atm mol-1 K-1), T is the temperature of the air within the chamber (K), V is the
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combined volume of the chamber and the collar (L), and A is the cross sectional area of
the collar (cm2).
Likewise, evaporation (E) was calculated within each chamber based on
measurements taken during this same two-minute interval. The slope of H2O
concentration as a function of time was then calculated and used in the following
equation to convert the measured change in concentration within the chamber into a flux
value:

E  n

P V

T A

(2)

where E is soil evaporation (mmol H2O m-2 s-1), n is the slope from the time-H2O
relationship (ppt s-1), and the other variables are the same as in Equation (1). For the
analysis throughout this study, units of mmol H2O m-2 s-1 were converted to mm d-1.

3. Results

3.1 Temperature, Precipitation, and Soil Moisture Dynamics
Throughout the study period, integrated soil temperature (T, i.e. average
temperature from the soil surface to a depth of 10 cm) followed a typical annual cycle
beginning high in the summer, decreasing into the winter, and increasing again through
the spring (Figure 3a). Little variation was observed between years. Precipitation,
measured at the eddy covariance tower, showed a bimodal pattern typical of semi-arid
ecosystems in the southwestern US (Figure 3b). Large rainstorms occurred frequently
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throughout the 2010 summer (194.1 mm), while summer of 2011 experienced much less
precipitation (78.99 mm).
Soil moisture (θ) varied throughout the course of the year and was largely linked
to precipitation events (Figure 3c). In both years, θ increased at the onset of the summer
precipitation season (early July). In 2010, this summer increase in θ persisted until midSeptember, when θ peaked, then decreased as rainfall became less frequent. In 2011, the
summer increase in θ persisted for only a couple of weeks, peaking in July, before it
began to decrease again. Throughout the winter, θ remained elevated in response to
winter precipitation events, declining in February in the absence of precipitation events,
but increased again in early March with the onset of snowmelt.
In 2010, snow fall began in December, but snow cover was only observed for two
days at the LSS sites and did not remain at the SSS sites for nearly the entire month
(Figure 3d). By the end of December 2010 and into 2011, a consistent snow cover was
established at both the LSS and SSS sites. This snow cover remained through midFebruary for LSS sites, while SSS sites were already becoming exposed in late January
and finished melting earlier in February than the LSS sites. The last observable snow
cover in spring 2011 was due to one small snowfall event at the end of February and
resulted in two days of snow cover in both LSS and SSS sites. The average difference in
snow cover between LSS and SSS sites was 12 days.

3.2 Evaporation and Soil Respiration Dynamics
As was seen for soil moisture, E dynamics generally followed precipitation
dynamics (Figure 4a). Evaporation was high in the summer with the onset of summer
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precipitation in both 2010 and 2011. However, in summer 2011, E was much lower than
2010, which is consistent with lower summer precipitation inputs in 2011 than 2010.
Evaporation rates began to decline as soil temperatures declined (Figure 4a; Figure 2b),
reaching minimum rates in December. A spring spike in E (Figure 4a), appeared to be
linked to a combination of snowmelt (Figure 3d), a small precipitation event in late
February (Figure 3b), and an increase in soil temperature (Figure 3a). Overall, SSS sites
tended to experience slightly higher E rates than LSS sites, especially when E rates were
at their maximums (Figure 4a). However, the opposite was occasionally true (e.g. in
2010, DOY 188, 195, 253; in 2011, DOY 39, 130, 147, 193, 224).
Soil respiration dynamics were similar to evaporation dynamics throughout the
study period (Figure 4b), though we observed interesting advanced differences between
the two fluxes. Soil respiration was highest in the summer in both years, associated with
the onset of summer precipitation and increased soil moisture. As opposed to E,
however, the magnitude of R was not much lower in 2011 than in 2010 despite the
difference in summer precipitation inputs between the years. Similar to the response seen
for E, the summer increases in R happened quickly (over 1 month) but R decreased to the
minimum values more slowly (over 3 months). Respiration also exhibited a small, quick
peak in May 2011 shortly after snowmelt, but otherwise R remained low for the
remainder of the spring and into the early summer. Throughout the study period,
respiration rates at SSS sites were predominantly higher than at LSS sites, with only a
few exceptions.
In order to better understand the differences in E and R fluxes between the SSS
and LSS sites, we computed cumulative values for the 2010-2011 water year (October 1,

32
2010 – October 1, 2011). We began by interpolating the data using a simple linear
interpolation between the collected data points in order to obtain daily values for both E
and R using a method similar to that described in Riveros-Iregui et al. [2008]. These
daily values were then summed over the course of the water year to obtain cumulative
values for each day (Figure 5). At the end of the water year, E had almost identical
values between SSS and LSS sites (48.4 and 47.7 mm, respectively; Figure 5a), which
accounted for approximately 20% of the total precipitation for that time. The figure also
illustrates how E between SSS and LSS sites tended to be almost identical except during
the spring, when SSS sites had higher E rates for about 3 months. At the end of this time,
however, LSS fluxes increased while SSS fluxes leveled off, resulting in almost matching
values once again. Contrary to the E results, the cumulative R graph (Figure 5b) shows a
notable difference between SSS and LSS sites throughout the course of the year. The
difference between the SSS and LSS fluxes increased slightly through the spring and
summer, then decreased slightly in the spring, but SSS sites saw consistently higher
values. By the end of the water year, SSS sites had released 3782 g/m2 of CO2, while
LSS sites had only released 3440 g/m2 of CO2.

3.3 Soil Temperature and Soil Moisture Controls on E and R
Soil temperature exerted minimal control on E regardless of snow season length
(R2 = 0.07 and R2 = 0.06 respectively; Figure 6a, Table 1). While still not strong, soil
moisture control on E was greater than that for T (R2 = 0.23 and R2 = 0.20 respectively;
Figure 6b, Table 1). Overall, SSS sites appeared to be slightly more sensitive to both 
and T (slightly steeper slopes; Figure 6, Table 1).
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For both SSS and LSS sites, T appeared to strongly control R (R2 = 0.58 and R2 =
0.56 respectively Figure 7a, Table 1). Soil moisture control was minimal on R in both
SSS and LSS sites (R2 = 0.07 and R2 = 0.01 respectively Figure 7b, Table 1). While both
SSS and LSS sites were similarly sensitive to soil temperature (similarly steep slopes;
Figure 7a, Table 1), SSS sites appeared to be more sensitive to soil moisture than LSS
sites (steeper slope; Figure 7b, Table 1).

3.4 Soil “Water Use Efficiency”
In plant physiological ecology, water use efficiency (WUE) is traditionally
defined as “the ratio between above-ground gain in biomass and loss of water during the
production of biomass” [Lambers et al., 2008, p. 56]. Here, we consider a more generic
meaning of the term – the ratio between a particular process and the amount of water
used for that process – to define soil water use efficiency (WUEsoil) as the ratio between
carbon loss from the soil and the amount of water lost during that loss of carbon, i.e. R/E.
This suggests that more carbon is lost through respiration in a site with high WUEsoil than
is lost in a site with low WUEsoil for the same amount of water lost through evaporation.
The relationship between R and E was strong for both SSS and LSS sites (R2 =
0.61 and 0.59, respectively; Figure 8a, 8b, and Table 2). However, LSS sites had a
higher WUEsoil than SSS sites, i.e. the slope of regression between R and E was
significantly greater for LSS sites than for SSS sites (Figure 8a, 8b, and Table 2).
Interestingly, SSS sites had higher WUEsoil when soil moisture was low than LSS sites
(Figure 8c, 8d, and Table 2), suggesting that SSS sites became more efficient at carbon
loss (i.e. used less water for their carbon release) as the soil dried than LSS sites. While
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not as strong as for soil moisture, the case was similar for soil temperature: SSS sites had
slightly higher WUEsoil than LSS sites when soil temperature was high (Figure 8e, 8f, and
Table 2). This suggests that SSS sites became slightly more efficient at carbon loss as the
soil warmed than LSS sites.

4. Discussion

4.1 Dynamics of E and R in a Subalpine Mixed-conifer Ecosystem
As we hypothesized, in this subalpine mixed-conifer ecosystem the time series of
E and R were bimodal, responding first to spring snow melt and then to summer rain
(Figure 4). The response to summer rain for both E and R during the drier year (2011)
was smaller than the response during the wetter year (2010). For both E and R, the
response to spring snow melt (Figure 4, March – April) was much smaller and shorter in
duration compared to the response to summer rains (Figure 4, July – October). This was
contrary to our hypothesis that the response of R to spring snow melt would be greater
than that to summer rain, which was founded on the prediction that there would be more
water available in the spring to increase the production of R. However, our original
hypothesis did not consider the role of winter microbial activity, which can be large
under snowpack [e.g. Brooks et al., 1996; Mast et al., 1998; Monson et al., 2006],
potentially leading to a reduction in substrate availability once temperatures increase
during spring snow melt [Brooks et al., 2005]. Mixed-conifer ecosystems experience
litter fall throughout the year with two main peaks, one in the fall and one in the spring
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[e.g. Lin et al., 2006; Owen, 1954], with the spring peak potentially providing a
replenishment of substrate for summer microbial activity.
Soil moisture was greatest in the spring after snow melt (Figure 3), which
suggests that E and R were mostly temperature limited in the spring, but moisture limited
in the summer. This is consistent with other studies that have demonstrated that soil
temperature exerts a seasonal control on R, while soil moisture provides more of an
interannual control on R in these types of forested ecosystems [e.g. Saiz et al., 2006;
Scott-Denton et al., 2003]. Our data also showed that while soil temperature influenced
both R (Figure 7a) and E (Figure 6a), the temperature influence was much stronger for R
than for E. Alternatively, while soil moisture also influenced both R (Figure 7b) and E
(Figure 6b), the soil moisture influence was much stronger for E than for R. This is also
consistent with other studies that have demonstrated that evaporation from the forest floor
is strongly linked to the presence of moisture in the soil surface and litter layer [e.g. RazYaseef et al., 2010; Wilson et al., 2000].
By observing the cumulative values of E and R for SSS and LSS sites, we were
able to identify a few differences (Figure 5). Cumulative values of E remained very
similar between SSS and LSS sites throughout most of the year (Figure 5a). Notably
different values only occurred in the spring and early summer, where E for the SSS sites
increased first and maintained higher values until late summer. This may have been due
to increased subsurface microbial or plant respiration in these areas, perhaps related to
water becoming available earlier at these sites. In June, the LSS sites increased in E
faster than the SSS sites so that the values merged and remained nearly identical through
the fall months. In contrast, cumulative values of R varied notably between SSS and LSS
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sites (Figure 5b), with SSS sites experiencing higher rates of R throughout the course of
the year. By the end of the water year, SSS sites released 342 g/m2, or about 10%, more
CO2 than the LSS sites. While this value is comparable to what has be seen between
different ecosystems (e.g. the difference in R between semiarid riparian and upland
ecosystems is about 60 g/m2, or ~8%, over the course of a summer using similar methods
[Riveros-Iregui et al., 2008]), a 10% change in R due to a change in snow season length
of less than two weeks is an important consequence of climate change.
Looking into the relationship between R and E, where R/E = WUEsoil represents
the ratio between carbon loss from the soil and the amount of water lost during that loss
of carbon, offers some insight on the confounding differences between the controls on R
and E. In our mixed-conifer ecosystem, E and R were strongly correlated (R2 > 0.55;
Figure 8 and Table 2), suggesting that increased water loss through E resulted in
increased carbon loss through R. This was a much stronger relationship than had been
found between E and R in a nearby semiarid shrubland (R2 = 0.12), where R was modeled
based on night time eddy covariance values [Scott et al., 2006]. Scott et al [2006]
suggest that the lack of correlation between R and E at this shrubland could be a result of
frequent drying–rewetting events. Frequent drying–rewetting events have been shown to
significantly reduce the amount of carbon dioxide released following a rewetting event
[Fierer and Schimel, 2002], while water loss would remain the same. Our subalpine
mixed-conifer ecosystem experiences drying-rewetting cycles, but these are not as
frequent as in a semiarid dryland ecosystem, and photosynthetic uptake by the vegetation
is not as pulse-driven, so a stronger correlation between R and E in our study areas is
consistent with this line of reasoning. We further show that the forest floor of our mixed-
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conifer ecosystem tends to become “more efficient” at respiring carbon as the soil dries
out (Figure 8c, d), but “less efficient” at respiring carbon as the soil warms up (Figure 8e,
f). Consistent with these findings, a recent continental scale evaluation of ecosystems
points to a decrease in the efficiency of microbial decomposition of carbon as
temperatures are decreased [Fierer et al., 2006], which further points towards sensitivity
of R to dynamics in soil moisture and temperature. Climate change will only exacerbate
drying-wetting cycles and cooling-warming cycles in subalpine and other ecosystems;
therefore detangling these complex relationships becomes increasingly important for
understanding shifts in carbon dynamics [e.g. Barron-Gafford et al., 2011; Chatterjee
and Jenerette, 2011; Craine and Gelderman, 2011; Koch et al., 2008]. This is especially
true given the scarcity of data on E and R within this ecotype that characterizes so much
of the southwestern US.

4.2 Influence of Snow Cover Duration on E and R
Contrary to our second hypothesis, our results showed that the timing of peak E
associated with spring moisture was similar for LSS and SSS sites (Figure 4a). During
this transition season, it is possible that our measurement frequency may not have been
high enough to capture differences in peak water fluxes between LSS and SSS sites;
dynamics of dry down in these systems may be on the order of days [e.g. Hunt et al.,
2002; Kurc and Small, 2004]. Alternatively, given the close proximity of the sampling
sites, redistribution of soil moisture under these spring snow melt conditions may have
smoothed any differences in timing of the moisture available for E between the LSS and
SSS sites [McNamara et al., 2005]. Further contradicting our second hypothesis, we

38
found that the spring peak in E was larger at SSS sites than at LSS sites (Figure 4a).
Similarly, the spring peak in R was also larger in SSS sites than in LSS sites, which was
contrary to our third hypothesis. If this was due to differences in soil moisture between
sites, then this suggests a contradiction to Bales et al. [2011] and could be a result of the
complex terrain found at the study site. However, if a smoothing of soil moisture
conditions between the LSS and SSS sites did occur in this wet spring season, microscale radiation differences due to vegetation cover could explain the higher E and R in
these SSS sites [e.g. Royer et al., 2010; Villegas et al., 2010].
Evaporation from SSS sites was more sensitive to soil moisture than LSS sites
(Figure 6b, Table 1), meaning that more water was lost through evaporation at higher soil
moisture in SSS sites than in LSS sites. This suggests that evaporative losses may be
increased with a shortened snow season. Alternatively, micro-scale radiation differences
may provide conditions for increased E in these SSS sites [e.g. Royer et al., 2010;
Villegas et al., 2010]; however, this explanation is complicated by the result that
sensitivity of E to soil temperature in SSS and LSS was not significantly different (Figure
6a, Table 1). On the other hand, R in both SSS and LSS sites was very sensitive to
temperature, but there was not a significant difference in this sensitivity between the SSS
and LSS sites (Figure 7a, Table 1). As opposed to E, the sensitivity of R to soil moisture
in the SSS sites was larger than for LSS sites, but in both SSS and LSS sites the influence
of soil moisture on respiration was small (Figure 7b, Table 1).
Again, because of the confounding differences between the controls on R and E,
we explored the differences in LSS and SSS sites in light of the organizing tendency of
the WUEsoil framework. At both LSS and SSS sites, E and R were strongly correlated
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(Figure 8, Table 2). While both LSS and SSS sites became “more efficient” at respiring
carbon as the soil dried out (Figure 8c, d), but “less efficient” at respiring carbon as the
soil warmed up (Figure 8e, f), this relationship was stronger at the SSS sites than at the
LSS sites. This difference could be linked to potential differences in substrate
availability after the snow pack season [Brooks et al., 2005] coupled with the temperature
dependence of the efficiency of microbial decomposition of carbon [Fierer et al., 2006;
Larionova et al., 2007].

5. Conclusions

The functioning of subalpine mixed-conifer ecosystems is largely dependent on
winter precipitation that comes as snowfall [Brown-Mitic et al., 2007; Monson et al.,
2005], which is expected to decrease under projected climate change [e.g. Knowles et al.,
2006; Mote et al., 2005]. Snowpack is critical for sustaining one of the two main soil
moisture seasons in these ecosystems; the first associated with spring snow melt and the
second with summer rains. Our research shows that changes in snowpack are likely to
have important consequences for water and carbon cycling in these ecosystems. We
show that loss of water by E is independent of snow cover duration, and that regardless of
the length of snow cover duration, E was strongly correlated with soil moisture but
weakly correlated with soil temperature. We also show that snow duration does have an
influence on R, with short snow season fluxes typically higher than those of long snow
season sites throughout the year. This suggests that these environmental changes may
influence R in such a way that we might expect greater carbon losses to the atmosphere
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with decreasing snowpack in these ecosystems. Regardless of the length of snow cover
duration, R was strongly correlated with soil temperature but weakly correlated with soil
moisture. Finally, our research showed the even a small difference between length of
snow season (12 days) can produce noticeable differences in water and carbon cycling
within the soils of this ecosystem, suggesting that future changes due to climate change
may have profound effects on subalpine ecosystems.
Because of the confounding differences between the controls on R and E, we also
explored a new way of thinking about the ratio of R and E (R/E = WUEsoil), the ratio
between carbon loss from the soil and the amount of water lost during that loss of carbon.
Regardless of snow duration, the soil became “more efficient” at respiring carbon as the
soil dried out, but “less efficient” at respiring carbon as the soil warmed up. This
relationship was stronger for sites that experienced a shorter snow cover season.
Substrate availability may change after microbial activity throughout the snow pack
season [Brooks et al., 2005] and therefore differences in the length of the snow season
could also influence substrate availability. Differences in substrate availability coupled
with a temperature dependence on the efficiency of microbial decomposition of carbon
[Fierer et al., 2006; Larionova et al., 2007] could explain these differences in soil water
use efficiency based on snow cover duration. Because climate change will only
exacerbate both drying-wetting cycles and cooling-warming cycles, detangling these
complex relationships becomes increasingly important for understanding shifts in carbon
dynamics in these subalpine mixed-conifer ecosystems.
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E

R

2

2

Slope
R
Pval
Slope
R
Pval
Temp, SSS
0.006
0.07
0.2
0.347
0.56
0
Temp, LSS
0.004
0.06
0.22
0.327
0.58
0
VWC, SSS
0.011
0.23
0.01
0.121
0.07
0.19
VWC, LSS
0.007
0.2
0.02
0.04
0.01
0.63
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Table 2: Slope and statistical significance values corresponding to Figure 8 (soil water
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R vs. E
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SSS
LSS

WUE vs. VWC
2

WUE vs. Tsoil

Slope
R
Pval
Slope
R
Pval
Slope
R2
Pval
12.157
0.61
0.00 -3.336
0.51
0.00
2.031
0.17
0.10
13.868
0.59
0.00 -2.038
0.37
0.01
1.484
0.14
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Figure 1: Percentage of annual precipitation that falls as winter precipitation across the
study site region, based on average monthly precipitation values from 1971-2000. Black
triangle shows location of study site.
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Figure 2: Soil collar
sites for a) camera
site 1, b) camera site
2, and c) camera site
3. Black circles with
white borders denote
SSS collars, while
white circles with
black borders denote
LSS collars.
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Figure 3: Time series for a) soil temperature integrated over the top 10cm, b)
precipitation, c) soil moisture, and d) duration of snow cover. Time series covers length
of study period, from July, 2010 to October, 2011.
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Figure 4: Time series for a) evaporation and precipitation, b) soil respiration, and c)
duration of snow cover. Black diamonds denote average LSS fluxes for each
measurement day, while grey circles denote average SSS fluxes.

56

Figure 5: Cumulative values for the 2010-2011 water year for a) evaporation, and b) soil
respiration in order to illustrate difference in fluxes between short snow season and long
snow season sites over the course of a year.
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Figure 6: a) Relationship between evaporation and temperature. b) Relationship between
evaporation and soil moisture. Values for (a) and (b) were obtained by averaging across
all camera sites for SSS and LSS collars, respectively, for each measurement day. Linear
best fit lines show overall trend by snow season length.
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Figure 7: a) Relationship between soil respiration and temperature, b) Relationship
between soil respiration and soil moisture. Values for (a) and (b) were obtained by
averaging across all camera sites for SSS and LSS collars, respectively, for each
measurement day. Linear best fit lines show overall trend by snow season length.
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Figure 8: Relationship between respiration and evaporation for a) SSS collars and b) LSS
collars to develop soil water use efficiency (R/E). Water use efficiency versus soil
moisture for c) SSS collars and d) LSS collars. Water use efficiency versus soil
temperature for e) SSS collars and f) LSS collars.

