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Abstract

In mountainous regions of the western United States, snow is a primary control on
ecohydrological processes. In these environments, complex terrain results in steep
temperature and precipitation gradients, leading to the heterogeneous distribution of snow
water resources across the landscape. At local scales, the spatial distribution of water
resources can be further shaped through the wind driven transport and deposition of snow. In
snow dominated, semi-arid environments, melt water generated from snowdrifts may
provide critical soil moisture subsidies to upland plant communities. Under warming
temperatures, snow dominated precipitation regimes will become increasing rain dominated.
In plant communities that are closely coupled with drifting snow, decreases in redistributed
precipitation along with longer and drier growing seasons could reduce soil moisture
availability and increase drought stress. A process model coupled with historic and future
climate was used to assess the impacts of shifts in climate and precipitation phase on upland
vegetation. Specifically, the response of three widespread rangeland species and plant
functional types found in drift zones at three sites in a snow-dominated semi-arid watershed
were simulated. After accounting for redistributed precipitation, biogeochemical simulations
indicate that snowdrifts have historically provided supplemental soil moisture to aspen
(Populus tremuloides), growing at dry mid-elevation sites. Under future conditions, warmer
temperatures increased the average growing season length of aspen approximately two
weeks. However, at mid-elevation sites, increased spring aspen productivity was offset by
carbon losses incurred from increasingly severe summer drought. The response of co-
located mountain big sage (Artimisia tridentata ssp. vaseyana) and C3 grasses varied under
mid-21* century conditions. Across all sites, increased growing season length led to
increased productivity for mountain big sage. However, despite longer growing seasons,
mid-21* century productivity rates for C3 grasses remained relatively unchanged from
historical conditions. These results indicate that shifts in precipitation phase and growing
season conditions can differentially impact individual species that currently comprise upland
plant communities. Future management of rangelands for vulnerable species, wildlife
habitat, and carbon sequestration should consider the implications of temperature induced

shifts in winter precipitation phase.
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Chapter 1: Dissertation Introduction

In arid and semi-arid environments, the distribution and productivity of plant
communities is largely driven by a combination of soil moisture availability and the need to
minimize drought stress by closing stomata (Caylor et al., 2009). Thus, carbon assimilation
by vegetation is tightly coupled with the availability of water needed to sustain
photosynthesis. The distribution of productive upland semi-arid plant communities is
typically in heterogeneous patches, with the location of these patches being driven by abiotic
processes including preferential water flow or wind (Aguiar and Sala, 1999). Although they
often represent of small proportion of the landscape, these productive communities are
ecologically important and are often characterized by increased productivity (Breshears,
20006), rapid nutrient cycling and turnover of organic material (Belnap et al., 2005), diverse
habitat structure (Fuhlendorf and Engle, 2001), and increased rates of biodiversity. Future
shifts in temperature and precipitation may have significant ecohydrological impacts on
these small, albeit important, ecosystem components.

The structure and spatial extent of productive vegetation patches across the
landscape provides additional insight into the coupled ecological and hydrological processes
and feedbacks that shape arid and semi-arid ecosystems (Thompson et al., 2011). Critical
hydrological fluxes including evapotranspiration, infiltration, and streamflow are all
influenced by vegetation. As a result, changes in vegetation or community structure can, in
turn, influence hydrological fluxes across a range of temporal and spatial scales. However,
the complex ecohydrological interactions in semi-arid environments continue to limit our
ability to predict both ecological and hydrological responses under changing conditions.
Productive semi-arid plant communities are often comprised of numerous species that may
differ in their response to changes in temperature or precipitation. As a result,
interdisciplinary approaches that link ecological and hydrological processes will become
increasingly important when predicting the response of water-limited systems under future
environmental change (Newman et al., 2006).

In mountainous regions of the western United States specifically, rising temperatures
will likely alter the hydrology and ecology of many ecosystems with snow-dominated
precipitation regimes. Where snowpack is particularly sensitive to fluctuations in

temperature, warming will likely lead to decreases in the proportion of winter precipitation



falling as snow (Klos et al., 2014). Shifts in precipitation phase (e.g. rain or snow) can alter
numerous hydrological processes including the timing of surface water input (Seyfried et al.,
2009), canopy interception (Niemeyer et al., 2016), timing of snow residence (Luce et al.,
2014), and streamflow (Nayak et al., 2010) all of which in turn influence the vegetation
structure and productivity. In mountainous areas where topography and orographic effects
create strong temperature and precipitation gradients, the spatial distribution of snow water
resources can be highly variable. The redistribution of snow by wind is of particular
importance and results in a heterogeneous distribution of precipitation across the landscape.
Future decreases in the amount of precipitation falling as snow in complex terrain will result
in a more spatially uniform distribution of precipitation. This will most heavily impact
patchy and heterogeneously distributed plant communities that were reliant on soil moisture
subsidies associated with drifting snow.

Since incoming precipitation in snow-dominated precipitation regimes has largely
been asynchronous with periods of seasonal plant growth and soil moisture use, increased
soil moisture inputs generated from pockets of redistributed snow (i.e. snowdrifts) may be
an important control on the amount and duration of plant available water. Plant communities
that are likely to experience particularly significant shifts in environmental conditions and a
loss of resources with warming are those located within drift zones, where the accumulation
of redistributed snow has historically been a primary source of growing season soil
moisture. However, the impacts of future changes in precipitation phase (e.g. rain or snow)
on vegetation in complex terrain remain uncertain. The response of plant communities to
changes in precipitation phase is additionally influenced by variations in plant physiology,
site characteristics (e.g. soils, aspect, slope), species composition, and atmospheric
conditions (e.g. vapor pressure deficit). Understanding how vegetation will respond to
changes in climate requires an ecohydrological perspective since shifts in vegetation can
lead to feedbacks that alter key hydrological and biophysical processes such as precipitation
interception, soil water infiltration, runoff, transpiration, soil temperature, and radiative
fluxes (Ludwig et al., 2005, Breshears, 2006, Vose et al., 2016).

Hydrological and ecological processes are closely linked in upland plant
communities established in drift zones (Figure 1.1). In these systems, the magnitude of

redistributed snow is a function of total incoming precipitation, precipitation phase, and the



topographical characteristics of a site. Once snow is redistributed by wind, soil moisture
available to plants is further constrained by additional site and soil characteristics including
total soil moisture storage capacity and texture (hydrological controls, Figure 1.1). These
plant communities are additionally comprised of numerous species with diverse
physiological traits, rooting depths, and plant water use strategies. Differences in vegetation
structure and characteristics can play a key role in the use and relative importance of soil
water inputs generated from redistributed snow (ecological controls, Figure 1.1). As a result,
ecological shifts such as mortality events or changes in species composition can influence
hydrological processes. Likewise, hydrological changes such as shifts in precipitation phase
can alter ecological processes. Under a future, altered state where temperatures are warmer,
decreases in the snow:rain ratio can potentially have cascading effects across every aspect of
the system. Changes in precipitation phase will ultimately shift the spatial patterns of
precipitation distribution in complex terrain. However, the extent to which these impacts
will influence ecohydrological processes is less certain. With these cascading effects in
mind, predicting the response of drift zone vegetation to shifts in climate requires an
integrated approach where both hydrological and ecophysiological controls on plant
function are considered.
Dissertation scope and objectives

The scope of this dissertation centers on upland plant communities closely associated
with snow drifts in a semi-arid watershed with a winter dominated precipitation regime. The
following chapters primarily focus on the ecological responses to changing precipitation
regimes (e.g. ecological controls, Figure 1.1). Since CO, uptake and transpiration are
intimately linked, simulation models based on first-degree principles of carbon and water
balance present a mechanistic approach towards understanding how shifts in water
availability will impact whole plant function under a wide range of environmental
conditions (Newman et al., 2006). In this dissertation, I use field measurements to inform a
biogeochemical process model run using detailed climate datasets to determine how changes
in precipitation phase will impact drift zone plant communities. To assess the dependence of
vegetation on redistributed precipitation and response to warming temperatures, we
simulated several ecosystem processes for three wide ranging species encountered in

sagebrush steppe ecosystems under recent historical conditions and warmer mid-21* century



conditions. Each of the following three chapters are structured as a stand-alone paper to be
submitted and published in peer-reviewed journals.

Chapter two assesses the dependence of aspen (Populus tremuloides), a highly
productive drift zone species, on redistributed snow under historical conditions assuming
both a uniform and redistributed precipitation spatial distribution. In this study, the response
of aspen to redistributed snow is solely the result of topographical complexity. Simulations
indicate, that under historical temperature regimes, snowdrifts have been an important
source of growing season soil moisture at aspen stands receiving low amounts of total
precipitation.

Chapter three builds on the results of chapter two by linking aspen productivity and
redistributed snow to temperature changes projected under future climate change conditions.
For this study, we applied projected temperature increases to measured historical datasets to
represent conditions predicted by the mid-21" century. We then assessed how both
reductions in snow:rain and changes in growing season conditions influence aspen
productivity. Results from this study show that, under warmer temperatures, aspen can
benefit from increased productivity during prolonged and more favorable spring growing
conditions. However, increased drought severity later in the summer can offset spring
carbon gains leading to a net loss in productivity at warmer and drier sites only.

Chapter four extends the results of chapter three to incorporate the response of two
additional co-located species and plant functional types found in drift zone plant
communities. The goal of this study was to determine how plants with differing growth
forms, phenology, and ecophysiological traits might respond to shifts in climate and
precipitation redistribution. The results of this paper provide a more comprehensive
overview into the potential implications for species vulnerability, carbon cycling and
sequestration in snow-dominated sagebrush steppe ecosystems. Simulations from this
chapter suggest that, while all species remain productive, future conditions favor evergreen

species like mountain big sage compared to deciduous aspen or C3 grasses.
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Figure 1.1. Interactions linking key ecological and hydrological processes in semi-arid
upland plant communities growing in drift zones (modified from Ludwig et al., 2005).
Hydrological and ecological controls are a function of both site and vegetation
characteristics. Key processes are outlined by solid lines. Potential feedbacks are outlined by
dashed lines. Conditions under historically snow-dominated precipitation regimes are
outlined in black, warmer rain-dominated conditions are outlined in red (relative proportions
of historical and future snow:rain are indicated by arrow size). Future climate and/or
ecosystem shifts could potentially alter or reverse historical ecological and hydrological
feedbacks.
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Abstract

In semi-arid mountainous regions across the western USA, the distribution of upland
aspen (Populus tremuloides) is often related to heterogeneous soil moisture subsidies
resulting from redistributed snow. As temperatures increase, interactions between
decreasing snowpack and future trends in the net primary productivity (NPP) of aspen
forests remain uncertain. This study characterizes the importance of heterogeneous
distribution of snow water to aspen communities in the Reynolds Creek Critical Zone
Observatory located in southwestern Idaho, USA. NPP of three aspen stands was simulated
at sites spanning elevational and precipitation gradients using the biogeochemical process
model Biome-BGC and precipitation data adjusted to account for drifting snow. During
drought years, simulations below the largest drifts that included wind-redistributed snow
resulted in NPP values nearly 77% higher than simulations assuming uniform precipitation.
Compared to a spatially homogeneous precipitation distribution, Biome-BGC simulations
accounting for redistributed precipitation were in better agreement with previous
simulations of snow accumulation and soil moisture field measurements. However,
increased effective precipitation resulting from drifting snow did not have a significant role
in aspen productivity at sites receiving higher annual precipitation, where soil moisture was
non-limiting even in the absence of redistributed snow. At these sites, additional soil
moisture inputs generated by snowdrifts often exceeded the storage capacity of the soil and

contributed little to plant available water used later in the growing season.



2.1 Introduction

In mountainous ecosystems, interactions between hydrological and ecological
processes can have profound impacts on the distribution and vigor of forests. Specifically, in
regions of the intermountain west the redistribution of snow by wind can dramatically
influence the amount and timing of water availability to vegetation and ecological
communities (Litaor et al., 2008, Maurer and Bowling, 2014, Kormos et al., 2014, Vose et
al., 2016). However, the dependence of plant productivity on these late season hydrological
subsidies has not been adequately quantified. The relationship between redistribution of
snow and the distribution of vegetation is particularly apparent in many semi-arid
ecosystems of the Great Basin and intermountain western United States, where upland aspen
(Populus tremuloides, hereby referred to as aspen) stands are frequently found in areas
where snow drifting occurs (Burke et al., 1989, Sheppard et al., 2006). In many of these
semi-arid regions, the availability of soil moisture is closely linked to the distribution of
vegetation. In these small aspen communities, the presence of snow has a direct impact on
both the timing of available soil moisture and vegetation productivity. Future shifts in the
amount of redistributed precipitation via increasing temperatures may alter ecosystem
function since upland aspen communities are highly productive relative to many other
adjacent plant communities, characterized by increased understory biodiversity (Kuhn et al.,
2011), and provide important, isolated habitats for many different avian and mammalian
species (DeByle 1985, Griffis-Kyle and Beier, 2003).

Precipitation regimes are one of the principal drivers influencing forest net primary
productivity (NPP), or the flux of carbon assimilated by vegetation minus autotrophic
respiration (Van der Molen et al., 2011). Impacts associated with precipitation changes, such
as reduced snowpack, decreased soil moisture availability, and increased evaporative
demand have particularly affected aspen forests across much of North America (Allen et al.,
2010, Worrall et al., 2013, Anderegg et al., 2013, Tai et al., 2016). In many parts of the
western United States, precipitation occurs primarily in the winter, and through the
processes of snowpack accumulation and melt, directly influences forest processes including
phenology and aspen productivity (Barbour et al., 1991, Meier et al., 2015). However, since
the mid 20" century, snowpacks across western North America have been declining (Mote et

al., 2005, Knowles et al., 2006, Nayak et al., 2010 and 2012, Kapnick and Hall, 2012, Klos
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etal., 2014). As temperatures have increased, numerous areas are experiencing an increase
in the proportion of winter precipitation occurring in the form of rain (Nayak et al. 2010),
reduced duration of snow cover, and a decline in the peak snow water equivalent (SWE)
with no concomitant increase in annual precipitation.

In complex terrain, decreases in the proportion of precipitation falling as snow can
also affect the spatial distribution of soil moisture. Snow can be transported across the
landscape by wind creating scour and drift zones where effective precipitation inputs,
defined here as the total amount of precipitation entering the soil profile, can be highly non-
uniform across the landscape. Since heavier, denser water droplets are much less prone to
topographically-induced depositional variations and are not subject to wind-driven
redistribution after deposition as compared to ice crystals, warming-induced shifts in
precipitation phase can produce more spatially uniform precipitation patterns. These changes
in effective precipitation across the landscape may play a critical role in aspen productivity.
Thus, interactions between the redistribution of snow and aspen productivity need be
thoroughly assessed to determine how future shifts in winter precipitation phase and the loss
of hydrologic storage in snow drifts may impact productive and ecologically important
semi-arid species such as aspen.

The objective of this study is to understand the connections between changes in the
annual proportion of snow and rain and the subsequent response in aspen NPP in semi-arid
climates that characterize much of the western North America. We assess the relationship
between water-contributing snow mass and aspen NPP at three stands using a
biogeochemical process model run using long term meteorological datasets. Each of the
selected aspen stands are located within a semiarid watershed that is transitioning from a
snow- to a rain-dominated precipitation regime (Nayak et al., 2010). Field measurements of
plant water status, soil moisture, and phenology indicate that aspen experience varying
degrees of water stress depending on their location within the watershed’s precipitation
gradient. Within the watershed, the redistribution of snow has been simulated across a range
of elevations and terrain. To assess the dependence of each stand on the redistribution of
precipitation, model-forcing precipitation data at each site were adjusted to represent the
snow drift that is located above each field-monitored aspen stand. Simulations of aspen NPP

were then completed for two separate scenarios where uniform and redistributed
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precipitation distributions were considered. Once a redistributed precipitation layer was
accounted for, we hypothesized that: 1) simulated soil moisture availability will be
prolonged later into the growing season, and 2) the resulting increase in soil moisture will
lead to increased simulated aspen NPP relative to simulations assuming a uniform
precipitation layer. Hypothesis 1 was tested by comparing soil moisture measured at each
site to simulated soil moisture assuming both uniform and redistributed precipitation layers.
Hypothesis 2 was tested by comparing simulated NPP for both uniform and redistributed
precipitation layers across a wide-range of historic hydrometeorological conditions.
2.2 Methods

Using long-term meteorological datasets to simulate hydrological and ecological
processes allows us to link historic inter-annual variability in snow redistribution to the
resulting vegetation response which is additionally influenced by site and growing season
conditions. We used a combination of field measurements and previous simulations of snow
redistribution to inform a process based biogeochemical model to better understand the
connections between redistributed precipitation and carbon fluxes in upland aspen
ecosystems. To account for the presence of drifting snow, measured precipitation data were
adjusted using drift factors calculated from previously validated simulations of snow
redistribution. Final precipitation adjusted climate datasets spanned 13 to 31 years
depending on the site and were used to simulate carbon fluxes and other ecosystem
processes, including snowpack accumulation, soil moisture use, photosynthesis, and
transpiration at a daily time step.

2.2.1 Site selection and description

Established in 1960 by the United States Department of Agriculture (USDA), the
Reynolds Creek Experimental Watershed (RCEW) and Critical Zone Observatory (RCCZO)
are collocated in the Owyhee Mountains of southwest Idaho (Figure 2.1). The RCEW
encompasses an area of 239 km” and has been the location of extensive research focusing on
long-term monitoring to advance the understanding of hydrologic processes in complex
terrain and develop hydrological models (Marks et al., 2001). Since its creation, an extensive
array of hydrological and meteorological instrumentation has been maintained throughout
the watershed. Over the period of observation, the RCCZO has experienced an

approximately 2°C increase in mean annual temperature leading to a shift in phase of winter
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precipitation (Seyfried et al., 2011). Across the watershed, particularly at mid and low
elevations, declines in snowpack and increases in rain on snow events have been
documented over the past 50 years (Nayak et al., 2010).

The distribution and function of vegetation within the RCCZO is strongly controlled
by terrain, precipitation, and soil moisture availability (Finzel et al., 2015). Across middle
and upper elevations of the watershed, highly productive aspen stands are often distributed
along leeward slopes and we hypothesize that they utilize water subsidies stemming from
large snowdrifts that persist late into the spring months (Seyfried et al. 2011). Three sites
located in the southern regions of the RCEW were used in this study: 1) in the Reynolds
Mountain East (RME) drainage, 2) in the Sheep Creek (SC) drainage, and 3) in the upper
Johnston Draw drainage (JDW) (Figure 2.1, Table 2.1). Each site consists of a small aspen
stand with a snowdrift located immediately upslope. Site elevations span the current
rain/snow transition zone, which is most susceptible to warming-induced changes in
precipitation phase.

2.2.2. Plant water relations

Measurements of soil moisture (6,) and pre-dawn branch water potentials (¥, 4.,
were conducted during the 2012 -2015 growing seasons. Soil moisture was monitored at one
to two soil moisture profiles in each stand. In the spring of 2012, soil moisture sensors were
installed at RME. Soil moisture sensors (Decagon Devices, Pullman WA) were installed at
depths of 10, 30, 60, and 120 cm at two profiles extending from the stand edge to stand
interior. Measurements were recorded hourly and stored using data loggers (Models EM50
and EM50R, Decagon Devices, Pullman WA). Similar soil moisture transects were installed
at SC in the spring of 2013, where two profiles extended from the stand edge to stand
interior with soil moisture sensors at depths of 10, 30, 70, and 100 cm. Soils at RME and SC
were fairly homogenous without distinct sand or clay layers. Due to the relative
homogeneity of the soils, site specific calibrations of the sensors were not necessary (Kizito
et al., 2008). The soil moisture at JDW was monitored by a single sensor profile (Stevens
Water Monitoring Systems, Inc., Portland, OR) located in the center of the aspen stand with
sensors at 5, 20, 50, 75, and 88 cm depths.

Volumetric water content (6,,, m’m™) measured from installed probes was then used

to calculate total root zone soil moisture storage (S

rootzone?>

mm) at each site. Simulated S

rootzone
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was calculated from the simulated soil depth and daily 8,, values integrated across the single
uniform soil layer parameterized in Biome-BGC (Table 2.1, described below). Using the

same estimated soil depth, total measured S

rootzone

for a given site was calculated using the

equation:

i=number of layers

Sroot zone = z 0; * D; (D

where 6; is the measured volumetric water content of layer i, and D is the depth (mm) of
layer i. Due to differences in effective root zone and soil moisture probe depths, site-specific

storage equations were used to calculate S (Table S1, Appendix 1).

rootzone

Monthly measurements of ¥, were made at most sites during the 2012-2015

re-dawn
growing seasons using a pressure chamber (PMS instruments, Corvallis, OR) and standard
methods (Scholander, 1965). At each site, two branch samples were collected before sunrise
from a dominant tree at three plots extending from stand edge to stand center. Sampled trees
were chosen based on their proximity to the automated soil moisture profiles along each
transect. Branches were taken from consistent heights (~1-2 m) from the same trees across
the growing season. Based on porometer measurements (SC-1 leaf porometer, Decagon

Devices, Pullman, WA), nighttime transpiration was negligible (data not shown) and ¥ .

was assumed to be in equilibrium with ¥

soil»

dawn which therefore provided information about
the timing and magnitude of soil moisture limitation experienced by aspens at each site.

2.2.3. Phenology

Timing of aspen phenology was measured at each site during the 2013-growing
season using daily time-lapse imagery spanning spring leaf flush to leaf senescence. Images
were taken with a time-lapse camera (Wingscapes, Ebsco Industries, Birmingham, AL) once
a day from a fixed location. Changes in phenology were estimated using the 2G_RBi
difference index (Richardson et al., 2007) calculated from red, green, and blue color
channels extracted from one to two points located within the canopy of each stand. Buffer
zones were defined for each point in the canopy and were set to maximize the area of
continuous canopy. If a stand contained more than one measured location in the canopy, the

2G_RBi difference indices were averaged to produce a single value representing the whole

stand.
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2.2 4. Simulations of snow redistribution.

Simulations of snow redistribution were used to determine the amount of water held
in snowdrifts above or neighboring the aspen stands simulated using Biome-BGC. Each
simulated stand (described below) lies within or borders where snow drifting and ablation
dynamics were simulated using iSnobal. iSnobal (Marks et al., 1999) is a spatially adapted
version of the physically based, mass- and energy-balance snow model SNOBAL that
produces grid based simulations of snow states and energetics based on climate variables
modulated by vegetation and topography (Winstral and Marks, 2002, Reba et al., 2011,
Winstral et al., 2013). The model simulates a two-layer snowpack consisting of a thinner,
more dynamic surface layer that interacts directly with the atmosphere and a second deeper
layer affected only by the overlying snow layer and underlying soil. Meteorological drivers
are air and soil temperature, vapor pressure, downwelling longwave radiation, net shortwave
radiation, wind speed, and precipitation. The snowpack is distributed over a grid based on a
digital elevation model (DEM) allowing for snowpack variations driven by topographic
complexity to be effectively represented. Additionally, canopy cover inputs incorporate the
effects of vegetation on snow accumulation and distribution. The model computes snow
states including snow water equivalent (SWE, mm), depth (m), density (kg m™), layer
temperatures, and average liquid-water content (%) (Marks et al., 2001). This model has
been applied to watersheds of various sizes across the Pacific Northwest and has been
extensively tested and validated within the RCEW (Marks and Winstral, 2001, Seyfried et
al., 2009, Reba et al., 2011, Nayak et al., 2012). iSnobal has been further developed within
the RCEW to account for the redistribution of snow across a range of catchment scales
(Winstral et al., 2013). The iSnobal simulations from Reba et al., 2011 (1984-2008 at RME)
and Winstral et al., 2013 (2007-2008 at SC and 2006-2007 at JDW) were the primary
sources used to adjust the precipitation forcing data applied in Biome-BGC.

Drift factors used to adjust precipitation data were calculated using values of
iSnobal-simulated peak SWE from a point located in the center of drifts either directly
upslope of stands simulated by Biome-BGC or from a representative drift nearby, as in the
case of SC, where the stand lies just outside the modeled catchment. The annual drift factor

(DF) was calculated as the ratio of peak SWE simulated by iSnobal to total measured snow
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without drift effects, from the date of initial drift formation to the date of peak SWE

simulated by iSnobal (here referred to as the drift accumulation period) using the equation:

DF = Peak simulated SWE (mm) (2)

Total measured uniform snow (mm) across drift accumulation period

Drift factors were applied to all precipitation data occurring below freezing
temperatures. Since Biome-BGC operates on a daily time step, the full drift factor was
applied to total daily precipitation if average daytime temperature (7,

ay
or Tnight

) and average

nighttime temperature (7,,,,,) were < 0°C. If either T, were > 0°C, a drift factor

day
with a rate of increase 50% less than the full drift factor was applied to total daily
precipitation. This decreased drift factor application conservatively accounts for the
occasional rain on snow event that cannot be captured by a daily time step. A drift factor

was not applied to daily precipitation if both 7, and T

day wigne Were > 0°C. If years simulated in

Biome-BGC had been simulated by iSnobal, the calculated drift factor was applied.
However, if years used in Biome-BGC simulations were not simulated by iSnobal, the
average drift factor calculated from available iSnobal simulations was used (29 years at SC,
11 years at JDW, 7 years at RME).

2.2.5. Estimates of NPP

Estimates of NPP were obtained using Biome-BGC (version 4.2, Thornton et al.,
2002) a biogeochemical process model that predicts forest productivity through the
simulation of carbon, nitrogen, water, and energy fluxes. Carbon assimilation is simulated
from above and below ground pools and fluxes describing photosynthetic growth and
decomposition of organic matter. Vegetation simulated from these fluxes is characterized by
a single, user defined, plant functional type. The model is run with daily meteorological
inputs and parameterized with site and species-specific ecophysiological variables.
Photosynthetic processes are divided into two layers within the canopy, where
photosynthesis and canopy conductance are calculated separately for sunlit and shaded
leaves. Soil hydrology is based on a single, uniform soil layer with a user-defined depth.
Soil texture is characterized by percentages of sand, silt, and clay. Phenological processes
are a combined function of both soil temperature and photoperiod. For leaf flush to occur,
soil temperatures calculated from an 11-day running average of daily air temperatures must
exceed critical temperature thresholds. Incoming solar radiation also limits vegetation

growth and a critical day length of 10.9 hours contributes to both leaf flush and senescence



16

(White et al., 1997). Leaf senescence is triggered by both cooling soil temperatures and
decreasing photoperiod.

2.2.6. Parameterization of BIOME-BGC v 4.2

Biome-BGC is a process based biogeochemical model that has been extensively
validated and analyzed under a variety of forest ecosystems and conditions (Churkina et al.,
2003, Boisvenue and Running, 2010). Biome-BGC is driven with inputs of maximum daily
temperature (7,,,, °C), minimum daily temperature (7,

(T,

ay?

s CC), average daylight temperature
°C), average daylight vapor pressure deficit (VPD, Pa), total daily precipitation (cm),
daily average shortwave radiant flux density (W m™), and length of daylight period (s). Air
temperature, relative humidity, and precipitation were measured at climate stations
neighboring each site. T, , daylight length, and average shortwave flux density were
estimated using the point based microclimate model MTCLIM (version 4.3, Thornton et al.,
2000). Average daylight VPD was calculated from hourly measurements of temperature and
relative humidity. Complete climate data sets spanned 1985-2015 for RME and SC, and
from 2003-2015 for JDW. Final simulations assumed both a uniform and redistributed
precipitation layer accounting for the drifting of snow.

Biome-BGC simulations also require a set of ecophysiological parameters (White et
al., 2000). In the case of a deciduous broadleaf forest (DBF) biome, model performance is
most sensitive to seven ecophysiological parameters (specific leaf area (SLA), fine root
carbon: nitrogen (C:N,,,), and foliar carbon: nitrogen (C:N,,,,), maximum stomatal
conductance (gs,,,.), percent leaf nitrogen as Rubisco (PLNR), light extinction coefficient

(k), and the water interception coefficient (W,, )). We measured three of these seven

nt

parameters at each site: SLA, C:N,

root?

and C:N,,. C:N,,,, was measured from sunlit, upper
canopy leaves collected during the summers of 2012 and 2013. Leaves were sampled along
a transect of three plots extending from stand edge to stand interior at each site. To minimize
the effects of shading and competition, upper canopy branches were retrieved from a
dominant, representative tree within each plot. At least seven large, sunlit leaves were
selected from the branches taken from each plot and placed in sample bags containing moist
paper and stored on ice in a cooler. Freshly sampled leaves were photographed next to an
analog measurement scale for subsequent of leaf area. Leaves were oven dried at 65-70 °C

for 48 hours and prepared for C:N analysis. Carbon masses from each sample were
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additionally used for calculations of SLA, defined in Biome-BGC as m” kg leaf C"'. Leaf
area calculated using the image analysis software ImageJ (Schneider et al., 2012, available
online: http://rsb.info.nih.gov/ij/index.html). The sampling strategy for fine roots was
similar to that of leaves, and was completed during the same timeframe. Aspen roots <5 mm
in diameter were sampled from three plots spanning stand edge to stand center at each site.
Before analysis, sampled roots were gently washed with water to remove excess dirt and
debris. Once cleaned, roots were oven dried at 65-70 °C for 48 hours and analyzed for C:N
values. Differences in C:N,,, C:N,,,, and SLA across sites were determined using a one way
ANOVA.

The majority of the remaining ecophysiological parameters were obtained from
previously published studies or adjusted based on field measurements. Estimates of the light
extinction coefficient (k), water interception coefficient (W,,), and maximum stomatal

conductance (gs,,,,) were obtained from published values (Table S2, Appendix 1). PLNR

max.

was also decreased from default values based on estimates calculated from SLA, C:N,,, and

maximum carboxylation rates (Vc,,,) (White et al., 2000, Lenz et al., 2010). Due to

covariation with other parameters like SLA and C:N,,,, PLNR was allowed to vary within
the standard deviation of the combined average of calculated values across all three sites
(0.08, SD=0.02, see White et al. 2000 for calculation). Additional site-specific parameters
including soil texture and soil depth were measured or estimated at soil profiles excavated at
each site, where soil samples extending to 100-120 cm were collected at two plots located at
stand edge and stand interior. Samples from sequential depths at each soil profile were
sieved to 2 mm. Average percentages of sand, silt, and clay were measured by sedimentation
tests, where soil texture is calculated based on the rate and volume of particle sedimentation
in water. Values were used to parameterize soil texture for the uniform soil layer used by
Biome-BGC simulations at each site (Table 2.1).

2.2.7. Model evaluation

For Biome-BGC, comparisons between simulated and observed leaf area index
(LAI), soil moisture, snowmelt, and dates of leaf flush and senescence are useful
assessments of model performance (Running and Waring, 2007). Maximum LAI was
measured at each stand in the early summer of 2013 using a LP-80 ceptometer (Decagon

Devices, Pullman, WA). Simulations of

rootzone

were compared to measured values from
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2012 -2015. Timing of Biome-BGC snowmelt and total SWE were compared to available
iSnobal output. Additionally, phenological measurements at each site were used to further
inform and assess the accuracy of simulations.
2.3 Results

2.3.1. Measured soil moisture storage

Measured S

rootzone

across all sites tended to follow similar seasonal trends throughout
the year, where peak soil moisture storage occurred during the late winter and early spring
following peak snowmelt (Figure 2.2). From the onset of spring green up, measured S,,,,.,,..
declined steadily across each growing season. From 2013-2015, the frequency and intensity
of spring and summer precipitation events varied across the measurement period. While
summer precipitation events occasionally replenished the upper 30 cm of soil, their
influence was often short lived due to higher rates of evapotranspiration during the summer
months (not shown). As soil moisture became increasingly limited in the region measured

by soil moisture sensors, measured S began to plateau as either plant water use

rootzone

decreased or soil moisture was withdrawn at depths extending beyond the measured profile

(Figure 2.2). Once the minimum S,

rootzone

was reached, it remained relatively constant at each
site until the occurrence of late summer and early fall precipitation events. Typically, the
most significant rain events took place in the early fall, near the end of the growing season.
However, the magnitude and frequency of rain events varied from year to year.

2.3.2. Indicators of Drought Stress

The timing and magnitude of drought stress varies by site. Measurements at RME
and JDW, sites with higher annual precipitation, (Table 2.1) reflected adequate levels of soil
remaining around -0.5 MPa across much of the 2012-2015 growing

re-dawn

moisture with '1’[,

seasons (Figure 2.3). At these sites, ¥

pre-dawn

values typically began to decrease in early to
mid-September and reach minimum values in early October during leaf senescence.

Conversely, SCY,

re-dawn re-dawn

declined earlier in the growing season, where minimum ¥,
levels occasionally fell below -1.4 MPa, and could remain below -1.0 MPa for extended

periods of time (e.g. 2013, 2015). Variations in ¥, across the measurement period

re-dawn

suggest that changes in precipitation timing and phase may play an important role in drought

stress experienced by aspen stands along this precipitation gradient.
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2.3.3. Phenology
Growing seasons predicted by Biome-BGC varied in length with most variability
occurring in the timing of spring leaf flush (mean date of onset, SC= Julian day 120+ 15,

JDW= 121117, RME=126 *+15 days). Across the entire simulation period, average growing
season lengths were 182, 181, and 174 days long at SC, JDW, and RME, respectively. At all
sites, modeled growing season onset was primarily a function of soil temperature calculated
from an 11-day running average of daily temperatures. Since there is no correction in Biome
BGC'’s phenology model for the insulating effects of snowpack on soil temperature, the
annual growing season onset dates for a given year remained the same for simulations of
uniform and redistributed precipitation (Figure 2.6 c, f, 1). Simulated leaf senescence was
governed almost entirely by photoperiod at each site, with complete canopy senescence
occurring in late October.

Time-lapse photos from the 2013 growing season indicated reasonable agreement
between simulated and observed spring phenology. Biome-BGC simulated leaf flush began
on day of year 121, whereas measured green-up reached 50% of maximum on day of year
126. Complete leaf senescence was observed from days 295-298 compared to simulated
senescence occurring on day 302. Averaged across all sites, 2013 simulated green-up
occurred 6.7 days earlier than green-up predicted by the 2g_Rbi difference index (SD= 3.8,
n=3, Richardson et al. 2007).

2.3 4. Redistribution of precipitation

Average drift factors also varied between sites. SC had the largest drift factor of
(3.98,SD=1.61), followed by JDW (2.17, SD=1.00), and RME (1.45, SD=0.24). After
applying drift factors to measured precipitation data, effective annual precipitation was
dramatically increased at SC (Figure 2.5b), whereas precipitation increases were more
modest at JDW and RME where drifts above each stand tended to be smaller (Figure 2.5a,
¢). The magnitude of precipitation changes also varied from year to year at each site,
indicating annual variability in the temperature during precipitation events, dominant
precipitation phase, and timing of events.

2.3.5. Timing and accumulation of snowmelt

Initially, Biome-BGC simulations were unable to accurately depict snowmelt

accumulation and melt dynamics of snowdrifts. For example, at mid-elevation sites, the
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snowpack was often transitory during the winter, whereas validated iSnobal simulations
predicted the continuous presence of snow in the drift zone throughout the winter months
(December through March). To address rapid melt rates in Biome BGC, the daily
temperature threshold to initiate snow melt was calibrated based on the well-validated
physically-based snow simulations. The threshold was therefore lowered from T,,, >0°C to

T, >2°C at SC and JDW and T, >0°C at RME. After adjustments to melt initiation

temperatures, snowmelt timing in simulations accounting for redistributed snow by Biome-
BGC improved and remained unbiased (R*=0.76, y=1.1148x-15.921, Figure 2.4). At RME,
JDW, and SC, final melt out day for years that had both iSnobal and precipitation-adjusted
Biome-BGC simulations occurred within an average of 7 (SD=6, n=24), 13 (SD=7, n=2),
and 24 (SD=9, n=2) days of iSnobal simulations, respectively.

2.3.6. Parameterization of Biome-BGC

As determined by a one way ANOVA, measured values of C:N,,,,, C:N,, and SLA
were significantly different across sites (all p values < 0.001, 0=0.05, Table S2, Appendix
1). Simulations were subsequently run using site-specific averages. Average soil textures for
each site varied slightly in sand content but fell into the general classification of silt loam.
Soils at all sites had very low rock contents (<5%). Final estimated soil depths varied
between sites with RME and JDW having the deepest effective soil depths of 1.2 m and SC
having a slightly lower effective soil depth of 1.1 m due to a restrictive layer at ~1 m (Table
2.1).

2.3.7. Biome-BGC simulated soil moisture

Although the simulated S was more accurate after accounting for the

rootzone

redistribution of snow, reductions in the simulated S, tended to occur more rapidly in

rootzone
Biome-BGC compared to measured values (Figure 2.2). While the rate of soil moisture use
was greater than observed, the growing season S,,,,.,,.. In simulations accounting for the
redistribution of snow tracked measured values more closely than simulations assuming a

uniform precipitation layer. At SC in particular, the S simulated using uniform

rootzone
precipitation inputs frequently fell to levels lower than those measured and remained
limiting across longer periods of the growing season until the onset of replenishment from

late summer and fall precipitation (Figure 2.2).
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Seasonal fluctuations in simulated 6, were similar to trends in S where 0,

increased to field capacity during snowmelt at all sites after accounting for the redistribution
of snow (Figure 2.6). At the driest site, SC, simulations assuming a uniform precipitation
layer often had a substantial soil moisture deficit which persisted through the spring months
following complete snowcover ablation. During dry years (e.g. 2007) at SC, vegetation in
simulations assuming a uniform precipitation layer experienced pre-leaf flush 6, values
approximately 0.15 m’m™ lower than simulations accounting for redistributed precipitation
(Figure 2.6e). At all sites, simulated soil moisture use patterns were similar to those
observed, where simulated soil moisture was gradually reduced after spring leaf flush as
transpiration continued throughout the growing season.

Timing of soil moisture limitation was determined when simulated declining soil
moisture levels plateaued and NPP rates became negative. Biome-BGC simulations only
indicated prolonged periods of limiting soil moisture for SC whereas differences between
uniform and adjusted simulations for JDW and RME were negligible. Years similar to 2007,
with low levels of measured precipitation and pronounced summer drought experienced the
greatest relative increases in plant available soil moisture from snow redistribution. During
these years, plant available soil moisture between simulations assuming uniform and
redistributed precipitation could be extended by as much as 35 days for dry years (Figure
2.61).

2.3.8. Simulated NPP

Across the entire simulation period, NPP assuming a uniform precipitation layer
varied across sites, averaging 418,447, and 333 g C m?> yr‘1 at RME, JDW, and SC,
respectively. Large increases in aspen NPP after precipitation redistribution adjustments
were only observed at SC (Figure 2.5¢), where average annual NPP across the 31-year
simulation period increased just over 18% to 396 ¢ C m” yr'. RME and JDW experienced
little to no change in NPP across the entire simulation period (Figure 2.5d, f). For dry years,
where growing season precipitation was minimal (i.e. 2007), NPP at SC was dramatically
affected by the addition of redistributed snow (Figure 2.6f). Specifically, 2007 was a drier
than average year with 303 mm of annual uniform precipitation. After accounting for
redistributed snow, precipitation was increased to 670 mm. Total annual NPP assuming a

uniform precipitation layer was 200 kg C m”, whereas total annual NPP accounting for
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redistributed snow was 354 kg C m?, an increase of over 75% (Figure 2.6f). Additionally,
NPP remained positive nearly 40 days longer when redistributed snow was considered.

While dry years were most likely to experience a response, redistribution of snow
did not always result in increased NPP. At SC, differences between uniform and
redistributed simulations were inconsistent across the simulation period and were
occasionally negligible during certain years (e.g. 1995, 2015, Figures 2.5, 2.6¢, 1). For
example, 1995 (Figure 2.6) was a relatively cool year with nearly the same amount of
measured precipitation as 2007. However, cooler temperatures in 1995 delayed snowmelt
while spring rains decreased both the soil moisture deficit and evaporative demand early in
the growing season (Figure 2.6a). Together, these factors helped alleviate drought stress and
subsequently offset the benefits of redistributed snow, and hence resulted in annual NPP
values that were effectively the same across redistributed and homogeneous precipitation
treatments (Figure 2.6¢).

Simulations also indicate that above average temperatures and decreased snowpack
don’t always result in large differences between uniform and redistributed precipitation
cases. Compared to 2007, which was a warm year with a continuous snowpack, 2015 had
increased winter and spring temperatures that significantly reduced precipitation occurring
as snow leading to a small, transitory snowpack (Figure 2.6g). Even with a redistributed
precipitation layer, little drift formation occurred and relatively early ablation during the
winter and spring reduced the late season soil moisture subsidy to the point where annual
NPP was similar for both uniform and redistributed simulations (Figure 2.61). During the
2015 growing season, the loss of this soil moisture subsidy was supplemented by larger and
more frequent spring and summer rains (Figure 2.6f, g). Despite above average temperatures
and a transitory snowpack, 2015 was a year with some of the highest NPP rates across all
sites (Figure 2.5d, e, f), indicating that the redistribution of precipitation is only one of
numerous factors that can lead to increased annual productivity.

2.4 Discussion

24.1. Soil moisture availability

Increased late season soil moisture with the incorporation of redistributed snow was
only observed at the SC aspen stand where topographical conditions facilitate the formation

of a particularly large drift (as reflected by the calculated drift factor). At that site,
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simulations of S, and 6, showed prolonged periods of limited plant available soil

rootzone
moisture, particularly during years with low annual precipitation and a high soil moisture
deficit under the uniform precipitation case (Figures 2.2, 2.6). In contrast, smaller drifts at
RME and JDW failed to prolong plant available water, indicating an adequate supply of soil
moisture even in the absence of redistributed precipitation. Based on the results of this
study, aspen stands most likely to benefit from redistributed snow are those receiving less
than about 500 mm of average annual uniform precipitation. Simulations also suggest that,
in the absence of large soil moisture storage capacities, a large portion of snow water may
exit the system early in the growing season, limiting its availability later in the growing
season. Studies conducted in similar semi-arid watersheds have found that soil water storage
capacities can be a limiting factor in snow water uptake by vegetation (Smith et al., 2011)
and that snow water can pass through upper soil layers relatively quickly regardless of
maximum snow depth (Grant et al., 2004).

While the redistribution of snow was reasonably incorporated into Biome-BGC,
incorporating additional detail into the simulation of hydrological processes spanning the
soil, plant, atmosphere continuum (SPAC) will strengthen our understanding of the
interactions between snowpack and vegetation function (Vose et al., 2016). The
overestimated rates of soil moisture depletion simulated by Biome-BGC (Figure 2.2) may
be the result of several factors including the generalized representation of stomatal control,
soil depth, and soil profile structure in Biome-BGC, or sensitivities in the parameterization
of the site parameters such as average uniform soil texture and effective soil depth. Since

soil moisture probes used a single calibration curve, calculations of S

rootzone

may have
increased error due to textural differences across soil layers. However, factory testing and
experiments from Kizito et al. (2008) indicate that the sensors used in this study produce
accurate measurements of 6, across a broad range of soil textures using a single calibration
curve.

Soil moisture dynamics are further complicated when plant water uptake is
considered in addition to snowmelt timing and seasonal variability in evaporative demand.
Previous research examining the water balance of the upper SC catchment has shown that
spring precipitation doesn’t usually contribute much to streamflow but can play an important

role in reducing evaporative demand and soil moisture deficits that occur later in the
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growing season (Chauvin et al., 2011). These findings, in addition to the simulations in this
study, indicate that soil moisture availability and use can be largely influenced by not only
the amount of snow water availability, but also by spring growing conditions when
transpiration and vegetation growth rates are typically high.

24.2. Aspen productivity and response

While comparable NPP data specific to western, semi-arid aspen forests are limited,
simulated annual NPP rates of 420 ¢ C m” yr'' were within the range of values published for
aspen in many parts of North America. Previous modeling studies of boreal aspen forests
indicate that simulated mean NPP rates range widely from 332 to 804 ¢ C m” yr' and can
vary substantially depending on soil type and plant water availability (Huang et al., 2013).
Similarly, measured NPP values in similar boreal regions report NPP values between 416 to
440 ¢ C m” yr' (Gower et al., 1997) with the most productive sites reaching 795 g C m™ yr
in Alaska (Gower et al., 2001).

As seen with simulations of soil moisture, increased NPP was only observed at SC
after accounting for the redistribution of snow, contrary to the hypothesis that all sites would
experience increased productivity due to snow drifting. This trend may be partially the result
of the site’s relative location within the local precipitation gradient. SC currently
experiences half of the annual precipitation relative to RME and exists in an area of larger
drift formation than the other two study sites. The effect of the snow subsidy is reduced at
sites receiving more precipitation, where productivity of aspen stands may be less sensitive
since soil moisture is non-limiting at these wetter sites, especially when combined with
lower growing season VPDs, and adequate soil storage capabilities.

While simulated phenology agreed well with observations of leaf flush and
senescence during the 2013 growing season, the phenological sub routine in Biome-BGC
could be improved. Although the model accounts for both temperature and radiation controls
on plant phenology, corrections for snowpack have not been implemented in this version of
Biome-BGC. For these simulations specifically, this simplification could have potential
implications for total growing season length. The impact on growing season is twofold.
Reductions in snow pack may result in earlier spring leaf flush while prolonged snowpack
presence could also delay leaf flush leading to shorter overall growing seasons. For

simulations accounting for the redistribution of precipitation, snowpack usually melts before
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leaf flush. However, cooler years with high amounts of snow water can have periods where
spring photosynthesis overlaps snowpack presence. Since snowpack does not delay leaf
flush in the model, this may result in overestimates of growing season length during cooler
years. This bias is most prominent at RME, the coolest site where snowpack presence is
often the most persistent. For 2013, BGC predicts leaf flush occurring 11 days earlier than
observed. This larger error relative to warmer sites like SC and JDW (simulated leaf flush
occurred 4 days earlier than measured), is likely due to the model’s oversimplification of the
insulating properties of the snowpack and subsequent effects on soil temperature and plant
phenology.

As depicted in the simulations, aspen growth and senescence are closely linked to
changes in soil temperature and photoperiod (Fracheboud et al., 2009). However, Populus
phenology has also shown sensitivity to shifts in temperature during both early and late
season phenological events (Rohde et al., 2011). These interactions are not represented in
the Biome-BGC phenology model, and may not fully capture the range of vegetation
response to continued warming spring and fall temperatures and decreased snow pack and
that will result with further climate change. While phenological processes were necessarily
simplified in Biome-BGC, our simulations capture the primary environmental controls
determining growing season length and are in relative agreement with observations.

The combination of factors, including precipitation timing, elevation, and site
characteristics, results in complex interactions which vary across relatively small scales
within the RCEW. For instance, while SC was the only site to experience significant
increases in NPP, the response varied by year, indicating the presence of other factors
linking vegetation productivity to precipitation phase and timing. Sheep Creek NPP tended
to have the largest response to redistribution of snow on years when uniform precipitation
(rain) was low (e.g. 2007, Figure 2.6d). However, for years where uniform precipitation was
high, the magnitude of increase in NPP was much smaller. Although the response showed a
large degree of variability, the overall year to year trend in annual NPP from 1985 to 2015
was stabilized after accounting for redistributed snow (Figure 2.5¢), indicating that a snow
water subsidy from drifts may provide an important buffering effect during extreme drought

or low snow years.
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Unlike 2007, where there was a pronounced period of summer drought, simulation
years with cool summer temperatures and frequent spring precipitation often showed little
response to the redistribution of precipitation. For instance, although 1995 was a year where
snowpack presence was significantly reduced in the absence of a drift, cooler temperatures
and frequent spring rains helped reduce the spring soil moisture deficit (Figure 2.6a).
Growing season rain events were also more frequent during the spring and summer of 1995
(Figure 2.6a) and provided brief pulses in available soil moisture in addition to reducing
transpiration rates. While summer precipitation did occur during 2007, the events were
fewer and smaller ultimately having little impact on long term soil moisture availability,
VPD reduction, or increased mid-summer NPP (Figure 2.6).

While these results indicate that a decrease in snow water inputs from redistributed
snow can have important ecological implications, vegetation leaf area can exert additional
controls on soil moisture availability. This was most apparent during 2015, a year with
above average temperatures and approximately average annual precipitation. Daily
simulations of NPP and 6, for SC (Figure 2.6) show how canopy development can influence
seasonal trends in soil moisture use. For 2015, differences in maximum LAI between
uniform (LAI= 1.3 m*m™) and redistributed simulations (LAI= 1.6 m*’m™) led to differing
rates of soil moisture depletion across the growing season (Figure 2.6h). The higher LAI
occurring in the redistributed precipitation simulations resulted in higher rates of NPP in the
spring followed by periods of soil moisture limitation later in the summer. Conversely,
uniform precipitation simulations had a lower LAI, leading to slightly lower daily NPP rates
during the spring. Ultimately, decreased LAI and spring NPP rates for uniform precipitation
simulations led to more conservative soil moisture use later in the growing season (Figure
2.6h). While trends in daily NPP differed between precipitation cases, total annual NPP for
uniform and redistributed precipitation simulations were similar for 2015. Overall, these
simulation years highlight the variety of vegetation responses to changes in snowpack.
However, it is important to note that while subsequent years of ample soil moisture and low
evaporative demand may allow some recovery in vegetation productivity, severe drought
years can have significant legacy effects and may ultimately exert sufficient stress to limit

complete recovery or result in stand death (Anderegg et al., 2013, Vose et al., 2016).
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These results show the responses of soil moisture and NPP to redistributed
precipitation can differ by year and between sites in relatively close proximity. While certain
soils in the RCEW may be limited by their storage potential, these simulations suggest that
larger drifts in areas with higher seasonal soil moisture deficits are much more likely to
subsidize plant available soil moisture relative to minor drifts where the majority of
snowmelt exits the system before the onset of drought stress. The results in this study also
indicate that interactions between soil moisture, evaporative demand, and precipitation
thresholds must be considered together to understand the importance of redistributed
precipitation on vegetation productivity.

As climate change continues to alter water resource and energy availability in semi-
arid ecosystems, understanding the response of vegetation communities to shifting
hydroclimatic regimes is essential for developing effective long term management plans for
vulnerable species, habitat conservation, and landscape carbon sequestration. We show that
the reduction in seasonal hydrological storage in the form of redistributed snow may
negatively impact drought sensitive species like aspen. It is also important to note that an
increase in temperature has not been incorporated into this study. Thus, the shifts in NPP
presented here are simply the result of the presence or absence of a snow water subsidy
stemming from redistributed snow accumulated because of the interactions of wind fields
with complex topography. While future increases in temperature are not considered in this
study, solely considering the redistribution of snow suggests that drifts have historically
been an important source of soil moisture to aspen stands located in areas with relatively low
precipitation. Nevertheless, it is essential to assess the importance of water resources and
soil moisture availability in the context of climate change. While rising temperatures will
likely increase the importance of snow water subsidies, growing seasons are also expected to
lengthen with increased evaporative demand during the summer months, thereby
exacerbating drought conditions. In addition to changes in growing season conditions, future
shifts in the amount of incoming precipitation should also be considered. Increases in total
precipitation under climate change could potentially buffer spring soil moisture deficits
caused by reductions in redistributed precipitation. For example, spring rains during years
like 1995 and 2015 were sufficient to offset the loss of snow water subsidies experienced

under a homogenous precipitation layer. Currently, the response of vegetation communities
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to ongoing shifts in precipitation and in particular, redistributed precipitation regimes,
phenology, and increased drought severity remains an important area of uncertainty in semi-
arid ecosystems.
2.5 Conclusions

While no significant changes in the amount of total precipitation have been
documented within the RCEW over the past decades (Nayak et al, 2010, Seyfried et al.,
2011) the ratio of total annual snow to rain is expected to continue to decrease. Although the
total amount of precipitation may remain consistent, any shifts in the timing and phase of
precipitation could have profound impacts on vegetation communities depending on their
location along a shifting precipitation phase gradient. The results presented here indicate that
the redistribution of precipitation only prolongs soil moisture availability at sites that both
receive 500 mm or less annual precipitation and have high soil moisture storage capacity.
Unlike the driest site, increased soil moisture inputs resulting from drifting had little effect
on growing season soil moisture availability at sites receiving higher annual precipitation
amounts. Considering the heterogeneous distribution of available resources is essential when
assessing the vulnerability of ecosystems to climate change. Studies not accounting for the
presence of heterogeneous soil moisture subsidies or soil characteristics may underestimate
carbon fluxes in landscapes where the distribution of water resources is complex and shapes
the distribution of key vegetation communities. This is an important consideration to make
when identifying sensitive species or regions that may be susceptible to changes in
temperature and precipitation. Therefore, future management of vulnerable aspen
communities should consider climate change induced shifts in precipitation phase and the
role hydrological refugia plays in maintaining ecosystem resilience.
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Tables:

Table 2.1. Site description and leaf area index (LAI) for Reynolds Mountain East (RME),
Johnston Draw (JDW), and Sheep Creek (SC). Standard deviations are indicated in
parentheses when applicable.

Parameter RME JDW SC Method
Elevation (m) 2038 1782 1817 -

Mean annual air temperature 5.3 (0.7) 8.3(0.8) 7.1(0.7) Simulation
°C) period mean
Mean annual uniform 947 (176) 665 (99) 422 (115) Simulation
precipitation (mm) period mean
Sand, silt, clay (%) 25,70,5 36,59,5 31,58, 11 Measured
Biome-BGC simulated 1.2 1.2 1.1 Adjusted
soil depth (m)

Observed LAI (m* m™) 0.9 (0.7) 1.7(1.1) 1.4 (0.9) Measured
Biome-BGC LAI (m* m?) 14 15 1.6 Simulation

period mean
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Figure 2.1. Locations of aspen stands used for this study within the Reynolds Creek
Experimental Watershed and Critical Zone observatory. Johnston Draw (JDW) and Sheep
Creek (SC) are mid-elevation sites. Reynolds Mountain East (RME) is the highest elevation
site receiving the highest annual precipitation.
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Figure 2.6. Response of snowpack, VWC (8,), and net primary productivity (NPP) to
redistributed precipitation at Sheep Creek (SC) for 1995 (a,b,c), 2007 (d.e.f), and 2015
(g,h,i). Biome-BGC simulated snow water, VWC, and NPP are shown for both uniform and
redistributed precipitation treatments. Measured precipitation events are shown in gray bars
(panels a,d,g). Despite large drift formation in 1995, cooler temperatures and spring rains
supplemented soil moisture in the absence of a drift. Unlike 1995 and 2015, drift presence
was far more important during 2007, a year with above average temperatures and increased
growing season evaporative demand. After accounting for the redistribution of snow, NPP
remained positive nearly 40 days longer during 2007.
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Abstract

Precipitation regimes in many snow-dominated semi-arid ecosystems are becoming
increasingly dominated by winter rainfall because of climate change. Across these regions,
snowpack plays a vital role in the distribution and timing of soil moisture availability. In
areas affected by the redistribution of snow, rising temperatures will result in a more
spatially uniform distribution of soil moisture, shifts in the timing of soil moisture inputs,
advanced spring phenology, and altered growing seasons. Productive and wide ranging tree
species like aspen, Populus tremuloides, may experience increased vulnerability to drought
and mortality resulting from both reduced snowpack and increased evaporative demand
during the growing season. To assess the response of aspen to shifts in redistributed snow
and warming temperatures we simulated the net primary production (NPP) of aspen stands
spanning the rain/snow transition zone in a semi-arid watershed in southwest Idaho, USA.
Within the study area, the total amount of precipitation has remained unchanged over the
past 50 years, however the percentage of the precipitation falling as snow has declined by
approximately 4% per decade at mid-elevation sites. The biogeochemical process model
Biome-BGC MuSo was used to simulate aspen NPP at three stands located directly below
snowdrifts that provide melt water late into the spring. After adjusting precipitation inputs to
account for the redistribution of snow, we assessed climate change impacts on future aspen
productivity. Mid-century (RCP 8.5) aspen NPP was simulated using temperature
projections from a multi-model average using the Multivariate Adaptive Constructed

Analogs (MACA) data set. While climate change simulations indicated a ~25% decrease in
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annual NPP for some years, NPP rates for other mid-century years remained relatively
unchanged or increased due to intra-annual variations in growing season conditions. During
years that experienced large decreases in NPP, the onset of drought stress occurred earlier
due to earlier spring soil moisture use and prolonged periods of high summer vapor pressure
deficits. These results indicate that vegetation response to decreased snowpack can result in
increased drought stress and decreased NPP, although temperature-induced phenological
shifts that increase the synchrony of leaf production and incoming precipitation ameliorate
this response in some years.

3.1 Introduction

Precipitation regimes, specifically the timing of precipitation, play a key role in the
cycling of carbon by vegetation across the landscape (van der Molen et al., 2011). In many
arid and semi-arid ecosystems found across the inter-mountain United States, the timing of
precipitation is often asynchronous with the timing of peak vegetation growth, transpiration,
and subsequent soil moisture use (Lauenroth et al., 2014). The resulting asynchrony between
vegetation productivity and incoming precipitation results from a combination of limiting
climatological conditions including temperature, incoming radiation, and atmospheric
evaporative demand (Boisvenue and Running, 2010). However, precipitation timing and
subsequent soil water availability remain one of the primary drivers of vegetation
distribution and ecosystem function in many semi-arid systems (Polley et al., 2013, Loik et
al.,2014,).

In the interior Pacific Northwest, especially at mid to high elevations, most
precipitation occurs as snow during the late fall, winter and early spring. Unlike rain, which
is relatively uniformly distributed over the landscape, snow may be preferentially deposited
and/or redistributed by wind. This leads to accumulations in snow drifts or losses from
scour zones especially in complex terrain. The redistribution of frozen precipitation
ultimately influences the spatiotemporal distribution of soil moisture available to vegetation
during the growing season when temperature and incoming radiation are less limiting.
Following spring snowmelt, growing plants typically experience pronounced periods of
drought with little incoming precipitation and high vapor pressure deficits (VPD). These
climatological constraints, combined with the heterogeneous distribution of soil moisture

across the landscape, play a large role in the current distribution and structure of semi-arid
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plant communities across semiarid temperate regions similar to the western United States
where soil moisture availability is a primary limiting resource.

In many forested ecosystems, increasing temperatures are altering the climate that
has historically played a large role in the current distribution and function of vegetation
(Allen et al., 2013). Regions where water availability is the primary control on vegetation
productivity may be particularly vulnerable to climate change-induced shifts in temperature
and precipitation (Kelly and Goulden, 2008). Populus tremuloides, or aspen, is the most
widespread tree species in North America (Worrall et al., 2013), with a range encompassing
large areas with snow-dominated precipitation regimes. In upland semi-arid ecosystems,
aspen frequently inhabit leeward hill slopes where snow drifts form during the winter
(Shepperd et al., 2006). These aspen communities may be particularly sensitive to changes
in precipitation phase, since snow drifts provide soil water subsidies relative to the more
spatially uniform soil water inputs that occur when precipitation occurs as rain.

Recent widespread decline in aspen forests resulting from drought suggest that future
changes in precipitation and drought severity will lead to increased aspen vulnerability
under continued climate change (Rehfeldt et al., 2009, Anderegg et al., 2013, Worrall et al.,
2013). While the timing of precipitation will largely remain concentrated during the winter
and early spring across much of aspen’s range in the intermountain west, rising temperatures
will directly impact precipitation phase (e.g., rain or snow). Shifts in precipitation phase
have been documented since the mid- 20" century in numerous areas historically
characterized by snow-dominated precipitation regimes (Mote et al., 2005, Nayak et al.,
2010). As climate change progresses, the rain/snow transition zone, defined here as the
elevation where the winter precipitation phases are mixed, is projected to continue to
increase in elevation. This will result in extensive areas throughout the western U.S. shifting
from previously snow-dominated precipitation regimes to mixed snow/rain, or rain-
dominated precipitation regimes (Klos et al., 2014). In complex terrain, increases in the
proportion of rain will directly impact the redistribution of precipitation across the
landscape, resulting in a more spatially uniform distribution of precipitation and a reduction
in snow drifts. Shifts in precipitation phase will subsequently influence the timing and

spatial distribution of surface water input (SWI), or the amount of rain or snow melt entering
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the soil profile where it either exits as drainage below the rooting zone or is stored and used
by vegetation later in the growing season.

Semi-arid upland aspen communities associated with snow drifts are often highly
productive relative to the surrounding, low statured sage brush steppe vegetation growing
under drier conditions. However, the response of upland aspen communities to rising
temperatures remains uncertain, since shifts in phenology may facilitate increased
productivity during periods that were previously temperature limited. Previous studies
indicate that aspen stands can benefit from snow water stemming from large snow drifts that
form in the winter and persist late into the spring (Chauvin et al., 2011, Soderquist et al., in
review). Soderquist et al. (in review) found aspen stands most likely to benefit from the
redistribution of precipitation were those growing in areas with higher average annual
temperatures (> ~7°C) and low average annual precipitation (<~ 500mm). These results
indicate that large snow drifts in areas with adequate soil moisture storage allow aspen
stands to maintain positive rates of productivity during periods of peak drought. While the
previous study (Soderquist et al., in review) indicated that snow drifts are a historically
important sources of soil moisture, it only accounts for the presence or absence of a drift
resulting from topographic variability and does not address future ecosystem dynamics
driven by climate change. However, a more comprehensive understanding of how upland
aspen communities will respond to co-occurring shifts in precipitation phase, phenology,
and growing season conditions is needed.

Since aspen are a wide ranging and potentially drought sensitive species (Anderegg
et al. 2013, Worrall et al., 2013), future shifts in carbon assimilation are useful indicators of
both species and ecosystem resilience under changing conditions. This study focuses on two
carbon fluxes, net primary and net ecosystem productivity, to assess aspen vulnerability
under climate change. Net primary productivity (NPP) is a measure of the total vegetation
carbon assimilated after accounting for autotrophic respiration. During periods of prolonged
soil moisture limitation or high evaporative demand, respiration costs can exceed
photosynthetic gains resulting in lower rates of NPP. Reductions in NPP are useful
indicators of increased sensitivity to drought stress, vulnerability to carbon starvation, and
declining physiological capacity. For this study, decreased aspen NPP at a given site would

suggest reduced aspen viability under future conditions. Alternatively, net ecosystem
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production (NEP) is the total ecosystem carbon flux including both autotrophic and
heterotrophic respiration. Simulations indicating positive NEP rates describes an ecosystem
acting as a carbon sink, whereas negative NEP rates indicate the ecosystem is functioning as
a carbon source. In semi-arid ecosystems, both NPP and NEP are closely linked to available
soil moisture, precipitation, and drought intensity (Poulter et al., 2014, Ahlstrom et al., 2015,
Biederman et al., 2016).

In this study, we incorporate the combined effects of climate change on the
redistribution of snow and changes in growing season conditions into simulations of snow
drift dependent semi-arid aspen ecosystems. Using the biogeochemical process model
Biome-BGC MuSo (Hidy et al., 2016), we simulated snow redistribution, NPP, and NEP at
three aspen stands spanning the current rain:snow transition zone under both historical and
mid-21* century conditions, where temperature increases are predicted to occur. Under
warmer mid-century conditions, we predict that:

1) warmer spring temperatures and decreases in redistributed snow will lead to
earlier spring leaf flush and increased spring NPP.

2) prolonged periods of drought under warmer and drier conditions will lead to
reduced total NPP relative to historical conditions.

3.2 Methods

To assess the response of aspen and ecosystem productivity to reductions in
redistributed precipitation, we applied historical and mid-21* century hydrometeorological
data sets spanning 13-20 years to simulate aspen productivity using Biome BGC Muso
(Hidy et al. 2016) at sites currently spanning the snow/rain transition zone where decreases
in the proportion of winter precipitation falling as snow are predicted to continue with
warming temperatures.

3.2.1. Site description

Simulations were run at three aspen stands spanning middle and high elevations in
the Reynolds Creek Critical Zone Observatory and Experimental Watershed (RCEW)
located in the Owyhee mountains of southwest ID, USA (Figure 3.1). The climate and
precipitation regime of the RCEW is representative of many semi-arid ecosystems in the
great basin and interior northwest USA (Nayak et al., 2010) where most precipitation occurs

during the winter months, and is snow dominated at middle and high elevations. Winter and
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early spring months are typically followed by a growing season characterized by periods
where precipitation events are sporadic and average daytime vapor pressure deficits can
frequently exceed 3 kPa. Over the period of instrumentation, no significant changes in total
annual precipitation have been documented in the RCEW. However, since the monitoring
was initiated in 1961, air temperatures in the watershed increased by approximately 2°C,
resulting in a decrease in the proportion of snow across the watershed, particularly at lower
and middle elevations (Nayak et al. 2010).

Within the RCEW, aspen stands currently span the rain: snow transition zone where
the average total annual precipitation ranges from 420 to >950mm. The three sites selected
for simulations span this temperature and precipitation phase gradient and include two mid-
elevation stands, Sheep Creek (SC) and Johnston Draw (JDW), and a high elevation site,
Reynolds Mountain East (RME) (Table 3.1). Each upland aspen stand is located on leeward
hillslopes below a single snow drift where redistributed snow supplies soil moisture into the
summer months (described in Soderquist et al., in review). Due to complex topography,
drifts, and therefore moisture subsidies at each site vary in size. For example, while SC is
the site with the lowest average annual precipitation, the interactions of the topography and
wind field produces the largest drift (Table 3.2). Study sites at JDW and RME, despite
receiving higher amounts of total precipitation, consist of stands located below smaller
drifts. Soils at each site are classified as silt and sand loams and extend at least 1m in depth.

3.2.2. Historical climate

Historic climatic conditions used for simulations were based on measurements made
at meteorological stations neighboring each site. For this study, we used historical climate
records spanning 1996-2015 at RME and SC, and 2003-2015 at JDW. These datasets

provided daily values of maximum daily temperatures (7,

max.

), minimum daily temperatures
(T,,,), relative humidity (RH), and incoming precipitation that were used to develop climate
datasets required to run Biome-BGC MuSo (discussed below).

3.2.3. Climate change projections

To represent climate change conditions predicted for the mid 21* century, projected
temperature increases and changes in relative humidity were applied to historical climate
datasets. Downscaled monthly 7,,,. and T,,, for both historic (1985-2005) and mid-century
conditions (2046-2065) were obtained from a 20-model ensemble mean of CMIP5 global
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climate models (Taylor et al., 2012) using the Multivariate Adaptive Constructed Analogs
(MACA) downscaling method (Abatzoglou and Brown, 2012). Monthly temperatures were
downscaled to 4 km grid cells based on a continued high CO, emissions scenario (RCP 8.5).

Changesin7,, and T,,,

at each site were determined by the difference between monthly
downscaled historic temperatures and projected mid-century temperatures obtained from the
MACA data portal. Average monthly 7,,,. and T,

max min

daily temperatures for the years 1996-2015 at RME and SC and 2003-2015 at JDW. Across

increases were then applied to measured

much of the western United States, RH is projected to decrease slightly with warming
temperatures (Ficklin and Novik, 2017). To account for future decreases in RH, we applied
the average annual decrease in RH between downscaled historic (1985-2005) and mid-
century projections (2046-2065) predicted by 18 GCMS in the MACA data portal to
measured values.

By using identical precipitation inputs before accounting for the redistribution of
frozen precipitation, we assume that historical trends in total annual precipitation and inter-
annual variability will continue into the mid-21* century. Future shifts in precipitation phase
resulting from warming temperatures are projected with much more confidence, whereas
changes in regional precipitation amount, intensity, and timing remain more uncertain
(IPCC, 2014, Maloney et al., 2014). Once temperature increases were applied to daily
climate records, precipitation data for climate change simulations were adjusted to account
for the redistribution of frozen precipitation under warmer, mid-century conditions.

3.24. Precipitation adjustments

As described in Soderquist et al. (in review), the redistribution of snow is represented
in our climate datasets through the application of drift factors calculated from iSnobal
simulations of snow redistribution to measured precipitation data. iSnobal is a spatially
adapted version of the physically-based, mass- and energy-balance model Snobal that
produces spatially-distributed simulations of snow states and fluxes based on climate
forcings, vegetation, and topography (Winstral and Marks, 2002, Reba et al., 2011, Winstral
et al., 2013). The iSnobal simulations from Reba et al., 2011 (1984-2008 at RME) and
Winstral et al., 2013 (2007-2008 at SC and 2006-2007 at JDW) were the primary sources
used to adjust the precipitation forcing data applied in Biome-BGC. Each aspen stand

simulated by Biome-BGC MuSo lies within or borders iSnobal-simulated catchments.
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Simulations of daily snow water equivalent (SWE) from the spatial snow model, (Reba et
al., 2011, Winstral et al., 2012), were used along with precipitation measurements to

calculate drift factors (DF) using the equation:

DF = Peak simulated SWE (mm) (1)

Total measured uniform snow (mm) aacross drift accumulation period

where peak simulated SWE is the seasonal maximum SWE extracted from a point in the
center of each iSnobal-simulated drift and the drift accumulation period is defined as the
period from initial drift formation to peak SWE simulated by iSnobal. For both historical
and simulations of future climate projections, the average historic drift factor at each site
was used across all simulation years. Annual drift factors were applied to all measured
precipitation data occurring below freezing temperatures. For both historic and mid-century
simulations, the full drift factor was applied to total daily precipitation if average daytime

) were < 0°C. If only T,

daytime or

temperature (7.
T,

night

) and average nightly temperature (7,
were < 0°C, a drift factor with a rate of increase 50% less than the full drift factor was
applied to total daily precipitation.

3.2.5. Soil moisture storage

Soil moisture was monitored at one to two soil moisture profiles in each stand. In the
spring of 2012, soil moisture sensors were installed at RME. Soil moisture sensors (Decagon
Devices, Pullman WA) were placed at depths of 10, 30, 60, and 120 cm at two profiles
extending from the stand edge to stand interior. Similar soil moisture transects were installed
at SC in the spring of 2013, where two profiles extended from the stand edge to stand
interior with soil moisture sensors at depths of 10, 30, 70, and 100 cm. Soil moisture at JDW
was monitored by a single hydra probe profile (Stevens Water Monitoring Systems, Inc.,
Portland, OR) located in the center of the aspen stand with sensors at 5, 20, 50, 75, and 88
cm depths.

Volumetric water content (8, m’m™) measured from installed probes was used to
calculate soil moisture storage (S, mm) at each site. Total soil storage for the top 100 cm of

soil was calculated using the equation:

i=number of layers

S100 = z 0; * D; (2)
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where 6; is the volumetric water content of layer i, and D is the depth (mm) of layer i. Due
to differences in probe depths, site-specific storage equations were used to calculate S,
(Table S2, Appendix 2). Like measured S, S;q, simulated by Biome-BGC MuSo was
calculated from 6 simulated at four depths in the top meter of soil.

3.2.6. Biome-BGC MuSo model description and parameterization

Biome-BGC MuSo v 4.0 (where MuSo stands for multilayer soil module, Hidy et al.,
2016) is an extended version of the one-dimensional biogeochemical process model Biome-
BGC (v4.2, Thornton et al., 2002) that simulates ecosystem processes through daily fluxes
of energy, water, carbon, and nitrogen. While Biome-BGC MuSo is still a one-dimensional
model, simulations of soil hydrology, plant water uptake, and plant response to drought have
been significantly restructured. Among these improvements, changes in the soil sub-routine
and calculations of soil moisture limitation are the most significant and relevant for this
study. We briefly introduce these changes below, but for a more comprehensive overview of
the theoretical basis behind all model modifications see Hidy et al., 2016.

In Biome-BGC v 4.2, soil depth and plant available soil water is constrained by a
uniform, single layer soil profile. Biome-BGC MuSo expands this module to include seven,
fixed depth soil layers where soil texture is user defined and can vary by layer. These
changes provide the basis for a more realistic representation of soil structure, soil hydrology,
and plant water uptake in model simulations. Water from rainfall or snowmelt initially
infiltrates into the soil, redistributes to the various soil layers, and is either stored within the
soil or exits as outflow. Within the soil profile, soil moisture available to plants is
constrained by the maximum rooting depth and an empirical root distribution parameter.
Soil moisture uptake by roots can be constrained by either decreases in soil water potential
or changes in relative soil water content. For this study, changes in soil water content (SWC,
m’m”) were used to limit plant water uptake. First, to simulate soil moisture availability in
an individual soil layer, critical points along the soil water characteristic curve such as
saturation (sat), field capacity (fc), and wilting point (wp) are either user-defined or
internally calculated using soil texture parameters. Changes in simulated SWC are then used

to calculate the normalized soil water content (NSWC) using the equation:
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SWC—SWCyp
SWCsqt—SWCyp

NSWC= L ifSWC,, < SWC

3)
NSWC=0 ,SWP,,, = SWC
The NSWC is then used to determine the soil moisture stress index (SMSI) for a given layer,
a dimensionless value that falls between 0 (maximum drought stress) and 1 (minimum
drought stress). Changes in the SMSI across the root zone are subsequently used in
calculations of stomatal conductance, soil water transpiration, and drought-related
senescence.

For this study, we maintain the original phenology subroutine in Biome-BGC 4.2
where leaf flush and senescence for deciduous vegetation is governed by a combination of
soil temperature and photoperiod thresholds. For aspen, differences in phenological
simulations between sites and across historical and mid-21* century climate scenarios are
driven entirely by changes in air temperature. Onset of spring growth, or leaf flush, is
initiated when day length exceeds 10.9 hours and soil temperatures calculated from an
eleven-day running average of daily air temperatures exceed critical thresholds. At the end
of the growing season, leaf senescence is triggered when either soil temperatures or day
length fall below critical thresholds.

Like Biome-BGC 4.2, Biome-BGC MuSo operates on a daily time step and is driven
by daily inputs of maximum (7,

) and minimum temperature (7,,,), average daytime

ax.

temperature (T,,,..) and vapor pressure deficit (VPD), incoming solar radiation (W m™),

aytime

and day length (s). Historical and adjusted mid-century meteorological datasets (described

earlier) provided 7,,,,, T,,, and average daytime VPD calculated from temperature and

max> + min,

relative humidity. To account for the influence of aspect on incoming radiation and day

length at each site, day length, 7.

and incoming shortwave radiation were simulated for
both historical and mid-21* century climate scenarios using the microclimate model

MTCLIM (v. 4.3, Thornton et al., 2000). Biome-BGC MuSo also requires annual inputs of
atmospheric CO, concentrations for simulations of photosynthesis and gas exchange. Since
temperature increases in this study follow RCP 8.5, annual atmospheric CO, concentrations

(ppm) recommended by the coupled model intercomparison project (CMIP5) for RCP 8.5
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were used for both historical (1996-2015) and mid-century (2046-2065) simulations
(Meinshausen et al., 2011).

Soil textures were measured at approximately 10cm, 30 cm, 70 cm, and 100cm
depths at each site. Average measured values of sand, silt, and clay for each depth were then
used to parameterize the seven-layer soil profile defined in Biome-BGC MuSo. Biome-BGC
MuSo simulates ecosystem processes for a deciduous broadleaf plant functional type (PFT)
specifically parameterized for aspen using ecophysiological data both derived from the
literature and measured at each site (Table S1, Appendix 2 but see Soderquist et al., in
review for a full description of parameterization methods). Ecophysiological parameter
values calculated from field data (i.e. percent leaf nitrogen in Rubisco) were allowed to vary
within one standard deviation of the total mean of all sites. Soil moisture uptake parameters
were also adjusted by site based on observed soil moisture trends (Table S1, Appendix 2).
For this study, site and ecophysiological parameters are assumed to remain constant for both
historical and mid-century simulations.

3.2.7. Simulation and analysis

Historical simulations of §,,, and LAI were compared to field observations,
measured at each site. To assess the response of aspen to warming temperatures and reduced
snowpack, simulation outputs at both annual and daily time steps were analyzed. Trends in
snowpack, growing season length, NPP, and NEP were compared between historical and
mid-century scenarios to determine the impact of increased temperatures on fluxes of plant
and ecosystem carbon. Periods of snow residence were defined by the number of days where
simulated snowpack was present. Shifts in phenology were determined by dates of spring
leaf flush and senescence given by daily simulations of leaf area index (LAI). Drought
impacts on carbon uptake were determined by shifts in simulated annual and daily NPP and
annual NEP. For this study, the impacts of disturbances such as fire or harvest on ecosystem
carbon are not considered.

3.3 Results

3.3.1. Temperature increases

Due to the relatively close proximity of the sites, average monthly increases between
downscaled historical and projected mid-century temperatures were nearly identical.

Average monthly increases in 7, and 7,,,

across all 20 GCMs varied, with average monthly
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temperatures increases ranging from 2.5°C to 3.7°C with the largest increases occurring
during the summer months (Figure 3.2). Similar to the findings of Ficklin and Novik (2017),
decreases in average annual relative humidity were modest, and a small, absolute decrease
(3.0%) was applied to historic measurements to represent slightly drier mid-century
conditions.

Since incoming precipitation was unchanged between historic and mid-century
datasets, precipitation timing and periods of peak evaporative demand maintained the same
inter-annual variability across all simulated cases. However, after applying mid-century
changes in temperature and relative humidity, average day time VPD increased at all sites,
with the largest increases occurring in the summer months during periods of high
temperature and low relative humidity (Figs. S1, S2, Appendix 2). During warmer than
average years (e.g. 2015), historical average daytime VPD occasionally exceeded 3.0 kPa at
all sites. However, mid-century daytime VPD often exceeded 3.5 kPa and remained above
2.5 kPa for extended periods of time. Warmer, mid-elevation sites continued to have higher
growing season VPD relative to RME, however all sites experienced VPD levels where
stomatal conductance is increasingly limited (i.e. where VPD limitation ranges from 1.0 to
4.2 kPa, as parameterized for aspen, Table S1, Appendix 2).

3.3.2. Precipitation shifts

Since drift factors, annual uniform precipitation, and precipitation frequency are
assumed constant between historic and mid-century simulations, temperature shifts were the
sole driver of changing snowpack and precipitation redistribution. Under warmer mid-
century conditions, there was less precipitation falling as snow, therefore there was less
snow to redistribute and precipitation was more spatially uniform (Table 3.2, Figure 3.3).
Reductions in effective precipitation inputs at aspen stands after accounting for the
redistribution of snow were the smallest at the high elevation site, RME, where average
annual redistributed precipitation was reduced from 1200mm to 1100mm (8%). Reductions
were larger at mid-elevation sites, where average annual redistributed precipitation
(effective precipitation) was reduced from 944 to 810 mm at JDW (14%) and 1030 to
757mm at SC (27%). Since these shifts in annual precipitation include both rain and snow
during the cold season and precipitation occurring across the entire year, large changes in

winter precipitation phase can be somewhat masked by annual precipitation averages. For
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example, the maximum amount of snow water held in drifts could be severely reduced at all
sites, such as the years where maximum SWE decreased by as much 85, 91, and 80% at SC,
JDW, and RME, respectively.

Shifts in precipitation redistribution by mid-century are a function of both drift
factors and increasing temperatures. By mid-century, historically stable snowdrifts at mid-
elevation sites were reduced in size and became increasingly transitory (Figures 3.7, 3.8).
Due to fewer snow events, average snow residence time across the winter and spring months
was reduced by 63 days at RME, 73 days at SC, and 80 days at JDW under mid-century
conditions (Table 3.2). While the accumulation of snow became increasingly temperature
sensitive, drift size also played a role in seasonal snowpack. By mid-century, sites with
larger drifts (SC), still experienced increasingly transitory snowpacks with larger melt rates,
however precipitation accumulation occurring below freezing temperatures remained larger
than that of RME and JDW where drifts were smaller.

3.3.3. Soil moisture storage

Simulated and measured spring S, during 2014 and 2015 peaked between 350- 400
mm (Figure 3.4). Following spring leaf flush, storage was reduced across the growing
season to an annual minimum of ~200mm. Simulated growing season §,,, was slightly
overestimated at wetter sites like JDW and RME, however simulations of peak and growing
season §,,, were in close agreement at SC. Following leaf senescence in October, simulated
S.00 increased faster than measured rates, and fall rains and winter snowfall recharged soil
moisture more quickly in Biome-BGC MuSo simulations. Overestimates of soil recharge
rates were most prominent at SC and RME (Figure 3.4). The more rapid simulated recharge
rates are likely the result of the spatially heterogeneous soil wetting that occurs with snow
redistribution and is not accounted for with the way snow drifts are simulated in Biome-
BGC MuSo.

3.3.4. Phenology and growing season shifts

Compared to RME, where historic growing season length averaged 172 days (SD=
14.6, n=20 simulation years), growing season lengths were slightly longer at mid-elevation
sites, averaging 178 (SD= 16.0, n= 20 simulation years) and 182 days (SD= 18.5, n=13
simulation years) at SC and JDW, respectively. Average maximum LAI simulated by

Biome-BGC MuSo across the simulation period fell within the measured range at each site
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(Table 3.1). Warmer, mid-21* century conditions resulted in longer growing seasons where
average growing season length increased approximately two weeks at all sites (Table 3.2).
Growing season shifts were primarily the result of warmer spring conditions and advanced
dates of spring leaf flush. Increases in growing season length, as measured by simulated
LAI, indicate that warming temperatures can lead to increasing synchrony between periods
of leaf production and incoming precipitation (Figure 3.5). Leaf senescence remained
unchanged by warming soil temperatures and continued to be controlled by decreasing
photoperiod length that typically results in complete leaf senescence by late October
(Figures 3.5,3.7,3.8).

3.3.5. Carbon fluxes: Net primary production (NPP)

At warmer, mid-elevation sites, average annual NPP rates across simulation
treatments decreased under mid-century conditions (15 and 12% at SC and JDW,
respectively, Figure 3.6, Table 3.2). Compared to JDW, where NPP was consistently lower
by mid-century, the response of NPP to warming at SC showed more variability. At SC,
mid-century NPP rates either matched those under historical conditions or decreased by over
25% for certain years (Figure 3.6). Unlike the warmer and drier mid-elevation sites, RME
showed the opposite response, where mid-century NPP tended to remain at or above historic
levels for most simulated years (average of 4.5 % increase across simulation period, Figure
3.6, Table 3.2).

At all sites, warming-induced shifts in daily NPP were highly sensitive to increased
evaporative demand. However, the interactions between decreased snow pack and
fluctuations in growing season conditions were most pronounced at SC, where fluctuations
in annual NPP are driven by sub-annual interactions between spring productivity, growing
season VPD, and precipitation. At SC, years with low growing season precipitation (e.g.
2012) didn’t necessarily have the largest reductions in NPP under warming conditions. For
2012 specifically, historical spring NPP was limited by temperature but continued to
maintain stable rates across the driest portions of the growing season until temperature and
day-length became limiting, ultimately resulting in leaf senescence (Figure 3.7). Under mid-
century conditions, earlier leaf flush led to significantly increased spring NPP and LAI
relative to historic conditions, however increased evaporative demand and stomata closure

later in the summer (~ late June) forces LAI development and NPP to fall below historic
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rates that continue at reduced levels for most of the growing season (Figures 3.5a, 3.7).
Despite warming, drought induced reductions in LAI and stomatal conductance under mid-
century conditions result in reduced soil moisture use, ultimately leading to similar trends in
root zone soil water content between climate scenarios.

Under mid-century conditions, increased summer precipitation does little to
counteract the impacts of limiting evaporative demand on NPP. For example, 2015 was the
warmest year of historical and mid-21* century simulations, however, more precipitation fell
during the summer months compared to 2012 (Figures S1, S2, Appendix 2). 2015 had the
highest NPP rates under historical conditions (Figure 3.6) even though mid-elevation sites
experienced a severely reduced snowpack followed by a growing season where average
daytime VPD exceeded 3.0 kPa (Figure 3.8). Following mid-century temperature increases,
both mid-elevation sites experienced earlier spring leaf flush. However, mid-century spring
NPP rates at SC and JDW sites were only slightly higher compared to those experienced
under historical conditions (Figure 3.8). By mid-July, increased evaporative demand led to
rapid reductions in stomatal conductance and NPP that persisted across the remainder of the
growing season. In total, annual NPP at SC during 2015 was reduced by 27% under mid-21*
century conditions indicating that warmer spring conditions and growing season
precipitation are not always sufficient to compensate for drought induced reductions in
productivity occurring later in the growing season.

3.3.6. Carbon fluxes: Net ecosystem production (NEP)

Despite warming temperatures, increased evaporative demand, and variations in
vegetation response, simulations across all sites indicate that aspen stands will remain
carbon sinks under mid-21* century conditions (Figure 3.9, Table 3.2). However, trends
varied by site, where average NEP rates across historic and mid-21* century simulation
periods decreased at RME (27.0 to 19.4 g C m™ yr'"), increased at SC (-1.1 to 21.7 g C m™
yr''), and remained unchanged at JDW (31.9 to 33.1 g C m™ yr'"). Like NPP, the largest
shifts in NEP were observed at SC, where historical years characterized by cool
temperatures and large amounts of snow accumulation (e.g 2008-2011) were often strong
carbon sources (Figure 3.9). Under mid-21* century conditions, NEP for these years was
much closer to being carbon neutral. Under mid-21* century conditions, warming did lead to

reduced NEP for certain years. However, even with significant reductions in snow pack and
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increases in VPD by mid-century (e.g. 2015/2065), NEP remained positive indicating some
resilience in the carbon sink, even at mid-elevation sites.
3.4 Discussion

34.1. Temperature and snowpack

The temperature increases projected in this study represent a scenario where
atmospheric CO, concentrations continue to increase at unmitigated rates. While these
projections are relatively short term, even with immediate reductions in CO, emissions, we
expect temperatures to continue increasing at their current rate in the coming decades
(IPCC, 2014). Across the intermountain United States, semi-arid ecosystems spanning the
rain/snow transition zone will very likely experience significant decreases in the amount of
precipitation falling as snow by the mid 21% century. In areas where rising temperatures lead
to increased winter rain and preclude the redistribution of precipitation, continued
asynchrony between incoming precipitation and periods of vegetation growth may intensify
periods of drought stress and ecosystem vulnerability.

Future decreases in winter precipitation falling as snow will likely result in an
increasingly uniform spatial distribution of precipitation, hence changing the spatial and
temporal distribution and timing of surface water input (SWI) across the landscape. In areas
where precipitation regimes are dominated by snow, drifts that have historically held large
amounts of SWE long into the growing season will become more sensitive to warming
winter and spring temperatures, ultimately leading to increased melt rates and decreased
snow residence time. While no sites in this study became 100% rain dominated by the mid-
21* century, any soil moisture subsidies stemming specifically from the redistribution of
snow were greatly reduced. Although we assume that drift factors calculated based on
historic conditions will remain the same by mid-21* century, future changes in temperature,
energy balance, or precipitation may influence the redistribution of precipitation in ways not
considered in this analysis. However, studies simulating snowpack decreases at other sites
within RCEW project similar declines under the same warming scenarios considered in this
study (Niemeyer et al., 2016).

3.4.2. Phenological shifts

Advances in the timing of spring leaf flush resulting from warmer spring

temperatures are expected since aspen phenology can be particularly sensitive to warming
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temperatures and decreased snowpack (Meier et al., 2015). These results indicate that the
average growing season for aspen in the RCEW may be increased by nearly two weeks by
the middle of the 21* century. Our simulations additionally suggest that, at least in the case
of aspen, phenological plasticity can play an important role in resilience to climate change,
where warming temperatures allow vegetation to shift periods of productivity to align with
more favorable conditions with more frequent precipitation and reduced evaporative
demand. Similar increases in ecosystem productivity with increasing spring temperatures
and longer growing seasons have been documented in boreal aspen stands (Kljun et al.,
2006). However, it is important to note that, in this study we assume the relationships
between phenological processes, chilling requirements, soil temperature, and radiation
described by Biome-BGC MuSo will remain constant with warming temperatures. With
these assumptions in mind, the results presented here conservatively depict phenological
shifts where the physiological relationships between aspen phenology and temperature
remain fixed between historic and mid-21* century conditions.

Warming and the subsequent shift of growing seasons earlier into the spring have
two potential implications for ecosystem function. First, periods of vegetation productivity
may become increasingly aligned with the timing of incoming precipitation (Figure 3.5). As
periods of increased productivity and incoming precipitation become more synchronous,
early season growth will likely become less limited by soil moisture and increased
evaporative demand. However, advances in the timing of productivity must also be balanced
with the second implication, where soil moisture or evaporative demand may limit aspen
NPP later in the growing season (Richardson et al., 2010, Richardson et al., 2013). Increases
in canopy development and carbon assimilation rates during the spring that outpace
respiratory losses occurring later in the summer have been documented in temperate forests
in the eastern United States where total growing season length is increasing with earlier
springs and later autumns (Keenan et al., 2014). Our simulations suggest that, in semi-arid
regions with winter dominated precipitation regimes, warming-induced phenological shifts
earlier into the spring will become increasingly important to deciduous tree species like
aspen, where periods of productivity have historically been largely asynchronous to periods

of incoming precipitation and low evaporative demand.
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3.4.3. Aspen and ecosystem productivity

At mid-elevation sites, earlier canopy development and increased NPP during the
spring can be play an important role in offsetting decreased productivity occurring during
the driest periods of the growing season. However, at high elevations, where growing
seasons have historically been limited by cooler temperatures and snowpack, aspen stands
may experience increased NPP rates since higher total precipitation and lower evaporative
demand buffer drought severity. While simulated NPP and NEP rates indicate that all sites
continue to remain carbon sinks in the future, increasing sensitivity to evaporative demand
and decreasing NPP at mid-elevation sites suggest that the ideal range of aspen in semi-arid
Mediterranean climates where snow redistribution is an important hydrological process will
contract as the climate continues to warm.

Although environmental conditions will become more limiting at lower elevations in
the RCEW, the physiological and ecological mechanisms potentially driving future range
shifts remain uncertain. Anderegg and HilleRisLambers (2016) show that species can utilize
different strategies when avoiding drought stress along an aridity gradient. For aspen
specifically, they show an increasing prevalence in morphological traits preventing
hydraulic failure with increasing aridity. Aspen in the RCEW span a similar aridity gradient
and may benefit from plasticity in traits controlling hydraulic function and water use. While
hydraulic vulnerability is not considered in Biome-BGC MuSo, these simulations indicate
that continued rates of carbon assimilation under mid-century conditions may allow aspen to
maintain consistently positive NPP rates even under increasingly severe drought. Continued
positive NPP rates indicate that aspen may have some flexibility to allocate resources that
increase resilience against future mortality events resulting from limiting carbon resources.

Historically, aspen in RCEW have been able to remain consistently productive
across a wide range of climatic conditions. When extended to mid-century climate
conditions, these simulations indicate aspen ecosystems can continue to maintain relatively
high rates of productivity. While previous studies have connected widespread aspen decline
to prolonged periods of drought (Anderegg et al., 2013, Worrall et al., 2013), the results
presented here suggest that aspen stands in this study currently exist in areas of locally
increased hydrologic storage that are somewhat resilient to rising temperatures. Although

the presence of snowdrifts has historically provided additional soil moisture to the driest
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site, SC (Soderquist et al., in review), the capacity of both aspen to shift timing of growth
and soils to store SWI stemming from winter and spring precipitation will play an
increasingly important role in the ability of these stands to maintain current NPP rates
during extremely warm years with little to no drift formation.

The simulations presented here provide insight into several of the ways upland aspen
communities function under a changing climate. However, changes in precipitation phase
and redistribution regimes are only a few of many factors that need to be considered when
predicting the response of vegetation to climate change. When compared to simulations that
only account for the presence or absence of snow drifts (Soderquist et al., in review), we see
that shifts in the timing of spring growth and productivity under climate change can partially
counter balance the impacts of an increasing spatial uniformity of precipitation. These
results indicate that aspen’s deciduous leaf habit may play an increasingly important role in
their ability to utilize soil moisture across the growing season while at the same time
moderating their exposure to prolonged periods of stress through leaf senescence and
dormancy in the fall.

3.5 Conclusions

As temperatures and drought severity increase, so will the vulnerability of
many semi-arid upland plant communities. Identifying and understanding the processes that
enhance vegetation resilience is of utmost concern to managers with limited resources (Luce
et al., 2016). For upland aspen stands growing below snow drifts, future decreases in
redistributed precipitation and warmer growing season conditions resulted in decreased NPP
at mid-elevation sites. Under mid-21* century conditions, simulations across the growing
season generally showed that:

1) warmer spring conditions and increased synchrony with incoming precipitation
led to earlier leaf flush and increased spring NPP rates in aspen stands

2) At drier sites, increased spring NPP under mid-century conditions was frequently
outpaced by losses in productivity resulting from increasing VPD and drought severity later
in the summer.

These results suggest that aspen stands spanning a shifting precipitation phase gradient have
some capacity to adjust and remain productive under significant temperature and

precipitation changes. While temperature directly influences both the precipitation phase and
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intensity of evaporative demand, plants can utilize numerous strategies to adjust and
moderate their function in the face of severe drought. Since the linkages between carbon
flux and water dynamics are so strong in semi-arid environments like those encountered in
the RCEW, future work should prioritize understanding how vegetation communities,
comprised of species with diverse morphological and phenological traits, will respond to
future changes in precipitation phase, drought intensity, and growing season length.
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Tables:

Table 3.1. Site description and leaf area index (LAI) for Reynolds Mountain East (RME),
Johnston Draw (JDW), and Sheep Creek (SC). Standard deviations are indicated in
parentheses (n=20 simulation years at SC and RME, 13 simulation years at JDW).

Parameter RME JDW SC Method
Elevation (m) 2038 1782 1817 ---

Mean annual air temperature (°C) 5.3 (0.6) 7.2 (0.8) 7.1 (0.7) Historical

mean

Biome-BGC MuSo maximum rooting 1.5 1.5 1.15 Estimated
depth (m) in field
Observed LAI (m* m?) 0.9 (0.7) 1.7(1.1) 1.4 (0.9) Measured
Simulated LATI (m* m?) 1.4 15 1.6 Historical

mean
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Table 3.2. Changes in precipitation, snow residence, growing season days, net primary
production (NPP), net ecosystem production (NEP) from historical to mid- 21* century
conditions. Standard deviations are indicated in parentheses (n= 20 total simulation years at
SC and RME, 13 simulation years at JDW). Growing season length is the period of initial
leaf flush to complete leaf senescence simulated by Biome-BGC MuSo.

Site Measured  Historical Mid- Snow Growing NPP Proportion C
uniform effective century pack season (gCm? sink years
precip precip effective  residence  length yr'h) (historical,
(mm) (mm) precip (days) (days) (% mid-
(mm) change) century)

Sheep 446 (130) 1030 (412) 757 (321) -73(20) +13(6) -153 0.50,0.85

Creek (SC)

Reynolds 962 (188) 1180 (242) 1109 -63 (20)  +14 (8) +4.5 0.85,0.85

Mountain (227)

East

(RME)

Johnston 685(99) 944 (134) 810 (99) -80 (22)  +15(6) -11.9 0.92,1.00

Draw
(JDW)
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Figure 3.1. Aspen stand locations in the Reynolds Creek Critical Zone observatory
(RCEW). Johnston Draw (JDW) and Sheep Creek (SC) are warmer, mid-elevation sites,
whereas Reynolds Mountain East (RME) is a cooler, high elevation site.
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Figure 3.2. Average monthly temperature increases (error bars denote one standard
deviation, n=20) from historic (1985-2005) and mid-century (2046-2065) projections
obtained from 20 GCMs used in the Multivariate Adaptive Constructed Analog (MACA)
downscaling method. Average monthly temperature increases were applied to measured 7,,,,
and T,,, at each site to create warming scenarios representative of mid-century conditions.
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Figure 3.3. Average annual effective precipitation and temperature for each site under
historical and mid-century conditions. Effective precipitation is the total amount of annual
precipitation after accounting for the redistribution of snow. Error bars represent one
standard deviation (n= 20, 20, and 13 years for SC, RME, and JDW respectively). Rising
temperatures decreases the amount of precipitation falling as snow resulting in decreased
redistribution and lower effective precipitation by mid-century. Decreases in redistributed
precipitation are largest at the driest site with the largest drift, Sheep Creek (SC), whereas
Reynolds Mountain East (RME) and Johnston Draw (JDW) are sites with smaller drifts that
experience smaller changes in redistributed precipitation with warming.
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Figure 3.4. Measured and simulated soil storage in the top meter of soil during 2014-2015 at
Sheep Creek (SC), Reynolds Mountain East (RME), and Johnston Draw (JDW). Probe
failure prevented storage calculations at JDW from July 2015 to January 2016. Across sites,
simulated soil moisture storage followed measured growing season trends. However, rates of
soil water recharge in the fall and early winter typically were overestimated by Biome-BGC
MuSo.
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growth with incoming precipitation. However, extended growing season length leads to
reductions in maximum LAI at warmer, mid-elevation sites (JDW and SC).
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Figure 3.7. Daily simulations of snow water, average daytime vapor pressure deficit (VPD),
and net primary production (NPP) for each site during 2012 and its associated mid-century
year 2062. Blue lines represent historic conditions, while red lines represent warmer, mid-
century conditions. Shifts in phenology with warming temperature are depicted by the onset
of positive NPP rates in the spring.
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Abstract

Across many sagebrush steppe ecosystems with winter-dominated precipitation
regimes, warming temperatures will reduce the proportion of winter precipitation falling as
snow. In complex terrain, snow can be redistributed by wind creating snow drifts where
effective precipitation and soil moisture can be significantly increased over relatively small
spatial scales. Productive sagebrush steppe communities are closely tied to soil moisture
availability and are frequently associated with drift zones where snow and deep soils
accumulate and spring snowmelt replenishes soil moisture. Increasing temperatures and
winter rainfall will simultaneously decrease the amount of redistributed snow and intensify
drought experienced by plants currently established within drift zones. We simulated the net
primary productivity (NPP) for three species that commonly comprise semi-arid drift zone
communities. NPP of aspen (Populus tremuloides), mountain big sagebrush (Artemisia
tridentata ssp. Vaseyana), and C3 grasses was simulated at three sites under recent historical
and mid-21* century climate scenarios in the Reynolds Creek Critical Zone Observatory and
Experimental Watershed (RCEW) located in southwestern, ID, USA. Sites consisted of a
single aspen stand and neighboring sagebrush steppe vegetation located within the area of
drift formation. After adjusting historical precipitation data to account for both the reduction
in the redistribution of precipitation and warmer and drier atmospheric conditions projected
for the mid-21* century, simulations indicate that vegetation response to shifts in

redistributed snow varies by plant functional type. With increasing temperatures and



78

reductions in snow cover, aspen stands are likely to experience up to a 25% reduction in
annual NPP, while on average, mountain big sagebrush NPP was increased by 24% across
all sites relative to historical simulations. Mid-21* century NPP of C3 grasses remained
relatively unchanged relative to historical simulations. These results indicate that future
shifts in the proportion of precipitation falling as snow vs rain and growing season
conditions will differentially impact the suitability of drift zones for currently established
vegetation. Future climate induced shifts in species composition in semi-arid drift zone
communities may reduce site NPP and the ability of vegetation to sequester atmospheric
carbon.
4.1 Introduction

Globally, semi-arid ecosystems significantly contribute to the inter-annual variability
of terrestrial carbon fluxes and are highly responsive to the amount and timing of
precipitation (Poulter et al., 2014, Ahlstrom et al., 2015). Across much of western North
America, the seasonality of precipitation in many semi-arid regions is asynchronous with
periods of peak vegetation productivity, where growing seasons are typified by low
precipitation and pronounced drought conditions (Lauenroth et al., 2017). The asynchrony
between incoming precipitation and plant growth is particularly distinct in many semi-arid
sagebrush steppe ecosystems, the most widely distributed semi-arid vegetation type in North
America (West, 1983). In these ecosystems, the distribution of vegetation communities is
strongly coupled with topography and available soil moisture (Burke et al., 1989, Newman
et al., 2006). In colder, mountainous regions, incoming precipitation predominately falls as
snow where it can be preferentially deposited in leeward zones, or redistributed across
complex terrain by wind (Lehning et al., 2008). The redistribution of snow results in the
formation of drift zones behind leeward-facing slopes, around topographic depressions or
patches of established vegetation that are sheltered from wind fields (Hiemstra et al., 2002,
Winstral et al., 2013). The effective precipitation stored by the snowpack in these sheltered
drift zones, defined here as the region occupied by snowdrifts, can be far greater than an
otherwise uniform distribution of precipitation (Marks and Winstral, 2001). The
heterogeneous distribution of frozen precipitation subsequently influences the surface water
input and the spatial distribution of soil water available to vegetation that is exposed to

prolonged drought conditions later in the growing season (Seyfried et al., 2009). Thus,
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precipitation stored in drifts may act as important subsidy to vegetation communities
established in an otherwise moisture limited climate.

Since the mid 20" century, rising temperatures have reduced the amount of
precipitation falling as snow across large portions of the interior pacific Northwest (Knowles
et al., 2006, Kapnick and Hall, 2012). Along the rain/snow transition zones, or the elevations
where the dominant winter precipitation phase is mixed, rising temperatures will very likely
continue to reduce the redistribution of precipitation since future winter precipitation will
become increasingly rain dominated (Barnett et al., 2005, Klos et al., 2014). Sagebrush
steppe ecosystems are currently distributed across many of these elevations, and frequently
span the rain/snow transition zone where precipitation phase (e.g snow or rain) is highly
sensitive to warming temperatures. As climate change continues to reduce the proportion of
annual precipitation falling as snow, drift zone plant communities will experience
simultaneous shifts in the spatial distribution of soil moisture along with changing growing
season conditions. Historically, drift zones have been more mesic relative to exposed
ridgetops or south facing slopes (Burke et al., 1989). Species assemblages associated with
drifts are characterized by highly productive plant communities relative to the surrounding,
water limited vegetation and are often dominated by deciduous tree species like trembling
aspen (Populus tremuloides), evergreen and semi-evergreen shrub species like mountain big
sagebrush (Artemisia tridentata ssp vaseyana), and numerous cool season, perennial grasses
utilizing the C3 photosynthetic pathway (e.g. Calamagrostis rubescens, Festuca idahoensis).
Each of these plant functional types have diverse morphological and phenological traits and
therefore may respond differently to reductions in redistributed precipitation as precipitation
regimes shift from snow to rain dominated.

Since inter-annual precipitation can vary widely in semi-arid environments (Loik et
al., 2004), the relatively consistent and predictable redistribution of snow across the
landscape may provide an important subsidy to plants currently established in drift zones.
Drift zones subsidized by redistributed precipitation may act as zones of localized
hydrological storage that benefits both productive aspen and mountain big sagebrush
communities which are in turn, important areas of habitat refugia. Upland aspen stands
provide critical habitat to many avian and ungulate species (DeByle, 1985, Griffis-Kyle and

Beier, 2003) and maintain high rates of biodiversity (Kuhn et al., 2011). Future aspen
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mortality may alter understory species diversity and ecosystem function (Anderegg et al.,
2012a). Similarly, neighboring pockets of productive mountain big sagebrush communities
can act as critical habitat for threatened species such as sage grouse (Connelly et al., 2000,
Davies and Bates, 2010). Understanding how climate induced shifts in precipitation phase
may impact drift zone vegetation will have important implications for the management of
vulnerable habitat refugia and sensitive species into the 21* century.

Mesic aspen and mountain big sagebrush communities may also play an important
role in larger, landscape scale carbon fluxes where precipitation timing and soil moisture are
dominant controls on ecosystem carbon sequestration (Gilmanov et al., 2006, Kwon et al.,
2008, Svejcar et al., 2008). Further understanding is needed to determine how individual
species or vegetation with specific traits may respond to simultaneous changes in
precipitation phase, growing season length, and increasing atmospheric CO, concentrations.
Currently, the impacts of an increasingly uniform precipitation on carbon cycling in
sagebrush steppe ecosystems remain uncertain. Warming temperatures may reduce the
ability of certain species to maintain historic levels of productivity while simultaneously
creating conditions that benefit co-occurring species with differing traits. Future climatic
shifts favoring certain traits or plant functional types may ultimately facilitate shifts in
species composition.

We use a biogeochemical process model to understand how changes in climate and
precipitation phase will likely impact vegetation productivity and carbon fluxes for three
wide-ranging sagebrush steppe species and plant functional types. This study focuses on two
key questions:

1) How does net primary productivity (NPP) for different plant functional types shift
with warming temperatures and co-occurring decreases in precipitation redistribution that
are projected to continue to occur in the near future?

2) Will net ecosystem productivity (NEP) for different plant functional types
increase or decrease with changes in growing season length and precipitation redistribution?

Across all species and growth forms, we predict increased vegetation productivity
with warmer spring conditions and increased synchrony with precipitation. However, the
impacts of severe drought later in the growing season may disproportionally affect species

with longer growing seasons and/or differing responses to drought severity. We determine
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how growing season length and the redistribution of precipitation influence the productivity
of aspen, mountain big sagebrush, and C3 grasses under both historical and projected mid-
21* century climatic conditions. Finally, we assess how warming temperatures and shifts in
precipitation influence fluxes of carbon between the atmosphere and biosphere and discuss
the implications that potential shifts in species composition may have on ecosystem carbon
dynamics.
4.2 Methods

Historical data sets encompassing a wide range of meteorological conditions provide
a unique opportunity to simulate the non-linear processes and interactions between
vegetation and climate. To determine the effects of shifting precipitation regimes on drift
zone vegetation, we adjusted both historical precipitation and meteorological data to
represent increased effective precipitation resulting from the redistribution of snow and
warmer, mid-21* century climatic conditions. Phenology, net primary productivity (NPP),
and net ecosystem productivity (NEP) were simulated across historical and projected climate
scenarios spanning 13-20 years to determine the response of three species currently
established in sagebrush steppe drift zones to changing climate conditions.

4.2.1. Site location and description

Simulations were run at three sites within the Reynolds Creek Experimental
Watershed and (RCEW) and Critical Zone Observatory located in southwestern, Idaho,
USA. Since its designation as an experimental watershed, the United States Department of
Agriculture (USDA) has amassed an extensive record of hydrometeorological conditions
(Slaughter et al., 2001). Within the watershed, temperatures have increased approximately
2°C over the past 40 years resulting in a large decrease in the proportion of total
precipitation falling as snow vs rain (snow:rain) at low and middle elevations (Nayak et al.,
2010). Increases in the elevation of the rain/snow transition zone are predicted to continue as
temperatures increase (Klos et al., 2014). Across the watershed, soil moisture availability is
a key driver of vegetation distribution (Finzel et al., 2015). At mid to high elevations,
increasingly mesic conditions facilitate the establishment of mountain big sagebrush,
trembling aspen (Populus tremuloides, referred to as aspen), C3 grasses (e.g. Festuca

idahoensis, Calamagrostis rubescens) in riparian areas, wet meadows, and along wind-
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sheltered slopes where preferential deposition and/or the redistribution of snow forms large
snow deposits.

The three sites for this study were previously described in Soderquist et al. (in
review) and span the current rain/snow transition zone where precipitation phase is sensitive
to temperature changes. Sheep Creek (SC) and Johnston Draw (JDW) are located at middle
elevations (~1800m). The highest elevation site, Reynolds Mountain East (RME) is located
at the southern end of the watershed (~2100m). Each site consists of a single upland aspen
stand surrounded by sagebrush steppe vegetation located on leeward slopes below a single
snowdrift that provides melt water into the spring. Measured, uniform precipitation varies by
site, with SC and RME being the driest and wettest sites, respectively (Table 4.1). The
aeolian soils at each site are at least 1m in depth.

4.2.2. Historical and mid-century climate

4.2.2.1. Historical climate

Daily values of maximum air temperature (T,,,,), minimum air temperature (T,;,),

daily precipitation (cm), and average daytime vapor pressure deficit (VPD) used to run
Biome-BGC MuSo (Hidy et al., 2016, described below) were compiled from measurements
of air temperature, precipitation, and relative humidity (RH) obtained from climate stations
neighboring each site (Soderquist et al., in review). Additional meteorological parameters

including incoming solar radiation (W m™), average daytime air temperature (T ), and

daytime
daylight length (s) were simulated using the mountain microclimate model MtClim (v 4.3,
Thornton, 2000). Historical datasets spanned 1996-2015 (20 years) at Sheep Creek and
Reynolds Mountain East, and 2003-2015 (13 years) at Johnston Draw. Unlike Sheep Creek
and Reynolds Mountain East, simulation periods were shorter at Johnston Draw where
historical meteorological records were not available for a full 20 years.
4.2.2.2. Future climate

To represent climate conditions predicted for the mid 21* century, projected changes
in temperature and RH were applied to historical climate datasets. Downscaled (4 km grid
cells) monthly 7, and 7,,, and annual RH for both historic (1985-2005) and mid-century
conditions (2046-2065) were obtained from a 20 model mean of CMIPS5 general circulation
models (Taylor et al., 2012) using the Multivariate Adaptive Constructed Analogs (MACA)

downscaling method (Abatzoglou and Brown, 2012). Mid-century climate projections were
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based on a continued high CO, emissions scenario (RCP 8.5). Increases in monthly 7, and
T, and shifts in annual RH at each site were determined by the difference between
downscaled historical conditions and projected mid-21* century conditions. Average

monthly 7, and 7,

max min

increases and changes in average annual RH were then applied to
measured daily temperatures and VPD calculations for the years 1996-2015 at RME and SC
and 2003-2015 at JDW. Annual CO, concentration (ppm) for both historical and mid-
century climate followed RCP 8.5 (Meinshausen et al., 2011).

4.2.2.3. Redistribution of frozen precipitation

As described in Soderquist et al. (in review), the redistribution of snow is represented
through the application of drift factors to measured precipitation data at each site. Briefly,
simulations of daily snow water equivalent (SWE) from the spatially-distributed mass- and
energy-balance snow model, iSnobal (Marks et al., 1999) simulations that included an
empirical snow redistribution algorithm (Winstral et al., 2013) conducted at or nearby each
site (Reba et al., 2011), were used along with precipitation measurements to estimate drift

factors using the equation:

DF = Peak simulated SWE (mm) (1)

Total measured uniform snow (mm) across drift accumulation period

Where peak simulated SWE is the seasonal maximum SWE extracted from a point in the
center of each iSnobal simulated drift and the drift accumulation period is defined as the
period from initial drift formation to peak SWE simulated by iSnobal. At each site, for both
historical and mid-21* century simulations, average drift factors were applied to frozen
precipitation based on both daytime and nighttime temperature thresholds (Table 4.1).

4.2.3. Vegetation simulations

Currently, aspen is the dominant vegetation type at all three simulation locations.
However, we simulated ecosystem processes for two other vegetation types at these same
locations to assess the suitability of each site for several different species and plant
functional types. Mountain big sagebrush and C3 grasses were chosen because 1) their
diversity in phenology and physiological traits and 2) their close proximity to aspen stands
which might facilitate species replacement following aspen mortality or increased
vulnerability. Incorporating plants with a wide range of ecophysiological traits may provide
key insights into the ways drift zone communities may respond to changes in temperature

and precipitation phase.
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Aspen, mountain big sagebrush, and C3 grass productivity was simulated using the
recently developed Biome-BGC MuSo (short for multilayer soil module, v. 4.0, Hidy et al.,
2016). Biome-BGC MuSo is a point-based biogeochemical process model similar to the
most recent version of Biome-BGC (v. 4.2, Thornton, 2002) in that it uses daily inputs of
climate and site data along with ecophysiological parameters to simulate above and below
ground fluxes of carbon, nitrogen, and water for a single plant functional type. While the
original suite of Biome-BGC models were originally developed from Forest-BGC (Running
and Hunt, 1993) to simulate forest ecosystem processes, Biome-BGC MuSo was adapted to
simulate grassland ecosystems where phenology and management practices were not as
accurately simulated using the original Biome-BGC framework (Hidy et al., 2012). In
Biome-BGC MuSo, both phenology and soil hydrology have been updated to represent
multiple soil layers, root distributions throughout the vertical soil profile, improved soil
temperature calculations, and phenological constraints that limit plant productivity including
drought-induced senescence and mortality.

For this study, timing of growing season onset and offset for aspen was simulated
using the original Biome-BGC subroutine where leaf flush and senescence are triggered by
soil temperatures estimated from an 11-day running average of daily air temperatures (White
etal., 1997). In Biome-BGC MuSo, photosynthesis can be additionally limited by the
presence of snowpack. For aspen simulations, snowpack presence did not limit
photosynthesis, since stands at each site are tall in stature and located just below drifts.
However, snowpack, regardless of whether it is uniform or redistributed, can impact the
phenology of shorter statured plants. For mountain big sagebrush and C3 grasses we limited
photosynthesis when the snowpack exceeded 20 and 5 kg m?, respectively (Table S1,
Appendix 3). Snowpack thresholds were increased for mountain big sagebrush relative to C3
grasses due to increased plant height. However, since canopy interception of snow is not
considered in Biome-BGC MuSo, we conservatively estimated the limiting effects of
snowpack on mountain big sagebrush and C3 grasses. By assuming the phenology of shorter
statured species can be limited by snowpack presence, our simulations are more
representative of vegetation growing in the area occupied by the drift as opposed to
vegetation growing downslope from drifts where snow accumulation tends to be more

uniform.
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The simulation approach for C3 grass phenology is different from that used for aspen
simulations and uses Biome-BGC MuSo’s heat sum growing season index (HSGSI). The
HSGSI is an extension of the phenological model developed by Jolly et al., (2005) that
combines minimum air temperatures, VPD, daylight length, and a 10-day heat sum into a
single metric governing the length of the growing season. Like aspen, a photoperiod
threshold of 10.9 hours is used when initiating leaf flush and senescence of grasses, although
temperatures and VPD could also induce grass senescence. While these improvements are
only several of many that have been incorporated into Biome-BGC MuSo, they are
particularly important for simulations of vegetation in snow-dominated ecosystems where
plant function is strongly coupled to water availability. We refer readers to Hidy et al., 2016
for a full description of all modifications made to phenological and hydrological sub-
routines.

4.2 4. Species parameterization

Parameterization of Biome-BGC MuSo requires specific ecophysiological data
describing morphological and physiological traits of an individual species or plant functional
type. For this study, certain parameters such as foliar and root C:N and specific leaf area
(SLA) were measured to give site and species specific parameter values. Other values were
found in previously published studies or the growing number of plant trait databases (e.g.,
the TRY plant trait database, Kattge et al., 2011).

4.2.5. Measured parameters

Aspen has been previously parameterized at each site for simulations using Biome-
BGC MusSo (see Soderquist et al., in review). For this study, mountain big sagebrush and C3
grasses were parameterized using a similar approach. C3 grasses are the dominant grass
plant functional type in the interior Pacific Northwest (Teeri and Stowe, 1976). C3 grasses
are also the dominant grass type in mid and high elevation drift zone plant communities
where the winter dominated precipitation regimes and cooler temperatures of the RCEW
preclude the widespread establishment of C4 grasses (Paruelo and Lauenroth, 1996).

During the summer of 2014, six plots at each site were established in the sagebrush
steppe neighboring each aspen stand. On opposite sides of each aspen stand, plots (2.5-m
radius) located at stand edge, 10m, and 30m from the stand, extended laterally along the

hillslope, paralleling the drift zone. At each plot, sunlit leaves and fine root samples were
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collected from at least two mature mountain big sagebrush plants and the four most
abundant grass species. Cheatgrass (Bromus tectorum) was excluded from this study due to
its winter annual growth cycle which differs from the perennial growth cycles of many C3
grasses growing in drift zones. Leaf and root samples were gently rinsed to remove debris,
dried at 70 °C for 48 hours, and C:N of leaves and roots were analyzed (Washington State
University, Stable Isotope Core Laboratory, Pullman, WA). For mountain big sagebrush,
specific leaf area (SLA) was measured using photos of freshly sampled leaves within the
image processing software ImageJ (Schneider et al., 2012, available online:
http://rsb.info.nih.gov/ij/index.html). Leaf area and carbon content of foliage samples was
used to calculate mountain big sagebrush SLA at each site. For C3 grasses, literature values
of SLA were used since variations in SLA do not significantly impact Biome-BGC NPP
simulations (White et al., 2000).

Across sites, differences between average values of C:N, ., C:N,.,;, and SLA (only

root>
C:N,,oi» C:N,; for C3 grasses) were determined using a one-way ANOVA. Measured C:N
values for leaves and roots were not significantly different for mountain big sagebrush (all
p-values >0.05, 0=0.05, Table S1, Appendix 3), however SLA (for aspen), and C:N of
leaves and roots for aspen and C3 grasses were significantly different across sites (all p-
values < 0.05, a=0.05, Table S1, Appendix 3). If site means were significantly different,
measured site specific values were used to parameterize Biome-BGC MuSo. Additionally,
co-varying parameters, such as percent leaf nitrogen as Rubisco (PLNR) were allowed to
vary by site.

4.2.6. Literature derived parameters

The increasing detail and additional modules incorporated into Biome-BGC MuSo
has resulted in an increase in the number of ecophysiological parameters needed to describe
a specific species. Parameters that weren’t measured in the field were obtained from
published literature and were selected to closely match a specific species or plant functional
type growing in a similar region or climate (Table S1, Appendix 3).

4.2.7. Site conditions

Site specific parameters such as soil texture and maximum rooting depth were
measured and estimated, respectively. Soil textures measured at several depths extending at

least one meter at each site were used to parameterize simulations of aspen, mountain big
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sagebrush, and C3 grasses. For this study, maximum rooting depth was assumed to be 1.5 m
for aspen (Berndt and Gibbons, 1958, Sucoff, 1982), 1.5 m for mountain big sagebrush
(based on soil moisture profile measurements and water balance calculations from
Flerchinger and Seyfried, 2014), and 0.7 m for C3 grasses (Hidy et al., 2016). However, due
to a restrictive layer observed at SC, rooting depth of aspen and mountain big sagebrush was
restricted to 1.15 m. These parameterizations are site specific, and we note that there is
likely considerable variability in rooting depths depending on stand age, soil type, and
precipitation timing across a species range.

4.2.8. Assessing climate change impacts plant and ecosystem productivity

For this study, we focus on phenological shifts as a key component of fluxes of
ecosystem and vegetation carbon in response to changes in snowpack and drought severity.
Simulations for each species provide daily and annual output of vegetation NPP, NEP, and
growing season length. Simulation results for aspen have been previously reported and are
discussed in greater detail in Soderquist et al. (in review).
4.3 Results

4.3.1. Changes in temperature and precipitation

Average annual temperatures projected for mid-21* century (2046-2065, RCP 8.5)
were 3.2°C (SD=0.4) degrees warmer than historical (1985-2005) downscaled temperatures
(Table 4.1). Average annual relative humidity slightly is predicted to decrease by 3% across
the same period. Predicted increases in monthly temperatures resulted in large decreases in
the proportion of winter precipitation falling as snow (Figure 4.1) leading to reductions in
redistributed snow water held in drifts and drift residence time (Figure 4.2).

Under historical conditions, mid elevation sites (SC and JDW) were located within
the snow/rain transition zone in the RCEW. During the winter months, approximately 60%
of precipitation occurred when daily temperatures were below 0°C. Precipitation phase at
these sites is particularly sensitive to fluctuations in temperature, resulting in a wide range of
variability in the proportion of annual precipitation falling as snow (snow:rain) across
historical conditions (Figure 4.1a, ¢). Under historical simulations, RME received upwards
of 80% of winter precipitation below freezing temperatures with less variability relative to

mid-elevation sites (Figure 4.1b).
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Under mid-21* century conditions, all sites experienced decreases in the proportion
of precipitation falling as snow. As expected, warmer, mid-elevation sites (JDW and SC)
had the lowest snow:rain ratio relative to the cooler, high elevation site (RME, Figure 4.1).
After temperature increases were applied, the snow:rain ratio was reduced by approximately
20 percent at all sites during winter months. However, at RME the average proportion of
precipitation occurring when daily temperatures were below 0°C remained around 50% for
mid-21* century projected temperatures (Figure 4.1b).

Across the RCEW, drifts vary in size depending on topographic complexity,
temperature, incoming precipitation, and position relative to the local wind field.
Subsequently, drift factors applied to measured precipitation falling below freezing
temperatures varied by site. For example, SC was the site with the largest drift (and drift
factor) of all sites despite being the driest mid-elevation site (Table 4.1). Variable drift
factors at each site led to differences in historical effective precipitation where, despite being
a drier site (e.g. lower uniform precipitation, Table 4.1), effective precipitation held in the
drift at SC was similar to the that of RME, a cooler, wet site located below a smaller drift
(Figure 4.2a,b). JDW was the warmest site and has historically been located under a
relatively small drift, resulting in a drift containing approximately 50% of the snow water
simulated at RME and SC. Decreases in annual snow:rain with warming led to reductions in
snow water stored in drifts. Under mid-21* century conditions, the total snow water held in
snow drifts was greatly reduced at all sites and drift duration was reduced by as much as 1-2
months depending on incoming precipitation and winter temperatures (Figure 4.2).
Reductions in snow water held in drifts led to decreases in total effective precipitation at
each site. Subsequent decreases in average annual effective precipitation under mid-21*
century conditions were 6%, 14%, and 27% at RME, JDW, and SC, respectively.

4.3.2. Phenological shifts

Warming temperatures and decreased snow residence time led to earlier bud break
and canopy development for all species. For aspen, the onset of spring NPP for mid-21*
century conditions occurred an average of 14 days earlier across all sites (Table 4.2). C3
grasses experienced longer and more variable increases in growing season length with the
largest average advances in spring NPP observed at SC (30 =18 days), RME (25 +17 days),

and JDW (22 +17 days), respectively. Mid-21* century growing seasons were also increased



89

for mountain big sagebrush where photosynthesis can take place year-round (Gilmanov et
al., 2004) if temperature, incoming radiation, and snow cover aren’t limiting factors.
Changes in growing season length for mountain big sagebrush are slightly harder to quantify
since growth is limited by an increasingly transitory snowpack. However, the number of
days where mountain big sagebrush maintained positive rates of NPP increased an average
of 70 days across all sites under mid-21* century conditions (Table 4.2). The increase in the
number of days with positive NPP was similar to the number of days of snow pack absence
indicating that snow cover is a primary factor determining growing season length for
mountain big sagebrush that inhabit drift zones.

4.3.3. Model performance

Simulations of historical aspen LAI, phenology, and soil moisture use have
previously been compared to field measurements and indicate that these critical processes
are reasonably represented by Biome-BGC MuSo (Soderquist et al., in review ). Site-
specific field measurements were not available for mountain big sagebrush or C3 grasses.
However, historical simulations of mountain big sagebrush LAI averaged across all sites
(1.1 m’m™) are comparable to previous measurements made in the RCEW (Clark and
Seyfried, 2001, Flerchinger and Cooley, 2000) and similar, mature mountain big sagebrush
communities (Cleary et al., 2009). Maximum LAI for C3 grasses averaged across sites was
slightly higher than mountain big sagebrush (1.34 m’m™) and followed seasonal peaks and
declines similar to those previously documented across middle and high elevations in the
RCEW (Seyfried, 2003).

4.3 4. Cumulative and annual net primary production (NPP)

4.34.1. Aspen

Under historical conditions, average annual NPP across the simulation period was
421 and 482 ¢ C m™ yr" at SC and JDW, respectively. At both mid-elevation sites,
reductions in snow residence and increased temperatures resulted in decreased aspen NPP
under mid-21* century conditions (Figure 4.3, top and bottom panels). Although both mid-
elevation sites experienced reduced aspen NPP, decreases in aspen NPP showed the greatest
variability as SC. Under future conditions, NPP rates decreased 15% to 357 g C m” yr'' at
SC and 12% to 425 g C m™ yr'' at JDW. At RME, historical annual NPP averaged 400 g C

m” yr', and increased by 4.5% to 418 g C m” yr'' on average for the mid-21* century
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(Figure 4.3 middle panel, Table 4.2). Cumulative NPP across both climate scenarios was
much higher compared to mountain big sagebrush or C3 grasses (Figure 4 .4).

4.3.4.2. Mountain big sagebrush

Relative to aspen or C3 grasses, mid-21* century mountain big sagebrush NPP
experienced the largest increases from historical simulations. Average historical NPP rates
were 87,118, and 135 g C m? yr' at SC, RME, and JDW, respectively. Under warmer
conditions with reduced snowpack, mountain big sagebrush NPP was higher across the
simulation period with the largest increases observed at warmer mid-elevation sites (Figure
4.3, Table 4.2). Average mid-21* century mountain big sagebrush NPP values were
increased across sites an average of 24% (SD=4.1) to 109, 141, and 172 g C m? yr'1 at SC,
RME, and JDW, respectively (Table 4.2). Under historical conditions, cumulative NPP of
sage was the lowest of all species (Figure 4.4). However, increased mountain big sagebrush
NPP rates led to total carbon accumulation levels comparable to those of C3 grasses under
mid-century conditions at all sites except SC.

4.34.3.C3 grasses

C3 grasses generally had higher historical NPP rates relative to mountain big
sagebrush, with mid-elevation sites being the most productive (Figure 4.3, Table 4.2).
Historical grass NPP averaged 144, 131, and 165 g C m” yr"' at SC, RME, and JDW
respectively. Under warmer temperatures, shifts in annual C3 grass NPP were lower, with
increases averaging approximately 6% across all sites (Table 4.2). As with annual NPP,
cumulative NPP across the simulation period remained similar under historical and mid-21*
century conditions (Figure 4.4).

4.3.5. Daily NPP

While all species are able capitalize on more favorable spring temperatures under
mid-21* century conditions (Figure 4.5), they differed in their response across the remainder
of the growing and shoulder seasons. To describe these shifts, we highlight simulations for
2014/2064 at SC, a year with below average measured precipitation (314 mm) and above
average annual temperatures (7.9°C historical, 11.0°C mid-21* century). During this
simulation year, NPP of aspen and C3 grasses was reduced at mid-elevation sites. However,

changes in annual mountain big sagebrush NPP are less prominent (Figure 4.3).
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4.3.5.1. Aspen

For aspen, earlier leaf flush under warmer conditions led to increased
synchrony with incoming spring precipitation and wetter conditions that were historically
limited by cold temperatures. Compared to historical simulations, mid-21* century spring
leaf flush for aspen occurred an average of 14 days earlier (Figure 4.5, top panel, Table 4.2).
Temperature increases typically led to both earlier and increased rates of spring NPP for
mid- 21* century simulation years (Figure 4.5, top panel). In 2014 specifically, aspen
maintained consistent rates of NPP across the growing season. However, in 2064, aspen
NPP continued to increase until late June. At this point evaporative demand became limiting
resulting in a sharp drop in daily NPP with stomatal closure. Due to increasing drought
conditions resulting from high VPDs, late summer NPP was reduced for the remainder of
the 2064 growing season (Figure 4.6). Under both climate scenarios, a decrease in day-
length controls final leaf senescence (occurring in late October). By 2064, increased spring
NPP played an increasing role in balancing reduced NPP rates that occur during the driest
periods of the summer. During particularly warm mid-21* century years (e.g. 2064,2065),
increased spring NPP was less than summer NPP reductions which resulted in overall
decreases in annual NPP (Figure 4.3).

4.3.5.2. Mountain big sage

While daily mountain big sagebrush NPP rates are much lower than aspen,
decreased snowpack and increased temperatures resulted in average daily NPP remaining
positive later into the spring and fall shoulder seasons (Figure 4.5, middle panel). Compared
to 2014, reductions in snowpack and warmer spring conditions led to earlier positive NPP
during 2064 (late February to mid- April). Later in the growing season, when evaporative
demand was high and precipitation less frequent, mid-summer NPP rates remained positive
but fell below historical levels due to increased growth respiration rates (Figure S1,
Appendix 3). In the fall (approximately late October through November), mountain big
sagebrush NPP increased slightly since it does not undergo complete leaf senescence and
both warmer temperatures and decreased snowpack facilitated continued growth into the late

fall/early winter.
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4.3.5.3.C3 grasses

Compared to aspen and mountain big sagebrush, average periods of peak
productivity are shorter for C3 grasses (Figure 4.5). Under historical conditions, spring
growth is primarily snowpack-limited leading to delayed spring NPP (Figure 4.6, bottom
panel). While daily NPP during 2014 was slower to reach maximum rates, periods of
increasing productivity extended longer into the summer compared to mid-century
simulations. During 2064, warming temperatures and reduced snowpack resulted in the
onset of positive NPP approximately 40 days earlier than historical conditions. Although
these early season NPP rates were low, they contributed to an earlier peak in maximum daily
NPP (late May) compared to historical conditions (late June). Increased evaporative demand
by mid-century led to a sharp decline in productivity that failed to recover across the
remainder of the growing season (Figure 4.6). Despite large phenological shifts, total annual
NPP rates often remained similar for C3 grasses under historical and mid-21* century
climates (Figure 4.3).
4.3.6. Net ecosystem productivity (NEP)

4.3.6.1. Aspen

Average aspen NEP across the entire historical simulation period was positive for
RME and JDW (Table 4.2). SC maintained a slightly negative average historical NEP
primarily driven by several cool years with prolonged snowpack that were strong carbon
sources (i.e. 2008-2011). However, many mid-21* century simulation years experienced
slightly reduced NEP rates compared to historical conditions (not shown). Although average
aspen NPP decreased at both mid-elevation sites under projected temperature increases,
average NEP increased at SC and remained relatively unchanged at JDW under mid-21*
century conditions (Table 4.2). RME experienced decreased average NEP with warming. At
SC specifically, where average mid-21* century NEP increased the most, shifts in projected
NEP were occasionally buffered by a combination of decreased summer maintenance
respiration rates resulting from decreased LAI and reduced heterotrophic respiration rates
across the growing season (Figure S1, Appendix 3). While trends in annual NEP varied by
site, the proportion of simulation years with positive NEP rates remained high, indicating
that, despite decreased annual NPP, aspen stands continue to be carbon sinks under warmer

temperatures (Figure 4.7).
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4.3.6.2. Mountain big sage

Unlike aspen, historical NEP rates for mountain big sagebrush were consistently
positive across sites, averaging 18.1 g C m” yr' (Table 4.2). Although NEP rates tended to
be lower than those of aspen, the proportion of historical simulation years with positive NEP
rates remained high (Figure 4.7). Under mid-21* century conditions, increased spring gross
primary production generally compensated for higher total ecosystem respiration rates
(primarily driven by increased growth respiration) during the growing season (Figure S2,
Appendix 3). By the mid-21* century, all sites experienced slight increases in average
annual NEP (an average of 9 g C m™ yr' across sites) along with a continued increase in the
proportion of years with positive NEP.

4.3.6.3.C3 grasses

Annual NEP rates for C3 grasses were the closest to carbon neutral and frequently
alternated between acting as a source or sink during historical and mid-21* century
simulations (Table 4.2, Figure 4.7). Across sites, average NEP rates were generally
insensitive to projected temperature increases and snowpack reductions. However, relative
to mid-elevation sites, RME experienced the largest increase in the proportion of years with
positive NEP rates under mid-21* century conditions. Although average NEP rates remained
relatively consistent between climate scenarios (Table 4.2), the ability of C3 grasses to act as
carbon sinks was the weakest across all sites and species (Figure 4.7).
4.4 Discussion

While future decreases in precipitation falling as snow are predicted with increasing
confidence (Klos et al., 2014), the impacts of shifts in snow:rain on soil moisture availability
and vegetation productivity are less certain. In this study, we have integrated future shifts in
both precipitation phase, conditions limiting vegetation growth (i.e. temperature, incoming
radiation, VPD, soil moisture), and plant traits to effectively predict climate change impacts
on semi-arid sagebrush steppe plant communities growing in areas affected by the
redistribution of snow. We show that shifts in precipitation phase and climate influence
plant phenology and productivity for several prominent rangeland species and that the

response of vegetation can vary by species and across sites in relatively close proximity.
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44.1. Model assumptions and limitations

For this study, photosynthesis of lower-statured mountain big sagebrush and C3
grasses was limited by snowpack presence, and projected phenological shifts were
representative of vegetation growing within the area of drift formation. However, productive
plant communities that may benefit from snowmelt are frequently located downslope from
drift zones where precipitation is more uniform. For mountain big sagebrush and C3 grasses
specifically, our assumption of snow limitations on photosynthesis may: 1) result in
decreased sagebrush NPP during the winter and spring compared to sagebrush growing
immediately below snowdrifts where snowpack presence can be more transitory, and 2)
prolong the onset of spring leaf flush of grasses relative to those located immediately
downslope from the drift. Therefore, the phenological shifts of mountain big sagebrush and
C3 grasses between historical and mid-21* century simulations presented here may be larger
than those experienced by plants growing downslope from drifts where snow distribution is
more uniform. Therefore, our simulations of NPP for mountain big sagebrush and C3
grasses are conservative representations of potential drift zone productivity, particularly
during historical years with cool temperatures and prolonged snowpack presence.

While decreases in NPP for a given species suggest increasing vulnerability,
mortality mechanisms such as disturbance (Briske et al., 2005) or hydraulic failure are either
not considered in this study, or not incorporated into the Biome-BGC MuSo framework (e.g.
loss of hydraulic conductivity). Mortality resulting from loss of hydraulic function may be
particularly important for species like aspen, where hydraulic vulnerability has contributed
to widespread decline in aspen forests across the intermountain United States and Canada
(Anderegg et al., 2013, Worrall et al., 2013). Since hydraulic vulnerability hasn’t been
incorporated into Biome-BGC MuSo, we are limited in our ability to fully capture the
effects of severe or multi-year drought impacts on the hydraulic function of plants.
However, the lack drought-induced leaf senescence and mortality simulated by Biome-BGC
MuSo suggests that the species considered in this study (particularly aspen) can continue to
minimize hydraulic stress under warming temperatures through reductions in stomatal
conductance and continued access to soil moisture stored in deeper layers of the root zone.
While mortality resulting from disturbance or hydraulic failure aren’t considered in this

study, our simulations showing continued positive NPP rates suggest that catastrophic losses



95

of either aspen, mountain big sagebrush, or C3 grasses via carbon starvation is unlikely by
the mid-21* century. However, drought-induced reductions in productivity and whole plant
function may ultimately make plants more vulnerable to other mortality mechanisms such as
hydraulic failure or biotic attacks (Anderegg et al., 2012b).

44.2. Climate change impacts on plant and ecosystem productivity

In winter dominated precipitation regimes, warming temperatures will lead to
increasing synchrony between periods of incoming precipitation and vegetation
productivity. While less certain than temperature projections, future precipitation projections
predict slight increases in annual precipitation across the intermountain west during the 21*
century (Abatzoglou and Brown, 2012, Taylor et al., 2012). Future increases in incoming
precipitation or shifts in precipitation seasonality may further supplement decreases in soil
moisture availability resulting from reductions in redistributed snow. However, based on our
assumption that historical precipitation variability and timing will continue into the mid-21*
century, each plant functional type in this study experienced increased spring productivity
during periods that were previously limited by temperature and/or snow pack.

To maintain current rates of productivity, future increases in spring NPP must be
balanced with the limiting effects of longer growing seasons and increasing evaporative
demand. Increases in annual NPP with warming were primarily governed by a species’ leaf
habit and growing season length. Compared to deciduous vegetation, evergreen mountain
big sagebrush experienced the largest increase (Figure 4.5, Table 4.2) in growing season
days and total annual NPP (Figure 4.3, Table 4.2). Our simulations of NPP for mountain big
sagebrush follow trends similar to regional projections of rangeland NPP, which show
increases in NPP for high elevation rangelands in the intermountain west exceeding 25 % by
the end of the 21* century (Reeves et al., 2014). While simulated NPP rates for mountain big
sagebrush were often lower than those of aspen or C3 grasses, warmer spring temperatures
and prolonged access to available soil moisture allowed mountain big sagebrush to maintain
positive NPP rates across larger portions of the fall, winter, and spring when deciduous
species remained dormant (Figure 4.5).

Even in the absence of redistributed snow, drift zones with high total precipitation
and increased soil moisture storage may become increasingly important areas of refugia for

mountain big sagebrush. Carbon assimilation in sagebrush communities is particularly
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responsive to the timing of precipitation and winter temperatures (Svejcar et al., 2008).
Provided that future spring precipitation sufficiently recharges soil water, prolonged access
to spring soil moisture that is no longer limited by snowpack presence or cold temperatures
may contribute to increased mountain big sagebrush NPP (Kwon et al., 2008). Germino and
Reinhart (2014) found that sagebrush growing on deep soils experience increased growth
and canopy cover with more frequent winter soil irrigation and increased spring soil
moisture availability. Similarly, Schlaepfer et al. (2012) found that precipitation timing, as
opposed to phase (e.g. rain or snow) was more important to ecosystem water balance of
sagebrush environments. Although high elevation big sagebrush ecosystems are projected to
expand at high elevations, decreases are also predicted to occur across lower elevations with
warmer temperatures (Schlaepfer et al., 2011). Our simulations suggest that, if total
precipitation and soil storage capacity are sufficient, mountain big sagebrush growing in
drift zones appear to benefit from warming temperatures regardless of precipitation phase.

Although simulations indicate that each species can continue to maintain positive
NEP rates under mid-century conditions, the magnitude of potential carbon sequestration
varies by plant functional type. For aspen specifically, increased average NEP at SC under
mid-21* century conditions was driven by significant increases in NEP during several years
that were historically cooler than average. However, most simulation years typically
experienced slightly reduced NEP rates under warmer conditions. Future shifts in species
composition within drift zone communities could have significant impacts on site
productivity and CO, exchange between the atmosphere and biosphere. For example,
although aspen was the most sensitive species to reductions in redistributed precipitation,
annual NPP and total carbon accumulation remained larger than that of mountain big
sagebrush or C3 grasses (Figures 4.3, 4.4). Increased aspen mortality followed by
replacement by either mountain big sagebrush or C3 grasses could lead to significantly
reduced site NPP and potentially weaken the strength of the carbon sink, particularly if
grasses become the dominant vegetation type.

The ability of an individual species to remain productive under a wide range of
conditions provides some insight into the ways vegetation communities may shift under a
changing climate (Weltzin et al., 2003, Huxman et al., 2004). Within the RCEW, mid-21*

century simulations suggest that favorable growing conditions will decrease for aspen at
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mid-elevations, increase for mountain big sagebrush at both mid and high elevations, and
remain relatively unchanged for C3 grasses (Figures 4.3, 4.4). Increased shrub cover and
decreased herbaceous biodiversity following aspen mortality has previously been
documented (Anderegg et al., 2012) and indicates that biophysical and microclimate
conditions created by aspen stands can be important drivers of plant community structure. In
the case of upland drift zones, reduced aspen productivity may lead to future displacement
by increasingly productive mountain big sagebrush or more phenologically plastic species
like C3 grasses or deciduous shrubs like mountain snowberry (Symphoricarpus oreophilus).
Climate change induced shifts in plant community structure may have additional, farther
reaching impacts on wildlife habitat connectivity since upland aspen stands are typically
small biological hotspots relative to the surrounding low-statured vegetation (Stohlgren et
al., 1997).
5.1 Conclusions

In complex terrain with snow-dominated precipitation regimes, areas of productive
sagebrush steppe vegetation can be closely associated with the redistribution of snow. In
drift zones, plant communities can be highly productive relative to exposed ridgelines and
slopes where effective precipitation is reduced by snow scour and/or preferential deposition.
In many of these regions, winter precipitation will likely become increasingly rain
dominated as temperatures increase, leading to a more homogenous distribution of
precipitation across the landscape. We show, first, that decreases in frozen winter
precipitation and increased evaporative demand during the summer will differentially impact
species currently inhabiting drift zones based on variations in leaf habit, growing season
length, and sensitivity to increased vapor pressure deficits. Under warming temperatures and
reduced snowpack, species that maintain leaf area year-round (e.g. mountain big sagebrush)
are projected to experience the largest increases in growing season length and productivity
relative to deciduous species. Although deciduous species like aspen and C3 grasses can
shift the timing of growth to better align with incoming spring precipitation, increases in
spring productivity are less able to buffer carbon losses resulting from increased evaporative
demand later in the growing season. Second, while all species considered in this study
largely maintain positive NEP rates under significant warming and precipitation changes,

future climate conditions favoring specific plant functional types or traits may facilitate
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shifts in the magnitude of carbon assimilation and/or species composition. As sagebrush
steppe ecosystems continue to face increasing pressure from shifting climate regimes,
monitoring drift zone vegetation may become increasingly important when assessing and
managing rangelands for carbon sequestration and/or critical wildlife habitat.
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Tables:

Table 4.1. Site description and climate at Sheep creek (SC), Reynolds Mountain east
(RME), and Johnston Draw (JDW) under historic and mid-21* century climate scenarios.
Effective precipitation represents increased drift zone precipitation resulting from the
redistribution of snow based on drift factors applied to uniform precipitation. Standard
deviations are included in parentheses (20 simulation years at SC and RME, 13 simulation
years at JDW).

Site Elevation | Mean annual temp (°C, Uniform precipitation | Drift | Effective precipitation (mm,
(m) historical and mid-century) (mm) factor | historical and mid-century)

SC 1817 7.1(0.7),10.3 (0.7) 446 (130) 398 1030 (412), 757 (321)

RME | 2038 5.3(0.6),8.5(0.7) 962 (188) 1.45 1180 (242), 1109 (227)

IDW 1782 7.2(0.8),10.4 (0.8) 685 (99) 2.17 944 (134), 810 (99)
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Figure 4.1. Proportion of measured monthly precipitation falling below average daily
temperatures of 0°C for historical and mid-21* century conditions. For discussion of shifts in
precipitation phase, precipitation occurring below this temperature threshold is assumed to
fall as snow. Error bars indicate standard deviations (n= 20 simulation years at SC and
RME, n= 13 simulation years at JDW).
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Figure 4.2. Average monthly redistributed snow water held in the drift at each site under
historical and mid-21* century conditions. Error bars indicate standard deviations (n= 20
simulation years at SC and RME, n= 13 simulation years at JDW). Drift size at each site is a
function of topography, temperature, and total precipitation. Variations in calculated drift
factors led to similar snow redistribution patterns at the dry mid-elevation site (SC) and wet
high-elevation site (RME) while the wetter mid-elevation (JDW) experienced less snow
accumulation.
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Figure 4.3. Simulated annual NPP rates for each species under historical and mid-21*
century conditions. At mid-elevation sites (SC and JDW) aspen experienced decreased NPP
under mid-21* century conditions. However, NPP of mountain big sagebrush experienced
increased at all sites with warming temperatures. NPP of C3 grasses remained relatively
unchanged across historical and mid-21* climate scenarios.
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Figure 4.4. Cumulative NPP for aspen, mountain big sagebrush, and C3 grasses at each site
under historical (1996-2015) and mid-21* century conditions (2046-2065). Note that
simulation periods for JDW are only 13 years compared to those of SC and RME (20 years)
resulting in lower cumulative NPP. Under both climate scenarios, aspen accumulated the
most carbon relative to mountain big sagebrush or C3 grasses. However, mountain big
sagebrush experienced the largest proportional increase in total NPP relative to aspen or C3
grasses with warming.
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Figure 4.5. Average daily NPP (red and blue lines) for aspen, mountain big sagebrush, and
C3 grasses at Sheep Creek (SC) across all simulation years (n=20 at RME and SC, 13 at
JDW). Shaded bands indicate maximum and minimum simulation ranges. For shorter
statured mountain big sagebrush and C3 grasses, several cool years with prolonged snow
drift presence delayed spring growth under historical conditions. Under mid-21* century
conditions, increased evaporative demand significantly reduced aspen and C3 grass NPP
during the mid/late summer.
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Figure 4.6. Daily NPP for each species at Sheep Creek (SC) during 2014 (blue) and the
corresponding mid-21* century year 2064 (red). This simulation year experienced above
average temperatures and below average total precipitation. Total annual NPP for aspen and
C3 grasses was reduced under warmer and drier conditions, whereas mountain big sagebrush
NPP remained similar under both historical and mid-21* century conditions.
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Figure 4.7. Proportion of years with acting as a net carbon sink (i.e. positive rates of net
ecosystem production (NEP)) for each species under historical (1996-2015) and mid-21*
century conditions (2046-2065). Under warmer and drier conditions, aspen and mountain
big sagebrush maintain positive NEP rates across a majority of historical and future
simulation years, although the magnitude of NEP for individual years can be reduced
relative to historical conditions. Annual NEP of C3 grasses consistently alternated between
positive and negative rates under both historical and mid-21* century climate scenarios.
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Chapter 2: Simulating the Dependence of Aspen (Populus tremuloides) on
Redistributed Snow in a Semi-Arid Watershed.

Soderquist B. S.", Kavanagh K. L2, Link T. E.", Seyfried M. S.?, Winstral, A. H.*

" Department of Forest, Rangeland, and Fire Sciences, University of Idaho, Moscow, ID,
83844, USA, * Department of Ecosystem Science and Management, Texas A&M University,
College Station, TX, 77843-2138, USA, ° USDA Agricultural Research Service, 800 Park
Blvd., Plaza IV, Suite 105, Boise, ID, 83712, USA.* Swiss Federal Research Institute for
Snow and Avalanche Research WSL, Fliielastrasse 11, 7260 Davos Dorf, Switzerland.



115

Table S1. Equations used to calculate measured and simulated root zone soil storage
(S mm) from volumetric water content (6 e depin (cm)» m’m™) and layer depths (mm)

rootzone?>

at Reynolds Mountain east (RME), Johnston Draw (JDW), and Sheep Creek (SC).

Soil Equations used to calculate total root zone storage (S,,,.,.., mm) at each site
moisture
data
SemE120cm = O10 * 200mm + 03¢ * 300mm + B4q * 300mm + 61,9 * 400mm
Measured ’
l‘;lt‘gfemc Sipw 120em = 05 * 100mm + 65 * 250mm + O * 250mm + 0,, * 200mm + Ogq * 400mm
tent
conten Ssc.a10em = 010 * 200mm + B3 * 300mm + 6,0 * 300mm + 040 * 300mm
piome- Skue1200m = Osim * 1200mm
BGC ’
simulated
volumetric Sjow,120em = Osim * 1200mm
water
content Ssc,110em = Osim * 1100mm
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Table S2. Ecophysiological parameters used to parameterize Biome-BGC simulations of
aspen at Reynolds Mountain East (RME), Sheep Creek (SC), and Johnston Draw (JDW).
Parameter values were either measured in the field, calculated based on field measurements,
or obtained from published literature. White et al. (2000) was the primary source for
Populus tremuloides or deciduous broad leaf forest parameters, an average was taken when
multiple values for a single parameter were provided.

Parameter Unit RME JIDW SC Source
Transfer growth (prop.) 02 02 02 White et al. 2000
period as fraction of

growing season

Litterfall as fraction of (prop.) 02 02 02 White et al. 2000
growing season

Annual leaf and fine (yr'h) 1.0 1.0 1.0 Deciduous PFT default
root turnover fraction

Annual live wood (yr'h) 0.7 0.7 0.7 White et al. 2000
turnover fraction

Annual whole-plant (yr'h) 0.005 0.005 0.005 White et al. 2000
mortality fraction

Annual fire mortality ~ (yr'") 0.0 0.0 0.0 Not considered
fraction

New fine root C: new  (ratio) 1.2 1.2 1.2 White et al. 2000
leaf C

New stem C: new leaf  (ratio) 22 22 22 White et al. 2000
C

New live wood C: new (ratio) 0.096 0.096 0.096 White et al. 2000
total wood C

New root C: new stem  (ratio) 0.152 0.152 0.152 White et al. 2000
C

Current growth (prop.) 0.5 0.5 0.5 White et al. 2000
proportion

C:N leaves (kg C kgN™") 21.5 18.9 232 Measured

C:N leaf litter (kg C kgN™") 65.5 65.5 65.5 Average of White et al. 2000
C:N fine roots (kg C kgN™") 833 50.7 929 Measured

C:N live wood (kg C kgN™") 50.0 50.0 50.0 White et al. 2000
C:N dead wood (kg C kgN™) 520.0 520.0 520.0 Strukelj et al. 2013
Leaf litter labile (DIM) 0.356 0.356 0.356 Average of White et al. 2000
proportion

Leaf litter cellulose (DIM) 0.44 0.44 0.44 Average of White et al. 2000
proportion

Leaf litter lignin (DIM) 0.204 0.204 0.204 Average of white et al. 2000
proportion

Fine root labile (DIM) 0.333 0.333 0.333 White et al. 2000
proportion

Fine root cellulose (DIM) 0.444 0.444 0.444 White et al. 2000
proportion

Fine root lignin (DIM) 0.223 0.223 0.223 White et al. 2000
proportion

Dead wood cellulose  (DIM) 0.785 0.785 0.785 White et al. 2000
proportion

Dead wood ligning (DIM) 0.215 0.215 0.215 White et al. 2000
proportion

Canopy water (1 LAT' day™) 0.038 0.038 0.038 White et al. 2000
intercept coeff.

Canopy light (DIM) 0.5 0.5 0.5 White et al. 2000
extinction coeff.

All-sided to projected  (DIM) 20 20 20 White et al. 2000
leaf area ratio

Canopy average (m*kg C) 17.2 164 19.9 Measured

specific leaf area

Ratio of shaded SLA:  (DIM) 20 20 20 White et al. 2000
sunlit SLA

continued on next page



Table S2 continued

Parameter Unit RME JDW SC Source
Fraction of percent (DIM) 0.076 0.070 0.070 Calculated by site
leaf N in Rubisco

Maximum stomatal (ms™h 0.005 0.005 0.005 Keyser et al. 2000
conductance

VCoax (umol CO,m™s")  0.95 0.95 0.95 Lenz et al. 2010
Cuticular conductance  (m s™) 0.00001 0.00001 0.00001 White et al. 2000
Boundary layer (ms™) 0.01 0.01 0.01 White et al. 2000
conductance

Leaf water potential: (MPa) -0.5 -0.5 -0.5 Huang et al 2013
start of conductance

reduction

Leaf water potential: (MPa) -14 -14 -14 Measured
complete conductance

reduction

VPD: start of (Pa) 1000.0 1000.0 1000.0 White et al. 2000
conductance reduction

VPD: complete (Pa) 4200.0 4200.0 4200.0 White et al. 2000

conductance reduction
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Appendix 2
Supporting information for
Chapter 3: Growing Season Conditions Mediate the Dependence of Aspen on
Redistributed Snow Under Climate Change.
Soderquist B. S.', Kavanagh K. L2, Link T. E.", Seyfried M. S?, Strand, E. K.

" Department of Forest, Rangeland, and Fire Sciences, University of Idaho, Moscow, ID,
83844, USA, * Department of Ecosystem Science and Management, Texas A&M University,
College Station, TX, 77843-2138, USA, ° USDA Agricultural Research Service, 800 Park
Blvd., Plaza 1V, Suite 105, Boise, ID, 83712, USA.
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Table S1. Ecophysiological parameters used to parameterize Biome-BGC MuSo
simulations of aspen at Sheep Creek (SC), Reynolds Mountain East (RME), and Johnston
Draw (JDW). Parameter values were either measured in the field, adjusted based on field
measurements, or obtained from published literature. White et al. (2000) was the primary
source for species specific parameters, an average was taken when multiple values for a
single parameter were provided.

Parameter name

Aspen parameter values by site
(1=SC, 2=RME 3=JDW)

References, parameterization
method

Transfer growth period as fraction of 0.2'%? White et al., 2000
growing season

Litterfal as fraction of growing season 0.2'%? White et al., 2000
Base temperature NA Not considered
Growing degree day of start of 13 MuSo default
genetically programmed senescence

Annual leaf and fine root turnover 1.0'23 White et al., 2000
fraction

Annual live wood turnover fraction 0.70'%3 White et al., 2000
Annual whole-plant mortality fraction 0.02'%3 Hidy et al., 2016
Annual fire mortality fraction 0.0'%? Not considered
New fine root C: new leaf C 12123 White et al., 2000
New fruit C: new leaf C 0.0'%? Not applicable
New softstem C: new leaf C 0.0'%? Not applicable
New woody stem C: new total wood C 22123 White et al., 2000
New live wood C: new total wood C 0.096'23 White et al., 2000
New coarse root C: new stem C 0.152'23 White et al., 2000
Current growth proportion 0.5'%? Deciduous broadleaf default

C:N leaves

23.2'21.5%,18.9°

measured

C:N leaf litter

65523

Average of aspen, White et al.,
2000

C:N of fine roots 92.9'83.32,50.7° measured

C:N of fruit NA Not applicable

C:N of softstem NA Not applicable

C:N of live wood 50.0'23 White et al., 2000

C:N of dead wood 520'23 Strukelj et al., 2013

Leaf litter labile proportion 0.356'*7 Average from White et al.,
2000

Leaf litter cellulose proportion 0.44'%3 Average from White et al.,
2000

Fine root litter labile proportion 0.204'*7 Average from White et al.,
2000

Fine root litter cellulose proportion 0.444'23 White et al., 2000
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Table S1 continued

Fruit litter labile proportion NA Not applicable

Fruit litter cellulose proportion NA Not applicable

Softstem litter cellulose proportion NA Not applicable

Dead wood cellulose proportion 0.785'*? White et al., 2000

Canopy water interception coefficient 0.038'*? Average from White et al.,
2000.

Canopy light extinction coefficient 0.5'%? White et al., 2000

All-sided to projected leaf area ratio 20" White et al., 2000

Canopy average specific leaf area

19.9',17.2%,16.4°

Measured

Ratio of shaded specific leaf area:sunlit
specific leaf area

207

White et al., 2000

Fraction of leaf N in Rubisco

0.068',0.0772,0.077°

Adjusted within calculated
range

Fraction of leaf N in Pep carboxylase NA Not applicable
Maximum stomatal conductance 0.005'*? Keyser et al., 2005
Cuticular conductance 0.00001'*? White et al., 2000
Boundary layer conductance 0.01'*? White et al., 2000
Relative soil water content limitation 1 0.8'0.6°0.7° Adjusted by site
(proportion to field capacity value)

Relative soil water content limitation 2 1.00'%? Default
(proportion to saturation capacity value)

Vapor pressure deficit: start of 1000'2? White et al., 2000
conductance reduction

Vapor pressure deficit: complete 4200'2* White et al., 2000
conductance reduction

Senescence mortality coefficient of 0.045'*? Decreased from default
aboveground plant material

Senescence mortality coefficient of 0.045'*? Decreased from default
belowground plant material

Genetically programmed senescence 0'%? Not considered
mortality coefficient of leaf

Turnover rate of wilted standing 0.1'%? MuSo default
biomass to litter

Turnover rate of cut-down non-woody 0.1'%? MuSo default
biomass to litter

N denitrification proportion 0.01'*? MuSo default
Bulk N denitrification proportion, wet 0.0068'** MuSo default

case
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Table S1 continued

Bulk N denitrification proportion, dry 0.0003'*? MuSo default
case

Mobile N proportion (leaching) 0.1'%? MuSo default
Symbiotic+asymbiotic fixation of N 0.0008'** MuSo default
Ratio of storage and actual pool 0.1'%? MuSo default

mortality due to management

Critical value of soil stress coefficient

0.467'0.4*0.4°

Adjusted by site

Critical number of stress days 90'*? Hidy et al., 2016

Maximum depth of rooting zone (m) 1.15',1.5%1.5° Estimated in the field', Sucoff,
19822, Berndt and Gibbons,
19582

Root distribution parameter 1.56'%3 Calibrated

Growth respiration per unit C grown 0.3'%3 MuSo default

Maintenance respiration in kgC/day per 0.218'*? MusSo default

kg of tissue N
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Table S2. Equations used to calculate measured and simulated soil storage in the top meter
of soil (S,,,) from volumetric water content (6., m'm") and layer depths (mm) at
Reynolds Mountain east (RME), Johnston Draw (JDW), and Sheep Creek (SC).

Soil moisture Equations used to calculate §,,, (mm) at each site
data

SpMEmeas = 010 * 100mm + 035 * 200mm + O¢o * 300mm + 6,1, * 400mm

Measured
volumetric water | S;pw meas = 05 * 50mm + 6,4 * 250mm + 05 * 250mm + 077 * 250mm + Ogg * 200mm
content
Ssc,meas = 010 * 100mm + 03¢ * 200mm + 64 * 300mm + 614 * 400mm
. SrmE sim = 05 * 100mm + 0,4 * 200mm + 045 * 300mm + Bg¢ * 400mm
Biome-BGC ’

MuSo simulated
volumetric water
content

Sipw,sim = 05 * 100mm + 0,4 * 200mm + 0,45 * 300mm + Og, * 400mm

Ssc,sim = 05 * 100mm + 6,0 * 200mm + 045 * 300mm + Ogo * 400mm
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Figure S1. Incoming precipitation and average daytime vapor pressure deficit (VPD) at each

site measured during 2012 (blue), and adjusted to represent mid-century conditions (red).
This year is characterized by a pronounced summer drought with little precipitation

occurring during the growing season.
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Figure S2. Incoming precipitation and average daytime vapor pressure deficit (VPD) at each
site measured during 2015 (blue), and adjusted to represent mid-century conditions (red).
This year is the warmest for both historic and mid-century simulations.
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Appendix 3
Supporting information for
Chapter 4: Warming Temperatures and Reductions in Redistributed Snow
Differentially Impact the Simulated Productivity of Sagebrush Steppe Vegetation.
Soderquist B. S.', Kavanagh K. L2, Strand, E. K2, Link T. E.", Seyfried M. S}

" Department of Forest, Rangeland, and Fire Sciences, University of Idaho, Moscow, ID,
83844, USA, * Department of Ecosystem Science and Management, Texas A&M University,
College Station, TX, 77843-2138, USA, ° USDA Agricultural Research Service, 800 Park
Blvd., Plaza 1V, Suite 105, Boise, ID, 83712, USA.
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Table S1. Ecophysiological parameters used to parameterize Biome-BGC MuSo
simulations of aspen, mountain big sagebrush, and C3 grasses at Sheep Creek (SC),
Reynolds Mountain East (RME), and Johnston Draw (JDW). Parameter values were either
measured in the field, adjusted based on field measurements, or obtained from published
literature. Note that snow thresholds limiting photosynthesis are model initialization
parameters.

Parameter name Parameter values by species and site References or
S— parameterization
aspen® mountain big C3 grassest method
(1=SC, sagebrushi (1=SC, (by species
2=RME 3=JDW) (1=SC, 2=RME 3=JDW) symbol)
2=RME 3=JDW)
Snow limit on NA 200 %3 5023 Not considered*,
photosynthesis (kg m?) approximatedi,
Hidy et al. 2016}
Transfer growth period 0.2'%3 0.3'%} 1.0'%3 White et al.,
as fraction of growing 2000* %
season
Litterfall as fraction of 0.2'23 0.3'23 1.0'23 White et al.,
growing season 2000%%
Base temperature NA NA 3.6'%° Not
considered*%,
Hidy et al., 20167
Growing degree day of 123 123 0'%? MuSo default*s,
start of genetically using HSGSI+
programmed senescence
(flag)
Annual leaf and fine root 1.0'23 0.32!23 1.0'23 White et al.,
turnover fraction 2000* %+
Annual live wood 0.70'23 0.70'3 NA White et al.,
turnover fraction 2000*%, not
applicablef
Annual whole-plant 0.02'%3 0.06'%? 0.1'%? Hidy et al.,
mortality fraction 2016*, White et
al., 2000%+
Annual fire mortality 0.0'%? 0.0'%*? 0.0'%*? Not
fraction considered*$
New fine root C: new 1.2123 275123 1.0'23 White et al.,
leaf C 2000%%,
calibrated from
Reeves et al.,
2014+
New fruit C: new leaf C 0.0'?? 0.0'%*? 0.0'%*? Not
applicable*
New softstem C: new 0.0'%? 0.0'%*? 0.5'%} Not applicable*F,
leaf C MuSo defaultt
New woody stem C: 22123 1.0'%3 0.0'%*? White et al.,
new total wood C 2000*%, not
applicablef
New live wood C: new 0.096'%3 0.05'%3 0.0'23 White et al.,
total wood C 2000*, Reeves et
al., 2014%, not
applicablef
New coarse root C: new 0.152'2%3 0.3'23 0.0'23 White et al.,
stem C 2000*%, not
applicablef
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Table S1 continued

Current growth 0.5'%? 0.5'%} 0.5'%} White et al.,
proportion 2000* %+
C:N leaves 232'21.5%,18.9° 23.5'2% (p>0.05) 26.2'23.6239.7° | measured*:t
C:N leaf litter 65.5'*7 53.0'%° 49,0'%3 Average of

aspen, White et
al., 2000*, Shaw
and Hart, 2001%,

White et al.,
2000+

C:N of fine roots 92.9'83.32,50.7° 54.6'2*(p>0.05) 60.3',56.12,70.1° | measured*:t

C:N of fruit NA NA NA Not
applicable* 7

C:N of softstem NA NA NA Not
applicable* {7

C:N of live wood 50.0'23 50.0'23 NA White et al.,
2000*%, not
applicablef

C:N of dead wood 520'23 729'23 NA Strukelj et al.,
2013*, White et
al., 2000%, not
applicablef

Leaf litter labile 0.356'*" 0.32'%3 0.68'%? Average or taken

proportion from White et al.,
2000* %+

Leaf litter cellulose 0.44'%3 0.44'23 0.23'23 Average from

proportion White et al.,
2000* %+

Fine root litter labile 0.204'27 0.30'%? 0.34'23 Average or taken

proportion from White et al.,
2000* %+

Fine root litter cellulose 0444123 045123 044123 White et al.,

proportion 2000* %+

Fruit litter labile NA NA NA Not

proportion applicable*

Fruit litter cellulose NA NA NA Not

proportion applicable* 7

Softstem litter cellulose NA NA 0.23'23 Not applicable*F,

proportion Hidy et al., 2016}

Dead wood cellulose 0.785'%3 07123 NA White et al.,

proportion 2000*%, not
applicablef

Canopy water 0.038'27 0.045'*? 0.2'%? Average or taken

interception coefficient from White et al.,
2000 *3+

Canopy light extinction 0.5'%? 0.411'*3 0.74'%3 White et al.,

coefficient 2000* %+

All-sided to projected 20" 23123 2.0} White et al.,

leaf area ratio 2000* %+

Canopy average specific 19.9',17.2*,16.4° 19.1'%3 (p>0.05) 49,0'%3 Measured*%,

leaf area White et al.,
2000+

Ratio of shaded specific 20" 203 2.0} White et al.,

leaf area:sunlit specific 2000%%7

leaf area
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Table S1 continued

Fraction of leaf N in
Rubisco

0.068',0.0772,0.077°

0.032',0.03%,0.032°

0.12',0.10%,0.19°

Decreased from
White et al.,
20003, Adjusted
within calculated

range*{
Fraction of leaf N in Pep NA NA NA Not
carboxylase applicable*
Maximum stomatal 0.005'*? 0.003'*? 0.0032'*7 Keyser et al.,
conductance 2005%*, Turner et
al., 2006%,
Hidy et al., 20167
Cuticular conductance 0.00001'*? 0.00001'2* 0.00006'%3 White et al.,
2000*%, Hidy et
al., 2016}
Boundary layer 0.01'%3 0.02'%? 0.04'%3 White et al.,
conductance 2000* %+
Relative soil water 0.8'0.6%0.7° 0.85'%3 1.00'2? Adjusted by
content limitation 1 site*$, Hidy et
(proportion to field al., 2016
capacity value)
Relative soil water 1.00'*? 1.00'%? 0.99'%3 Default*$, Hidy
content limitation 2 etal., 20167
(proportion to saturation
capacity value)
Vapor pressure deficit: 1000'2? 930'2? 1000'%? White et al.,
start of conductance 2000* %+
reduction
Vapor pressure deficit: 4200'2? 4100'2* 5000'%? White et al.,
complete conductance 2000%%7
reduction
Senescence mortality 0.045'*7 0.0'%*? 0.05'%? Decreased from
coefficient of default*%, Hidy
aboveground plant etal., 20167
material
Senescence mortality 0.045'*7 0.0'%*? 0.01'%? Decreased from
coefficient of default*%, Hidy
belowground plant etal., 20167
material
Genetically programmed 0'%? 0'*? 0'%? Not
senescence mortality considered* 7
coefficient of leaf
Turnover rate of wilted 0.1'%3 0.1'%3 0.006'23 MuSo default*$
standing biomass to litter
Turnover rate of cut- NA NA NA Not
down non-woody considered* 7
biomass to litter
N denitrification 0.01'23 0.01'23 0.01'23 MuSo default*$
proportion
Bulk N denitrification 0.0068'** 0.0068'** 0.0068'** MuSo default*i+
proportion, wet case
Bulk N denitrification 0.0003'** 0.0003'** 0.0003'** MuSo default*i+
proportion, dry case
Mobile N proportion 0.1'23 0.1'23 0.1'23 MuSo default*$+
(leaching)
Symbiotic+asymbiotic 0.0008'** 0.0008'** 0.0007'** MuSo default*s,

fixation of N

Hidy et al., 20167
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Table S1 continued

Ratio of storage and 0.1'%3 0.1'%3 0.1'%3 MuSo default*$

actual pool mortality due

to management

Critical value of soil 0.467'0.4%0.4° 0.5'%} 0.54'23 Adjusted by

stress coefficient site*$, Hidy et
al., 2016+

Critical number of stress 90'*? 90'*? 60'*? Hidy et al.,

days 2016%%7

Maximum depth of 1.15',1.5%1.5° 1.15',1.5%1.5° 0.70'23 Sucoff, 1982,

rooting zone (m) Berndt and
Gibbons, 1958*,
Flerchinger and
Seyfried, 20144,
Hidy et al., 2016}

Root distribution 1.56'%3 1.5'%3 1.85'%3 Calibrated*,

parameter Hidy et al., 2016}

Growth respiration per 0.3'23 0.3'%} 0.3'%} MuSo default*$ 7

unit C grown

Maintenance respiration 0218'%3 0.3'23 0.218'23 MuSo default*,

in kgC/day per kg of increased based

tissue N on Hidy et al.,

2016
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Figure S1. Total ecosystem respiration (TER, autotrophic + heterotrophic) for aspen and
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mountain big sagebrush at Sheep Creek during 2014 and its associated mid-21* century

2064. Decreases in aspen TER during the 2064 growing season are primarily due to
decreased maintenance respiration rates resulting from decreased LAI and reduced

heterotrophic respiration. 2064 TER is increased for sage primarily by increased growth

respiration rates.
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