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Snowpack Up, Snowpack Down: What Does
Climate Change Mean for Mountain Lakes?
Steven Sadro and Adrianne P. Smits
WE OFTEN THINK OF MOUNTAIN LAKES AS BEING
protected by their remoteness, isolated in the steep and
to imagine that these are sheltered from environmental
change. But mountain regions are among the most
sensitive and rapidly changing places on the planet.
In fact, climate change is causing air temperatures in
many mountain ranges to rise at rates that are among
the highest on earth. The elevation at which snow
accumulates is shifting upward, and the proportion of
precipitation falling as rain rather than snow is increasing.
In many regions, such as the Sierra Nevada of California,

precipitation, however. The temperatures of bodies of
water are impacted as well. And water temperature
plays a fundamental role in regulating biogeochemical
Warmer waters hold less dissolved oxygen, speed up
metabolic processes associated with the production
and decomposition of organic matter, and alter nutrient
cycling rates in lakes. When these lakes become warm
enough, higher temperatures can even stress or kill
organisms living in them, throwing their fragile ecosystems
completely out of balance.
Looking at the example of lakes in the Sierra Nevada,

Warmer air means much more than changes in

elevations. Source: Kevin Skeen.
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than steadily rising water temperatures. When it comes
to the health of mountain lakes, the webs of cause and

Sierra Nevada winter snowpack can vary wildly from year
of lakes by regulating how long lakes are covered by snow

elevation, to topography, to precipitation, and beyond.

the implications of climate change for lake health.

Untangling the Web
Emerald Lake, located in the Tokopah Basin of
one of the longest-running lake-watershed studies in
North America. Since the early 1980s, University of
California Researchers have measured both air and water
temperatures, as well as the amount of snow deposited
during the winter—ongoing research that is now led by

length of the ice-free season over which they can warm. In
Emerald Lake, this means we can use the spring snowpack
to predict the summer lake temperature with a great deal
This gives us a powerful management tool for
understanding how lakes might warm in a future where
snow is less abundant—but only for a single lake. Even
within the same region, climate signals may vary from lake
to lake. To extend the reach of this management tool, we
need to calibrate our understanding of how snowpack

Emerald Lake, ultimately regulating how warm the lake gets in the summer (d). Source: Adapted from Sadro et al. 2019; Sadro et al. 2018; and
Smits et al. 2020.

Sadro and the Ecosystem Ecology and Limnology Lab at UC
steadily climbing alongside air temperatures. But that is
not exactly what has happened. Despite rapidly warming
air temperatures over the last 40 years, the water
temperatures of Emerald Lake have been highly variable.

and ice shape the lakes of the Sierra Nevada.
water content, depth, and density of snow), the size of the
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Tangled Web, Orderly Network
The problems posed by climate change are global, but
the expressions of these problems are local. If we want
snowpacks, and shorter periods of ice cover on lakes at
regional scales, we must understand how lake responses
to climate change are mediated by local factors. How an
individual lake responds to any given drought year may
depend in part on catchment-level variability in factors
such as land cover or topographic relief. There may be
deeper snowpack on north-facing slopes or less sunshine
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Figure 3. Data from the California Mountain Lake Network is used to develop a predictive understanding of how regional changes in climate are
role in the duration of ice cover on lakes (c). Source: Adapted from Smits et al. 2021.

reaching lakes in steep catchments. Local-scale variability
the accumulation of snow on lakes or the rate at which lake
ice breaks up in the spring. To understand this, we must
replace the tangled web of local variables with an orderly
and comprehensible network—a collection of lakes that we
can study, contrast, and compare.
To that end we established and instrumented the
California Mountain Lake Network, a group of lakes
spanning relevant environmental gradients scattered
throughout the mountains of California. Each lake within
throughout the water column. With these instruments in
place, we can measure changes in temperature, dissolved
oxygen, and light.
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Although only a few years of data have been collected
Among these, we have seen that lake size and elevation
are among the most important factors governing lake
responses to climate (Figure 3). Elevation is the most
important landscape factor mediating climate response
because of its role in regulating winter snow accumulation.
early lakes become free of winter snow and ice, and the
cumulative duration of winter ice cover was most strongly
across the lakes in our network. Lake size is important
because it impacts both the timing of ice formation in the
autumn and break-up in the spring. Small and shallow
lakes were more sensitive to climate signals than large,
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deep ones. Taken together, this data will help us make
And as we collect more and more lake-climate year data,
the strength of the predictive power of this model will grow.

Understanding Our Warmer, Drier Future
The lakes of the California Mountain Lake Network
represent only one small piece of the larger picture, of
course. There are tens to hundreds of thousands of lakes,
like those nestled high in the Sierra Nevada, located at
latitudes or elevations that result in the formation of lake
ice during winter. And all across the world, climate change
is impacting the duration and regularity of ice cover for
these lakes.
In the Sierra Nevada, high variability in snowpack and
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likely to be short lived. In the drier and warmer climate of
the future, the absence of snowpack will mean autumn
and spring weather conditions will play an increasingly
important role in regulating lake temperatures. Water
temperatures within Sierran lakes will begin matching
regional warming trends in air temperatures.
Owing to the complex variables that impact their
responses to climate change, not all mountain lakes will be
lakes at lower elevations will be more sensitive, warming
at faster rates. This, in turn, can increase algal production
and increase biomass across the food web. Lakes at higher
elevations—especially those in steep, shady catchments
where snow and ice persist longer into the summer—are
likely to warm at a slower rate, as long as winter snow
continues to accumulate.
The variability of mountain ecosystems makes them a
challenge for scientists. It also makes them a promising
resource. With their steep climatic gradients, variable
topography, and high density of diverse shapes and sizes
of lakes, mountain ecosystems provide a natural laboratory
for scientists to disentangle the complex interactions that
shape lake response to climate change in the mountains
and beyond.
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regimes and carbon cycling in mountain lakes.
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