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Abstract Alpine tundra ecosystems are highly vulnerable to climate warming but are governed by
local-scale abiotic heterogeneity, which makes it difficult to predict tundra responses to environmental change.
Although land models are typically implemented at global scales, they can be applied at local scales to address
process-based ecological questions. In this study, we ran ecosystem-scale Community Land Model (CLM)
simulations with a novel hillslope hydrology configuration to represent topographically heterogeneous alpine
tundra vegetation across a moisture gradient at Niwot Ridge, Colorado, USA. We used local observations to
evaluate our simulations and investigated the role of topography and aspect in mediating patterns of snow,
productivity, soil moisture, and soil temperature, as well as the potential exposure to climate change across

an alpine tundra hillslope. Overall, our simulations captured observed gradients in abiotic conditions and
productivity among heterogeneous, hydrologically connected vegetation communities (moist, wet, and dry).
We found that south facing aspects were characterized by reduced snowpack and drier and warmer soils in all
communities. When we extended our simulations to the year 2100, we found that earlier snowmelt altered the
timing of runoff, with cascading effects on soil moisture, productivity, and growing season length. However,
these effects were not distributed equally across the tundra, highlighting potential vulnerabilities of alpine
vegetation in dry, wind-scoured, and south facing areas. Overall, our results demonstrate how land model
outputs can be applied to advance process-based understanding of climate change impacts on ecosystem
function.

Plain Language Summary It is critical to understand how rapidly warming mountain ecosystems
will respond to environmental change. However, large differences in physical properties, including temperature,
snow, and water, over small distances make it difficult to project these responses. We used a land surface model
that captures distributions of water and energy across the landscape paired with long-term observations from
an alpine ecosystem to explore changes in snow, water, and productivity among diverse alpine vegetation.
Additionally, we explored how this ecosystem might respond to climate change and how these responses differ
across north and south facing slopes. Overall, our model results matched patterns in physical conditions and
plant productivity observed at this site. We found that south facing slopes had less snow and drier, warmer

soils compared to north facing slopes. Responses to climate change included snow melting earlier in the year,
shifting the timing of runoff and suggesting that plant water demand may become disconnected from resource
availability. Furthermore, responses differed across the landscape, indicating that plants in dry, wind-scoured,
and south facing areas are more vulnerable to environmental change. Our study examines local-scale

variation across an alpine landscape to address the challenge of projecting responses to change in rapidly
warming ecosystems.

1. Introduction

Alpine and arctic tundra ecosystems are particularly sensitive to climate variability and change (Ernakovich
etal., 2014; Seddon et al., 2016). Global air temperatures are rising, and high-elevation regions are warming faster
than the rest of the planet; alpine records show an average rate of 0.3 + 0.3°C/decade compared to 0.2 + 0.1°C/
decade globally (Hock et al., 2019). Mountain regions provide critical ecosystem services including supplying
drinking water to half of the global population, but these water supplies are highly sensitive to climate change
(Immerzeel et al., 2020). Moreover, warming in these high-elevation systems has potential implications for global
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carbon cycling via accelerated permafrost degradation (Knowles et al., 2019), as has been shown in high-latitude
permafrost systems (Schuur et al., 2015). Additional impacts of increasing temperatures in alpine systems include
decreased snowpack (Musselman et al., 2021; Wieder et al., 2022), altered nutrient cycling (Dong et al., 2019),
shifts in the timing of the growing season, and changes in vegetation composition (Walker et al., 2006). The expo-
sure to these projected changes, however, may not be experienced evenly over alpine ecosystems.

Topographic gradients (formed by lateral drainage from hills to valleys) and aspect-driven differences in solar
radiation represent primary controls on the availability of water and energy across landscapes, and thus the distri-
bution of soil water and vegetation within ecosystems (Fan et al., 2019; Swenson et al., 2019). In mountainous
terrain, topographic complexity at micro- and macro-scales (tens to thousands of meters, here referred to as
“hillslope scales”; Swenson et al., 2019) drives variability in the accumulation and redistribution of snow and
water—Ileading to gradients in soil conditions, hydrologic connectivity, nutrient cycling, and vegetation compo-
sition (Erickson et al., 2005; Opedal et al., 2015). Abiotic heterogeneity at hillslope scales can lead to micro-
climate differences where some parts of the landscape are buffered from atmospheric changes and act as refu-
gia while other areas are more exposed, accentuating potential vulnerabilities (Lenoir et al., 2017; McLaughlin
et al., 2017). Microscale variation can also mediate responses to climate warming (Korner & Hiltbrunner, 2021;
Winkler et al., 2018; Zellweger et al., 2020), making it more difficult to predict how these systems will respond to
change. Thus, exposure to climate change will likely be moderated by the heterogeneity generated by topographic
complexity in mountain landscapes, where differences in topography and aspect alter abiotic conditions such as
surface temperature, snow accumulation, and soil moisture. In the Colorado (CO) Rocky Mountains, slopes are
predominantly north- and south-facing as a result of east-west draining valleys, leading to prominent variation in
seasonal snowpack depth and vegetation composition across aspects (Daubenmire, 1943; Helm, 1982; Hinckley
et al., 2012). However, few studies have examined the role of topographic gradients and aspect in shaping patterns
of snow, moisture, and productivity across alpine tundra landscapes and mediating their responses to climate
warming.

At Niwot Ridge, CO, a Long-Term Ecological Research (LTER) site, a 70-year climate record shows that
maximum annual temperatures have been increasing faster than the global rate at ~0.5°C/decade (McGuire
et al., 2012). Concurrent shifts in environmental conditions including precipitation and atmospheric deposi-
tion complicate efforts to understand alpine rates of response to warming. Indeed, previous studies have found
conflicting responses that indicate alpine tundra ecosystems will both lag behind (Alexander et al., 2018; Korner
& Hiltbrunner, 2021) and track (Panetta et al., 2018; Steinbauer et al., 2018) climate changes. Regional studies
show that rising air temperatures have already led to earlier snowmelt and streamflow, as well as increases in the
length of the ice-free period in alpine lakes (Christianson et al., 2021; Musselman et al., 2021). Heterogeneous
terrain at Niwot Ridge leads to spatial variability in hydrologic connectivity, soil moisture, plant productiv-
ity, nitrogen (N) mineralization rates, and microbial biomass across the landscape (Chen et al., 2020; Hermes
et al., 2020; Schmidt et al., 2015). Thus, we expect the effects of warming on nutrient cycling, productivity, and
plant community composition to vary with topography and aspect.

To better understand how local heterogeneity mediates ecosystem responses to climate change, we used a land
model with hillslope-scale processes to represent a heterogeneous alpine environment and examine ecological
hypotheses. Land models such as the Community Land Model (CLM) simulate biophysical and biogeochemical
processes, representing water, energy, carbon (C), and N fluxes (Lawrence et al., 2019, see Figure 1; also see
Figure S1 in Supporting Information S1 for a summary schematic diagram of processes represented in CLM
and their relationships to alpine vegetation). While these models are primarily used at global scales, they can
be leveraged to address ecologically relevant questions and provide insight into abiotic and biotic responses to
climate change at regional and local scales (Mao et al., 2016). For example, Wieder et al. (2017) used the CLM
version 4.5 to represent local patterns of water, energy, and C in alpine tundra, showing promise in exploring
ecological responses to change. We build on this work using eddy covariance measurements from 2008 to 2021 at
Niwot Ridge, CO to run single-point simulations of the CLM5 (Lawrence et al., 2019) with a hillslope hydrology
configuration (Swenson et al., 2019) and site-specific modifications for moist, wet, and dry alpine vegetation
(Figure 1). We first asked whether our modeling framework could reproduce observations of snow, soil temper-
ature and moisture, and productivity across a topographically complex tundra hillslope (Model evaluation). We
then applied this framework to examine how differences in solar radiation across north and south aspects alter
patterns of hydrology, soil moisture and temperature, and growing season length (Model application). Finally, we
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Figure 1. Diagram of our model workflow for single-point simulations with hillslope hydrology configured for an alpine tundra hillslope. The Community Land
Model (CLM) can be run at point scales and with site-specific configurations to test ecological hypotheses using a combination of atmospheric forcings, plant traits,
and observational data for evaluation. (a) Shows the Niwot Ridge idealized hillslope, with separate columns for moist, wet, and dry meadow vegetation. Black arrows
indicate the direction of hydrologic connectivity with a lowland (wet meadow) column connected to two upland (moist and dry meadow) columns. Forcing data
included meteorological measurements from two alpine flux towers (b, photo credit J. Knowles), precipitation measurements from the Saddle site (c, photo credit W.
Wieder; d, photo credit J. Morse), and shortwave radiation measurements from the US-NR1 AmeriFlux Tower site. Moist, wet, and dry meadows were parameterized
using plant functional trait data and phenocam observations (e) from Niwot Ridge. We used observational data from Niwot Ridge including snow depth measurements,
soil temperature and moisture from the Sensor Network Array (f, aerial imagery from Wigmore & Niwot Ridge LTER, 2021), and aboveground NPP measurements
from biomass harvests to evaluate our results.

extended our simulations to 2100 and examined whether microscale variation (via aspect and vegetation commu-
nity) moderates exposure to climate change and ecosystem services (Model projection).

2. Methods
2.1. Study Site

Our study was conducted at Niwot Ridge, a high-alpine LTER site in the Front Range of the CO Rocky Moun-
tains, USA (40°03° N, 105°35° W, altitude approximately 3,500 m above sea level, asl). Niwot Ridge has a
mean annual temperature of —2.2°C and receives 884 mm of precipitation annually. Long term climate meas-
urements from 1953—present at the D-1 site that hosts the highest elevation long-term weather station in North
America at 3,749 m asl show a strong warming trend at Niwot Ridge during the spring and summer months
(Bueno de Mesquita et al., 2021; McGuire et al., 2012). Precipitation patterns are highly variable and show a
slight increase over time at alpine sites (Kittel et al., 2015). Indeed, high variability in total annual precipitation
and mean monthly air temperatures seems characteristic of the site (Walker et al., 1994). Most of this precipita-
tion (~80%) falls as snow (Caine, 1996), leading to a short 2- to 3-month growing season. Niwot Ridge ecosys-
tems range from subalpine forests to alpine tundra and talus. Our work here focuses on the dry, moist, and wet
meadow vegetation that is broadly characteristic of alpine tundra ecosystems at the site.

Alpine tundra vegetation is structured largely by snow and its redistribution by wind across the topographically
variable landscape (Erickson et al., 2005; Litaor et al., 2008), with some areas accumulating snow while other
areas remain wind-scoured and snow free. Snow free areas, which host fellfield vegetation, and areas with thin
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snow cover, which host dry meadow vegetation, tend to be less productive and have low statured vegetation due
to temperature and moisture adaptations (Billings & Mooney, 1968). In contrast, areas with deep snow accumu-
lation host moist meadow communities, where snow persists into the summer and productivity is higher. Wet
meadow vegetation forms in lowland areas that receive runoff from upland snowmelt and tend to have the highest
productivity.

2.1.1. Site Observations for Model Forcing and Evaluation

Local meteorological measurements are necessary to run single-point CLM simulations. Most inputs were avail-
able from alpine stations at Niwot Ridge (Figure 1), but we leveraged measurements from nearby subalpine
stations as necessary. Specifically, we used air temperature, relative humidity, barometric pressure, and wind
speed inputs measured at two alpine eddy covariance towers, which are located in fellfield and dry meadow
vegetation (3,480 m asl, AmeriFlux sites US-NR3 and US-NR4; Knowles, 2022a, 2022b; Knowles et al., 2012).
We used measurements from US-NR4 and gap-filled them using measurements from US-NR3 when necessary.
Precipitation data came from the nearby Saddle site (3,525 m asl) and were corrected for the effects of blowing
snow from October—May following Williams et al. (1998). We used these data in combination with a half-hourly
precipitation record from the subalpine U.S. Climate Reference Network (USCRN) station 14W (40°02° N,
105°32° W; data from https://www.ncei.noaa.gov/pub/data/uscrn/products/subhourly01/; accessed May 2022)
measured at 3,050 m asl to distribute the Saddle precipitation record to the half-hour measurements needed for
CLM, following methods described in previous work (Wieder et al., 2017). Finally, incoming shortwave radia-
tion data were taken from a lower elevation eddy covariance tower, also located in subalpine forest (Ameriflux
site US-NR1, 3,050 m asl; Burns et al., 2016), as incoming solar measurements from higher elevation sites were
not reliably collected over the alpine data record (again, as in Wieder et al., 2017). Meteorological data were
gap-filled using the R package REddyProc (Wutzler et al., 2018).

We evaluated model results by comparing them with ongoing, publicly available Niwot Ridge datasets, including
snow depth collected ~biweekly from 88 gridded points since 1982 (Walker et al., 2022) and corresponding
descriptions of dominant plant communities (Spasojevic et al., 2013). We also compared our results with biomass
harvests collected at the end of the growing season to estimate annual aboveground net primary productivity
(ANPP; Walker et al., 2022). These ANPP measurements were multiplied by 0.5 to convert g dry weight to g C
for direct comparison with model outputs. For the dry meadow, we compared our simulations with gross primary
productivity (GPP) estimates from the alpine flux towers (Knowles, 2022a, 2022b). Finally, we used soil moisture
and temperature data collected since 2018 from the Sensor Network Array at Niwot Ridge (Morse & Niwot Ridge
LTER, 2022) to evaluate our simulations (Figure 1).

2.2. CLM Overview

We ran single-point simulations of the CLM version 5 (Lawrence et al., 2019), the land component of the
Community Earth Systems Model (CESM; Danabasoglu et al., 2020), with the hillslope hydrology configuration
(Swenson et al., 2019) and active biogeochemistry, including vertically resolved soil biogeochemistry (Koven
et al., 2013) and site-level modifications to represent Niwot Ridge conditions. Our single-point CLM simulations
approximate the footprint of an eddy covariance tower and allow ecological hypotheses to be tested and generated
(Bonan et al., 2011; Hudiburg et al., 2013; Wieder et al., 2017). The hillslope hydrology configuration in CLM
explicitly represents the effects of topography on insolation and the lateral redistribution of water at the scale of
an average or “representative’ hillslope (Swenson et al., 2019).

For our representative hillslope at Niwot Ridge, we wanted to represent hydrological conditions at the well-studied
Saddle site where topography and aspect control patterns of snow accumulation and vegetation distribution.
To do this we implemented three hydrologically connected columns within the vegetated land unit, with one
downslope “lowland” column (wet meadow) and two upslope columns (moist and dry meadows; see Figure 1).
In this configuration, surface and subsurface lateral flow was passed between neighboring columns and runoff
from the lowland column was passed directly into the stream channel. See Swenson et al. (2019) for a detailed
description of possible hillslope configurations and hillslope-scale hydrological processes in CLM. The number
of columns within our hillslope and the connectivity between columns was prescribed by an input surface data
set. The slope and aspect of each column was also prescribed by the surface data set, with the two upland columns
having slopes of 0.3 m/m and east and west aspects (moist and dry meadow columns, respectively; Figure 1).
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All simulations were spun up in “accelerated decomposition” mode for 200 years by cycling over 4 years of
forcing data from 2008 to 2011; soil and vegetation C and N pools were then allowed to equilibrate for another
100 years (Lawrence et al., 2019). Historical simulations were conducted using observations of atmospheric data
over the experimental period from 2008 to 2021. We ran historical simulations with fixed CO, concentrations.

2.2.1. Site-Specific Model Setup

To better represent local conditions across vegetation communities in the Saddle, we made several site-specific
modifications related to meteorological input data, surface characterizations, and parameterizations of the default
Arctic C; grass plant functional type used in the CLM. Strong winds redistribute snow across Niwot Ridge
(Erickson et al., 2005), leading to a patchy distribution of snow that structures vegetation communities. Snow
accumulates on leeward (east facing) slopes that support productive moist meadow communities with grasses
(e.g., Deschampsia caespitosa) and forbs (e.g., Acomastylis rossii), whereas windward (west facing) slopes have
little snow accumulation and support characteristic dry meadow communities dominated by sedges (e.g., Kobre-
sia myosuroides). The physics of the CLM does not represent this fine scale, sub-grid redistribution of snow by
wind, so we directly modified winter precipitation levels: when air temperatures were below 0°C, moist meadow
columns, which accumulate the deepest winter snowpack, received 100% of observed Saddle precipitation,
wet meadow columns received 75% of observed precipitation, and dry meadow columns received only 10% of
observed precipitation. When air temperatures were above freezing, all columns received identical precipitation
(as rain). These modifications result in maximum snow depths that align with periodic snow depth measurements
for these landscape positions that are collected across the Saddle grid and have been used in previous work at the
site (Wieder et al., 2017).

Variations in soil properties across Niwot Ridge also reflect differences in snow accumulation and vegetation
communities, with wetter parts of the landscape having deeper, more developed soils (Burns, 1980). Accord-
ingly, we used National Ecological Observatory Network (NEON) Megapit data (Lombardozzi et al., 2023) to
modify soil properties that reflect these differences in soil characteristics seen in the field (Table S1 in Supporting
Information S1). Specifically, for the rocky and less developed soils found in the dry meadow, we reduced water
saturation by 50%. We also modified organic matter values based on data from Niwot Ridge (Burns, 1980) by
reducing the organic matter fraction by 25% in moist and dry meadows to reflect that wet meadow soils have
higher organic matter content than moist and dry meadows, and reduced sand content and increased clay content
by 10% in the wet meadow. Lastly, we decreased the thickness of the dry surface layer, which controls soil evap-
oration (Swenson & Lawrence, 2014), by 33%.

Alpine tundra supports high floristic diversity with clear differences in functional traits that influence rates of
photosynthesis and productivity in CLM (Fisher & Koven, 2020; Spasojevic et al., 2013). Accordingly, we modi-
fied foliar traits and phenology based on observations to represent moist, wet, and dry meadow vegetation (see
Table S1 in Supporting Information S1). For foliar traits, we used functional trait data collected at Niwot Ridge
over the past three decades (Spasojevic et al., 2013). We changed specific leaf area and foliar C:N ratios using
median values calculated for each of the three communities. We also modified fine root to leaf allocation for each
community based on observations and values from the literature (Table S1 in Supporting Information S1; Birch
et al., 2021; Fisk et al., 1998). For phenology parameters, we used green chromatic coordinate (GCC) values
extracted from phenocam observations from 2018 to 2022 at plots throughout the Saddle (Elwood et al., 2022)
and phenometrics calculated from GCC values (unpublished data) to modify the timing of the growing season for
each community. Phenometrics included start of growing season (50% of maximum GCC) and peak of growing
season (maximum GCC) dates. We used 5 cm soil temperature observations and start of growing season dates
in each community to calculate accumulated growing degree days (GDD; when surface soil temperatures >0°C)
before the start of leaf onset. Using these calculations, we modified a GDD scale factor in the model to represent
the increased GDD accumulation required in the dry meadow to trigger leaf out (a 70% increase compared to
moist and wet meadows). We also calculated the number of days between leaf onset and peak greenness for each
community (modifying ndays_on in Table S1 in Supporting Information S1).

When preliminary simulations showed high productivity biases compared to observations for all three commu-
nities, we modified several photosynthetic and plant hydraulic parameters to better represent alpine growth
strategies (see Table S1 in Supporting Information S1). We first decreased two parameters in the mechanistic
model of photosynthetic capacity used in CLMS5 (leaf utilization of N for assimilation or LUNA; Ali et al., 2016)
for all communities. These two parameters, j,.., and j, ... specify the baseline proportion of N allocated for
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Table 1 electron transport and the response of electron transport rate to light avail-
C()mparis()n ()fKey Metrics Related to Snow, Water, Pr()ducl‘ivjty, and Soil ablhty, reSpeCthely‘ To represent more conservative grOWth Strategles m
Conditions Between Moist, Wet, and Dry Meadow Communities From the dry meadow vegetation, we decreased two plant hydraulic stress parameters
Saddle (Control) Simulations With CLM representing maximum stem and root conductivity (Kennedy et al., 2019).
Max.
Snow Peak  GS soil
depth runoff moisture  GS soil 2.3. Model Application and Projection
(m) m~2y-) DOY (%) temp. (°C) o ) )
After validating our model results against observations, we conducted two
BAmEG  LLEY B2 = 2 = experimental simulations to quantify potential (a) effects of aspect on solar
Wet 0.98 569.0 153 327 1.7 radiation that may moderate timing and magnitude of snowpack accumula-
Dry 0.12 201.4 105 27.6 15.0 tion and runoff with cascading influences on soil moisture, soil temperature,

Note. Growing season (GS) was defined as days where simulated GPP >0.

and productivity on north and south facing slopes; and (b) interacting effects

All values are means calculated from simulations over the alpine flux tower ~ Of aspect and climate change-induced warming across moist, wet, and dry
observational record (2008-2021). DOY stands for day of calendar year. meadows.

First, we ran two additional simulations to examine effects of aspect with

the model setup as described above with several modifications. These simu-
lations replicated the setup of our control (Saddle) simulations, except that the slope and aspect were modified
to represent either a north or a south facing hillslope. We maintained the same precipitation inputs, vegetation
community parameterizations, and slope angle across all communities for consistency between control, south,
and north facing simulations.

Second, to simulate climate change effects, we used an anomaly forcing protocol (Wieder et al., 2015), which
provides a smooth transition between the observed alpine eddy covariance tower record (2008-2021) and a
projected SSP3-7.0 scenario simulated by CESM2. Specifically, mean monthly changes (or anomalies) in the
atmospheric state were calculated by subtracting the climatological mean of a “historic” baseline, 2005-2014,
from CESM2 projections under the SSP3-7.0 scenario through the end of the century. We added the atmospheric
anomalies for the gridcell containing Niwot Ridge to meteorological data from the alpine flux tower that was
cycled over the observational record. In addition to the atmospheric anomalies, the projected climate change
scenario also included transient atmospheric CO, concentrations reaching 867 ppm by 2100 based on projected
increases in emissions following protocols from the most recent Coupled Model Intercomparison Project (CMIP6)
using CESM2. These future scenarios were run for all three vegetation communities on north and south facing
aspects. We note that because climate trajectories may be accelerated at higher elevations (Mountain Research
Initiative EDW Working Group, 2015; Wang et al., 2016), this approach represents a conservative estimate for
changes in the mean atmospheric state that may be expected under this high emissions scenario. In addition, due
to the coarse scale of a gridcell in CESM, this approach is unable to account for potential associations between
local scale processes that could occur with climate change, such as changes in wind or snow density that may
occur with warming. We also acknowledge that our approach represents a single possible climate change trajec-
tory, but this balanced approach offers generalizable insight into how exposure to climate change may vary with
aspect across topographically complex terrain.

3. Results and Discussion
3.1. Model Evaluation: Niwot Ridge LTER Measurements

Overall, the ecosystem-level CLM simulations agreed with observed patterns of soil moisture, temperature, and
snow depth from Niwot Ridge. Redistribution of snow by wind leads to three distinct vegetation communities
that differ in their annual cycles of soil temperature, soil moisture, and productivity (Table 1), described in more
detail below. Consistent with observations, simulated moist meadow and wet meadow communities are buffered
from seasonal temperature extremes and remain relatively moist throughout their short growing season, whereas
dry meadow communities experience wider seasonal fluctuations in soil temperature with longer, drier growing
seasons.

Modifications to winter precipitation allowed CLM simulations to capture observed gradients in snow accumu-
lation across moist, wet, and dry meadows, as intended. Maximum snow depths simulated in each community
(1.47 + 0.55 m, 0.98 + 0.36 m, and 0.12 + 0.04 m in moist, wet, and dry meadow, respectively) corresponded
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Figure 2. Annual climatology of mean daily (+SD) (a—c) snow depth, (d—f) soil temperature (4 cm depth), and (g-1) soil water content (4 cm depth; when soil
temp. > 0) from CLM simulations configured for moist, wet, and dry meadow communities. Simulations and observations were averaged by day of year across 2008—
2021 (snow depth) or 2017-2021 (soil temperature and water content) for each community, with moist, wet, and dry meadows in green, blue, and orange, respectively,

and observations in black.

well with observations across the Saddle grid (Table 1; Figures 2a—2c). The simulations also captured interannual
variability in snowpack across the 14-year measurement record (Figure S2 in Supporting Information S1). We
found early biases in the timing of peak snow depth, initiation of snowmelt, and the first snow free day compared
to observations (Figures 2a—2c). The first snow free day was ~20-30 days early in the moist and wet meadows,
but values in the dry meadow matched observations more closely (Figure 2, Table 1).

Differences in timing between observations and simulations are unsurprising given the spatially and temporally
variable nature of snow observations, which are particularly difficult to measure at high altitude sites with high
wind transport (Williams et al., 1998). While CLM does not account for blowing snow, our simplified precip-
itation modifications resulted in a dry meadow snowpack that was thin and variable throughout the winter, as
in the observations; however, the simulations underestimated the effects of late spring storms, when heavier,
higher-moisture snow can accumulate in windblown areas (Figure 2c). Early melt biases may also point to known
shortcomings in the radiative transfer and albedo representation of snow in CLM. Indeed, proposed updates to
the Snow, Ice, and Aerosol Radiative (SNICAR) module (Flanner et al., 2021; He et al., 2023) used in CLM
offer promise—but additional work is needed to evaluate this scheme, which is outside the scope of this work. Our
findings show that vegetation in CLM experiences snow-free conditions earlier in the growing season than actual
plant communities at Niwot Ridge typically experience, but since soil temperature controls phenology for CLM
Arctic C, grasses, the representation of soil temperature may be more important to consider than snow-free date.
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Figure 3. Boxplots of observed versus simulated (a) mean annual gross primary productivity (GPP) and (b) aboveground net primary productivity (ANPP). Green,
blue, and orange denote CLM simulations of moist, wet, and dry meadow communities, respectively, and black denotes observations from alpine flux towers (GPP, dry
meadow only) and biomass harvests from the Saddle (ANPP), Niwot Ridge. Boxplot parameters throughout are as follows: median (white lines), interquartile range
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Soil temperature and moisture simulated by the CLM broadly captured the climatological patterns observed
among moist, wet, and dry meadows (Figures 2d-21i), as well as variation between years (Figure S3 in Supporting
Information S1). During winter months, moist and wet meadow soils remained near freezing due to the insulating
effect of the snowpack, whereas snow-free dry meadow soils remained well below freezing. During the spring
and summer, moist and wet meadow soils warmed later in the growing season (consistent with later snowmelt)
and experienced lower maximum soil temperatures. By contrast, dry meadow soils warmed quickly in spring,
resulting in a longer growing season with higher maximum summer temperatures (Table 1; Figures 2d-2f). We
found a bias toward warmer simulated soil temperatures (both winter and summer), notably in the moist and wet
meadows (Figures 2d and 2e). Winter biases likely occurred due to the development of a deeper early season
snowpack in moist and wet meadow communities in CLM compared to observations (Figures 2a and 2b, and S2
in Supporting Information S1). Work at other sites suggests that snow thermal conductivity in CLMS is too high,
resulting in cold wintertime soil temperature biases (Dutch et al., 2022; Luo et al., 2023). Preliminary results from
our simulations at Niwot Ridge, however, suggest that thermal conductance of snow may be too low, resulting in
warm winter soil temperature biases in moist and wet meadow columns.

Mean soil moisture (when soil temperatures were above 0°C) averaged 44.2 + 13.6%, 45 + 12.6%, and 31.7 + 6.2%
in moist, wet, and dry meadows, respectively, with moist and wet meadow soils maintaining higher soil moisture
longer in the growing season than dry meadow soils (Figures 2g-2i). As in previous modeling efforts at Niwot Ridge
(Wieder et al., 2017), moist meadow soil moisture was primarily driven by snowmelt, whereas wet meadow soils
received additional water subsidies from upslope areas, allowing them to maintain more moisture during the growing
season (Figures 2g and 2h, and Table 1). By contrast, dry meadow soil moisture closely tracked episodic summer
rainfall events (Figure 2i and Figure S3f in Supporting Information S1). In moist meadow sites, our simulations
showed biases toward low soil moisture compared to observations. This could reflect a feedback between simulated
soil hydrology and plant physiology, as higher than observed moist meadow productivity (Figure 3) may concurrently
dry out soils in the model. Moreover, the soil hydraulic properties used in CLM may allow excess drainage in moist
meadow soils and subsequent transfers to downslope wet meadow columns (although wet meadow soil moisture
was also underestimated at this site). Meanwhile, in the dry meadow, CLM was unable to capture both the moisture
peak following snowmelt and the magnitude of dry down throughout the growing season. Additional modifications
to input data may better capture the late spring storms that led to deeper dry-meadow snow in the observations
compared to our results (Figure 2¢) and may improve dry meadow soil moisture early in the growing season. Moreo-
ver, our column-specific modifications to better represent rocky alpine soils (Table S1 in Supporting Information S1)
in CLM may warrant further investigation for studies seeking higher fidelity simulations of soil abiotic conditions.
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Broadly, our findings underscore the challenges of representing biophysical and biogeochemical processes in
sophisticated land models with high dimensionality parameter space (Dagon et al., 2020). For example, the gener-
alized pedotransfer functions that are used in global scale, coarse resolution climate simulations with CLM may
need more careful evaluation for local application in ecosystem-scale studies (Dai et al., 2019; Luo et al., 2023).
Such detailed measurements of soil thermal and hydraulic properties, however, are not commonly collected in
sites with co-located measurements of plant traits (for model parameterization) and long-term measurements of
ecosystem fluxes (for model calibration and evaluation). Indeed, even at a well-studied site such as Niwot Ridge,
a paucity of data on soil physical properties precludes more robust interrogation of the belowground biases
in our simulations. Moreover, the continuous, distributed measurements of soil temperature and moisture that
we present are relatively new additions to the LTER data collections that began in 2018, following previous
data-model integrations by Wieder et al. (2017). Given the harsh alpine environment, these data are hard-earned
but likely inadequate to capture the high variability that characterizes soil moisture conditions across complex
terrain (Loescher et al., 2014). Despite these challenges, our results demonstrate that the hillslope hydrology
configuration of CLM can broadly represent meaningful abiotic conditions and ecological functions across a
heterogeneous landscape.

Simulated estimates of both GPP and ANPP increased with moisture and snow depth across the tundra hillslope
gradient (Figure 3 and Table 1), with mean annual GPP averaging 350 + 45, 569 + 51, and 201 +21 gC m~2 yr~!
in moist, wet, and dry meadow columns, respectively. Although moist meadow communities had the deepest
snowpack, they were less productive than the wet meadow due to a shorter growing season (Figure 3 and Table 1).
Wet meadow communities receive water subsidies from uphill columns, largely the moist meadow, and experi-
ence little to no water stress during the growing season. On the other hand, dry meadow experiences the longest
growing season and highest soil temperatures, but water limitation leads to more conservative growth strategies
in this community (Spasojevic & Suding, 2012; Winkler et al., 2018). While simulated GPP values in the dry
meadow were higher on average than the alpine flux tower observations (Figure 3b), they fell within the range
of uncertainty, indicating that our simulations provide reasonable estimates of productivity (Figure 3a). More-
over, the footprint of the alpine flux towers includes significant areas of fellfield vegetation, which is heavily
snow-scoured with very shallow, poorly developed soils, sparse vegetation cover, and lower productivity than dry
meadow (Burns, 1980; Knowles et al., 2016; Wieder et al., 2017).

Without community-specific estimates of GPP, we calibrated model parameters to simulate differences in ANPP
among vegetation communities, which our results broadly captured (Figure 3b). We found that the model under-
estimated ANPP by ~30 g C m~? yr~! in moist and dry meadows compared to long-term measurements in the
Saddle. A number of parameters could be responsible for these biases. For example, compared to the default
parameter in CLMS5, we increased fine root C allocation relative to leaf C allocation (Table S1 in Supporting
Information S1), a modification supported by literature that demonstrates higher belowground C investment in
arctic and alpine plants (Birch et al., 2021; Iversen et al., 2015; Jackson et al., 1996). Further modifications to
the parameterizations of photosynthetic capacity, plant hydraulic stress, nutrient use efficiency, allocation, and
turnover could further refine these results. Indeed, such efforts are the focus of ongoing work. Future work, there-
fore, should focus on quantifying broad plant functional traits for alpine vegetation and characterizing different
growth strategies within and among tundra communities (Sulman et al., 2021). Broadly, however, our hillslope
implementation of CLMS adequately captured gradients in snow accumulation and ablation, soil temperature and
moisture, and productivity that are observed among moist, wet, and dry meadow communities at Niwot Ridge.
Next, we apply this modeling framework to investigate how aspect mediates ecosystem function in alpine tundra
systems.

3.2. Model Application: Aspect Controls on Hydrology, Soil Conditions, and Growing Season Length

Leveraging novel capabilities of the hillslope hydrology configuration in CLM, we applied our modeling
framework to investigate potential aspect-driven differences across topographically complex alpine landscapes.
These north and south aspect simulations had the expected effect of decreasing snow depth on south aspects
(Figures 4a—4c and Table 2), indicating that higher winter solar radiation on south-facing slopes increases
sublimation. During the spring, however, higher solar zenith angles reduce aspect-driven differences in solar radi-
ation, which is the primary driver of ablation. Thus, our simulations showed negligible differences in the timing
of snowmelt between north- and south-facing simulations. Under current (2008-2021) conditions, only the moist
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meadow experienced delays in the first snow free day on north aspects compared to south aspects (Table 2).
Deeper snowpack in the north aspect, however, did alter the timing and magnitude of runoff fluxes and transfers
between hillslope columns. Peak runoff occurred later in north-facing columns, particularly in the wet meadow,
which receives water subsidies from uphill moist meadow columns (Table 2; Figures 4d—4f).

Despite similarities in snowmelt timing, we found that south aspects had longer growing seasons in all three
communities (defined as the number of days when simulated GPP >0). This occurred because south-facing soils
warmed earlier than north-facing soils experiencing wetter, cooler conditions (Figure 5). Throughout the growing
season, north-facing soils were 2.9, 3.5, and 2.2°C cooler and 3.8%, 3.8%, and 4.2% wetter than south-facing
soils in moist, wet, and dry meadows, respectively (Table 2), but the annual cycle of these differences varied
(Figure 5). Specifically, the deep moist meadow snowpack buffered soils from aspect-driven differences in
winter solar radiation, leading to negligible differences in winter soil temperatures between aspects (Figure 5a).
Meanwhile, the dry meadow lacked this snow insulation and experienced warmer winter soil temperatures on
south aspects (Figure 5c¢). Although south aspects had drier soils throughout the year, annual cycles of soil mois-
ture were consistent between aspects in moist and dry meadows (Figures 5d and 5f). In contrast, the wet meadow
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Table 2

Comparison of Key Metrics Related to Snow, Water, Productivity, and Soil Conditions Between Moist, Wet, and Dry
Meadow Communities Across North (N) and South (S) Aspects for Historical (2008-2021) and Future (2086-2099)
Simulations

Max. snow Istsnow  GSlength GPP(gC Peak runoff GS soil GS soil
Experiment depth (m) free DOY (days) m2y~!) DOY moisture (%) temp. (°C)
Moist S Historical 1.28 184 107 363 155 28.7 14.8
Future 1.27 165 125 631 135 26.8 17.6
N Historical 1.61 197 100 342 156 325 11.9
Future 1.6 174 113 595 140 28.1 15.4
Wet S Historical 0.9 184 112 516 142 31.1 12.8
Future 0.85 164 126 857 127 342 15.6
N Historical 1.13 184 105 628 155 35.0 9.4
Future 1.1 164 115 997 142 333 13.0
Dry S Historical 0.15 167 137 241 105 24.2 15.4
Future 0.16 152 150 403 69 21.3 18.4
N Historical 0.13 167 126 259 112 28.5 13.2
Future 0.11 146 134 418 75 24.9 16.5

Note. Growing season (GS) was defined where GPP >0. DOY stands for day of calendar year.

had almost no aspect-driven difference in soil moisture early in the growing season, when runoff from the uphill
moist meadow provided supplementary water inputs (Figure 4e); however, after day ~210 (late July), aspect
effects emerged when south-facing soils dried out faster (Figure 5b). Overall, these differences in soil mois-
ture and temperature highlight the role of aspect in controlling abiotic conditions across heterogeneous alpine
environments (Isard, 1986), with implications for plant community composition and function. For example, in
a subarctic forest-tundra ecotone, aspect was a stronger control on community composition than slope angle or
elevation, driven by increased soil temperature and active layer depth (Dearborn & Danby, 2017). Similarly, our
results suggest that historical snow accumulation patterns influence subsequent aspect-driven differences in soil
temperature and moisture that may moderate how tundra vegetation experiences warming across heterogeneous
alpine terrain.

Previous work on the impacts of topographic relief at hillslope scales indicates that warmer slopes should support
longer growing seasons in areas with energy limitation, while cooler slopes can support higher productivity
in areas with water limitation (Fan et al., 2019). Given that in our simulations, south aspects had longer grow-
ing seasons than north aspects (7%—8% longer depending on community; Table 2), differences in cumulative
GPP were surprising. Because moist meadow vegetation experiences a short growing season (May et al., 1982),
we expected south aspects to have higher productivity, which was true, but only slightly (Figure S4g, S4h in
Supporting Information S1; Table 2). These results align with the marginally earlier snowmelt date, higher soil
temperature, and lower soil moisture conditions that characterized south-facing simulations (Figures 4 and 5).
By contrast, north aspects were more productive in both wet (Figures 6g and 6h) and dry meadows (Figures S5g,
S5h in Supporting Information S1 and Table 2). We suspect that growing season length is less limiting of wet and
dry meadow productivity, with soil N and water, respectively, providing larger constraints in CLM (as in Wieder
etal., 2017). Moreover, the increase in wet and dry meadow productivity on north aspects may be a result of lower
soil temperatures (Figure 5b) that reduce maintenance respiration (thereby increasing plant C use efficiency) or
plant-soil feedbacks resulting from higher soil N stocks due to higher soil organic matter content simulated on
north-facing slopes, which is also consistent with observations (Egli et al., 2009; Spasojevic et al., 2014).

3.3. Model Projections: Alpine Tundra Responses to Simulated Warming and Increased CO,

To examine the role of microsite variation in potentially buffering alpine vegetation against climate change, we
extended our simulations to year 2100 for all three communities on north- and south-facing aspects. The anomaly
forcing from CESM2 included a 3.5°C warming of air temperature and an 8.2% increase in precipitation by 2100,
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Figure 5. Mean annual climatology of (a—c) soil temperature (°C) and (d—f) volumetric soil water content (% at 4 cm depth) from CLM simulations configured for
north (solid lines) and south (dashed lines) aspects with moist (green lines), wet (blue lines), and dry (orange lines) meadow vegetation. Results were averaged by day of
year across the 2008-2021 study period for each community-aspect pairing.

relative to the historical baseline. These projected climate changes drove shifts in the timing of snow accumula-
tion and ablation that had cascading effects on soil temperature, plant water availability, and productivity patterns,
but the magnitude of these effects varied with landscape position. For brevity, we illustrate climate change effects
on wet meadow columns (Figure 6), and present moist and dry meadow results in Table 2 and Supporting Infor-
mation S1 (Figures S4-S5 in Supporting Information S1).

With projected warming, we found that the timing of snowmelt and runoff shifted earlier across all simulations,
with concurrent decreases in maximum runoff rates. While maximum snow depth changed little between histor-
ical and future scenarios, the snowpack melted earlier in all future simulations (by 15-23 days depending on
community and aspect; Table 2), leading to an 8%—18% increase in growing season length, depending on loca-
tion. Peak runoff was generally reduced and occurred earlier for all communities and aspects in future simulations
(13-37 days earlier, with smaller and larger changes in wet meadow and dry meadows, respectively; Table 2),
shifting the timing of runoff earlier relative to the start of the growing season (Figures 6¢ and 6d, Fgures S4c, S4d,
S5c¢, and S5d in Supporting Information S1). These changes in runoff timing and magnitude align with expecta-
tions and with previous modeling studies predicting that shallower snowpacks will melt earlier and more slowly
across the Western U.S (Clow, 2010; Musselman et al., 2017). However, an exception to the pattern of reduced
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Figure 6. Mean annual climatology of (a), (b) snow depth (m), (¢), (d) runoff (mm/d), (e), () soil moisture (%, 4 cm depth), and (g), (h) productivity (gC/m?/d) in the
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values occur when inflow from uphill is greater than outflow.
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runoff occurred in the south facing wet meadow, where peak runoff was approximately 20% higher in the future
scenario (Figure 6¢), peaking more quickly and being followed by a more rapid decline compared to the historical
scenario. This increase may be explained by a combination of factors including moist meadow water subsidies
being passed downslope earlier (Figure S4 in Supporting Information S1), increased surface runoff due to lack
of infiltration of snow-covered soils (Evans et al., 2018), and complex feedbacks between snow ablation rates,
evapotranspiration, and plant water use (Barnhart et al., 2020; Harpold & Brooks, 2018).

Shifts in the timing and magnitude of snowmelt and runoff in our simulations suggest that plants are likely to
experience decreased growing season water availability when demand is high, ultimately increasing plant water
stress. These findings are consistent with previous modeling efforts at Niwot Ridge (Dong et al., 2019; Wieder
et al.,, 2017) and measurements in a high-elevation Colorado wetland (Blanken, 2014). Seasonal snowmelt in
alpine regions provides critical water resources in the Western U.S., but these high-elevations areas are particu-
larly susceptible to climate change (Immerzeel et al., 2020; Mote et al., 2005). Water balance measurements in
headwater catchments including Niwot Ridge have shown disproportionately high contributions of alpine tundra
areas to total catchment discharge (Knowles et al., 2015), suggesting that these shifts in snowpack and runoff have
significant implications for downstream water resources and hydrological processes.

Differences in the timing of snowmelt and runoff in our simulations led to shifts in growing season soil mois-
ture and plant productivity across the hillslope gradient. In the moist and dry meadows, soils were consistently
drier throughout the growing season in the future simulations (Figures S4e, S4f and S5e, S5f in Supporting
Information S1, Table 2). Indeed, dry meadow soil moisture patterns largely reflected episodic summer precipi-
tation events, consistent with observations at the site (Figure 2i). The anomaly forcing approach we used cannot
address potential changes in monsoon variability or strength that may be associated with climate change (Pascale
et al., 2017), but our results underscore the importance of summer precipitation in determining plant water avail-
ability in dry, and even moist meadow ecosystems. By contrast, because they received water subsidies from
upslope, wet meadow soils were relatively buffered from changes in growing season soil moisture (Figures 6e
and 6f). This finding is supported by previous work at Niwot Ridge emphasizing the role of snowmelt in shap-
ing soil moisture in wetter areas (Taylor & Seastedt, 1994). We also found increased GPP in all communities in
tandem with earlier snowmelt, drier soils, longer growing seasons, and increased atmospheric CO, concentrations
(Figure 6, Figures S4, and S5 in Supporting Information S1), although previous work has shown mixed produc-
tivity responses to warmer and drier conditions in tundra systems (Dong et al., 2019; Yang et al., 2020).

Simulated shifts in soil temperature and moisture varied with landscape position, with south aspects generally
changing more than north aspects. We attributed these shifts to either aspect or community, depending on the
metric, indicating that spatial heterogeneity can play a key role in moderating exposure to climate change. For
example, south-facing dry meadow vegetation showed the biggest change in annual mean soil temperature and
moisture in future simulations (Figures 7a and 7b). These changes in surface soil temperatures tracked the increase
in air temperature from 2008 to 2100 (dashed line; Figure 7a). Previous work by Wentz et al. (2019) found that
under current conditions dry meadow leaf temperatures were higher than in other communities and already near
optimal values for photosynthesis, concluding that a 2°C air temperature increase would likely decrease carbon
assimilation. In our simulations, dry meadow vegetation temperatures were approximately 1.7° and 2.1°C higher
than those in the moist and wet meadows, respectively. Our finding that soil temperatures track air temperatures
in dry meadows suggests that these plants are likely more vulnerable to adverse effects of warming from climate
change. In contrast, moist and wet meadow surface soil temperatures increased much less than air temperature
due to the insulating effect of their deeper snowpack.

Changes in growing season soil moisture and growing season length were primarily driven by aspect, with smaller
differences among communities (Figures 7b and 7¢). Soil moisture in south aspect dry meadow showed the great-
est proportional decrease, followed by south aspect moist meadow. Aspect differences in soil moisture were not
apparent in the wet meadow, where upslope water subsidies buffered against soil moisture change (Figure 7b).
Likewise, increases in growing season length under climate change were more pronounced on south aspects
(Figure 7c¢), with larger increases in moist and wet meadows due to earlier snowmelt (Table 2). Thus, our findings
support the role of microclimates in moderating exposure and rates of response to climate change impacts that
alpine vegetation may experience, where local conditions experienced by plants can be decoupled from atmos-
pheric changes (Ackerly et al., 2020; Lenoir et al., 2013; Oldfather & Ackerly, 2019). Across the tundra hillslope
gradient, differences in snowpack and hydrology dictated responses to warming, where cooler, wetter soils were
maintained in lowland vegetation patches that accumulate moisture.
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Figure 7. Metrics of climate change exposure and ecosystem services are moderated by community type and aspect in Niwot Ridge alpine tundra ecosystems.
Boxplots show mean differences between corresponding years in the historical (2008-2015) and future (2092-2099) time periods for north (solid boxes) and south
(dashed boxes) aspects. (a) change in mean annual surface soil temperature (dashed line represents the mean increase in air temperature between 2008 and 2100); (b)
percent change in growing season soil moisture; (c) percent change in growing season length; and (d) percent change in gross primary productivity (note, b—d were all
normalized to productivity values from each community). Green, blue, and orange boxes represent, moist, wet, and dry communities, respectively.

Our results suggest that abiotic shifts driven by changes in snowmelt timing are likely to alter resource connectiv-
ity across tundra ecosystems, where shifts in microbial biomass may lead to increased N export during snowmelt
and decreased N available to alpine plants. In alpine areas where snow cover and cold soils result in short grow-
ing seasons (Billings & Mooney, 1968), lengthening the growing season may have outsized effects on microbial
activity, nutrient cycling, and plant community dynamics. Microbial biomass typically peaks under spring snow-
pack (Lipson et al., 2000; Schadt et al., 2003), and shifts in soil microbial activity, biogeochemical cycling, and
microbial community composition occur following snowmelt (Schmidt et al., 2015). For example, high microbial
biomass under consistent snow cover buffers against inorganic N export during snowmelt (Brooks et al., 1998),
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and nutrients released as a result of microbial activity following snowmelt are a key control on N availability to
alpine plants (Lipson et al., 1999). Although our simulations are not well suited to explore these biotic feedbacks,
our findings indicate that differences in aspect could moderate exposure to these changes.

In addition to longer growing seasons, we found increased productivity across all future simulations. These
changes in GPP varied less between landscape positions than other metrics—all communities and aspects showed
mean increases of similar magnitude (Figure 7d). However, GPP increases showed greater interannual variabil-
ity in the dry meadow, supporting the idea that dry meadow experiences greater exposure to changes in abiotic
conditions while moist and wet meadows are more buffered from these changes. In addition to warming effects,
these GPP increases reflect greater atmospheric CO, concentrations that can lead to higher water use efficiency
(Keenan et al., 2013) and higher photosynthetic rates per unit leaf area (Dong et al., 2019), which may help
compensate for drier soils under the future climate scenario. In comparison to our findings (GPP increased
by ~65 to 80%), Fan et al. (2016) parameterized an ecosystem biogeochemistry model for dry meadow tundra
and found that a 3°C increase in soil and air temperature led to a corresponding ~50% GPP increase without
accounting for increasing atmospheric CO,. Although we lack observations to evaluate these results, our model
evaluation efforts indicate relatively strong agreement between dry meadow simulations and flux tower GPP
observations (Figure 3b). Furthermore, studies in arctic and alpine tundra have documented widespread shrubi-
fication (Formica et al., 2014; Sturm et al., 2001) and increases in graminoid abundance (Wookey et al., 2009),
which tend to be accompanied by increased biomass and productivity and occur in tandem with global change
factors. Elsewhere, studies also show that moisture limitation can exert strong controls on tundra productivity (Fan
et al., 2016) and shrub growth and recruitment (Mekonnen et al., 2021), suggesting that declines in productivity
and shifts in plant community composition may occur in tundra sites experiencing greater soil moisture stress.
Our simulations are not suited to address more nuanced productivity responses to environmental change via the
potential effects of increased moisture stress and warming on species composition or expression of plant func-
tional traits, which are likely to be mediated by microclimate variation (Korner & Hiltbrunner, 2021). However,
future efforts should leverage trait databases and ecosystem demography models to improve the representation
of alpine plant functional types (Fisher & Koven, 2020) and quantify potential rates of change in community
weighted mean traits and community turnover to better understand ecosystem responses to climate change.

4. Conclusions

Overall, our findings highlight the value of incorporating site-level measurements into land models to ask
ecological questions and improve projections of climate change impacts on ecosystem functions. Using local
observations from Niwot Ridge and explicitly incorporating aspect effects on insolation and lateral hydrologic
connectivity into our modeling framework, we found that leveraging the hillslope hydrology configuration within
CLM allowed us to represent a topographically complex alpine environment. Our simulations captured gradients
in snow accumulation, soil temperature and moisture, and productivity among hydrologically connected alpine
vegetation communities and allowed us to examine aspect-driven differences and climate warming effects. Our
findings demonstrate the role of local scale heterogeneity, including cooler north facing slopes and lowland areas
that accumulate moisture, in buffering vegetation from experiencing warming and acting as potential refugia
from climate change. Conversely, our findings highlight potential vulnerabilities of vegetation in dry, windblown,
and south facing parts of the landscape that are less buffered from environmental change. To better understand
how microscale variation will mediate rates of response to warming, future work should aim to better characterize
growth strategies and plant functional traits within alpine vegetation and examine how shifts in these traits due
to changes in species composition may mediate tundra responses to change. Interdisciplinary approaches that
combine site-level observations with modeling approaches are critical to investigate how rapid warming may alter
ecosystem functions and services across topographically complex landscapes.
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