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Abstract 23 

 24 

 The climate at high altitudes is changing more rapidly than in many other areas, with a 25 

variety of consequences for montane flora and fauna. We analyze long-term weather records 26 

from Crested Butte (2703m, 1910- 2024) and Gothic (2921m, 1974 – 2024), Colorado, USA, in 27 

the West Elk Mountains. In Crested Butte, mean monthly precipitation in the growing season 28 

(May – September) can vary by over 2-fold and peak weekly precipitation occurs in late July 29 

with the beginning of the summer monsoon. Mean rainfall per storm has been declining 30 

significantly since 1910. Many of the variables exhibit a curvilinear relationship with year, with 31 

high points at the beginning and end of the instrumental record period. Some of these curves 32 

have significant breakpoints, ranging from 1973 (for mean rain per rainy day) to 1985 (number 33 

of rainy days/summer, and number of consecutive days without rain). Some measurements are 34 

showing increasing variability over time (e.g., coefficient of variation of rainfall amount per 35 

rainy day). In Gothic, which typically gets more precipitation than Crested Butte, June is also the 36 

driest month, and December the wettest. Warming temperatures are leading to rainfall vs. snow 37 

earlier and later in the year, and mean precipitation per rainy day is declining significantly. 38 

Although it has snowed every month of the year in Gothic, total winter snowfall has been 39 

declining significantly since a peak in 1995. Mean snowfall per snowy day and per storm are 40 

both declining. Mean snow density is increasing, and is correlated with rising temperatures. 41 

Dates of last snow cover are trending earlier. There is evidence of a 12-14yr cycle of 42 

precipitation. Variability of some but not all of the measures we examined is changing. A 43 

reconstruction of historic snowfall back to the 1930s (using stream gage data) suggests that it 44 

peaked in the 1970s and is now declining. These climate changes have the potential to impact 45 

many aspects of the ecology of montane plants and animals, and we give some examples.  46 

  47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

I. Introduction  55 

 Many aspects of the ecology of high-altitude environments are controlled by climate.  56 

Productivity, phenology, distribution, and species diversity are examples of such variables. Our 57 

understanding of the ecological roles of snowpack, snowmelt dates, and variation in precipitation 58 

is growing, as is our appreciation of how the changing climate is affecting these climate 59 

variables, and how they in turn are affecting the plants and animals characteristic of high 60 

elevations. For example, a long-term study of flowering by a perennial herb showed how climate 61 

influences flowering phenology and phenotypic selection on phenology, with consequences for 62 

fitness via natural selection (Ehrlén and Valdés 2022). (Ehrlén and Valdés 2022), and other 63 

studies at our field site have also shown significant effects of climate on flowering phenology, 64 

flower abundance, and butterfly and bumble bee abundance (Inouye and McGuire 1991, Inouye 65 

et al. 2003, Lambert et al. 2010, Boggs and Inouye 2012, Ogilvie et al. 2017). 66 
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 67 

 Long-term data are essential to our ability to document and interpret changes in climate 68 

variables, particularly given the variability of these parameters, which requires long data records 69 

to discern significant trends. For example, a study of decadal and multidecadal variability in 70 

North American precipitation found evidence for a  decadal component of autumn precipitation 71 

over the central Rocky Mountains on a 12–14-yr time scale (Ault and St. George 2010), and a 72 

study of tree rings in the southern Rockies documented multidecadal (>30–70 yr) patterns of 73 

drought variation (Gray et al. 2003). Decades of data are required to elucidate such patterns and 74 

to be able to draw conclusions about them with confidence, and century-long records make 75 

possible an evolutionary as well as ecological perspective on how the environment is shaping the 76 

biota and its interactions. In some circumstances, evolution in response to climate may proceed 77 

rapidly enough to detect it with shorter datasets (Franks et al. 2007, Franks et al. 2014, Hamann 78 

et al. 2018), but the long lifespans of many high-altitude plant species may make for slow 79 

evolutionary responses.   80 

Much of the phenology at high altitudes is determined by the date when the snowpack 81 

disappears, allowing the ground to warm up and the growing season to begin (Inouye and 82 

Wielgolaski 2024). Key phenological events such as initiation of growth and date of maximum 83 

leaf length, and morphological traits such as leaf number and flower number, are related to 84 

snowmelt patterns (Walker et al. 1995). The flowering of wildflowers throughout the summer is 85 

linked to date of snowmelt (e.g., Inouye et al. 2002, Pardee et al. 2019, Inouye 2020), as is 86 

abundance of some species (Inouye and McGuire 1991). Thus, the environmental variables of 87 

winter precipitation and spring temperatures (which influence snowmelt dates) are of particular 88 

interest, but summer precipitation can also influence flowering (Inouye et al. 2003), sometimes 89 

with time lags of up to four years (Prather et al. 2023). In turn, flowering phenology and 90 

abundance influence populations of pollinators (Ogilvie et al. 2017, Pardee et al. 2019) and 91 

probably seed predators and their parasitoids, and these same climate variables can affect many 92 

other aspects of montane ecology (Prather et al. 2023).  93 

 Forecasts of the effects of climate change include the likelihood of increasing 94 

precipitation and increased variability (van der Wiel and Bintanja 2021, Thackeray et al. 2022), 95 

and a continuation of the declining trend in global snow cover (Mudryk et al. 2020). In this 96 

context we examine data on precipitation from weather stations at the Rocky Mountain 97 

Biological Laboratory and the nearby town of Crested Butte, Colorado, to look for evidence of 98 

changes that could be consequences of local, regional, and global climate change. This high-99 

altitude site in southwest Colorado’s Rocky Mountains is in an area with particularly rapid 100 

climate warming, at the edge of the largest 2°C hot spot in the lower 48 states (Eilperin 2020). It 101 

is also unusual because of a relatively large number of long-term ecological studies conducted 102 

there that can provide insights into responses by the flora and fauna to the climate (e.g., Prather 103 

et al. 2023).   104 

 105 

II. Methods 106 
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 We accessed climate data from NOAA’s National Centers for Environmental 107 

Information, via the portal Search | Climate Data Online (CDO) | National Climatic Data Center 108 

(NCDC) (noaa.gov). Station USC00051959 in Crested Butte, CO, is at 2,702.7m above sea level, 109 

38.8738°N, -106.9772°W, with a data record beginning 1 June 1909 and 98% data coverage up 110 

to present (1919 data and some other months are missing). This location is the closest weather 111 

station to the Rocky Mountain Biological Laboratory (RMBL) with such a long data record. 112 

RMBL is a high-elevation research station in Gothic, at 2,900m and 9.4km north of the Crested 113 

Butte weather station. Data downloaded 11 August 2022 are available as a supplementary CSV 114 

file (see the note in Supplementary Material about a bug in the download process if you attempt 115 

to reconstruct this process). Additional data up to July 2025 were similarly accessed.  116 

Daily summaries for May – September (the growing season) were downloaded as CSV 117 

files. Summary statistics for summer precipitation were calculated for five-month blocks of 118 

annual data (May – September), including total rain, number and percentage of rainy days, 119 

maximum daily rainfall, maximum number of consecutive days with and without rain, mean 120 

quantity of rain per rainy day, and the amount of rain per storm (consecutive rainy days). For 81 121 

of the first 111 years there were no missing data, and for an additional 19 years no more than 122 

three observations were missing, but in a few cases an entire month’s data are missing. If only a 123 

few days of data were missing we still calculated the list of statistics shown above. 1930 124 

rain/snow data were not used because snow water equivalent (SWE) data were missing for some 125 

measurements (and that year was an outlier); 1925 and 1927 were also outliers. We used 126 

SigmaPlot (version 15; Systat Software) to generate graphs and basic statistics.  127 

 1 May was used as the beginning of the dataset for summer precipitation, and 30 128 

September as the end (this interval encompasses almost all flowering at this site), so estimates of 129 

the number of consecutive rainy (or dry) days, and total rainfall per storm, are slight 130 

underestimates because those beginning and end dates don’t always correspond with the start or 131 

stop of storms (or dry spells). In a few cases, data from the Aspen, Colorado weather station 132 

(about 38 km NNE of Crested Butte, 28 km from Gothic) were used to inform decisions made 133 

about whether a day with missing data was likely to have had precipitation in Crested Butte.  134 

 A reviewer of an earlier version of this paper expressed concern about the reliability of 135 

instrumental weather records prior to about 1950. There is no doubt that recorded precipitation 136 

may differ significantly from actual precipitation. Grosman and Legates (1994) point out that 137 

“Gauge measurements tend to be underestimates of the true precipitation, largely because of 138 

wind-induced turbulence at the gauge orifice and wetting losses on the internal walls of the 139 

gauge. These are not trivial as monthly estimates of this bias often vary from 5% to 40%. Biases 140 

are larger in winter than in summer and increase to the north in the United States due largely to 141 

the deleterious effect of the wind on snowfall.”. Metadata about equipment used at the Crested 142 

Butte weather station are only available back to 1980 (https://www.ncdc.noaa.gov/cdo-143 

web/datasets/GHCND/stations/GHCND:USC00051959/detail). The correlation between Crested 144 

Butte and Aspen July precipitation from 1935-1979 is r2 = 0.1071, p =.03; the Aspen station 145 

(USC00050370) is about 287m lower than the one in Crested Butte. Given that the NOAA data 146 
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have undergone rigorous quality-control measures, and that they are the only ones available, we 147 

have used them for this analysis.   148 

 Snowfall, snowpack, snowmelt, and other snow-related data have been collected daily by 149 

barr at a weather station adjacent to RMBL from November 1974 to present, and rainfall 150 

measurements were initiated in 2000. This measurement site is at 38.9628°N -106.9929°W, 151 

2921m. Snowfall is measured with a ruler from a snow board that is cleared twice each day at 7 152 

a.m. and then usually between 4 and 4:30 p.m.; 24-hour snowfall records are from sunset to 153 

sunset.  Snowpack depth is measured against a snow pole marked to show current snowpack. 154 

Snow water content (SWE) is determined with a standard bucket and scale as issued by the CO 155 

Avalanche Center and USDA Forest Service. Density of newly fallen snow was calculated each 156 

day beginning in November 1975 by dividing the day’s snowfall (inches) by water content 157 

(inches); water content of snowfalls on 7, 17, 19, and 20 October 1990 was estimated by using 158 

the correlation for water content in November and December 1990 snowfalls between Crested 159 

Butte weather station and barr’s data from Gothic. Data used for this project are available (from 160 

2016 to present) at http://www.gothicwx.org/, and detailed data are available upon request from 161 

DWI or bb, or through spreadsheets archived for this paper (see Data Access below).   162 

Stream gage data are reported for peak runoff and date of peak from the USGS gage on 163 

the East River at Almont (“USGS 09112500 EAST RIVER AT ALMONT, CO”; Lat. 38°39'52", 164 

Long. -106°50'51" NAD27, 2,440m ASL), from the National Water Information System 165 

nwis.waterdata.usgs.gov Web site. We used the correlations between instantaneous peak runoff 166 

in the East River at Almont and snowpack and snowmelt data from Gothic to hindcast snowpack 167 

and snowmelt dates in Gothic from 1935 to 1974 (i.e., prior to barr’s observations).  168 

To look for evidence of a cyclical pattern in fall and winter precipitation at RMBL, we 169 

used the observed and calculated (as in the previous paragraph) dates of snowmelt in Gothic. We 170 

calculated 8-year running correlations between year and date of snowmelt, and plotted the 171 

resulting regression lines.  172 

For some analyses that indicated a significant curvilinear relationship we calculated the 173 

breakpoint where trends reversed, using a breakpoint analysis in R version 4.2.1 with the 174 

package “segmented” (Muggeo 2008, Muggeo 2017).  For each variable we entered the 175 

estimated breakpoint year from visual observation. We were then able to 1) see if a statistical 176 

breakpoint occurred, 2) the year in which it occurred, and 3) the slope of the regressions before 177 

and after the breakpoint. 178 

Variability of weather variables could be measured in multiple ways, but the standard 179 

deviation and coefficient of variation are most commonly employed. If there is no significant 180 

change in mean of the variable under consideration then standard deviation may be the best 181 

index to quantify variability, but if there is an ongoing change in mean value, then coefficient of 182 

variation may be more appropriate. We report both indices, with the choice being influenced by 183 

whether means appear to be changing.  184 

 185 
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III. Results 186 

A. Summer (May – September) precipitation 187 

1. Crested Butte 188 

 Mean monthly precipitation varies by month, with June the driest month and January the 189 

wettest (Table 1). The summer pattern of daily rainfall, 1 May – 30 September, 1910 – 2024, 190 

lumped into weekly means, shows a peak in late July and early August (Fig. 1; see 191 

Supplementary Figure 1 for totals for 3-day periods grouped by 20-year intervals). Total summer 192 

precipitation measured in Crested Butte has varied greatly from 1910 – 2024, ranging from 10.16 193 

cm in 2011 to 69.7 cm in 1927 (an outlier), with a mean of 22.01 cm (s.d. = 8.41), but the slight 194 

trend toward lower totals is not significant (p = .22; Supplementary Figure 2). Broken down by 195 

month, June shows the strongest declining trend over time (but p = .155; Supplementary Figure 196 

3). A curvilinear relationship is found for the mean amount of rain per day on rainy days over the 197 

same time period (Fig. 2; r2 = .278 p = .01); some measurements about 90 years ago are more 198 

than double what they have been in recent decades (mean = 5.14 mm, maximum = 11.3 mm), 199 

although there is a recent trend for increasing amounts. Breakpoint analysis indicated a break in 200 

1985 (p = .003). 201 

Table 1. Mean monthly precipitation (cm) in Crested Butte, 1910 – 2024 (June) 202 

 Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Mean 6.82 5.97 5.86 4.55 3.67 3.21 5.10 5.28 5.23 3.92 4.33 5.77 
Max. 28.17 20.65 20.32 13.21 12.22 17.91 13.97 14.38 37.26 12.42 10.64 32.00 
Min. 0.61 0.86 0.41 0.10 0.00 0.00 0.00 0.46 0.00 0.00 0.08 0.03 
N 112 111 114 111 113 112 111 110 112 113 113 112 

 203 
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 204 

Figure 1. The summer pattern of rainfall in Crested Butte, 1 May – 26 September, 1910 – June 205 

2024, lumped into 1-week totals. The data are split into two time periods, 1910-1949, and 1950 – 206 

June 2024.  207 

 208 
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 Figure 2. The mean amount of rain/day on days with rain has declined some since the 209 

first few decades of the record, but may be increasing again. The calculated breakpoint is 1973. 210 

A quadratic fit is shown for the whole data set (r2 = .278) Linear regression lines are shown for 211 

data from 1910 – 1973 and 1973 – 2024 (p = .046).  212 

 213 

 There is no significant trend in the maximum rainfall per day (Supplementary Figure 4), 214 

or per storm (Supplementary Figure 5); note that the value for maximum rainfall per storm 215 

(consecutive days of rainfall) in 1927 (31.83 cm) is an outlier (next highest value is 9.4 cm in 216 

1961).  The mean amount of rain dropped by storms is declining (Supplementary Figure 6; r2 = 217 

.078, p = .003). Precipitation per storm event is unevenly distributed across the summer, with a 218 

peak in late July to early August (Supplementary Figure 7 shows data for 2000 - 2024).  219 

The pattern of summer rainfall has changed over time. For example, the number of rainy 220 

days trended higher until the 1980s and has since begun to decline (Fig. 3; r2 =0.231, p<.0006), 221 

with a breakpoint calculated as 1985 and a significant linear decline since then. The mean 222 

number of consecutive rainy days per year (overall mean = 2.18, maximum = 3.6 in 1989) is 223 

increasing (r2 = 0.057, p = .01; Supplementary Figure 8). The maximum number of consecutive 224 

rainy days per year is not changing significantly (p = .135), however there is a remarkable string 225 

of high values from 1967-1973, with up to 29 consecutive rainy days (in 1968; Supplementary 226 

Figure 9), and there may be an overall increasing trend. The percent of rainy summer days per 227 

year is changing, having increased until about 1980 but with a declining trend since then (r2 = 228 

.241, p = .0005, for a curvilinear fit; Supplementary Figure 10).   229 

 230 



9 
 

Figure 3. The number of rainy days during the growing season increased from the beginning of 231 

the study period until the 1980s, and has subsequently declined. A quadratic fit (r2 = .231) is 232 

shown for the whole dataset and a linear fit (r2 = .118) since the breakpoint calculated as 1985.   233 

 234 

The maximum number of consecutive days without rainfall is changing (mean 21.8 days, 235 

maximum 71 days (in 1924, when some data are missing; Supplementary Figure 11; r2 = 0.155, p 236 

< .002; there is a significant breakpoint in 1985, p = .001). Similarly, there is a significant 237 

curvilinear trend for an increasing (since about 1970) total number of days without rain (r2 = 238 

0.201, p = .0004; Supplementary Figure 12) and the mean number of consecutive days per 239 

summer with no rain (r2 = 0.183, p = .001; Supplementary Figure 13). There is no significant 240 

relationship between summer (May – September) and winter (December – March) precipitation 241 

(r2 = .01, p = .24) measured from 1912 – 2024. 242 

 243 

Variability 244 

The means of some of our measures of precipitation are changing over time (e.g., rainfall 245 

per rainy day (Fig. 2), and mean rainfall per storm (Supplementary Figure 6)), and because some 246 

models of climate change show increasing variation in precipitation over time, we calculated 247 

standard deviation (SD) and coefficient of variation (CV) for our measures of precipitation to 248 

look for evidence of changing variability. Variability of some but not all of the measures we 249 

examined is changing. The CV of rainfall per rainy day during the summer is increasing over 250 

time (p < .0001; Supplementary Figure 14), although the SD of rain per rainy day is declining (p 251 

= .057; Supplementary Figure 15). The standard deviation of mean rain per day (all days) is 252 

declining (p = .058; Supplementary Fig. 16); variability for daily summer precipitation is 253 

trending lower, but not significantly for individual months (e.g., for June, p = .06; 254 

Supplementary Figure 17).  There is no significant trend in variation in mean rainfall amount per 255 

day (Supplementary Figure 18) or per storm (Supplementary Figure 19), but the standard 256 

deviation of the number of consecutive days without rain has declined significantly, and the 257 

trend for an increasing standard deviation of the number of consecutive days with rain is not 258 

quite significant (p = .07; Supplementary Figure 20).   259 

2. Gothic  260 

The first date of rain in the spring (i.e, preceded by snow) is occurring earlier but the date 261 

of the last rain in the fall (i.e., followed by snow) has not changed significantly (Fig. 4), and the 262 

number of rainy days from May – September is trending lower, but not significantly 263 

(Supplementary Figure 21), with range of 39 – 89 days/yr. Neither the mean or maximum 264 

number of consecutive days with or without rain from May – August have changed significantly, 265 

although mean consecutive days with rain is trending shorter and days without rain is trending 266 

longer (Supplementary Figure 22); length of dry spells, as measured by maximum number of 267 

consecutive days without rain, is trending longer and days with rain is trending shorter although 268 

neither trend is significant (Supplementary Figure 23). The amount of precipitation (rain and 269 
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SWE) per day is trending lower (but not significantly) from May – September (Supplementary 270 

Figure 24), as is the mean amount of rain (including SWE) per rainy day (Supplementary Figure 271 

25).  272 

 273 

Figure 4.  The date of the first rain in the spring in Gothic is occurring earlier, and the 274 

date of the last fall rain is trending later (but not significantly). 275 

The maximum amount of precipitation per day from May – September is trending lower 276 

(Supplementary Figure 26), as is the maximum amount per storm (i.e., consecutive days of 277 

precipitation) (Supplementary Figure 27), but the changes are not significant. June is the driest 278 

month and December the wettest, with the wettest three consecutive months being December – 279 

February (Table 2, Supplementary Figure 28). Monthly precipitation can vary greatly among 280 

years (see Supplementary Figure 29 for July and August).  281 

  282 
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Table 2.  Mean monthly precipitation (cm water) in Gothic, 2000 – 2024 (June). All months 283 

except July and August include some water from snow (SWE).  284 

 Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 
Mean 9.51  9.68 9.01 7.84 6.62 2.95 6.05 6.03 6.87 6.28 7.10 10.90 

Max. 28.55 17.17 21.18 17.10 15.85 6.45 14.0 10.41 16.36 13.23 15.88 28.12 

Min. 2.34 2.82 2.18 2.90 0.41 0.25 2.08 1.83 1.32 1.22 2.34 2.03 

N 24 24 24 24 24 24 23 23 24 24 24 24 

 285 

Monthly precipitation in Gothic from April through September is mostly snow in April 286 

and May (e.g., Supplementary Figure 30, for April, with no significant trends over time), and 287 

primarily rain from June – September. There are no significant trends since 2000, although the 288 

steepest (negative) slope is for September (Supplementary Figure 31; p = 0.15).  289 

 290 

Variability of some precipitation measures from Gothic is changing. For example, the 291 

Standard Deviation of the number of consecutive days each year without precipitation is trending 292 

higher for the water-year, although the SD of consecutive days with precipitation is trending 293 

lower (Supplementary Figure 32). For the summer (May – September) the trend for increasing 294 

variation in the number of consecutive days without precipitation is significant (p = .05), but not 295 

for consecutive days with precipitation (Supplementary Figure 33).   296 

 3. Comparison of Crested Butte and Gothic summer precipitation 297 

 Monthly summer (May – September) precipitation means of both rain and SWE from 298 

2000 – 2024 (N = 120; 1 missing summer in Crested Butte) are higher in Gothic than in Crested 299 

Butte for 95 of 120 months. However, there is no significant change in the ratio of the two sites 300 

over the study period (for May or July; Supplementary Figure 34). The maximum rain per day 301 

for each month in this same period is usually higher in Gothic (84 of 125 monthly comparisons), 302 

but again there is no significant trend. On a water-year basis (September – August), Gothic has 303 

had more precipitation than Crested Butte in all years from 2000 – 2023 except 2017 304 

(Supplementary Figure 35).  305 

 306 

B. Winter precipitation in Gothic: Snowfall, snow density, snowpack, and snowmelt 307 

date   308 

1. Snowfall 309 

 310 

 Snow has fallen at least a few times every month of the year in Gothic (b. barr, 311 

unpublished), but using 1 September as beginning of the conventional water year, measurable 312 

snowfall has been as early as 5 September (2004) and as late as 5 July (1993) within water years; 313 

only trace amounts of snow have fallen in August. Winter snowfall measured in Gothic has been 314 

declining since 1995 (Supplemental Figure 36), although there is no significant breakpoint. From 315 

1976-2024 the annual snowfall average is 1,021 cm, with a range of 474 (1976-77) to 1,641 cm 316 
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(1994-95). Because of the close relationship between snowfall in Gothic and runoff in the East 317 

River (measured at a USGS stream gage downstream in Almont), we can estimate the historic 318 

snowfall in Gothic back to 1935. Figure 5 shows a curvilinear fit to the data, which suggest a 319 

peak in this longer time series around 1970.  320 

 321 

 322 

 323 

Figure 5. Winter snowfall in Gothic, measured since 1975 and estimated (cyan diamonds) from 324 

1935-1974 (based on the relationship between snowfall in Gothic and peak runoff in the East 325 

River at Almont).  326 

 The average daily snowfall for snowy days in Gothic has declined significantly during 327 

the study period (Figure 6; r2 = 0.212, p < .0007).  There is no significant trend in the maximum 328 

daily snowfall (p = .185), but the mean amount of snow dropped per storm (consecutive snowy 329 

days) has declined significantly (Supplemental Figure 36; r2 = 0.169, p = .003). The mean 330 

number of snowstorms per year (38.1, S.D. = 3.64) has remained relatively stable, but variable 331 

(range 32 – 48). The mean number of consecutive days with snow falling (2.79, S.D. = 0.399, 332 

range 1.9 – 3.7) and consecutive days without snow falling (5.9, S.D.= 0.75, range 2.5 – 5.9) are 333 

not changing.   334 
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 335 

  336 

Figure 6. The average daily snowfall per snowy day in Gothic is declining; r2 = 0.212, p < .0007.  337 

 338 

 339 

The temporal distribution of snowfall (plotted as 3-day totals;) shows an approximately 340 

normal distribution with a peak in late January. Breaking this into two time periods, 1974-1999 341 

and 2000-2021, shows that snowfall totals have declined in the second period, although the 342 

temporal distribution has not (Supplementary Figure 37). The top three snowiest 3-day periods 343 

have occurred in early January and mid-February. Mean daily and monthly snowfall 344 

measurements since November 1974 are shown in Table 3.  345 

 346 

 347 

Table 3. Daily snowfall statistics by month from Gothic (cm of snow), November 1974 – June 348 

2025.  349 

 350 
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 Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Mean 5.10 5.76 4.92 4.05 2.27 0.27 0.003 0 0.41 1.99 4.15 4.71 

Mean 
Max. 

34.57 
 

36.37 33.06 25.24 21.65 5.31 .06 0 6.38 21.56 31.69 33.82 

Mean 
Min. 

0 0 0 0 0 0 0 0 0 0 0 0 

Monthly 
mean total 

158.02 
 

163.12 153.67 121.41 70.45 8.29 .08 0 12.18 61.66 124.42 
 

146.06 

 351 

Monthly snowfall statistics from Gothic (cm of snow), November 1974 – June 2025.  352 

 Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Max. 441 383 342 252 275 51 3 0 116 125 328 465 

Min. 35 49 37 31 7 0 0 0 0 0 36 18 

 353 

2. Snowfall density in Gothic 354 

In addition to the changing amount of snowfall, the density of the snowfall (snow water 355 

content/snow depth, measured as kg/m3) is changing, increasing over time (Table 4) (Figure 7 356 

shows data for December and January, and Supplemental Figure 38 shows November - May). 357 

Minimum and mean daily density are lowest in the middle of the winter, and the maximum is 358 

highest in the spring (Supplemental Figure 39 shows a representative winter, 1992-93). Given 359 

that temperature can affect snow density, it’s not surprising that there is a significant correlation 360 

between air temperature on the day of snowfall (Heating Degree Days (calculated with base of 361 

65°F)) and the density of the snow that falls (r2 = .123; Supplementary Figure 40 shows data 362 

from winter 1994-95). The correlation between density and maximum daily temperature of the 363 

day of snowfall is also significant (r2 = .094, p = .0003, Supplementary Figure 41).  364 

Although both total winter snowfall and average daily snowfall on snowy days are declining, 365 

because snowfall density is increasing, SWE has not declined significantly (p = .355 for a linear 366 

model of data from 1975 – 2021).  367 

 368 

Table 4.  Snowfall density (kg / m3) by month, split into two time periods.  369 

Years November December January February March April May 
        
1975-1997 630 626 596 628 597 613 714 
1998-2024 659 656 664 677 667 713 770 

 370 
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 371 

Figure 7. Mean December (r2 = 0.439, p = .001) and January (r2 = .334, p = .02) snow density 372 

measured in Gothic. Density has been increasing markedly in the past decade.  373 

 374 

Variation in winter snowfall density is changing at least in some months, e.g., coefficient 375 

of variation of winter snowfall density has changed significantly (using a quadratic fit) for Jan – 376 

April, but not for December (Supplementary Figures 42a, b), with higher values at the beginning 377 

and end of the study period. Mean variation is highest for May (mean CV = 0.278), which also 378 

has the highest density (Supplementary Figure 38), followed by February, January, December, 379 

March, and April, with the lowest (mean CV = 0.220, p = .274). 380 

3. Snowpack    381 

The accumulated snowfall creates a snowpack, and its character is changing.  For 382 

example, the date when the permanent snowpack starts has ranged from 15 October (1980) to 24 383 

November (1989), but is trending later (see curvilinear fit with a low in the mid-1990s, p = .12; 384 

Supplementary Figure 43). The date when the permanent snowpack reaches 10 cm, or 385 

approximately what is needed to keep the ground below it from freezing, has been variable, as 386 

early as 17 October and as late as 7 December, but is trending later (Supplementary Figure 44), 387 

while the last date of 10cm snowpack in the spring is trending significantly earlier (about two 388 

weeks earlier now than when the study began; Supplementary Figure 44). The number of days 389 

the ground is covered by the permanent winter snowpack is also highly variable but is trending 390 

lower (Supplementary Figure 45; p = .13), matching the pattern for number of days with at least 391 

10cm of snow (approximately what it takes to prevent the ground from freezing; Supplementary 392 

Figure 46; p = .06).  393 

 394 
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 395 

4. Timing of snowmelt 396 

 Snowmelt date (date of the last snow at barr’s permanent measurement site) has been 397 

trending significantly earlier dates during our study (range 23 April to 19 June; Supplementary 398 

Figure 47.  It has advanced about 11 days during our study period. We have also estimated the 399 

date of snowmelt from 1935 to 1974, by using the correlation between observed snowmelt date 400 

in Gothic and the date of peak runoff in the East River downstream at Almont (Figure 8).  The 401 

trend for this longer time period (p = .074) is also toward earlier dates.  402 

 403 

Figure 8. The change in day of year when snow has melted at the snow measurement site in 404 

Gothic, plotted against year. Dates from 1935 – 1974 (purple points) are estimated by using the 405 

relationship between observed snowmelt date in Gothic and date of peak runoff at the stream 406 

gage on the East River at Almont. Regression lines are shown for the estimated (r2 = .006, p = 407 

.38), measured (r2 = .052, p = .068), and combined (r2 = .066, p = .0001) datasets.  408 

 409 

5. Variability of snowfall and snow density 410 

All metrics of snowfall and snow density in Gothic are characterized by variation, on 411 

time scales ranging from daily (or shorter) to decadal (or longer), as illustrated in figures above. 412 

For example, total winter snowfall has ranged from a low of 474 cm (1976-77) to a high of 1641 413 

cm (1994-95). Snow density changes within a season (Supplementary Figure 39), but is also 414 

changing over the years (Supplementary Figure 38), in concert with warming temperatures, 415 

measured either as Heating Degree Days or maximum daily temperature (Supplementary Figures 416 

40, 41).   417 

 418 

6. Interactions among temperature, precipitation, and snowmelt date 419 
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Ratio of rain to snow  420 

Another aspect of precipitation that is changing is the amount of annual precipitation that 421 

is falling as rain or as snow. That ratio of rain to snow is changing, with a tipping point around 422 

1970 in Crested Butte (Fig. 9). 423 

 424 

  425 

Figure 9. The changing ratio of snow (inches per year of snowfall) to rain (annual inches) 426 

measured at the Crested Butte weather station. A tipping point was reached in the 1970s.   427 

 The number of days between snowmelt date and the last hard frost (temperature below -428 

3.9°C (25°F) in the spring is variable but has changed significantly (p = .028 since 1975 429 

(Supplementary Figure 48).  430 

 431 

7. Soil moisture 432 

 433 

The typical annual pattern of soil moisture includes a peak in the spring associated with 434 

snowmelt, when the soil is saturated, followed by drying out during the summer that is modified 435 

by summer precipitation. Data for a representative year (September 2019 to October 2020) are 436 

shown in Supplementary Figure 49.   437 

 438 

  439 

 440 
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8. Cycles 441 

The result of plotting the regression of snowmelt date in Gothic against year, in 8-yr 442 

running intervals, shows a cyclical pattern (Fig. 10) of 12-14 years.  443 

 444 

 445 

Figure 10. The solid line, redrawn from Ault and St. George (2010), supporting their conclusion 446 

that there is a 12-14 yr cycle in autumn precipitation in the central Rocky Mountains, is closely 447 

matched by the results of 8-year running regressions of data from Gothic on day of year when 448 

snowmelt occurred.  449 

 450 

Discussion 451 

Precipitation is an important component of climate that creates the mesic meadow habitat 452 

in our montane study area. To understand how responses to changes in recent climate could 453 

affect ecological and evolutionary trajectories in montane biota, quantitative data on trends in 454 

temperature and precipitation, and their variation, are required. It’s clear that in many parts of the 455 

world there has been significant warming, and not far from the geographical focus of this paper 456 

at the Rocky Mountain Biological Laboratory there is already the largest 2°C hot spot in the 457 

Lower 48 (Eilperin 2020). 458 

 Data recorded in tree rings and glaciers document that there have been significant 459 

changes in this area’s climate in the past. For example, tree-ring chronologies record late 20th 460 

century snowpack reductions that “are almost unprecedented in magnitude across the northern 461 

Rocky Mountains” (Pederson et al. 2011a); these authors attribute the snowpack declines (and 462 

their synchrony across Colorado, Columbia, and Missouri River drainages) to positive 463 

reinforcement of anthropogenic warming by decadal variability. Going further back into time, 464 
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Woodhouse et al. (2010) found that “during the medieval period, ~AD 900–1300, the Northern 465 

Hemisphere experienced temperatures warmer than all but the most recent decades.” This was a 466 

time of extensive and persistent drought in western North America, such that the mid-12th 467 

century could be used as an analog of severe droughts that may occur in this area in the future 468 

(Woodhouse et al. 2010). The drought in the upper Colorado River basin in the mid-1100s was 469 

characterized by a decrease of more than 15% in mean annual flow (averaged over 25 years) 470 

over about six decades (Meko et al. 2007).  471 

 In more recent history, and more locally, a tree-ring-based reconstruction of 1 April snow 472 

water equivalent (SWE) generated for the Gunnison River basin (which includes our study site) 473 

for 1569-1999 explained 63% of the variance in the instrumental record (Woodhouse 2003). The 474 

twentieth-century part of the record was similar to the longer-term record, although years of 475 

extreme SWE did not occur evenly throughout the record, and few extreme years occurred in the 476 

20th century. Woodhouse attributed winter drought to the influence of multiple circulation 477 

patterns, including both the El Niño–Southern Oscillation (ENSO) and Pacific-North American 478 

(PNA) pattern, but pointed out that the Gunnison River basin “is on the edge of the area with a 479 

strong relationship to the PNA and is generally in a transitional zone with respect to regional 480 

ENSO influences.” (Woodhouse 2003). The patterns observed in Woodhouse’s 481 

dendrochronlogical studies are also reflected in Crested Butte precipitation (Supplementary Fig. 482 

50) (Griffin et al. 2013) (personal communication, C. Woodhouse). A study of climate changes 483 

in the northern Rockies based primarily on snow telemetry network (SNOTEL) records since 484 

1969 reported that changes in spring minimum temperatures corresponded with atmospheric 485 

circulation changes and surface-albedo feedbacks in March and April (Pederson et al. 2011b). 486 

Long-term droughts have occurred in the Western US in the past, but not since at least 487 

the late 1500s (Woodhouse and Overpeck 1998, Stahle et al. 2020). Persistence of the current 488 

megadrought is probably caused by a combination of decadal-scale oscillations in Eastern Pacific 489 

sea surface temperatures, consequent shifts in precipitation patterns, and enhanced regional 490 

terrestrial evaporation (Williams et al. 2020). Szejner et al. (2020) found that the probability of 491 

extreme drought has increased up to 70% in the Southwest during the past two decades. Ault et 492 

al. (2016) concluded that “the risk of multidecadal megadrought in the American Southwest will 493 

increase at least twofold from 5 to 15% over the last millennium to between 20 and 50% this 494 

century.” Historically, meteorological drought in the western United States has been driven 495 

primarily by precipitation deficits, but recent analyses show that, “since around 2000, rising 496 

surface temperature and the resulting high evaporative demand have contributed more to drought 497 

severity (62%) and coverage (66%)” over the western US than precipitation deficit, and 498 

attributed the increase in evaporative demand during droughts primarily to anthropogenic 499 

warming (Cook et al. 2014, Zhuang et al. 2024).  500 

Variation in and effects of summer precipitation 501 

Climate change may result in increased precipitation variability and consequently more 502 

frequent extreme events (Zhang et al. 2021), in the case of rainfall at least in part due to a 503 

warming-induced shift from snow to rain (Ombadi et al. 2023). Zhang et al. (2021) found trends 504 

of reduced annual precipitation across most of the western USA, with increasing interannual 505 
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variability of precipitation. Extreme-duration drought became more common, with increases in 506 

both the mean and longest dry interval between precipitation events and greater interannual 507 

variability in these dry intervals. Although some models predict that climate change will result in 508 

increased precipitation and increased variability, data from the Crested Butte weather station 509 

show a trend toward a lower number of rainy days from May - September (Supplementary Fig. 510 

10), a trend toward an increasing amount of rainfall per rainy day (Fig. 2), a decreasing trend in 511 

the mean rainfall per storm (Supplementary Fig. 5), and an increase in the number of consecutive 512 

days with no rain (Supplementary Fig. 13). We also found increasing variability in daily 513 

precipitation (p = .0001; Supplementary Fig. 14). Rainfall from atmospheric rivers may increase 514 

with temperature (Payne et al. 2020), and this might bring additional precipitation to our study 515 

area, perhaps influencing variables such as the precipitation amount per day and per storm. 516 

             Gothic, 849m higher than Crested Butte, typically receives more precipitation 517 

(Supplementary Figure 34), although in the month of June that trend is reversed. From 2000 – 518 

2024, the daily maximum precipitation per summer month was greater in Gothic in 82 of 122 519 

months. The general trend of increasing precipitation with altitude is also conspicuous along the 520 

gradient from Gunnison (2348 m, with a NOAA weather station) to Schofield Pass (3263 m; the 521 

top of the East River valley, with a nearby SNOTEL site). Rainstorms can be quite localized in 522 

this area, and it would be useful to have a network of precipitation gauges in the area to 523 

document this effect. Summer monsoons, however, tend to be more regional in effect so the 524 

differences across altitude might be less from such events.   525 

Precipitation can influence plants and animals in the montane ecosystem. Plant 526 

survivorship, flowering, nectar production, and seed set can all be affected, and mushroom 527 

production by many fungi is highly dependent on summer precipitation. Pollinators that rely on 528 

flower abundance and production of nectar and pollen can be influenced by summer precipitation 529 

both directly (e.g., flooding of subterranean nests, curtailment of foraging) and indirectly (e.g., 530 

via changes in floral resource abundance and phenology (Ogilvie et al. 2017)). Changing 531 

precipitation dynamics can drive shifts in ecological interactions such as herbivory. For example, 532 

a regime shift in the dynamics of a moth species in California was documented during a 34-year 533 

study and attributed to contemporaneous changes in regional precipitation (Pepi et al. 2021). In 534 

our study area, variability in summer precipitation generates mass flowering by a common 535 

wildflower (Frasera speciosa; Gentianaceae), but with a 4-year lag time due to multi-year 536 

preformation of leaves and inflorescences (Taylor and Inouye 1985, Inouye 1986).  537 

Studies of the changing climate in the U.S. Southwest, including Colorado, have focused 538 

on regional changes in precipitation and temperature. This area has “experienced a strong 539 

hydroclimate trend from the 1980s to the 2010s, from cool and wet to warm and dry conditions.” 540 

(Lehner et al. 2018). They attributed the warming primarily to greenhouse gas forcing, and the 541 

drying to internal climate variability, which is large in this region. McKinnon et al. (2021) found 542 

that specific humidity on dry days during July – September has decreased over the past seven 543 

decades in Southwest USA (including a site in Colorado), and attribute this to the anomalously 544 

low evapotranspiration that results from low summer soil moisture. Changing precipitation 545 

regimes can increase biodiversity loss; for example, long droughts and warming temperatures 546 
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can stress plants, causing increased mortality and impoverished communities (Breshears et al. 547 

2005, Mueller et al. 2005, Reynaert et al. 2021).  548 

 Seedling survival can be strongly influenced by rainfall patterns. If seedlings don’t put 549 

down roots quickly enough to reach soil with sufficient moisture, they will die. Although soils in 550 

our area are saturated by snowmelt in the spring (Supplementary Fig. 46), we have had periods 551 

after snowmelt as long as 71 days with no precipitation, resulting in significant soil desiccation 552 

and seedling mortality (Inouye, unpublished observations). Thus, the trend over the past four 553 

decades for a decreasing number of rainy days (Fig. 3) and increasingly long periods without rain 554 

(Supplementary Fig. 11) could bode poorly for future seedling survival and probably result in 555 

declining seed production by species that ripen seeds in late summer. There also appears to be 556 

(Supplementary Fig. 3) a trend for decreasing amount of rainfall per rainy day.  557 

Nectar production is dependent on soil moisture (Powers et al. 2022), and increasing 558 

periods of drought could result in lower nectar production and therefore fewer resources for 559 

pollinators, and potentially reduced visitation and seed set. For example, drought was found to 560 

affect visitation and seed set in a subalpine plant species in the central Chilean Andes; nectar 561 

standing crop was reduced, although its concentration was increased (Arroyo et al. 2020). The 562 

reduced seed set was predicted to have the potential to result in a decline of the plant population 563 

if drought conditions continue. In our study site drought was found to reduce both nectar 564 

production and pollen production in a common wildflower, Ipomopsis aggregata (Waser and 565 

Price 2016), and this effect on floral resources has also been documented elsewhere (Carroll et 566 

al. 2001, Alqudah et al. 2011, Phillips et al. 2018), reducing male fitness (Powers et al. 2022) 567 

Drought can also affect other floral traits, including flower size and abundance. Kuppler 568 

et al. found that decreasing soil moisture content correlated with decreasing size of all measured 569 

morphological floral traits except stamen length and nectar tube width, resulting in decreased 570 

visitation by bumble bees (Kuppler et al. 2021). They did not measure pollen transfer, but it 571 

seems likely that decreased visitation could result in lower seed set. Induced experimental 572 

drought has also been shown to decrease flower size and nectar volumes (but not concentration) 573 

in Epilobium angustifolium, a common plant species in our study area (Carroll et al. 2001). 574 

Water stress can also affect flower phenology in addition to decreasing flower size and flower 575 

number (by 22-45%) (Descamps et al. 2020).  576 

Floral volatile emissions can also be affected by drought while negatively affecting floral 577 

resources for pollinators, seed set, and seed mass (Rering et al. 2020). Powers et al. (2025), in an 578 

experimental study manipulating snowmelt and precipitation at the Rocky Mountain Biological 579 

Laboratory, found that within years, floral emissions of  Ipomopsis aggregata (Polemoniaceae) 580 

did not respond to precipitation treatments but shifted with snowmelt treatment depending on the 581 

year, while across the three-year study, emissions correlated with both precipitation and 582 

snowmelt date; these effects were driven by changes in soil moisture. 583 

The negative effects of drought can also extend to decreased protein quality of pollen, 584 

and cascade to decrease survival and productivity in both honey bees (Apis mellifera) and 585 

bumble bees (Bombus impatiens) (Wilson Rankin et al. 2020). Experimental studies of the 586 



22 
 

addition of water or reduction of natural precipitation are useful tools for understanding the 587 

consequences of altered water regimes, and have been employed at our study site and elsewhere 588 

(Sloat et al. 2015, Gallagher and Campbell 2017, Gorton et al. 2019, Recart and Campbell 2021, 589 

Faust and Iler 2022).   590 

 591 

Variation in and effects of winter precipitation 592 

Significant changes have occurred in snowpack in many mountain areas. For example, 593 

snow cover in the Alps has declined 5.6% per decade over the past 50 years, and duration of 594 

snowpack cover is now 36 days shorter than the long-term mean (Carrer et al. 2023). It has also 595 

declined in the western United States in recent decades (Mote et al. 2018), as well as across the 596 

Northern Hemisphere (Mudryk et al. 2020). Between the 1980s and 2000s there was a 10-20% 597 

loss in the annual maximum amount of water in the western U.S. regional snowpack, with a loss 598 

of up to 60% projected by 2047 (Fyfe et al. 2017). From 1982 to 2016 annual maximum snow 599 

water equivalent (SWE) decreased by 41% on average over much of the western USA, and snow 600 

season shortened by 34 days on average for some parts of it, primarily from earlier ending of the 601 

season (Zeng et al. 2019). In addition to this trend, simulations and models of mountain 602 

snowpack suggest that interannual variability of maximum SWE and its timing are likely to 603 

decline in areas where more of annual precipitation falls as rain instead of snow (Marshall et al. 604 

2019), although variability of SWEmax timing could increase in some area. These models also 605 

predict that average frequency of consecutive snow drought years will increase from 6.6% to 606 

42.2% of years. However, another modeling study of cold-season storms in the western USA 607 

suggests that under a high-emissions scenario for the future, precipitation volume from the top 608 

20% of winter storms may increase by up to 40% by mid-century (Chen et al. 2023).   609 

Snow is a good insulator, and a loss of snowpack could have significant impacts on 610 

species sensitive to freezing (Kearney 2020). In our study area ptarmigan burrow into the snow 611 

that provides both insulation and camouflage, and snow provides insulation for hibernating 612 

mammals and many insects overwintering underground as eggs, larvae, or adults, as well as 613 

plants (many of them have pre-formed buds not far underground); typically there is enough snow 614 

on the ground to protect the ground from freezing all winter. As snowfall declines (Fig. 5) and 615 

becomes denser (Fig. 7), the insulation from cold air temperatures declines, potentially stressing 616 

both plants and animals. This effect may be most pronounced at mid-elevations (Roberts et al. 617 

2021). Loss of snowpack can also have a significant economic effect, because of the value of the 618 

water it contains; “snow cover also provides social and cultural services for human beings, such 619 

as aesthetics and entertainment, scientific research, environmental education, religion and 620 

culture, etc.” (Gao et al. 2024). 621 

Snow hardness, which can be influenced by rain-on-snow events as well as snow density, 622 

can have a negative effect on small mammals in the arctic (Poirier et al. 2021), and it seems 623 

likely this can also happen in our study area. The subnivium, however, may be relatively 624 

unaffected as long as there is snow cover for insulation (Thompson et al. 2021). Loss of this 625 

insulation can also have an impact on ecohydrological interactions such as evapotranspiration 626 
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(Pirk et al. 2023) and the protection that snowcover provides for abrasion from blowing snow 627 

and ice. Increasing density of the snow can also have implications for avalanche activity. The 628 

winter of 2019-20 had record avalanche activity in the mountains near our study area (Art Mears, 629 

personal communication), and had the highest monthly snow densities recorded to that point for 630 

January, February, and May, and the second-highest for November, December, and March. 631 

Denser snow facilitates the propagation of fracture lines when avalanches are triggered, and there 632 

were unusually long facture lines that winter. Avalanches can have significant effects by 633 

knocking down trees, altering the vegetative community (Patten and Knight 1994).  634 

An approximate 18% loss of SWE in the Rocky Mountains is forecast for 2025-49, and 635 

>40% SWE loss forecast for 2075-99, with about 85% of the Upper Colorado River basin 636 

forecast to have low to no snow by 2100 (Siirila-Woodburn et al. 2021). For a variety of reasons, 637 

this scale of decline could have a major impact on natural and anthropogenic landscapes in the 638 

mountains, affecting agriculture, recreation, and plant and animal populations. One potential 639 

mitigating factor could be the effect of winter cloud seeding, which can make it snow up to 12% 640 

more in a single storm, and 8% more over a winter season (Andrew Rickert, CO Weather 641 

Modification Program Manager; https://www.denverpost.com/2022/03/26/colorado-cloud-642 

seeding-snow-drought/).  643 

 644 

1. Timing of snowfall– temporal changes and ecological consequences 645 

 646 

There is significant variation in the timing of snowfall in Gothic, and the only month 647 

without measurable snowfall since 1974 is August. In 1969 a 3-day snowstorm beginning 24 648 

June left up to 50cm of snow in Gothic (Ehrlich et al. 1972), and 11.4 cm in Crested Butte 649 

(NOAA weather station data). We estimate that the first date of bare ground in Gothic was 19 650 

May that year, so that many plants were already up and flowering, and most animal populations 651 

active, by the date of the storm. The storm caused extensive damage to herbaceous plants, as 652 

well as some insect and small mammal populations, and caused the local extinction of at least 653 

one butterfly (Ehrlich et al. 1972). The low temperature in Crested Butte on 27 June, the day 654 

after the snow ended, was -3.9°C. Marmot reproduction was poor that summer, and populations 655 

of small mammals were also depressed (Ehrlich et al. 1972).   656 

There is a relationship between the length of time between snowfall events and the 657 

stability of the winter snowpack. Exposure to the sun, sublimation, air temperatures, and 658 

precipitation amount and temporal pattern can result in either more or fewer avalanches, which 659 

can cause landscape-scale changes by pushing over trees. For example, a link has been 660 

established between ENSO cycles and avalanches (McClung 2013), and with weather in the Alps 661 

(Castebrunet et al. 2012). The changing climate in our study area may promote more frequent 662 

avalanche activity, but this effect could be moderated if snowfall continues to decline.   663 

2. Density – changes over time and ecological consequences 664 
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Density of snow is affected by multiple variables, including air temperature, humidity, 665 

and whether the crystals have fallen through high concentrations of supercooled water, which 666 

causes them to become rimed (Judson and Doesken 2000). Density influences avalanche 667 

occurrence and snow safety, and the insulation value of snow. Density changes over time in the 668 

snowpack, as a function of initial density, prevailing weather conditions, pressure from snow 669 

above, temperature in the snowpack, and time since deposition, as snow crystals metamorphose 670 

into more rounded shapes (Judson and Doesken 2000). Density can change during a storm cycle, 671 

and whether the initial snow is denser or lighter than the following snow can influence avalanche 672 

probability (and the quality of powder for skiing) 673 

(https://www.eoas.ubc.ca/courses/atsc113/snow/met_concepts/07-met_concepts/07c-up-down-674 

snow/).  675 

Changes in the density of snow, as are ongoing in Gothic, can have significant 676 

implications for animals that rely on snow as a substrate for walking, for insulation, or 677 

experience it as a barrier to access to plants or subterranean habitat (Hansen et al. 2013, 678 

Descamps et al. 2017, Poirier et al. 2021). Changes in rain-on-snow events have implications for 679 

flood risk (Musselman et al. 2018).  680 

Thermal conductivity of snow increases with snow density, with lighter snow serving as a 681 

more effective insulator for plants and animals in or below the snowpack. Density has a 682 

complicated relationship with temperature, but in some cases there can be a linear relationship 683 

with increasing air temperature resulting in denser snow, as seen in Supplementary Figure 41 684 

(showing density increasing with air temperature). Supplementary Figure 39 shows that the 685 

minimum density typically occurs during the coldest months of the winter, and the highest in 686 

May. The temporal changes we have observed in snow density are likely a consequence of 687 

changes in temperature over the study period, both within and among years. Snow density can 688 

also impact soil temperature under the snow, and as the insulating capacity of snowpack declines 689 

with increasing density, both soil temperature and nutrient cycling in the soil can be impacted 690 

(Kelsey et al. 2021).  691 

Density can also change across a landscape, with significant differences occurring over a 692 

few km (Judson and Doesken 2000). The marked differences observed in snowmelt dates across 693 

the landscape in the East River valley (Ian Breckheimer, pers. comm.; Inouye and Barr, personal 694 

observations) are suggestive of the spatial variation in snowpack density in our study area, which 695 

could result from variation in slope and aspect. For example, south-facing slopes receive more 696 

sun, which will transform the snowpack more quickly than north-facing slopes, making the snow 697 

denser.  698 

Some previous measurements of snow density from Gothic are available, such as a record 699 

from the U.S. Forest Service Westwide Network (Judson 1970) of 46 cm of 44 kg m3 snow , as 700 

are comparisons of snow density in Gothic with Red Mountain Pass (r = 0.68; 129 km away) and 701 

Dry Lake (r = 0.36, 175 km away) (Fig. 6, Judson and Doesken 2000). Our measurements are 702 

comparable, but avoid some sources of variation (those incurred as snowpack metamorphoses in 703 

response to temperature and pressure) by restricting calculations to newly fallen (within the past 704 

24 hours) snow rather than snow that has settled to some degree.  705 
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3. Snowpack  706 

Average snowfall fraction of annual precipitation has decreased steadily in the Northern 707 

Hemisphere since 1950; this decline has a significant effect on streamflow seasonality (e.g., 708 

when 50% of total streamflow has passed a geographical location) and the strength of the 709 

seasonal pattern of streamflow (typically with high flows in spring and low flows in autumn in 710 

our study site) (Han et al. 2024). As climate change results in smaller snowpacks, these 711 

characteristics of streamflow will change, with consequences ranging from effects on aquatic 712 

organisms (e.g., lower flows, higher temperatures) to changes in availability of water for 713 

recreation and agriculture. (Suni et al. 2023) 714 

The date when the permanent winter snowpack begins in Gothic is trending toward later 715 

dates over the past few decades (Supplementary Figure 43), and the number of days of 716 

permanent snowcover is declining (Supplementary Fig. ). The date at which 10 cm of snow 717 

cover is achieved is occurring later (Fig. ), and the date when snowpack drops below 10 cm is 718 

occurring earlier (Supplementary Figure 32), resulting in a significant drop in the number of days 719 

with 10 cm or more (Supplementary Figure 45). The loss of insulating snow cover exposes the 720 

soil and the plants and animals it shelters in the winter to colder temperatures, which could result 721 

in increased mortality. For example, the very low and late snowpack in the winter of 1976-77 in 722 

our study area may be responsible for the unusually low abundance of bumble bees the following 723 

summer (Inouye, personal observation); overwintering queens could have been exposed to 724 

unusual freezing temperatures in the absence of the insulating snowpack. This might also explain 725 

the extremely low abundance of flowers of Delphinium nuttallianum in 1977 (Inouye and 726 

McGuire 1991). 727 

Changes in snowpack depth can influence bird distributions (Bosco et al. 2022) and those 728 

of big-game animals that migrate altitudinally to avoid deep snowpacks, and whose migratory 729 

phenology is linked to snowfall and snowmelt dates (Bischof et al. 2012, Merkle et al. 2016, 730 

Middleton et al. 2018, Laforge et al. 2021). Another variable that is increasingly affecting 731 

snowpack in the mountain west is wildfires (Kampf et al. 2022). Experimental manipulations of 732 

snowpack and snowmelt date are useful tools for investing the consequences of earlier, or later, 733 

snowmelt (Gezon et al. 2016, Sherwood et al. 2017, Iler et al. 2019, Kudo and Cooper 2019, 734 

Hamann et al. 2021, Jerome et al. 2021, Rixen et al. 2022).  735 

 736 

4. Timing of snowmelt – temporal changes and consequences 737 

 The growing season for montane and alpine plants doesn’t begin for most species until 738 

the snow is gone, although two species in our area (Claytonia lanceolata and Erythronium 739 

grandiflorum) will grow up through the last few cm of snow. Activity of many animal species is 740 

also tied to this environmental event, as warming soils signal species overwintering underground, 741 

such as bumble bees and many other species of solitary bees, that the summer season is 742 

beginning. Some hibernating species may emerge before the snow melts, such as marmots 743 

(Marmota flaviventris), although their appearance is also linked to the warming temperatures and 744 

melting snow (Inouye et al. 2000). The flowering phenology of almost all plant species in these 745 

environments is also closely tied to snowmelt date (Inouye and Wielgolaski 2013), as is the 746 

abundance of some species of flowers, sometimes mediated by effects of late spring frosts that 747 
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can have a significant effect in years with early snowmelt (Inouye 2000, Inouye et al. 2002, 748 

Inouye 2008). These frost effects can also have a lagged effect on subsequent abundance of 749 

insects (Boggs and Inouye 2012). Earlier snowmelt (and lower summer precipitation) can result 750 

in decreased corolla length, style length, corolla width sepal width, and nectar production in 751 

Ipomopsis aggregata (Polemoniaceae); earlier snowmelt also resulted in shorter inflorescences 752 

(Powers et al. 2022). Velocity of snowmelt across landscapes also predicts green wave velocity 753 

(O’Leary et al. 2020).  754 

 Given the significance of snowmelt timing, the fact that it has advanced significantly 755 

during the period of our study documents the importance of declining winter snowfall, warmer 756 

spring temperatures, and the increasing frequency of dust-on-snow events that accelerate 757 

snowmelt in the spring (Steltzer et al. 2009, Painter et al. 2018), for the phenology of many 758 

species and the abundance of some. An experimental study simulating future flow regimes in 759 

Sierra Nevada mountain streams in California found that early snowmelt “destabilized stream 760 

epilithic biofilm metabolism and altered key ecosystem functions such as insect production and 761 

emergence, via shifts in community composition, structure, and phenology” (Leathers et al. 762 

2024). Pulses of the dominant insect group (Chironomidae) emerging from streams almost 763 

doubled in magnitude, benefiting a generalist riparian predator, Brewer’s Blackbirds (Euphagus 764 

cyanocephalus). This study illustrates how climate change effects in mountain streams can alter 765 

the dynamics of stream food webs via fine-scale changes in phenology, with consequent 766 

phenological mismatches (Leathers et al. 2024). 767 

5. Variability of snowfall and snow density 768 

One prediction of some models of climate change is that the variability of climate 769 

measures will increase, and this is borne out in some analyses. Over the last 50 years greater 770 

interannual variability has been recorded in dry periods in the western USA (Zhang et al. 2021). 771 

On a global scale variability in precipitation can have an impact on terrestrial carbon capture 772 

(Knapp et al. 2002, Ritter et al. 2020), with increases in productivity with higher interannual 773 

rainfall variability in some ecosystems and decreases in others. Large-scale climate variability 774 

has also been shown to influence both plant phenology and herbivore demography (Post and 775 

Stenseth 1999). A research need for our study system is investigation of how it is being affected 776 

by climate variability with regard to carbon sequestration, and how plant-herbivore and plant-777 

pollinator interactions are being affected.  778 

6. Interactions among temperature, precipitation, and snowmelt date 779 

There is evidence globally of shifts in the ratio of precipitation falling as rain vs. snow 780 

(Knowles et al. 2006, Feng and Hu 2007, Wang et al. 2016, Lynn et al. 2020), with more 781 

precipitation falling as rain and less as snow as temperature warm. Crested Butte is no exception, 782 

and while the ratio was increasing toward more snow and less rain for the first decades of the 783 

instrumental record, about 50 years ago the ratio switched to an increasing amount of rain 784 

compared to snow (Fig. 32). This change has significant implications for water management in 785 

the western U.S.A., as snow has historically served to create a reservoir of water that is slowly 786 

released during the summer as it melts. This new pattern will require changes to agriculture and 787 
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recreation that relies on water in rivers, as snowmelt dates continue to get earlier. Earlier 788 

snowmelt dates can also have significant consequences for plant demography. Campbell (2019) 789 

concluded that earlier snowmelt will lead to negative population growth of a common 790 

hummingbird-pollinated wildflower (Ipomopsis aggregata) in montane Colorado, driven 791 

especially by changes in seedling establishment and seed production. Earlier snowmelt can also 792 

expose plants to frost damage (Inouye 2008). 793 

7. Soil moisture 794 

 795 

In our study area the typical pattern for soil moisture is that maximum levels are reached 796 

at the time of snowmelt. The subsequent decline, which typically continues for the remainder of 797 

the growing season, is reversed only by significant monsoon rainfall. Soil moisture then 798 

stabilizes throughout the winter (Supplementary Fig. 46). It’s not uncommon for soil moisture to 799 

drop to levels that create water stress for plants in our study area. In 1924 there were 71 800 

consecutive days with no rain, and while this may be an outlier (Supplementary Fig. 11), in 2013 801 

there was a stretch of 45 days with no rain. In Gothic if there are intervals as long as a month 802 

during the summer with no precipitation, some plants will stop flowering and their leaves may 803 

dry out (Inouye, personal observation).   804 

  805 

8. Runoff and stream flows 806 

 807 

The declining winter snowpack and warmer temperatures will mean that in the future 808 

spring runoff quantity and timing will be less predictable from snowfall amounts (Wieder et al. 809 

2022), making management of water resources more challenging. Variability in precipitation and 810 

temperature will be reflected in the sto chasticity of runoff. Altered ecohydrological function will 811 

affect soil moisture, water levels in kettle ponds, lakes, and streams in our study area, and the 812 

aquatic organisms associated with them.   813 

 814 

9. Cycles 815 

 816 

Cayan et al. reported evidence of decadal-scale variations of precipitation over western 817 

North America, which explained 20-50% of the variance of annual precipitation (Cayan et al. 818 

1998). They attributed the variations to decadal atmospheric circulation and sea surface 819 

temperature anomaly patterns, as well as short-period circulation patterns such as the Pacific -820 

North American pattern. More recently, Ault and St. George identified decadal variability in 821 

autumn precipitation that contributed 25-30% of total variance in the central Rocky Mountains 822 

(Ault and St. George 2010). The pattern they found was not explained by major climate modes 823 

such as ENSO or the Pacific Decadal Oscillation, so they suggested it was not a product of a 824 

simple linear translation of any single climate forcing. The pattern they described is closely 825 

matched by our calculations of regressions between snowmelt and year (Fig. 10). We don’t know 826 

whether this pattern has persisted in the subsequent two decades, but it would be interesting to 827 

look for evidence of this pattern in variables such as abundance and phenology of species in our 828 

study areas.   829 

 830 

Conclusions 831 
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 There is no doubt that the climate in our study area has changed during the period of 832 

instrumental records from Crested Butte and Gothic. It is likely that these changes are ongoing 833 

and will persist, given the continuing trends in production of greenhouse gases and the effects 834 

they are having on temperature and precipitation, globally, regionally, and locally; a recent 835 

projection is that the ongoing megadrought in the southwestern US will continue for decades 836 

(Todd et al. 2025). The changes we have observed in phenology of a variety of species in our 837 

study area (Prather et al. 2023) can be attributed to changes in climate, leading to the conclusion 838 

that many aspects of montane ecosystems in the southwestern Rocky Mountains will change in 839 

the future. This highlights the importance of collecting long-term ecological data, for climate, 840 

and plant and animal populations, if we want to understand the changes that are in progress.   841 

 842 
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Supplementary Figures 1173 

 1174 

Figure SF1. Mean May – September 3-day precipitation totals (both Snow Water Equivalent and rainfall, 1175 
cm), 1910 – 2023, lumped in 20-year blocks. Data from the Crested Butte weather station.1176 
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Figure SF2. Total summer (May – September) precipitation in Crested Butte by year, 1910 – 1180 

2024. 1919 data are not available, and 1927 appears to be an outlier. There is no 1181 

significant trend. Data from the Crested Butte weather station. 1182 
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Figure SF3. Mean daily precipitation (cm) in June in Crested Butte, 1910 – 1924. There is no 1186 

significant trend. Data from the Crested Butte weather station. 1187 
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Figure SF4. Maximum daily precipitation (mm) each summer in Crested Butte, 1910 – 2023. 1190 

There is no significant trend. Data from the Crested Butte weather station. 1191 
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Figure SF5. Maximum precipitation per storm (consecutive days of precipitation, summer (May 1195 

– September), 1910 – 2024 in Crested Butte. There is no significant trend. Data from the 1196 

Crested Butte weather station.1927 appears to be an outlier. 1197 
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Figure SF6. Mean precipitation per storm (consecutive days of precipitation), summer (May – 1201 

September), 1910 – 2024 in Crested Butte. There has been a significant (p = .003) 1202 

decline.  Data from the Crested Butte weather station.1927 appears to be an outlier; 1203 

without it, r2 = .065, p = .007. 1204 
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Figure SF7. Total precipitation (cm) per summer (May – September) storm in Crested Butte, 1208 

2000 – 2021. Data plotted by first day of the storm. Different colors represent different 1209 

years. Data from the Crested Butte weather station. 1210 
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Figure SF8. Mean number of consecutive days with precipitation summer (1910 – 2023) in 1214 

Crested Butte. There is a significant (p = .017) curvilinear fit, indicating a decline in the 1215 

last few decades. Data from the Crested Butte weather station. 1216 
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Figure SF9. The maximum number of consecutive days with precipitation during the summer 1220 

(May – September), 1910 – 2023 in Crested Butte. The slight increasing trend is not 1221 

significant (p = .135). Data from the Crested Butte weather station. 1222 
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Figure SF10. The percentage of summer (May – September) days with precipitation in Crested 1227 

Butte, 1910 – 2024. There is an overall significant (p = .0001) linear trend to more days 1228 

with precipitation, but a quadratic fit suggesting a declining trend since the 1980s is also 1229 

significant (p = .0003). Data from the Crested Butte weather station. 1230 
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Figure SF11. The maximum number of consecutive summer (May – September) days per year 1234 

with no precipitation in Crested Butte. There is a significant (p = .002) curvilinear fit, indicating 1235 

an increasing trend over the past four decades. Data from the Crested Butte weather station, 1910 1236 

– 1924. 1237 
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Figure SF12. The total number of summer (May – September) days per year with no 1241 

precipitation in Crested Butte. There is a significant (p = .0004) curvilinear fit, indicating an 1242 

increasing trend over the past four decades. Data from the Crested Butte weather station, 1910 – 1243 

1924. 1244 
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Figure SF13. The mean number of consecutive summer (May – September) days per year with 1248 

no precipitation in Crested Butte. There is a significant (p = .001) curvilinear fit, indicating an 1249 

increasing trend over the past four decades. Data from the Crested Butte weather station, 1910 – 1250 

1924. 1251 
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Figure SF14. Variation in amount of rain per rainy day in Crested Butte, as measured by the 1254 

coefficient of variation, which is increasing significantly (p = .0001). Data from the Crested 1255 

Butte weather station, 1910 – 1924. 1256 
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Figure SF15. Variation in amount of rain per rainy day in Crested Butte, as measured by the 1259 

standard deviation, which is declining significantly (p = .057). Data from the Crested Butte 1260 

weather station, 1910 – 1924. 1261 
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Figure SF16. Variation in the mean daily precipitation in summer (May – September) in Crested 1264 

Butte, as measured by the standard deviation. There is a marginally significant trend. Data from 1265 

the Crested Butte weather station, 1910 – 1924. 1266 
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Figure SF17. Variation in the mean daily precipitation in June, as measured by the coefficient of 1269 

variation, is trending lower (p = .06). Data from the Crested Butte weather station, 1910 – 1924. 1270 

 1271 

 1272 

  1273 



53 
 

Figure SF18. Variation in the mean daily summer (May – September) precipitation in Crested 1274 

Butte. There is no significant trend. Data from the Crested Butte weather station, 1910 – 1924. 1275 
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Figure SF19. Variation in the mean amount of precipitation per storm during summer (May – 1278 

September) in Crested Butte. There is no significant trend. Data from the Crested Butte weather 1279 

station, 1910 – 1924. 1280 
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Figure SF20. Standard deviation of the number of consecutive days each May - September with 1283 

(circles) or without (squares) rain. The decline for days without rain is significant, while the 1284 

trend for an increase for days with rain is not. 1285 
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Figure SF21. The number of rainy days from May - September in Gothic has a declining trend 1288 

but no significant change (range 39 - 89). 1289 
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Figure SF22. The mean number of consecutive days with or without precipitation in Gothic, 1292 

from May – September 2000 – 2024. The increasing (days with precipitation) and declining 1293 

(days without precipitation) trends are not significant. 1294 
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Figure SF23. Maximum consecutive days per summer (May – September) in Gothic with or 1297 

without precipitation, 2000 – 2024. The declining trend in precipitation days and increasing trend  1298 

in no-precipitation days are not significant. 1299 
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Figure SF24. Mean precipitation (rain + SWE) per summer (May – September) day in Gothic, 1302 

2000 – 2024. The declining trend is not significant. 1303 
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Figure SF25. Mean rain per rainy day (including SWE) from May - September in Gothic. The 1306 

trend toward lower means is not significant (p = .18). 1307 
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Figure SF26. Maximum cm of precipitation (including SWE) per day during the summer in 1310 

Gothic. There is no significant trend. 1311 
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Figure SF27. Maximum amount of precipitation per storm from May - September in Gothic. The 1314 

trend is not significant. 1315 
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Figure SF28. Mean monthly rain and snow (measured as Snow Water Equivalent) in Gothic, 1319 

1999 - 2024. Summer rain data only started in 2000. 1320 
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Figure SF29. July and August rainfall in Gothic, 2000 - 2024. 1323 
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Figure SF30. Precipitation (rain and SWE) in April in Gothic, 2000 – 2024. The declining trend 1326 

in SWE is not significant.   1327 

 1328 

 1329 

  1330 



66 
 

Figure SF31. Precipitation (rain) in September in Gothic, 1999 – 2024. The declining trend is not 1331 

significant (p = .15). 1332 
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Figure SF32. Standard Deviation of the number of consecutive days with (black circles) or 1336 

without (pink squares) precipitation in Gothic, by water year (September - August). Neither trend 1337 

is significant. 1338 
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Figure SF33. Variation in the number of consecutive days with (black circles) or without (pink 1342 

squares) precipitation in Gothic, May – September 2000 – 2024. 1343 
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Figure SF34. The ratio of monthly precipitation between Crested Butte and Gothic, for May and 1347 

September, 2000 - 2024. Neither trend is significant; typically there is more precipitation in 1348 

Gothic. 1349 
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Figure SF35. The ratio of annual precipitation per water-year (September - August) between 1353 

Gothic and Crested Butte, 2000 - 2023. In all years but 2017 there has been more precipitation at 1354 

the higher elevation in Gothic. 1355 
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Figure SF36. The mean amount of snow per snowstorm (consecutive days with snow) in Gothic, 1359 

1974 - 2024. 1360 
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Figure SF37. The temporal pattern of annual snowfall in Gothic, calculated as 3-day totals, and 1364 

shown for two time periods, 1974 - 1999 and 2000 - 2024. 1365 
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Figure SF38. Monthly mean snow density in Gothic from November - May, 1975-76 to 2024-25. 1369 

Lines calculated by a quadratic fit to data. 1370 
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Figure SF39. Monthly mean, maximum, and minimum snowfall density in Gothic in the winter 1373 

of 1992 - 1993. The fit of a quadratic equation to the mean is significant, but the other lines are 1374 

not. 1375 
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Figure SF40. The relationship between heating degree days (base 18° C) and snow density in 1379 

Gothic, 1994-95 water year. 1380 
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Figure SF41. The relationship between maximum daily temperature and snow density in Gothic. 1384 
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Figure SF42. Coefficient of variation for monthly snow density in Gothic.  (a) December, 1388 

January, and February. (b)  March, April, and May. 1389 
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Figure SF43, The day of year of the beginning of the winter's permanent snowpack in Gothic. 1394 
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Figure SF44. The first and last dates in Gothic with ≥ 10cm of snow on the ground. 1398 
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Figure SF45. The number of days of permanent snow cover in Gothic. The trend is not 1402 

significant. 1403 
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Figure SF46. The number of days in each year with ≥ 10cm of snow in Gothic. 1407 
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Figure SF47. The day of the year when the last snow melted from barr's snow observation site in 1411 

Gothic each spring. 1412 
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Figure SF48. The number of days between snowmelt in the spring and the last frost in Gothic. 1416 
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Figure SF49. The annual pattern of soil moisture in Gothic, showing the peak at snowmelt. 1419 

Sensors at 10 and 15 cm. 1420 
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Figure SF50. The correlation between precipitaton in July and August in Crested Butte from 1423 

1910 - 2008 and the width of latewood from tree cores from Rio Pueblo (data from Connie 1424 

Woodhouse). 1425 
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