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Landscape heterogeneity buffers the
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Extreme weather events are becoming more frequent, with poorly known consequences for wildlife. In
December 2021, an atmospheric river brought record-shattering amounts of rain and snow to interior
Alaska, creating conditions expected to cause mass mortality in grazing ungulate populations that
need to access ground forage. We characterized snowpack conditions following the storm and used a
36-year monitoring dataset to quantify impacts on caribou (Rangifer tarandus) and their primary
predator, wolves (Canis lupus). December precipitation was 7.3 SD above the 99-year mean and 2.5-
fold higher than the prior record, with a return period of 333 years. However, ice thickness within the
snowpack was highly variable across vegetation types, and caribou shifted to use higher elevations
that can blow free of snow. Caribou and wolf mortality rates were 1.3—-1.8 SD above normal and caribou
population growth rates were low but similar to recent years, indicating a surprisingly weak
demographic response. These findings indicate that landscape diversity may bolster resistance of
wildlife populations to short-term, potentially devastating effects of extreme weather.

As global temperatures rise, precipitation regimes are rapidly changing'.
These changes are particularly consequential at high latitudes where the
dynamics of the snowpack play an outsized role in the global hydrological
system and biodiversity conservation®™*. Future shifts in snow regimes are
difficult to predict due to complex interactions between precipitation and
temperature, but extreme weather events are expected to increase in
frequency’. These extreme “pulse” events may affect ecosystems and
wildlife populations more strongly than gradually shifting mean condi-
tions, or “presses”,”” but documenting the consequences of pulse events
is difficult due to their relative rarity. For example, rain-on-snow events
have led to occasional die-offs of large mammalian grazers such as
reindeer (Rangifer tarandus) and muskox (Ovibos moschatus) by creating
“locked pastures,” where forage is inaccessible below a thick ice layer**".
The frequency of these events has been shown to alter population tra-
jectories of well-studied reindeer populations in the high Arctic", but far
less is known about impacts of extreme weather on wildlife in more
complex ecosystems. Biodiversity can increase the resistance of com-
munities to changes induced by extreme climate events'”, but the role of
landscape diversity in buffering the impacts of these events on wildlife
populations remains a key source of uncertainty in understanding climate
change impacts.

Mountainous ecosystems represent one fifth of the earth’s land surface
and harbor unique wildlife communities that contribute substantially to
biodiversity and cultural heritage around the world". These ecosystems are
characterized by heterogeneity in topography and vegetation that could
buffer the impacts of extreme weather by increasing the spatial variability of
meteorological conditions, potentially creating pockets of refugia for resi-
dent wildlife'*"°. If so, wildlife communities in mountainous regions should
be more resistant to disturbances like extreme climate events than com-
munities in more homogeneous landscapes.

A climate feature that is increasingly disruptive in a warming world is
an atmospheric river, which is a long, narrow band of moisture that funnels
water vapor from the tropics. Atmospheric rivers release heavy precipitation
when they make landfall, and warmer air temperatures can increase the
intensity of these events because greater volumes of moisture can be
transported”’. Here, we use meteorological models and satellite remote
sensing to show how an atmospheric river created extreme weather con-
ditions in interior Alaska during late December 2021, which included
record-breaking snowfall and a major rain-on-snow event. We then
quantify heterogeneity in resulting snow conditions on the ground using
stratigraphy data from hundreds of snow pits in Denali National Park and
Preserve (hereafter, “Denali”). Finally, we use a 36-year monitoring dataset
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(a) Column-Integrated Precipitable Water (kg m'2)

(b) Total 24-hr Accumulated Precipitation (mm)

Fig. 1 | A westerly atmospheric river in the Pacific Ocean led to record-breaking
precipitation in interior Alaska. a Precipitable water (kg/m”) over North America
on 26 December 2021 shows an atmospheric river (pink) with an extent far west of
the typical path, causing the storm to strike northwest of the Alaska Range.
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b Accumulated precipitation on 26 December 2021 shows the highest precipitation
totals occurred in interior Alaska. Daily composite data from the North American
Regional Reanalysis was obtained from the NOAA/ESRL Physical Science Division,
Boulder Colorado (https://psl.noaa.gov/).

to compare the movements and demography of caribou (Rangifer tarandus)
and wolves (Canis lupus) after the 2021 storm to typical patterns.

Denali is bisected by the Alaska Range, and this atmospheric river event
created an ideal opportunity to document how large mammals were affected
by extreme weather conditions in a mountainous region. Caribou are cul-
turally and ecologically important in northern regions, and their ability to
access vegetation on the ground during winter is critical to their survival'®. If
landscape heterogeneity buffers the effects of extreme winter weather on
caribou by creating pockets of refugia, we expected the range use by caribou
to shift away from areas that received the most rain (which were expected to
have thicker ice layers) and towards areas of shallower snow where forage
would be easier to access. If so, caribou in Denali could have a relatively weak
demographic response compared to ungulate population responses in the
high Arctic following extreme rain-on-snow events, where relatively
homogenous landscapes can lead to adverse conditions throughout entire
herd ranges'*"**". We would also expect the survival and reproductive rates
of wolves, their primary predator, to temporarily increase due to increased
prey vulnerability**.

Results

Storm characteristics

Storms in late December 2021 brought an unprecedented amount of snow
and rain to interior Alaska. The top ten winter (November to April) rainfall
events in Fairbanks from 1979-2013 reported in Bieniek et al.” were all
associated with atmospheric rivers, but the December 2021 event occurred
much farther west in the Pacific Ocean than prior ones (Fig. la). This
westerly atmospheric river led to record-breaking winter rainfall in interior
Alaska: the Fairbanks airport station reported 49 mm on 26 December 2021,
nearly four times greater than the prior record of 12.7 mm on 22 November
2010 (Fig. 1b). The airport’s maximum daily temperature was 5 °C on 26
Dec 2021, representing a 15 °C temperature anomaly and far surpassing the
1.1 °C maximum recorded on 22 Nov 2010. Thus, the magnitude and
warmth of the storm were both extreme.

Meteorological records from the Denali Park Headquarters spanning a
99-year period (water years 1924-2022) showed that snow depth on 1
January 2022 (immediately following the storm) was 147 cm, which was
four times greater than the average depth of 36.7 cm (SD = 25.6), repre-
senting 4.3 standard deviations above the mean (Fig. 2a, b). Using the
General Extreme Value distribution, the return period for snow this deep
was estimated to be 143 years (Supplementary Fig. 1, Text S1). Total
December precipitation (220 mm) shattered previous records at 7.3 SD
above the mean (Fig. 2¢, d), with a return period of 333 years. The clima-
tological normals (1991-2020) for December snowfall and precipitation

totals at this site are 31 cm and 21 mm, respectively (i.e., 6.4 times and 10.5
times lower). This type of precipitation was more characteristic of an
extreme rainfall event during summer than a mid-winter rain-on-
snow event.

Snowpack characteristics

We used land surface modeling and passive-microwave remote sensing
observations to delineate the rain-snow boundary and to estimate rainfall
amounts throughout interior Alaska (Supplementary Fig. 2, Text S1). To
characterize snowpack conditions on the ground following the storm, we
excavated snow pits in forest, shrub, and tundra vegetation classes (n = 234
pits; Fig. 3). Rainfall amount during the December storm was a surprisingly
poor predictor of ice thickness (Supplementary Table 1), and 36% of pits
within the rain-affected area either lacked ice layers completely or had
minimal (1 cm) ice present (Fig. 3). Total ice thickness was instead best
explained by days since the storm, snow depth, and vegetation type (Sup-
plementary Table 1). Ice thickness declined over time and increased with
snow depth (Fig. 3). However, tundra sites had more ice than shrub or forest
sites despite having shallower snowpacks (Supplementary Table 2). Tundra
sites therefore had nearly double the amount of ice per cm snowpack
compared to shrub sites (10.4% vs 5.4% ice) and nearly four times more ice
per cm of snowpack than forest sites (10.4% vs 2.7% ice).

Responses of caribou and wolves

Caribou shifted away from heavily rained-on areas following the storm,
entirely avoiding the area that received more than 15 cm of rain between
25-30 December (Fig. 4). The shift away from rain-affected areas brought
caribou to higher elevations. Historically, caribou used elevations between
700-800 m in all three winter surveys (November, January, and March
X=760m, 776 m, 761 m, respectively; Fig. 4). Their pre-storm locations
reflected this typical range use (November X =731 m, 95% CI = 692-770),
but caribou used markedly higher elevations after the storm than they did
historically (January X = 918 m, 95% CI = 868-968; March X = 1106 m, 95%
CI=1058-1154).

The caribou herd size in fall 2022 was estimated to be 1734 individuals,
which was the lowest recorded but only 25% (1.3 SD) below the mean herd
size of 2,311 (SD = 432, 1987-2022; Fig. 5a, b). The population growth rate
(M) from 2021 - 2022 was 0.84, which was the 3rd lowest on record and
1.6 SD below the mean A of 1.0 (SD = 0.10, Fig. 5¢, d). The annual mortality
rate of adult female caribou from October 2021 - September 2022 was 0.22
(n=43 radio-collared caribou), double the long-term average of 0.11
(SD =0.07, 1987-2022) but lower than mortality rates during the previous
two years (Supplementary Fig. 3a, b). Caribou calf recruitment in 2022 was
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Fig. 2 | Denali Park Headquarters meteorological records from water years 1924-
2022. a, b Snow depth on 1 January (cm) and (¢, d) total December precipitation

(mm) are shown. Water years were ordered from low to high values in a and ¢, with
the top 3 years labeled, and corresponding time series are shown in b and d. For both
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snow depth and precipitation, water year 2022 (corresponding to the December
2021 storm year) was the most extreme year in the 99-year weather record. Hor-
izontal grey lines show the average (solid) and 1-7 standard deviations (SD, dashed)
above the mean.

the second lowest recorded (0.09) and substantially lower than the long-
term average of 0.24 (SD = 0.11), but similar to recent years (Supplementary
Fig. 3¢, d).

The movement rates of wolves decreased from an average of 342 meters
per hour (95% CI=282-403, n=104 pack-days) before the storm to
221 m*hr” (95% CI = 186-256, n = 156) during the storm period, and then
nearly doubled to 436 m*hr" (95% CI = 366-507, n = 112) after the storm
(Fig. 6). Wolf pack sizes and recruitment rates were within the normal range
in 2022: average pack size was 7 wolves in 2022 (n = 13 packs), identical to the
long-term average of 7 (95% CI = 6.4-7.7), and average recruitment was 2.3
pups per pack in 2022, similar to the long-term average of 2.6 (95% CI = 2.25-
3.02). Contrary to expectations, the adult wolf mortality rate was 0.27 in 2022
(n =42 radio-collared wolves), which was the highest rate on record and
1.8 SD higher than the long-term average of 0.17 (SD = 0.055; Fig. 5e, ).

Discussion
Despite declining trends in average snow cover duration worldwide™, some
regions of the Arctic are expected to have more precipitation, deeper snow,

525

and more frequent rain-on-snow events in the future™”. Exceptionally deep
snow and major rain-on-snow events can strongly affect the dynamics of
wildlife populations'®*’, raising concerns that an increase in these extreme
events threatens the future viability of large herbivores that are critical to the
functioning of northern social-ecological systems**”". Here, we documented
highly heterogeneous snowpack conditions following a December storm
that blanketed interior Alaska with record-breaking amounts of rain and
snow (see Supplementary Fig. 4 for photos). Our findings support cautious
optimism that impacts of extreme winter weather on large mammals are
partially buffered by landscape heterogeneity in mountainous ecosystems,
leading to pockets of relatively suitable conditions that can increase the
resistance of wildlife populations to short-term catastrophic declines.

The December 2021 atmospheric river resulted in a “300-year” winter
storm, with snow depths and precipitation levels that were estimated to
occur every 150-300 years. For ungulates that need to access vegetation on
the ground in winter, such as caribou, rain-on-snow events and deep
snowpacks can block access to forage and cause major die-offs. For example,
Miller and Gunn® documented a 98% decline in Peary caribou from 1993 -
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Fig. 3 | Variable snow conditions across Denali. a Location of snow pits sampled in
the Denali study area, Alaska USA. Color of circles indicates whether ice was present
(yellow) or absent (blue), and size corresponds to the total thickness of ice in each pit.
b Relationship between days since the peak rain-on-snow event (27 December 2021)

Snow Depth (cm)

and observed ice thickness in forest, shrub, and tundra sites. ¢ Relationship between
snow depth and observed ice thickness in forest, shrub, and tundra sites. Predicted
effects and 95% confidence limits from a generalized linear mixed model are shown
along with raw data points.

1998 in the Canadian high Arctic caused by three consecutive winters with
snowfall amounts 2-3 SD above normal. Similarly, snow depth was 2 SD
above normal during winter 2018 in Greenland, which led to near-complete
reproductive failure in plants, birds, arctic foxes (Vulpes lagopus), and
muskox’®. Effects of winter precipitation on reindeer have been extensively
studied on Svalbard in the Norwegian high Arctic'"'"’, where a doubling of
winter precipitation led to a 3.75-fold decrease in calf:cow ratios and a 7-fold
increase in mortality rates™. In contrast, snow depth and total precipitation
(including record-breaking rainfall) in Denali were 4-7 SD above normal,
and although the caribou population size was the lowest in the 36-year
record, it was only 25% below the long-term average, corresponding to

1.3 SD from normal. The extreme snow conditions created by the storm
likely contributed to the caribou population decline from 2021-2022 via
reduced adult survival and calf recruitment, but the population declined
even more dramatically from 2019-2021 in the absence of an extreme
weather event. Caution should be used when interpreting standard devia-
tions of the precipitation values, since the time series was distributed non-
normally. Compared to prior studies reporting these values, however, the
December 2021 storm in interior Alaska was more “extreme” than prior
cases documented in the Arctic, but the short-term effects on caribou were
less dramatic. While numerous differences between these regions may alter
the magnitude of effects, the heterogeneity in vegetation and topography in
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Fig. 4 | Denali caribou herd range use in relation to the December 2021 storm.
Maps show locations of radio-collared caribou (yellow dots) during aerial surveys
occurring before the storm (a, Nov-Dec 2021, n = 57) and afterward (b, Jan 2022,
n = 56; ¢, Mar 2022, n = 54). Historical range shows the region typically used by the
herd, encompassing 95% of caribou locations from 2009-2021 during each survey
period. The blue region received heavy rainfall ( > 15 cm during 25-30 Dec 2021)
based on the LIS simulations; thus, in a, the rain had not yet occurred. Violin plots
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show the December 2021 rainfall amounts (d-f) and elevations (g-i) at caribou
locations during the storm year (winter 2021-22, yellow) and in prior years (“his-
torical”, grey), with means and 95% confidence intervals shown in the violin plots.
Note the “historical” rainfall indicates the amount of rain from the December
2021 storm associated with locations that were historically used by caribou, as
opposed to rainfall amounts in prior years (which were not available, and winter
rainfall rarely occurred historically).

Denali that created surprisingly variable snowpack conditions likely played
an important role.

Our ground surveys showed that the total amount of ice within the
snowpack varied widely across the landscape and through the winter season.
Rainfall amount was a poor predictor of ice thickness, contrary to expec-
tations. Instead, ice thickness declined over time, was lower in areas with
shallower snowpacks, and was strongly affected by vegetation type. Most
notably, tundra sites had far higher ice content than shrub or forest sites
despite generally having shallower snow depths. The physical structure of
vegetation can have a major influence on snowpack dynamics through
several mechanisms”. For example, canopy cover can reduce snow accu-
mulation via interception, but ablation (loss of snow) is also reduced under
canopy due to shading and protection from wind**>. Open tundra offers
little protection and fewer energetic inputs to decompose ice over time, and
unimpeded wind tends create hard “wind slabs” that may be relatively
difficult for rain to permeate*. Snow stratigraphy under vegetation is less
wind-affected and far more variable than in the open™, leading to greater
formation of preferential flow paths that route rain quickly to the ground
before it can freeze”. We hypothesize that tree trunks and shrub branches
create vertical channels that also facilitate rain percolation directly through
the snowpack in forest and shrublands. The more homogeneous, wind-
compacted snow cover in the tundra is more likely to allow rainwater time to
pool, freeze, and create a continuous ice layer.

Through these diverse mechanisms, boreal forests may play an
underappreciated role in mitigating the impacts of extreme winter weather
on large grazers such as caribou. For example, the typical winter range of the
Central Arctic caribou herd is comprised of tundra habitat north of the

Brooks Range, but this herd uses forested habitat on the south side of the
range during deep snow years™. Similarly, ice from rain-on-snow events is
thicker in flatter low-lying sites on Svalbard", and reindeer that avoided
these sites by foraging at higher elevations had better body condition and
higher fecundity and survival’**’. We found that caribou in Denali shifted
their range use towards higher elevations, likely taking advantage of wind-
swept ridges to access forage (Supplementary Fig. 4d). While the coarse
resolution of the caribou location data precluded analysis of habitat selec-
tion, caribou may have also foraged in areas of shrub and forest cover that
had little ice in the snowpack. Shrub and forest expansion due to climate
warming are generally expected to reduce habitat quality for grazers such as
caribou and improve habitat quality only for browsing mammals such as
moose, Alces alces'™*, but the benefit of these habitats as refuges during
harsh winters may offset some of these costs.

Habitat structure can thus buffer the impact of extreme weather on
ungulates via altered snow conditions, but predation may also affect their
sensitivity to extreme events. Ungulate populations tend to be more sensitive
to harsh weather conditions when densities are near carrying capacity (i.e.,
when food is limiting), which is most likely to occur when predators are
absent or rare. For example, a predator control program aiming to increase
Dall sheep (Ovis dalli dalli) numbers was initially successful, but the sheep
population crashed following a winter with deep, icy snow, whereas sheep
did not decline in an adjacent site where predators were unmanipulated®.
Likewise, reindeer on Svalbard do not have predators, and their responses to
rain-on-snow events are stronger when population densities are high***.
Caribou in Denali are subject to substantial levels of predation from an intact
carnivore guild, and the herd is approximately half of its maximum recorded
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Fig. 5 | Demography of caribou and wolves. a, b Caribou population size estimates,
(¢, d) caribou population growth rates, and (e, f) annual mortality rates of wolves
from 1987 - 2022 in Denali National Park and Preserve (1 = 36 years). Estimates
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size in our contemporary time series (Fig. 5b) and far below the earliest
estimate of 20,000 — 30,000 caribou recorded by Adolph Murie in 1941*.
Thus, the Denali herd is well below carrying capacity. By reducing the
likelihood that ungulate population densities approach or exceed the
nutritional capacity of their ranges, the presence of intact predator guilds
may paradoxically help to buffer ungulate populations against severe
declines as extreme climate events become increasingly frequent stressors.

We expected wolf survival and reproduction to increase following the
storm, because their hunting success and population growth tends to
increase during winters with deep snow when they have a relative

movement advantage over their ungulate prey’"*”. Contrary to expectations,
wolf reproduction was unaffected, and survival was well below average
following the extreme winter. We found that wolves responded to the
December storms with a marked reduction in movement rates, but this
behavioral response was unlikely to have reduced survival since it persisted
for only two weeks. The high mortality rate in 2022 may have been related to
the declining trend in caribou numbers that has occurred since 2020
(Fig. 5b), or to other factors; wolf mortality rates were highly stochastic over
time (Fig. 5f). Effects of climatic conditions on higher trophic levels remain
poorly understood”’, but extreme climate events can affect carnivores more
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Fig. 6 | Wolf movement rates in relation to the storm. Movement rates (meters per
hour) of GPS-collared wolves are shown the week before the major storm (12-18 Dec
2021), during the storm (19-31 Dec 2021), and the week after the storm (1-7 Jan
2022). Data points represent average daily movement rates of each pack (n =28
wolves in 13 packs over 25 days, 372 total pack-days). A smooth (loess) curve was fit
to the data (blue line = average, grey ribbon = 95% confidence interval).

strongly than other trophic groups”’. While our study focused on the short-
term effects of an extreme climatic event, longer-term monitoring is needed
to better understand the resilience of carnivore and ungulate populations to
these disturbances and the potential for broader cascading effects®.

Conclusion

The climate is changing most rapidly in arctic and boreal regions, which
harbor the vast majority of the world’s remaining intact faunal
communities”. Thus, understanding climate change impacts in this region
is especially important for biodiversity conservation. However, the weather
station network is approximately an order of magnitude sparser in these
northern regions compared to lower latitudes™, increasing the importance
of remote sensing and modeling for quantifying the extent and magnitude of
extreme weather events. We found that passive microwave observations
overestimated the spatial extent of the rain-on-snow event, whereas the
Land Information System (LIS) simulations underestimated its extent
(Supplementary Fig. 2). Accurate partitioning of rain and snow is particu-
larly challenging, especially in northern regions where many weather sta-
tions are unmanned and gauges can ice over, leading to unreliable
measurements of winter precipitation’’. Using a combination of approa-
ches, as we did here, may therefore lead to the most accurate character-
ization of extreme weather events.

Climate projections generally indicate warmer, wetter winters will
occur in arctic and boreal regions, which should result in deeper snow and
more frequent rain-on-snow events in many regions™. The latest Coupled
Model Intercomparison Project (CMIP) climate projection model, CMIP6,
projects a 422% increase in rainfall from 2000 — 2100 under a high emissions
scenario, which is substantially greater than the 260% increase that was
predicted by the prior version (CMIP5)*. Our study highlights the especially
strong potential of atmospheric rivers for creating increasingly extreme
snowpack conditions in the future, with substantial implications for
northern social-ecological systems™. These conditions are especially con-
sequential for wildlife when they occur in the fall, because difficult snows-
capes can persist through winter and spring. For example, Cosgrove et al.**
found that fall snow depth was the strongest predictor of Dall sheep lamb
survival the following summer (with deep snow reducing survival), and
Sami reindeer herders report that warm, wet falls lead to difficult grazing
conditions throughout winter and can lead to mass mortality events**".
Because the majority of snowfall occurs prior to January in northern
regions”, extreme winter weather is most likely to occur during this
impactful early season. Our findings indicate the negative impacts of

extreme fall and winter conditions on wildlife may be especially severe in
regions with short-statured vegetation (e.g., tundra) and little topographic
heterogeneity. Mountainous regions that harbor a diversity of habitat types,
terrain, and intact faunal communities may thus be the most resilient and
resistant in the face of extreme climate events.

Online methods

Characterizing the storm. General storm characteristics and extremity
were derived from time series of precipitation and snow depth from
weather stations in Fairbanks and Denali National Park, Alaska. Daily
near-surface air temperature and precipitation data from the weather
station at Denali Park Headquarters from 1923-2022 (63.7175°N,
148.9692°W, elev. 1923 m) and the Fairbanks International Airport
station from 1929-2022 (64.80309°N, -147.87606°W, elev. 131 m) were
retrieved from the Global Historical Climatology Network Daily
database™. Because water years start October 1 of the prior calendar year,
these time series represent water years 1924-2022 (99 years) in Denali
and 1930-2022 (93 years) in Fairbanks. We used Matlab to conduct an
extreme value distribution analysis of January 1 snow depth and total
December precipitation using the 99-year Denali weather station data
(Supplementary Data S1). We used the General Extreme Value dis-
tribution, which was recommended for analysis of precipitation in Alaska
by NOAA”, to calculate probabilities of non-exceedance (i.e., prob-
abilities of obtaining lower values) and corresponding average recurrence
intervals, commonly known as return periods. Although the precipita-
tion time series data was skewed, we also reported means and standard
deviations to facilitate comparison with other studies of extreme pre-
cipitation events and wildlife responses, which typically reported mag-
nitudes in terms of SD from the mean. The storm structure, including
water vapor transport magnitude and direction, as well as precipitation
extent, was examined using the North American Regional Reanalysis
(NARR)®, which combines atmospheric modeling with historic data
assimilation. Characteristics of the December 2021 storm were compared
to those of other heavy winter rainfall events noted by Bieniek et al.”
using NARR to examine water vapor transport and precipitation extent.

To estimate the spatial extent and amount of rainfall that occurred in
Denali National Park, we used the NoahMP 4.0.1 land surface model®
driven by Modern-Era Retrospective Analysis for Research and Applica-
tions V2 (MERRA-2) atmospheric reanalysis data* in the Land Information
System (LIS)***“. Hereafter, we refer to these model runs as “LIS simula-
tions.” We downscaled the 50 km resolution MERRA -2 forcing data to 3 km
resolution in the Land Data Toolkit portion of the LIS framework, which
generates the input files for the land surface model. Precipitation phase was
determined via the mixed snow-rain partitioning scheme as seen in Jordan®.
The partitioning scheme allows for fractional snow-rain amounts in the
model as a function of air temperature. A lapse rate correction of 6.5 K*km''
was enabled during the model run to account for the effect of elevation on air
temperature. The initial snow water equivalent (SWE) outputs from the LIS
simulations were found to be too high when compared to in-situ records
from four weather stations (Fairbanks Airport, Denali Headquarters,
Granite Creek SNOTEL, and Kantishna SNOTEL). We therefore scaled the
cumulative SWE to match the in-situ SWE records on 1 January 2022. We
used the average scaling factor across these weather stations (0.56) to bias-
correct the total precipitation (rain + snow) in the subsequent LIS simu-
lations. This was implemented as a direct multiplicative factor on the pre-
cipitation variables within NoahMP.

Because accurate partitioning of rain and snow is challenging®, we also
mapped rain-on-snow during the December 2021 storm using passive
microwave satellite remote sensing to detect liquid water on the snow
surface. We used the Advanced Microwave Scanning Radiometer 2
(AMSR2) Calibrated, Enhanced-Resolution Brightness Temperature
(CETB) product®” and the algorithm described and calibrated by Pan et al.”!
to map rain-on-snow using the Gradient Polarization Ratio, which relies on
brightness temperature difference between two AMSR2 channels. We used
the highest resolution CETB data: 3.125 km and 6.25 km for the 36.5 GHz
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and 18.7 GHz channels, respectively, at both polarizations. To compute the
gradient polarization ratio at 3.125 km, we downscaled the 18.7 GHz data to
match the resolution of the 36.5 GHz data. The downscaling was primarily
to ease computations and had minimal impact on the final result when
compared with using the 18.7 GHz data at its native 6.25 km resolution.

To evaluate the spatial accuracy of the modeled and remotely-sensed
rain-on-snow maps, we obtained validation points from weather stations
and residents who had first-hand knowledge of whether it rained or snowed
at their residences during the storm (n = 21 points), and we determined the
proportion of points that were correctly classified using each method. To
evaluate the accuracy of modeled precipitation amounts, we conducted
three validations. First, we compared daily time series from 1 Dec 2021 - 1
March 2022 of total precipitation (water content of rain plus snow) to
precipitation from the four weather stations used to initially calibrate the LIS
simulations (Supplementary Fig. 5), and we calculated the root mean
squared error (RMSE). Second, we compared SWE and snow depth outputs
from the LIS simulations to field measurements we obtained using a federal
sampler at 7 locations between 4 February - 31 March 2022 (n=6-75
measurements per site, 186 total). We compared the modeled SWE and
snow depth to the averaged measurements at each of the 7 sites and cal-
culated the RMSE. Third, we compared modeled snow depth to measure-
ments from our snow pit sampling (described below; n =234 pits) and
calculated the RMSE. Validation results are reported in Supplementary
Text S1.

Measuring snowpack characteristics. We excavated snow pits from 20
January - 25 March 2022 (following the December 2021 storm) as part of
a concurrent study to assess snowpack properties associated with
ungulate and carnivore tracks in the eastern portion of Denali®. Site
selection followed a stratified quasi-random design in which the study
area was roughly divided into four quadrants that sampling rotated
among. Within each quadrant, the area was further stratified by three
major habitat types: (1) open tundra, (2) forest, and (3) riparian areas
dominated by tall (> 1.3 m) shrubs (hereafter, “shrub” habitat). Fresh
tracks of ungulates and carnivores were searched for in each habitat type,
with the research team traveling by snowmobile or skis. Once fresh tracks
were encountered, a pair of sites approximately 10 meters apart was
selected for sampling. This paired design increased sampling efficiency
and allowed fine-scale heterogeneity in snowpack properties to be
quantified.

To characterize the snowpack at each site, a snow pit was excavated to
ground level. Snow depth was measured at two ends of the pit face and
averaged. Layers of the snowpack that differed in hardness were delineated
using craft sticks, and the thickness of each layer was measured to the nearest
centimeter. The hardness of each layer was indexed using the hand-
hardness scale, which indicates which of five objects can be pushed into the
layer with consistent and minimal force (from softest to hardest): a fist, 4
fingers, 1 finger, a pencil, or a knife”. We converted these categories to an
ordinal scale ranging from 1 to 5. Knife hardness (5) was selected only for ice
layers, allowing each ice layer and its corresponding depth and thickness to
be delineated throughout the snowpack. Snow pit data have been archived at
the Oak Ridge National Laboratory Distributed Active Archive Center”".

At each site, we recorded landscape covariates including vegetation
type (tundra, forest, or shrub), slope, and elevation. We used a 30 m digital
elevation model” and the SpatialEco and terra packages in Program R™” to
extract the Terrain Ruggedness Index (TRI), Topographic Position Index
(TPI), and aspect values at each snow pit site. TRI is a metric of terrain
heterogeneity based on relative elevational changes adjacent to a focal
location, and it is widely used in species distribution modeling’*. TPI uses
similar elevation-based, cell-neighborhood computations, but instead
indicates relative position of the site within the landscape’s topography””.
TPI varies from valley bottom to ridge top, with intermediate values mid-
slope. TPI and TRI were extracted at 150 m resolution.

To identify the primary factors affecting total ice layer thickness, we
developed a generalized linear mixed model using covariates that measured

topographic features (elevation, slope, aspect, TRI, TPI), features of the
December 2021 storm (rainfall, snow depth, days since storm), and vege-
tation type (forest, shrub, or tundra). Aspect was cosine-transformed to
convert from a circular distribution to linear along a north-south axis. Total
rainfall from 25-30 December 2021 was obtained at 3.125 km resolution
using the LIS simulations described above. Snow depth was obtained from
the pit data. Days since storm was measured as the number of days elapsed
since 27 December 2021, which was the day of heaviest precipitation in
Denali (70 mm). Continuous variables were checked for collinearity, and all
correlations were <0.7 (max r=—0.63 between elevation and rainfall,
Supplementary Fig. 6). Continuous variables were centered and scaled. Nine
covariates total were included in the model (Supplementary Table 1), and
SiteID was included as a random effect to account for non-independence of
paired pits. Because the response variable had a zero-inflated continuous
distribution, we used a tweedie distribution and ran the model using the
glmmTMB package in Program R’’. Marginal effects of significant pre-
dictors were obtained while averaging across the other variables using the
ggeffects R package”. Supplementary Code S1 and Data S2 provide the code
and input data file for this model.

Responses of caribou and wolves to the extreme winter. The
movements, survival, and reproductive success of caribou and wolves in
Denali were monitored through radio-collaring and aerial tracking flights
as part of long-term monitoring programs. Capture and handling of
animals was conducted in accordance with approved protocols and
permits (AK_DENA_Borg Caribou_2020.A3, AKR_DENA_-
Borg_Wolves_2019.A3). Every March, 6-10 female caribou calves were
fitted with VHF radio-collars to maintain an age-structured sample of
50-90 collared caribou for long-term monitoring. Aerial tracking surveys
were conducted eight times per year, in late January, mid-March, early
May, mid-May, early June, late July, late September, and late November.
During each survey, locations of collared caribou were recorded along
with estimated group sizes. Because VHF collars were located only eight
times per year, caribou location data provided information about herd-
level range selection rather than fine-scale movement information pro-
vided by GPS collars.

We expected areas that received greater amounts of rain would have
thicker ice layers in the snowpack, because temperatures were well below
freezing both before and after the rainfall (Supplementary Table 3) To
understand how caribou movements may have changed after the major
rain-on-snow event, we compared the rainfall amounts and elevations at
areas used by caribou in winter 2021-22 with their historic use. We defined
typical historic range use based on monthly utilization distributions derived
from caribou locations in years 2009-2019. To characterize conditions
across their typical range, we distributed 20 random locations for each used
location in proportion to historic intensity of use, separately for each winter
survey month (November, January, and March). We extracted elevation
and total rainfall from the 25-30 December 2021 LIS simulations at the used
and historic locations. If caribou avoided rained-on areas that they typically
used in prior years (which lacked major rain-on-snow events), then average
rainfall amounts at locations used after the storm should be lower than
rainfall amounts associated with locations they used historically during the
same survey months. Such a pattern would indicate that caribou used
heavily rained-on areas less than expected based on their historical range
selection. Likewise, if caribou used mountainous areas as refuges following
the storm, their locations should have been at higher elevations after the
storm than their typical range use during January — March (i.e., the post-
storm period).

Wolf packs were monitored using satellite-linked GPS collars that
recorded locations every 4 h of 1-2 wolves in each pack. Wolf activity may be
sensitive to storms’®, so we examined movement rates of wolves before,
during, and after the December 2021 storm. Movement rates (meters per
hour) were calculated for each collared wolf by measuring the Euclidean
distance between successive locations and dividing by the 4-hour time
interval”. Movement rates were averaged per wolf pack per day during the
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27-day time period for this analysis, which included 7 days prior to the storm
(12-18 Dec), the 13-day storm period of heavy snow and rain (19-31 Dec),
and 7 days after the storm (1-7 Jan 2022). Supplementary Code S2 and
Data S3 provide the code and input data file for these calculations.

Aerial surveys and data from radio-collared animals were used to
estimate demographic rates of caribou and wolves. We estimated adult
mortality rates of caribou and wolves, caribou calf recruitment and wolf
reproduction, and caribou population sizes and growth rates. Wolf popu-
lation sizes and growth rates were not estimated, because shifts in pack
territories along the park boundary leads to a highly variable area monitored
from year to year, resulting in variability in counts that are not likely due to
actual population changes™. Caribou and wolf collars transmitted a mor-
tality signal if the collar did not move for 8 or more hours, and annual
mortality rates were estimated from the radio-collared sample as the pro-
portion of collared animals that died from October in year -1 through
September in year t. Wolf mortality rates may be biased low because resident
breeders are typically collared”, but this bias should be consistent across
years. Collared caribou are a representative age-structured sample that
should limit bias in estimates of mortality rates. Wolf packs were located by
aerial tracking flights throughout the year, and the size of packs and number
of pups were recorded. During the caribou tracking surveys in mid-May,
early June, and late September, composition data was collected in addition to
locations of collared caribou, whereby individuals in each group were
classified as calves ( < 1 year old), cows (females > 1 year old), or bulls (males
> 1 year old). The number of calves born each year were estimated from the
mid-May survey during the peak of calving, and calf recruitment was cal-
culated as the calf estimate from the late September survey (after most calf
mortality has occurred) divided by the number born. The total number of
caribou in the herd each fall was estimated using survey data adjusted for
detectability and survival of radio-collared animals as follows:

. . Cow, , ; * Surv
Caribou herd size = ——total = ="~
Pyt # Py

where Cow,,; = total number of cows (collared and uncollared) detected in
the June survey, Surv = proportion of collared cows surviving from June to
September, P, = proportion of collared cows detected in the June survey,
and P,,, = proportion of the total caribou count from the September survey
comprised of cows. Additional details about caribou and wolf monitoring
procedures are available in published protocols®™*'. Demographic time
series data for caribou and wolves are provided in Supplementary Data S4.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Numerical source data underling the graphs shown in the manuscript is
provided in the Supplementary Materials. Time series data for precipitation
(Fig. 2) are available in Supplementary Data S1. Snow pit data (Fig. 3) are
available in Supplementary Data S2 and here: https://doi.org/10.3334/
ORNLDAAC/2188. Time series data for wildlife demography (Fig. 5) are
available in Supplementary Data S4. Wolf movement data (Fig. 6) are
available in Supplementary Data S3. Daily meteorological data from the
Denali Headquarters weather station is publicly available for download here:
https://www.ncei.noaa.gov/cdo-web/datasets/ GHCND/stations/ GHCND:
USC00505778/detail.

Code availability

Custom R code for the snow pit data analysis is available as Supplementary
Code S1, and code for the wolf movement rate calculations is available as
Supplementary Code S2. Code and associated input files are also available on
GitHub: https://github.com/bsullender/DenaliStorm/ .
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