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Key Points: 19 

● Local abiotic heterogeneity (via differences in topography and aspect) governs snow 20 

accumulation, runoff, and productivity in alpine tundra 21 

● Climate warming leads to earlier snowmelt, decreased runoff, and drier soils, potentially 22 

decoupling plant resource demand and availability 23 

● Topographic position mediates exposure to climate change, highlighting potential 24 

vulnerabilities of moisture-limited vegetation patches 25 
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Abstract  26 

Alpine tundra ecosystems are highly vulnerable to climate warming but are governed by local-27 

scale abiotic heterogeneity, which makes it difficult to predict tundra responses to environmental 28 

change. Although land models are typically implemented at global scales, they can be applied at 29 

local scales to address process-based ecological questions. In this study, we ran ecosystem-scale 30 

Community Land Model (CLM) simulations with a novel hillslope hydrology configuration to 31 

represent topographically heterogeneous alpine tundra vegetation across a moisture gradient at 32 

Niwot Ridge, Colorado, USA. We used local observations to evaluate our simulations and 33 

investigated the role of topography and aspect in mediating patterns of snow, productivity, soil 34 

moisture, and soil temperature, as well as the potential exposure to climate change across an 35 

alpine tundra hillslope. Overall, our simulations captured observed gradients in abiotic 36 

conditions and productivity among heterogeneous, hydrologically connected vegetation 37 

communities (moist, wet, and dry). We found that south facing aspects were characterized by 38 

reduced snowpack and drier and warmer soils in all communities. When we extended our 39 

simulations to the year 2100, we found that earlier snowmelt altered the timing of runoff, with 40 

cascading effects on soil moisture, productivity, and growing season length. However, these 41 

effects were not distributed equally across the tundra, highlighting potential vulnerabilities of 42 

alpine vegetation in dry, wind-scoured, and south facing areas. Overall, our results demonstrate 43 

how land model outputs can be applied to advance process-based understanding of climate 44 

change impacts on ecosystem function. 45 

Plain Language Summary 46 

 It is critical to understand how rapidly warming mountain ecosystems will respond to 47 

environmental change. However, large differences in physical properties, including temperature, 48 
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snow, and water, over small distances make it difficult to project these responses. We used a land 49 

surface model that captures distributions of water and energy across the landscape paired with 50 

long-term observations from an alpine ecosystem to explore changes in snow, water, and 51 

productivity among diverse alpine vegetation. Additionally, we explored how this ecosystem 52 

might respond to climate change and how these responses differ across north and south facing 53 

slopes. Overall, our model results matched patterns in physical conditions and plant productivity 54 

observed at this site. We found that south facing slopes had less snow and drier, warmer soils 55 

compared to north facing slopes. Responses to climate change included snow melting earlier in 56 

the year, shifting the timing of runoff and suggesting that plant water demand may become 57 

disconnected from resource availability. Furthermore, responses differed across the landscape, 58 

indicating that plants in dry, wind-scoured, and south facing areas are more vulnerable to 59 

environmental change. Our study examines local-scale variation across an alpine landscape to 60 

address the challenge of projecting responses to change in rapidly warming ecosystems. 61 

 62 

1 Introduction 63 

Alpine and arctic tundra ecosystems are particularly sensitive to climate variability and 64 

change (Ernakovich et al., 2014; Seddon et al., 2016). Global air temperatures are rising, and 65 

high-elevation regions are warming faster than the rest of the planet; alpine records show an 66 

average rate of 0.3°C ± 0.3 ˚C/decade compared to 0.2°C ± 0.1 ˚C/decade globally (Hock et al., 67 

2019). Mountain regions provide critical ecosystem services including supplying drinking water 68 

to half of the global population, but these water supplies are highly sensitive to climate change 69 

(Immerzeel et al. 2020). Moreover, warming in these high-elevation systems has potential 70 

implications for global carbon cycling via accelerated permafrost degradation (Knowles et al., 71 
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2019), as has been shown in high-latitude permafrost systems (Schuur et al., 2015). Additional 72 

impacts of increasing temperatures in alpine systems include decreased snowpack (Musselman et 73 

al., 2021; Wieder et al., 2022), altered nutrient cycling (Dong et al., 2019), shifts in the timing of 74 

the growing season, and changes in vegetation composition (Walker et al., 2006). The exposure 75 

to these projected changes, however, may not be experienced evenly over alpine ecosystems. 76 

Topographic gradients (formed by lateral drainage from hills to valleys) and aspect-77 

driven differences in solar radiation represent primary controls on the availability of water and 78 

energy across landscapes, and thus the distribution of soil water and vegetation within 79 

ecosystems (Fan et al., 2019; Swenson et al., 2019). In mountainous terrain, topographic 80 

complexity at micro- and macro-scales (tens to thousands of meters, here referred to as ‘hillslope 81 

scales’; Swenson et al., 2019) drives variability in the accumulation and redistribution of snow 82 

and water – leading to gradients in soil conditions, hydrologic connectivity, nutrient cycling, and 83 

vegetation composition (Erickson et al., 2005; Opedal et al., 2015). Abiotic heterogeneity at 84 

hillslope scales can lead to microclimate differences where some parts of the landscape are 85 

buffered from atmospheric changes and act as refugia while other areas are more exposed, 86 

accentuating potential vulnerabilities (Lenoir et al., 2017; McLaughlin et al., 2017). Microscale 87 

variation can also mediate responses to climate warming (Körner & Hiltbrunner, 2021; Winkler 88 

et al., 2018; Zellweger et al., 2020), making it more difficult to predict how these systems will 89 

respond to change. Thus, exposure to climate change will likely be moderated by the 90 

heterogeneity generated by topographic complexity in mountain landscapes, where differences in 91 

topography and aspect alter abiotic conditions such as surface temperature, snow accumulation, 92 

and soil moisture. In the Colorado (CO) Rocky Mountains, slopes are predominantly north- and 93 

south-facing as a result of east-west draining valleys, leading to prominent variation in seasonal 94 
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snowpack depth and vegetation composition across aspects (Daubenmire, 1943; Helm, 1982; 95 

Hinckley et al., 2012). However, few studies have examined the role of topographic gradients 96 

and aspect in shaping patterns of snow, moisture, and productivity across alpine tundra 97 

landscapes and mediating their responses to climate warming. 98 

At Niwot Ridge, CO, a Long-Term Ecological Research (LTER) site, a 70-year climate 99 

record shows that maximum annual temperatures have been increasing faster than the global rate 100 

at ~0.5 ˚C/decade (McGuire et al., 2012). Concurrent shifts in environmental conditions 101 

including precipitation and atmospheric deposition complicate efforts to understand alpine rates 102 

of response to warming. Indeed, previous studies have found conflicting responses that indicate 103 

alpine tundra ecosystems will both lag behind (Alexander et al., 2018; Körner & Hiltbrunner, 104 

2021) and track (Panetta et al., 2018; Steinbauer et al., 2018) climate changes. Regional studies 105 

show that rising air temperatures have already led to earlier snowmelt and streamflow, as well as 106 

increases in the length of the ice-free period in alpine lakes (Christianson et al., 2021; 107 

Musselman et al., 2021). Heterogeneous terrain at Niwot Ridge leads to spatial variability in 108 

hydrologic connectivity, soil moisture, plant productivity, nitrogen (N) mineralization rates, and 109 

microbial biomass across the landscape (Chen et al., 2020; Hermes et al., 2020; Schmidt et al., 110 

2015). Thus, we expect the effects of warming on nutrient cycling, productivity, and plant 111 

community composition to vary with topography and aspect.  112 

 To better understand how local heterogeneity mediates ecosystem responses to climate 113 

change, we used a land model with hillslope-scale processes to represent a heterogeneous alpine 114 

environment and examine ecological hypotheses. Land models simulate biophysical and 115 

biogeochemical processes, representing water, energy, carbon (C), and N fluxes (Lawrence et al., 116 

2019). While these models are primarily used at global scales, they can be leveraged to address 117 
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ecologically relevant questions and provide insight into abiotic and biotic responses to climate 118 

change at regional and local scales (Mao et al., 2016). For example, Wieder et al. (2017) used the 119 

Community Land Model (CLM) version 4.5 to represent local patterns of water, energy, and C in 120 

alpine tundra, showing promise in exploring ecological responses to change. We build on this 121 

work using eddy covariance measurements from 2008-2021 at Niwot Ridge, CO to run single- 122 

point simulations of the CLM5 (Lawrence et al. 2019) with a hillslope hydrology configuration 123 

(Swenson et al. 2019) and site-specific modifications for moist, wet, and dry alpine vegetation  124 

(Figure 1). We first asked whether our modeling framework could reproduce observations of 125 

snow, soil temperature and moisture, and productivity across a topographically complex tundra 126 

hillslope (Model evaluation). We then applied this framework to examine how differences in 127 

solar radiation across north and south aspects alter patterns of hydrology, soil moisture and 128 

temperature, and growing season length (Model application). Finally, we extended our 129 

simulations to 2100 and examined whether microscale variation (via aspect and vegetation 130 

community) moderates exposure to climate change and ecosystem services (Model projection). 131 

 132 

2 Methods 133 

 2.1 Study site 134 

Our study was conducted at Niwot Ridge, a high-alpine LTER site in the Front Range of 135 

the CO Rocky Mountains, USA (40˚03’ N, 105˚35’ W, altitude approximately 3500 m above sea 136 

level, asl). Niwot Ridge has a mean annual temperature of -2.2˚C and receives 884 mm of 137 

precipitation annually. Long term climate measurements from 1953–present at the D-1 site that 138 

hosts the highest elevation long-term weather station in North America at 3749 m asl show a 139 

strong warming trend at Niwot Ridge during the spring and summer months (Bueno de Mesquita 140 
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et al., 2021; McGuire et al., 2012). Precipitation patterns are highly variable and show a slight 141 

increase over time at alpine sites (Kittel et al., 2015). Indeed, high variability in total annual 142 

precipitation and mean monthly air temperatures seems characteristic of the site (Walker et al., 143 

1994). Most of this precipitation (80%) falls as snow (Caine, 1996), leading to a short 2-3 month 144 

growing season. Niwot Ridge ecosystems range from subalpine forests to alpine tundra and talus. 145 

Our work here focuses on the dry, moist, and wet meadow vegetation that is broadly 146 

characteristic of alpine tundra ecosystems at the site. 147 

Alpine tundra vegetation is structured largely by snow and its redistribution by wind 148 

across the topographically variable landscape (Erickson et al., 2005; Litaor et al., 2008), with 149 

some areas accumulating snow while other areas remain wind-scoured and snow free. Snow free 150 

areas, which host fellfield vegetation, and areas with thin snow cover, which host dry meadow 151 

vegetation, tend to be less productive and have low statured vegetation due to temperature and 152 

moisture adaptations (Billings & Mooney, 1968). In contrast, areas with deep snow accumulation 153 

host moist meadow communities, where snow persists into the summer and productivity is 154 

higher. Wet meadow vegetation forms in lowland areas that receive runoff from upland 155 

snowmelt and tend to have the highest productivity. 156 

 157 

 2.1.1 Site observations for model forcing and evaluation 158 

Local meteorological measurements are necessary to run single-point CLM simulations. 159 

Most inputs were available from alpine stations at Niwot Ridge (Figure 1), but we leveraged 160 

measurements from nearby subalpine stations as necessary. Specifically, we used air 161 

temperature, relative humidity, barometric pressure, and wind speed inputs measured at two 162 

alpine eddy covariance towers, which are located in fellfield and dry meadow vegetation (3480 163 
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m asl, AmeriFlux sites US-NR3 and US-NR4; Knowles, 2022a, 2022b; Knowles et al., 2012). 164 

We used measurements from US-NR4 and gap-filled them using measurements from US-NR3 165 

when necessary. Precipitation data came from the nearby Saddle site (3525 m asl) and were 166 

corrected for the effects of blowing snow from October–May following Williams et al. (1998). 167 

We used these data in combination with a half-hourly precipitation record from the subalpine 168 

U.S. Climate Reference Network (USCRN) station 14W (40˚02’ N, 105˚32’ W; data from 169 

https://www.ncei.noaa.gov/pub/data/uscrn/products/subhourly01/; accessed May 2022) measured 170 

at 3050 m asl to distribute the Saddle precipitation record to the half-hour measurements needed 171 

for CLM, following methods described in previous work (Wieder et al., 2017). Finally, incoming 172 

shortwave radiation data were taken from a lower elevation eddy covariance tower, also located 173 

in subalpine forest (Ameriflux site US-NR1, 3050 m asl; Burns et al., 2016), as incoming solar 174 

measurements from higher elevations sites were not reliably collected over the alpine data record 175 

(again, as in Wieder et al. 2017). Meteorological data were gap-filled using the R package 176 

REddyProc (Wutzler et al., 2018). 177 

We evaluated model results by comparing them with ongoing, publicly available Niwot 178 

Ridge datasets, including snow depth collected ~biweekly from 88 gridded points since 1982 179 

(Walker et al., 2022) and corresponding descriptions of dominant plant communities (Spasojevic 180 

et al., 2013). We also compared our results with biomass harvests collected at the end of the 181 

growing season to estimate annual aboveground net primary productivity (ANPP; Walker et al., 182 

2022). These ANPP measurements were multiplied by 0.5 to convert g dry weight to g C for 183 

direct comparison with model outputs. For the dry meadow, we compared our simulations with 184 

gross primary productivity (GPP) estimates from the alpine flux towers (Knowles, 2022a, 185 

2022b). Finally, we used soil moisture and temperature data collected since 2018 from the 186 
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Sensor Network Array at Niwot Ridge (Morse & Niwot Ridge LTER, 2022) to evaluate our 187 

simulations (Figure 1). 188 

Figure 1. The Community Land Model (CLM) can be run at point scales and with site-specific 189 
configurations to test ecological hypotheses using a combination of atmospheric forcings, plant 190 
traits, and observational data for evaluation, as shown in this diagram of our model workflow for 191 
single-point simulations with hillslope hydrology configured for an alpine tundra hillslope. (a) 192 
shows the Niwot Ridge idealized hillslope, with separate columns for moist, wet, and dry 193 
meadow vegetation. Black arrows indicate the direction of hydrologic connectivity with a 194 
lowland (wet meadow) column connected to two upland (moist and dry meadow) columns. 195 
Forcing data included meteorological measurements from two alpine flux towers (b, photo credit 196 
J. Knowles), precipitation measurements from the Saddle site (c, photo credit W. Wieder; d, 197 
photo credit J. Morse), and shortwave radiation measurements from the US-NR1 AmeriFlux 198 
Tower site. Moist, wet, and dry meadows were parameterized using plant functional trait data 199 
and phenocam observations (e) from Niwot Ridge. We used observational data from Niwot 200 
Ridge including snow depth measurements, soil temperature and moisture from the Sensor 201 
Network Array (f, aerial imagery from Wigmore & Niwot Ridge LTER, 2021), and aboveground 202 
NPP measurements from biomass harvests to evaluate our results. 203 
 204 
 2.2 CLM overview 205 

We ran single-point simulations of the CLM version 5 (Lawrence et al., 2019), the land 206 

component of the Community Earth Systems Model (CESM; Danabasoglu et al., 2020), with the 207 

hillslope hydrology configuration (Swenson et al., 2019) and active biogeochemistry, including 208 

CLM idealized hillslope

Site input data
Saddle precipitation
Tvan meteorology

Ameriflux radiation
Soil properties

Model parameterization
Foliar traits

Phenology traits
Plant hydraulics

Model evaluation
Snow depth

Soil temperature
Soil moisture
Productivity

WET DRYMOIST

(b) (c) (d)

(e)

(a)

(f)
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vertically resolved soil biogeochemistry (Koven et al., 2013) and site-level modifications to 209 

represent Niwot Ridge conditions. Our single-point CLM simulations approximate the footprint 210 

of an eddy covariance tower and allow ecological hypotheses to be tested and generated (Bonan 211 

et al., 2011; Hudiburg et al., 2013; Wieder et al., 2017). The hillslope hydrology configuration in 212 

CLM explicitly represents the effects of topography on insolation and the lateral redistribution of 213 

water at the scale of an average or ‘representative’ hillslope (Swenson et al., 2019).  214 

For our representative hillslope at Niwot Ridge, we wanted to represent hydrological 215 

conditions at the well-studied Saddle site where topography and aspect control patterns of snow 216 

accumulation and vegetation distribution. To do this we implemented three hydrologically 217 

connected columns within the vegetated land unit, with one downslope ‘lowland’ column (wet 218 

meadow) and two upslope columns (moist and dry meadows; see Figure 1). In this configuration, 219 

surface and subsurface lateral flow was passed between neighboring columns and runoff from 220 

the lowland column was passed directly into the stream channel. See Swenson et al. (2019) for a 221 

detailed description of possible hillslope configurations and hillslope-scale hydrological 222 

processes in CLM. The number of columns within our hillslope and the connectivity between 223 

columns was prescribed by an input surface data set. The slope and aspect of each column was 224 

also prescribed by the surface data set, with the two upland columns having slopes of 0.3 m/m 225 

and east and west aspects (moist and dry meadow columns, respectively; Figure 1). 226 

All simulations were spun up in “accelerated decomposition” mode for 200 years by 227 

cycling over four years of forcing data from 2008-2011; soil and vegetation C and N pools were 228 

then allowed to equilibrate for another 100 years (Lawrence et al., 2019). Historical simulations 229 

were conducted using observations of atmospheric data over the experimental period from 2008-230 

2021. We ran historical simulations with fixed CO2 concentrations. 231 
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 232 

 2.2.1 Site-specific model setup 233 

 To better represent local conditions across vegetation communities in the Saddle, we 234 

made several site-specific modifications related to meteorological input data, surface 235 

characterizations, and parameterizations of the default Arctic C3 grass plant functional type used 236 

in the CLM. Strong winds redistribute snow across Niwot Ridge (Erickson et al., 2005), leading 237 

to patchy distribution of snow that structures vegetation communities. Snow accumulates on 238 

leeward (east facing) slopes that support productive moist meadow communities with grasses 239 

(e.g., Deschampsia caespitosa) and forbs (e.g., Acomastylis rossii), whereas windward (west 240 

facing) slopes have little snow accumulation and support characteristic dry meadow communities 241 

dominated by sedges (e.g., Kobresia myosuroides). The physics of the CLM does not represent 242 

this fine scale, sub-grid redistribution of snow by wind, so we directly modified winter 243 

precipitation levels: when air temperatures were below 0C, moist meadow columns, which 244 

accumulate the deepest winter snowpack, received 100% of observed Saddle precipitation, wet 245 

meadow columns received 75% of observed precipitation, and dry meadow columns received 246 

only 10% of observed precipitation. When air temperatures were above freezing all columns 247 

received identical precipitation (as rain). These modifications result in maximum snow depths 248 

that align with periodic snow depth measurements for these landscape positions that are collected 249 

across the Saddle grid and have been used in previous work at the site (Wieder et al., 2017). 250 

Variations in soil properties across Niwot Ridge also reflect differences in snow 251 

accumulation and vegetation communities, with wetter parts of the landscape having deeper, 252 

more developed soils (Burns, 1980). Accordingly, we used National Ecological Observatory 253 

Network (NEON) Megapit data (Lombardozzi et al., 2023) to modify soil properties that reflect 254 



12 

 

these differences in soil characteristics seen in the field (Table S1). Specifically, for the rocky 255 

and less developed soils found in the dry meadow, we reduced water saturation by 50%. We also 256 

modified organic matter values based on data from Niwot Ridge (Burns, 1980) by reducing the 257 

organic matter fraction by 25% in moist and dry meadows to reflect that wet meadow soils have 258 

higher organic matter content than moist and dry meadows, and reduced sand content and 259 

increased clay content by 10% in the wet meadow. Lastly, we decreased the thickness of the dry 260 

surface layer, which controls soil evaporation (Swenson & Lawrence, 2014), by 33%. 261 

Alpine tundra supports high floristic diversity with clear differences in functional traits 262 

that influence rates of photosynthesis and productivity in CLM (Fisher & Koven, 2020; 263 

Spasojevic et al., 2013). Accordingly, we modified foliar traits and phenology based on 264 

observations to represent moist, wet, and dry meadow vegetation (see Table S1). For foliar traits, 265 

we used functional trait data collected at Niwot Ridge over the past three decades (Spasojevic et 266 

al., 2013). We changed specific leaf area and foliar C:N ratios using median values calculated for 267 

each of the three communities. We also modified fine root to leaf allocation for each community 268 

based on observations and values from the literature (Table S1; Birch et al., 2021; Fisk et al., 269 

1998). For phenology parameters, we used green chromatic coordinate (GCC) values extracted 270 

from phenocam observations from 2018-2022 at plots throughout the Saddle (Elwood et al., 271 

2022) and phenometrics calculated from GCC values (unpublished data) to modify the timing of 272 

the growing season for each community. Phenometrics included start of growing season (50% of 273 

maximum GCC) and peak of growing season (maximum GCC) dates. We used 5 cm soil 274 

temperature observations and start of growing season dates in each community to calculate 275 

accumulated growing degree days (GDD; when surface soil temperatures >0˚C) before the start 276 

of leaf onset. Using these calculations, we modified a GDD scale factor in the model to represent 277 
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the increased GDD accumulation required in the dry meadow to trigger leaf out (a 70% increase 278 

compared to moist and wet meadows). We also calculated the number of days between leaf onset 279 

and peak greenness for each community (modifying ndays_on in Table S1).  280 

When preliminary simulations showed high productivity biases compared to observations 281 

for all three communities, we modified several photosynthetic and plant hydraulic parameters to 282 

better represent alpine growth strategies (see Table S1). We first decreased two parameters in the 283 

mechanistic model of photosynthetic capacity used in CLM5 (leaf utilization of N for 284 

assimilation or LUNA; Ali et al., 2016) for all communities. These two parameters, jmaxb0 and 285 

jmaxb1, specify the baseline proportion of N allocated for electron transport and the response of 286 

electron transport rate to light availability, respectively. To represent more conservative growth 287 

strategies in dry meadow vegetation, we decreased two plant hydraulic stress parameters 288 

representing maximum stem and root conductivity (Kennedy et al., 2019). 289 

 290 

2.3 Model application and projection 291 

 After validating our model results against observations, we conducted two experimental 292 

simulations to quantify potential (1) effects of aspect on solar radiation that may moderate timing 293 

and magnitude of snowpack accumulation and runoff with cascading influences on soil moisture, 294 

soil temperature, and productivity on north and south facing slopes; and (2) interacting effects of 295 

aspect and climate change-induced warming across moist, wet, and dry meadows.  296 

First, we ran two additional simulations to examine effects of aspect with the model setup 297 

as described above with several modifications. These simulations replicated the setup of our 298 

control (Saddle) simulations, except that the slope and aspect were modified to represent either a 299 

north or a south facing hillslope. We maintained the same precipitation inputs, vegetation 300 
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community parameterizations, and slope angle across all communities for consistency between 301 

control, south, and north facing simulations.  302 

Second, to simulate climate change effects, we used an anomaly forcing protocol (Wieder 303 

et al. 2015), which provides a smooth transition between the observed alpine eddy covariance 304 

tower record (2008-2021) and a projected SSP3-7.0 scenario simulated by CESM2. Specifically, 305 

mean monthly changes (or anomalies) in the atmospheric state were calculated by subtracting the 306 

climatological mean of a ‘historic’ baseline, 2005-2014, from CESM2 projections under the 307 

SSP3-7.0 scenario through the end of the century. We added the atmospheric anomalies for the 308 

gridcell containing Niwot Ridge to meteorological data from the alpine flux tower that was 309 

cycled over the observational record. In addition to the atmospheric anomalies, the projected 310 

climate change scenario also included transient atmospheric CO2 concentrations reaching 867 311 

ppm by 2100 based on projected increases in emissions following protocols from the most recent 312 

Coupled Model Intercomparison Project (CMIP6) using CESM2. These future scenarios were 313 

run for all three vegetation communities on north and south facing aspects. We note that because 314 

climate trajectories may be accelerated at higher elevations (Mountain Research Initiative EDW 315 

Working Group, 2015; Wang et al., 2016), this approach represents a conservative estimate for 316 

changes in the mean atmospheric state that may be expected under this high emissions scenario. 317 

We also acknowledge that our approach represents a single possible climate change trajectory, 318 

but this balanced approach offers generalizable insight into how exposure to climate change may 319 

vary with aspect across topographically complex terrain. 320 

3 Results and Discussion 321 

 3.1 Model evaluation: Niwot Ridge LTER measurements 322 

 Overall, the ecosystem-level CLM simulations agreed with observed patterns of soil 323 
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moisture, temperature, and snow depth from Niwot Ridge. Redistribution of snow by wind leads 324 

to three distinct vegetation communities that differ in their annual cycles of soil temperature, soil 325 

moisture, and productivity (Table 1), described in more detail below. Consistent with 326 

observations, simulated moist meadow and wet meadow communities are buffered from seasonal 327 

temperature extremes and remain relatively moist throughout their short growing season, 328 

whereas dry meadow communities experience wider seasonal fluctuations in soil temperature 329 

with longer, drier growing seasons. 330 

Table 1. Comparison of key metrics related to snow, water, productivity, and soil conditions 331 
between moist, wet, and dry meadow communities from the Saddle (control) simulations with 332 
CLM. Growing season (GS) was defined where simulated GPP > 0. All values are means 333 
calculated from simulations over the alpine flux tower observational record (2008-2021). DOY 334 
stands for day of calendar year. 335 

  

Max. snow 

depth (m) 

1st snow 

free 

DOY 

GS length 

(days) 

GPP (g 

C m-2 y-1) 

Peak 

runoff 

DOY 

GS soil 

moisture (%) 

GS soil 

temp. (˚C) 

Moist 1.47 185 104.2 350.3 156 29.6 13.5 

Wet 0.98 184 109.6 569.0 153 32.7 11.7 

Dry 0.12 175 129.5 201.4 105 27.6 15.0 

 336 
 Modifications to winter precipitation allowed CLM simulations to capture observed 337 

gradients in snow accumulation across moist, wet, and dry meadows, as intended. Maximum 338 

snow depths simulated in each community (1.47 ± 0.55 m, 0.98 ± 0.36 m, and 0.12 ± 0.04 m in 339 

moist, wet, and dry meadow, respectively) corresponded well with observations across the 340 

Saddle grid (Table 1; Figure 2a-c). The simulations also captured interannual variability in 341 

snowpack across the 14-year measurement record (Figure S1). We found early biases in the 342 

timing of peak snow depth, initiation of snowmelt, and the first snow free day compared to 343 
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observations (Figure 2a-c). The first snow free day was ~20-30 days early in the moist and wet 344 

meadows, but values in the dry meadow matched observations more closely (Figure 2, Table 1).  345 

Figure 2. Annual climatology of mean daily ( SD) (a-c) snow depth, (d-f) soil temperature (4 346 
cm depth), and (g-i) soil water content (4 cm depth; when soil temp. > 0) from CLM simulations 347 
configured for moist, wet, and dry meadow communities. Simulations and observations were 348 
averaged by day of year across 2008-2021 (snow depth) or 2017-2021 (soil temperature and 349 
water content) for each community, with dry, moist, and wet meadows in orange, green, and blue 350 
lines, respectively, and observations in black.  351 
 352 

Differences in timing between observations and simulations are unsurprising given the 353 

spatially and temporally variable nature of snow observations, which are particularly difficult to 354 

measure at high altitude sites with high wind transport (Williams et al., 1998). While CLM does 355 

not account for blowing snow, our simplified precipitation modifications resulted in a dry 356 

meadow snowpack that was thin and variable throughout the winter, as in the observations; 357 
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however, the simulations underestimated the effects of late spring storms, when heavier, higher-358 

moisture snow can accumulate in windblown areas (Figure 2c). Early melt biases may also point 359 

to known shortcomings in the radiative transfer and albedo representation of snow in CLM. 360 

Indeed, proposed updates to the Snow, Ice, and Aerosol Radiative (SNICAR) module (Flanner et 361 

al., 2021) used in CLM offer promise–but additional work is needed to evaluate this scheme, 362 

which is outside the scope of this work. Our findings show that vegetation in CLM experiences 363 

snow-free conditions earlier in the growing season than actual plant communities at Niwot Ridge 364 

typically experience, but since soil temperature controls phenology for CLM Arctic C3 grasses, 365 

the representation of soil temperature may be more important to consider than snow-free date. 366 

Soil temperature and moisture simulated by the CLM broadly captured the climatological 367 

patterns observed among moist, wet, and dry meadows (Figure 2d-i), as well variation as 368 

between years (Figure S2). During winter months, moist and wet meadow soils remained near 369 

freezing due to the insulating effect of the snowpack, whereas snow-free dry meadow soils 370 

remained well below freezing. During the spring and summer, moist and wet meadow soils 371 

warmed later in the growing season (consistent with later snowmelt) and experienced lower 372 

maximum soil temperatures. By contrast, dry meadow soils warmed quickly in spring, resulting 373 

in a longer growing season with higher maximum summer temperatures (Table 1; Figure 2d-f). 374 

We found a bias towards warmer simulated soil temperatures (both winter and summer), notably 375 

in the moist and wet meadows (Figure 2d-e). Winter biases likely occurred due to the 376 

development of a deeper early season snowpack in moist and wet communities in CLM 377 

compared to observations (Figures 2a, 2b, and S1). Work at other sites suggests that snow 378 

thermal conductivity in CLM5 is too high, resulting in cold wintertime soil temperature biases 379 

(Dutch et al., 2022; Luo et al., 2023). Preliminary results from our simulations at Niwot Ridge, 380 
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however, suggest that thermal conductance of snow may be too low, resulting in warm winter 381 

soil temperature biases in moist and wet meadow columns. 382 

Mean soil moisture (when soil temperatures were above 0˚C) averaged 44.2 ± 13.6%, 45 383 

± 12.6%, and 31.7 ± 6.2% in moist, wet, and dry meadows, respectively, with moist and wet 384 

meadow soils maintaining higher soil moisture longer in the growing season than dry meadow 385 

soils (Figure 2g-i). As in previous modeling efforts at Niwot Ridge (Wieder et al., 2017), moist 386 

meadow soil moisture was primarily driven by snowmelt, whereas wet meadow soils received 387 

additional water subsidies from upslope areas, allowing them to maintain more moisture during 388 

the growing season (Figure 2g, 2h, and Table 1). By contrast, dry meadow soil moisture closely 389 

tracked episodic summer rainfall events (Figures 2i and S2f). In moist meadow sites, our 390 

simulations showed biases toward low soil moisture compared to observations. This could reflect 391 

a feedback between simulated soil hydrology and plant physiology, as higher than observed 392 

moist meadow productivity (Figure 3) may concurrently dry out soils in the model. Moreover, 393 

the soil hydraulic properties used in CLM may allow excess drainage in moist meadow soils and 394 

subsequent transfers to downslope wet meadow columns (although wet meadow soil moisture 395 

was also underestimated at this site). Meanwhile, in the dry meadow, CLM was unable to capture 396 

both the moisture peak following snowmelt and the magnitude of dry down throughout the 397 

growing season. Additional modifications to input data may better capture the late spring storms 398 

that led to deeper dry-meadow snow in the observations compared to our results (Figure 2c) and 399 

may improve dry meadow soil moisture early in the growing season. Moreover, our column-400 

specific modifications to better represent rocky alpine soils (Table S1) in CLM may warrant 401 

further investigation for studies seeking higher fidelity simulations of soil abiotic conditions.  402 
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Broadly, our findings underscore the challenges of representing biophysical and 403 

biogeochemical processes in sophisticated land models with high dimensionality parameter space 404 

(Dagon et al., 2020). For example, the generalized pedotransfer functions that are used in global 405 

scale, coarse resolution climate simulations with CLM may need more careful evaluation for 406 

local application in ecosystem-scale studies (Dai et al., 2019; Luo et al., 2023). Such detailed 407 

measurements of soil thermal and hydraulic properties, however, are not commonly collected in 408 

sites with co-located measurements of plant traits (for model parameterization) and long-term 409 

measurements of ecosystem fluxes (for model calibration and evaluation). Indeed, even at a well-410 

studied site such as Niwot Ridge, a paucity of data on soil physical properties precludes more 411 

robust interrogation of the belowground biases in our simulations. Moreover, the continuous, 412 

distributed measurements of soil temperature and moisture that we present are relatively new 413 

additions to the LTER data collections that began in 2018, following previous data-model 414 

integrations by Wieder et al. (2017). Given the harsh alpine environment, these data are hard-415 

earned but likely inadequate to capture the high variability that characterizes soil moisture 416 

conditions across complex terrain (Loescher et al., 2014). Despite these challenges, our results 417 

demonstrate that the hillslope hydrology configuration of CLM can broadly represent meaningful 418 

abiotic conditions and ecological functions across a heterogeneous landscape.  419 

 Simulated estimates of both GPP and ANPP increased with moisture and snow depth 420 

across the tundra hillslope gradient (Figure 3 and Table 1), with mean annual GPP averaging 350 421 

± 45, 569 ± 51, and 201 ± 21 g C m-2 yr-1 in moist, wet, and dry meadow columns, respectively. 422 

Although moist meadow communities had the deepest snowpack, they were less productive than 423 

the wet meadow due to a shorter growing season (Figure 3 and Table 1). Wet meadow 424 

communities receive water subsidies from uphill columns, largely the moist meadow, and 425 
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experience little to no water stress during the growing season. On the other hand, dry meadow 426 

experiences the longest growing season and highest soil temperatures, but water limitation leads 427 

to more conservative growth strategies in this community (Spasojevic & Suding, 2012; Winkler 428 

et al., 2018). While simulated GPP values in the dry meadow were higher on average than the 429 

alpine flux tower observations (Figure 3b), they fell within the range of uncertainty, indicating 430 

that our simulations provide reasonable estimates of productivity (Figure 3a). Moreover, the 431 

footprint of the alpine flux towers includes significant areas of fellfield vegetation, which is 432 

heavily snow-scoured with very shallow, poorly developed soils, sparse vegetation cover, and 433 

lower productivity than dry meadow (Burns, 1980; Knowles et al., 2016; Wieder et al., 2017). 434 

 435 
Figure 3. Boxplots of observed vs. simulated (a) mean annual gross primary productivity (GPP) 436 
and (b) aboveground net primary productivity (ANPP). Green, blue, and orange denote CLM 437 
simulations of moist, wet, and dry meadow communities, respectively, and black denotes 438 
observations from alpine flux towers (GPP, dry meadow only) and biomass harvests from the 439 
Saddle (ANPP), Niwot Ridge. Boxplot parameters throughout are as follows: median (white 440 
lines), interquartile range (boxes), and 1.5x interquartile range (whiskers). 441 
 442 
 Without community-specific estimates of GPP, we calibrated model parameters to 443 

simulate differences in ANPP among vegetation communities, which our results broadly 444 

captured (Figure 3b). We found that the model underestimated ANPP by ~30 g C m-2 yr-1 in 445 

moist and dry meadows compared to long-term measurements in the Saddle. A number of 446 
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parameters could be responsible for these biases. For example, compared to the default 447 

parameter in CLM5, we increased fine root C allocation relative to leaf C allocation, (Table S1), 448 

a modification supported by literature that demonstrates higher belowground C investment in 449 

arctic and alpine plants (Birch et al., 2021; Iversen et al., 2015; Jackson et al., 1996). Further 450 

modifications to the parameterizations of photosynthetic capacity, plant hydraulic stress, nutrient 451 

use efficiency, allocation, and turnover could further refine these results. Indeed, such efforts are 452 

the focus of ongoing work. Future work, therefore, should focus on quantifying broad plant 453 

functional traits for alpine vegetation and characterizing different growth strategies within and 454 

among tundra communities (Sulman et al., 2021). Broadly, however, our hillslope 455 

implementation of CLM5 adequately captured gradients in snow accumulation and ablation, soil 456 

temperature and moisture, and productivity that are observed among moist, wet, and dry meadow 457 

communities at Niwot Ridge. Next, we apply this modeling framework to investigate how aspect 458 

mediates ecosystem function in alpine tundra systems. 459 

 460 

 3.2 Model application: Aspect controls on hydrology, soil conditions, and growing season 461 

 length 462 

Leveraging novel capabilities of the hillslope hydrology configuration in CLM, we 463 

applied our modeling framework to investigate potential aspect-driven differences across 464 

topographically complex alpine landscapes. These north and south aspect simulations had the 465 

expected effect of decreasing snow depth on south aspects (Figure 4a-c and Table 2), indicating 466 

that higher winter solar radiation on south-facing slopes increases sublimation. During the 467 

spring, however, higher solar zenith angles reduce aspect-driven differences in solar radiation, 468 

which is the primary driver of ablation. Thus, our simulations showed negligible differences in 469 
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the timing of snowmelt between north- and south-facing simulations. Under current (2008-2021) 470 

conditions, only the moist meadow experienced delays in the first snow free day on north aspects 471 

compared to south aspects (Table 2). Deeper snowpack in the north aspect, however, did alter the 472 

timing and magnitude of runoff fluxes and transfers between hillslope columns. Peak runoff 473 

occurred later in north-facing columns, particularly in the wet meadow, which receives water 474 

subsidies from uphill moist meadow columns (Table 2; Figure 4d-f). 475 

Figure 4. Mean annual climatology of snow depth (a-c) and runoff (d-f) from CLM simulations 476 
configured for north (solid lines) and south (dashed lines) aspects with moist (green lines), wet 477 
(blue lines), and dry (orange lines) meadow vegetation. Results were averaged by day of year 478 
across 2008-2021 study period for each community and aspect. Negative runoff values occur 479 
when inflow from uphill is greater than outflow. 480 
 481 
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 Despite similarities in snowmelt timing, we found that south aspects had longer growing 482 

seasons in all three communities (defined as the number of days when simulated GPP > 0). This 483 

occurred because south-facing soils warmed earlier than north-facing soils experiencing wetter, 484 

cooler conditions (Figure 5). Throughout the growing season, north-facing soils were 2.9, 3.5, 485 

and 2.2 ˚C cooler and 3.8, 3.8, and 4.2% wetter than south-facing soils in moist, wet, and dry  486 

meadows, respectively (Table 2), but the annual cycle of these differences varied (Figure 5). 487 

Specifically, the deep moist meadow snowpack buffered soils from aspect-driven differences in 488 

winter solar radiation, leading to negligible differences in winter soil temperatures between 489 

aspects (Figure 5a). Meanwhile, the dry meadow lacked this snow insulation and experienced 490 

warmer winter soil temperatures on south aspects (Figure 5c). Although south aspects had drier 491 

soils throughout the year, annual cycles of soil moisture were consistent between aspects in 492 

moist and dry meadows (Figure 5d, f). In contrast, the wet meadow had almost no aspect-driven 493 

difference in soil moisture early in the growing season, when runoff from the uphill moist 494 

meadow provided supplementary water inputs (Figure 4e); however, after day ~210 (late July), 495 

aspect effects emerged when south-facing soils dried out faster (Figure 5b). Overall, these 496 

differences in soil moisture and temperature highlight the role of aspect in controlling abiotic 497 

conditions across heterogeneous alpine environments (Isard, 1986), with implications for plant 498 

community composition and function. For example, in a subarctic forest-tundra ecotone, aspect 499 

was a stronger control on community composition than slope angle or elevation, driven by  500 

increased soil temperature and active layer depth (Dearborn & Danby, 2017). Similarly, our 501 

results suggest that historical snow accumulation patterns influence subsequent aspect-driven 502 

differences in soil temperature and moisture that may moderate how tundra vegetation 503 

experiences warming across heterogeneous alpine terrain. 504 
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Figure 5. Mean annual climatology of soil temperature (a-c) and volumetric soil water content 505 
(d-f) at 4 cm depth from CLM simulations configured for north (solid lines) and south (dashed 506 
lines) aspects with moist (green lines), wet (blue lines), and dry (orange lines) meadow 507 
vegetation. Results were averaged by day of year across 2008-2021 study period for each 508 
community-aspect pairing. 509 
 510 
 Previous work on the impacts of topographic relief at hillslope scales indicates that 511 

warmer slopes should support longer growing seasons in areas with energy limitation, while 512 

cooler slopes can support higher productivity in areas with water limitation (Fan et al., 2019). 513 

Given that in our simulations, south aspects had longer growing seasons than north aspects (7-514 

8% longer depending on community; Table 2), differences in cumulative GPP were surprising. 515 

Because moist meadow vegetation experiences a short growing season (May et al., 1982), we 516 

expected south aspects to have higher productivity, which was true, but only slightly (Figure 517 
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S3g, S3h; Table 2). These results align with the marginally earlier snowmelt date, higher soil 518 

temperature, and lower soil moisture conditions that characterized south-facing simulations 519 

(Figures 4-5). By contrast, north aspects were more productive in both wet (Figure 6g, 6h) and 520 

dry meadows (Figure S4g, S4h and Table 2). We suspect that growing season length is less 521 

limiting of wet and dry meadow, with soil N and water, respectively, providing larger constraints 522 

in CLM (as in Wieder et al. 2017). Moreover, the increase in wet and dry meadow productivity 523 

on north aspects may be a result of lower soil temperatures (Figure 5b) that reduce maintenance 524 

respiration (thereby increasing plant C use efficiency) or plant-soil feedbacks resulting from 525 

higher soil N stocks due to higher soil organic matter content simulated on north-facing slopes, 526 

which is also consistent with observations (Egli et al., 2009; Spasojevic et al., 2014). 527 

 528 

 3.3 Model projections: Alpine tundra responses to simulated warming and increased CO2 529 

To examine the role of microsite variation in potentially buffering alpine vegetation 530 

against climate change, we extended our simulations to year 2100 for all three communities on 531 

north- and south-facing aspects. The anomaly forcing from CESM2 included a 3.5˚C warming of 532 

air temperature and an 8.2% increase in precipitation by 2100, relative to the historical baseline. 533 

These projected climate changes drove shifts in the timing of snow accumulation and ablation 534 

that had cascading effects on soil temperature, plant water availability, and productivity patterns, 535 

but the magnitude of these effects varied with landscape position. For brevity, we illustrate 536 

climate change effects on wet meadow columns (Figure 6), and present moist and dry meadow 537 

results in Table 2 and supplementary material (Figures S3-S4). 538 

Table 2. Comparison of key metrics related to snow, water, productivity, and soil conditions 539 
between moist, wet, and dry meadow communities across north (N) and south (S) aspects for 540 
historical (2008-2021) and future (2086-2099) simulations. Growing season (GS) was defined 541 
where GPP > 0. DOY stands for day of calendar year. 542 
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Experiment 

Max. 

snow 

depth (m) 

1st snow 

free 

DOY 

GS 

length 

(days) 

GPP (g 

C m-2 

y-1) 

Peak 

runoff 

DOY 

GS soil 

moisture 

(%) 

GS soil 

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 32.5 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 34.2 15.6 

 N Historical 1.13 184 105 628 155 35.0 9.4 

  Future 1.1 164 115 997 142 33.3 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 

 543 

 With projected warming, we found that the timing of snowmelt and runoff shifted earlier  544 

across all simulations, with concurrent decreases in maximum runoff rates. While maximum 545 

snow depth changed little between historical and future scenarios, the snowpack melted earlier in  546 

all future simulations (by 15-23 days depending on community and aspect; Table 2), leading to 547 

an 8-18% increase in growing season length, depending on location. Peak runoff was generally 548 

reduced and occurred earlier for all communities and aspects in future simulations (13-37 days 549 

earlier, with smaller and larger changes in wet meadow and dry meadows, respectively; Table 2), 550 

shifting the timing of runoff earlier relative to the start of the growing season (Figures 6c, 6d, 551 

S3c, S3d, S4c, and S4d). These changes in runoff timing and magnitude align with expectations 552 

and with previous modeling studies predicting that shallower snowpacks will melt earlier and 553 

more slowly across the Western U.S. (Clow, 2010; Musselman et al., 2017). However, an 554 

exception to the pattern of reduced runoff occurred in the south facing wet meadow, where peak 555 

runoff was approximately 20% higher in the future scenario (Figure 6c), peaking more quickly 556 

and being followed by a more rapid decline compared to the historical scenario. This increase  557 
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 558 
Figure 6. Mean annual climatology of (a, b) snow depth (m), (c, d) runoff (mm/d), (e, f) soil 559 
moisture (%), and (g, h) productivity in the wet meadow (lowland) column for historical (blue 560 
lines; 2008-2021) and future (black lines; 2086-2099) time periods. Results from south aspect 561 
(dashed lines) are shown in left column and those from north aspect (solid lines) are in right 562 
column. Values were averaged by day of year for each scenario and aspect. Negative runoff 563 
values occur when inflow from uphill is greater than outflow.  564 



28 

 

may be explained by a combination of factors including moist meadow water subsidies being 565 

passed downslope earlier (Figure S3), increased surface runoff due to lack of infiltration of 566 

snow-covered soils (Evans et al., 2018), and complex feedbacks between snow ablation rates, 567 

evapotranspiration, and plant water use (Barnhart et al., 2020; Harpold & Brooks, 2018). 568 

 Shifts in the timing and magnitude of snowmelt and runoff in our simulations suggest that 569 

plants are likely to experience decreased growing season water availability when demand is high, 570 

ultimately increasing plant water stress. These findings are consistent with previous modeling 571 

efforts at Niwot Ridge (Dong et al., 2019; Wieder et al., 2017) and measurements in a high-572 

elevation Colorado wetland (Blanken, 2014). Seasonal snowmelt in alpine regions provides 573 

critical water resources in the Western U.S., but these high-elevations areas are particularly 574 

susceptible to climate change (Immerzeel et al., 2020; Mote et al., 2005). Water balance 575 

measurements in headwater catchments including Niwot Ridge have shown disproportionately 576 

high contributions of alpine tundra areas to total catchment discharge (Knowles et al., 2015), 577 

suggesting that these shifts in snowpack and runoff have significant implications for downstream 578 

water resources and hydrological processes. 579 

 Differences in the timing of snowmelt and runoff in our simulations led to shifts in 580 

growing season soil moisture and plant productivity across the hillslope gradient. In the moist 581 

and dry meadows, soils were consistently drier throughout the growing season in the future 582 

simulations (Figures S3e, S3f and S4e, S4f, Table 2). Indeed, dry meadow soil moisture patterns 583 

largely reflected episodic summer precipitation events, consistent with observations at the site 584 

(Figure 2i). The anomaly forcing approach we used cannot address potential changes in monsoon 585 

variability or strength that may be associated with climate change (Pascale et al., 2017), but our 586 

results underscore the importance of summer precipitation in determining plant water availability 587 
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in dry, and even moist meadow ecosystems. By contrast, because they received water subsidies 588 

from upslope, wet meadow soils were relatively buffered from changes in growing season soil 589 

moisture (Figure 6e and 6f). This finding is supported by previous work at Niwot Ridge 590 

emphasizing the role of snowmelt in shaping soil moisture in wetter areas (Taylor & Seastedt, 591 

1994). We also found increased GPP in all communities in tandem with earlier snowmelt, drier 592 

soils, longer growing seasons, and increased atmospheric CO2 concentrations (Figures 6, S3, and 593 

S4), although previous work has shown mixed productivity responses to warmer and drier 594 

conditions in tundra systems (Dong et al., 2019; Yang et al., 2020). 595 

Simulated shifts in soil temperature and moisture varied with landscape position, with 596 

south aspects generally changing more than north aspects. We attributed these shifts to either 597 

aspect or community, depending on the metric, indicating that spatial heterogeneity can play a 598 

key role in moderating exposure to climate change. For example, south-facing dry meadow 599 

vegetation showed the biggest change in annual mean soil temperature and moisture in future 600 

simulations (Figure 7a, 7b). These changes in surface soil temperatures tracked the increase in air 601 

temperature from 2008-2100 (dashed line; Figure 7a). Previous work by Wentz et al., (2019) 602 

found that under current conditions dry meadow leaf temperatures were higher than in other 603 

communities and already near optimal values for photosynthesis, concluding that a 2˚C air 604 

temperature increase would likely decrease carbon assimilation. In our simulations, dry meadow 605 

vegetation temperatures were approximately 1.7˚C and 2.1˚C higher than those in the moist and 606 

wet meadows, respectively. Our finding that soil temperatures track air temperatures in dry 607 

meadows suggests that these plants are likely more vulnerable to adverse effects of warming 608 

from climate change. In contrast, moist and wet meadow surface soil temperatures increased 609 

much less than air temperature due to the insulating effect of their deeper snowpack. 610 
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Figure 7. Metrics of climate change exposure and ecosystem services are moderated by 611 
community type and aspect in Niwot Ridge alpine tundra ecosystems. Boxplots show annual 612 
mean differences between corresponding years in the historical (2008-2015) and future (2092-613 
2099) time periods for north (solid boxes) and south (dashed boxes) aspects. (a) change in mean 614 
annual surface soil temperature (dashed line represents the mean increase in air temperature 615 
between 2008 and 2100); (b) percent change in growing season soil moisture (normalized to soil 616 
moisture values for each community); (c) percent change in growing season length (normalized 617 
to growing season lengths for each community); and (d) percent change in gross primary 618 
productivity (normalized to productivity values from each community). Green, blue, and orange 619 
boxes represent, moist, wet, and dry communities, respectively. 620 
 621 
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Changes in growing season soil moisture and growing season length were primarily 622 

driven by aspect, with smaller differences among communities (Figure 7b-c). Soil moisture in 623 

south aspect dry meadow showed the greatest proportional decrease, followed by south aspect 624 

moist meadow. Aspect differences in soil moisture were not apparent in the wet meadow, where 625 

upslope water subsidies buffered against soil moisture change (Figure 7b). Likewise, increases in 626 

growing season length under climate change were more pronounced on south aspects (Figure 627 

7c), with larger increases in moist and wet meadows due to earlier snowmelt (Table 2). Thus, our 628 

findings support the role of microclimates in moderating exposure and rates of response to 629 

climate change impacts that alpine vegetation may experience, where local conditions 630 

experienced by plants can be decoupled from atmospheric changes (Ackerly et al., 2020; Lenoir 631 

et al., 2013; Oldfather & Ackerly, 2019). Across the tundra hillslope gradient, differences in 632 

snowpack and hydrology dictated responses to warming, where cooler, wetter soils were 633 

maintained in lowland vegetation patches that accumulate moisture. 634 

Our results suggest that abiotic shifts driven by changes in snowmelt timing are likely to 635 

alter resource connectivity across tundra ecosystems, where shifts in microbial biomass may lead 636 

to increased N export during snowmelt and decreased N available to alpine plants. In alpine areas 637 

where snow cover and cold soils result in short growing seasons (Billings & Mooney, 1968), 638 

lengthening the growing season may have outsized effects on microbial activity, nutrient cycling, 639 

and plant community dynamics. Microbial biomass typically peaks under spring snowpack 640 

(Lipson et al., 2000; Schadt et al., 2003), and shifts in soil microbial activity, biogeochemical 641 

cycling, and microbial community composition occur following snowmelt (Schmidt et al., 2015). 642 

For example, high microbial biomass under consistent snow cover buffers against inorganic N 643 

export during snowmelt (Brooks et al., 1998), and nutrients released as a result of microbial 644 
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activity following snowmelt are a key control on N availability to alpine plants (Lipson et al., 645 

1999). Although our simulations are not well suited to explore these biotic feedbacks, our 646 

findings indicate that differences in aspect could moderate exposure to these changes. 647 

In addition to longer growing seasons, we found increased productivity across all future 648 

simulations. These changes in GPP varied less between landscape positions than other metrics—649 

all communities and aspects showed mean increases of similar magnitude (Figure 7d). However, 650 

GPP increases showed greater interannual variability in the dry meadow, supporting the idea that 651 

dry meadow experiences greater exposure to changes in abiotic conditions while moist and wet 652 

meadows are more buffered from these changes. In addition to warming effects, these GPP 653 

increases reflect greater atmospheric CO2 concentrations that can lead to higher water use 654 

efficiency (Keenan et al., 2013) and higher photosynthetic rates per unit leaf area (Dong et al., 655 

2019), which may help compensate for drier soils under the future climate scenario. In 656 

comparison to our findings (GPP increased from ~65-80%), Fan et al., (2016) parameterized an 657 

ecosystem biogeochemistry model for dry meadow tundra and found that a 3˚C  increase in soil 658 

and air temperature led to a corresponding ~50% GPP increase without accounting for increasing 659 

atmospheric CO2. Although we lack observations to evaluate these results, our model evaluation 660 

efforts indicate relatively strong agreement between dry meadow simulations and flux tower 661 

GPP observations (Figure 3b). Furthermore, studies in arctic and alpine tundra have documented 662 

widespread shrubification (Formica et al., 2014; Sturm et al., 2001) and increases in graminoid 663 

abundance (Wookey et al., 2009), which tend to be accompanied by increased biomass and 664 

productivity and occur in tandem with global change factors. Elsewhere, studies also show that 665 

moisture limitation can exert strong controls on tundra productivity (Fan et al., 2016) and shrub 666 

growth and recruitment (Mekonnen et al., 2021), suggesting that declines in productivity and 667 
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shifts in plant community composition may occur in tundra sites experiencing greater soil 668 

moisture stress. Though our simulations are not suited to address effects of increased moisture 669 

stress on species composition, future efforts could leverage trait databases and ecosystem 670 

demography models to improve the representation of alpine plant functional types (Fisher & 671 

Koven, 2020) to explore more nuanced productivity responses to environmental change. 672 

 673 

4 Conclusions 674 

 Overall, our findings highlight the value of incorporating site-level measurements into 675 

land models to ask ecological questions and improve projections of climate change impacts on 676 

ecosystem functions. Using local observations from Niwot Ridge and explicitly incorporating 677 

aspect effects on insolation and lateral hydrologic connectivity into our modeling framework, we 678 

found that leveraging the hillslope hydrology configuration within CLM allowed us to represent 679 

a topographically complex alpine environment. Our simulations captured gradients in snow 680 

accumulation, soil temperature and moisture, and productivity among hydrologically connected 681 

alpine vegetation communities and allowed us to examine aspect-driven differences and climate 682 

warming effects. Our findings demonstrate the role of local scale heterogeneity, including cooler 683 

north facing slopes and lowland areas that accumulate moisture, in buffering vegetation from 684 

experiencing warming and acting as potential refugia from climate change. Conversely, our 685 

findings highlight potential vulnerabilities of vegetation in dry, windblown, and south facing 686 

parts of the landscape that are less buffered from environmental change. To better understand 687 

how microscale variation will mediate rates of response to warming, future work should aim to 688 

better characterize growth strategies and plant functional traits within alpine vegetation and 689 

examine how shifts in these traits may mediate tundra responses to change. Interdisciplinary 690 
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approaches that combine site-level observations with modeling approaches are critical to 691 

investigate how rapid warming may alter ecosystem functions and services across 692 

topographically complex landscapes. 693 
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Figure S1. CLM simulations capture the observed variability in the magnitude and 

timing of snow depth across all three vegetation communities at Niwot Ridge. Time 

series of observations and CLM simulations from 2008-2021 configured for (a) moist, (b) 

wet, and (c) dry meadows. Colored lines denote CLM simulations and black points 

denote ~biweekly snow depth measurements from the Saddle at Niwot Ridge, CO that 

were averaged by vegetation community and date. 

 

  



 
Figure S2. Time series of observations (mean  SD) and CLM simulations configured 

for moist, wet, and dry meadows. (a-c) volumetric soil moisture, and (d-f) soil 

temperature from 2018-2022 at 5 cm (observations) and 4 cm (CLM simulations) depths. 

Colored lines denote CLM simulations and black lines denote observations from the 

sensor network array at Niwot Ridge, CO, where values were averaged across plots for 

each vegetation community. 



 
Figure S3. Mean annual climatology of (a, b) snow depth (m), (c, d) runoff (mm/d), (e, f) 

soil moisture (%), and (g, h) productivity in the moist meadow (upland) column for 

historical (green lines; 2008-2021) and future (black lines; 2086-2099) time periods. 

Results from south aspect (dashed lines) are shown in left column and those from north 

aspect (solid lines) are in right column. Values were averaged by day of year for each 

time period and aspect. Negative runoff values occur when inflow from uphill is greater 

than outflow.  



 

 
Figure S4. Mean annual climatology of (a, b) snow depth (m), (c, d) runoff (mm/d), (e, f) 

soil moisture (%), and (g, h) productivity in the dry meadow (upland) column for 

historical (orange lines; 2008-2021) and future (black lines; 2086-2099) time periods. 

Results from south aspect (dashed lines) are shown in left column and those from north 

aspect (solid lines) are in right column. Values were averaged by day of year for each 

time period and aspect. Negative runoff values occur when inflow from uphill is greater 

than outflow. 



Parameter Description Units 

Moist 

Meadow 

Wet 

Meadow 

Dry 

Meadow Default 

slatop1 specific leaf area m2/gC 0.0215 0.029 0.015 0.0402 

leafcn1 leaf C:N gC/gN 19.6 17.7 18.5 28.03 

ndays_on2 # days to complete leaf onset days 21 28 25 10 

crit_onset_gdd_sf2 scale factor modifying GDD unitless 1 1 1.7 1 

kmax plant maximum conductance 

mm H2O/mm 

H2O/sec 2.42E-09 2.42E-09 2.30E-10 2.42E-09 

krmax root maximum conductance 

mm H2O/mm 

H2O/sec 8.05E-11 8.05E-11 2.05E-11 8.05E-11 

jmaxb0 

baseline proportion of N for 

electron transport unitless 0.0225 0.0225 0.0225 0.0331 

jmaxb1 

response of electron transport 

rate to light availability unitless 0.1 0.1 0.1 0.1745 

froot_leaf 

new fine root C per new leaf 

C allocation gC/gC 1.5 1.5 2 2 

d_max dry surface layer thickness mm 10 10 10 15 

h_bedrock depth to bedrock m 1.3 1 1  

wat_sat water saturation (porosity) m3/m3   wat_sat/2  

organic3 organic matter density kg/ m3 80.7 107.6 80.7  

sand3 percent sand % 49.3 44.4 49.3  

clay3 percent clay % 12.7 14 12.7  
1Values for each vegetation community from Spasojevic et al., (2013). 
2Values for each vegetation community derived from Niwot Ridge phenocam green 

  chromatic coordinate (GCC) data set (Elwood et al., 2022) and resulting phenometric 

  calculations (unpublished data) 
3Values based on National Ecological Observatory Network (NEON) Megapit (Lombardozzi et 

  al. 2013) 

 

Table S1. Modifications to foliar, hydraulic, and photosynthetic parameters and soil 

properties to better represent moist, wet, and dry alpine meadow environments. Default 

values specified in the parameter file are listed for comparison where available. GDD 

stands for growing degree days. 
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