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FEATURE

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 

UXJJHG�FRQȴQHV�RI�WKHLU�HOHYDWHG�WHUUDLQ��ΖW�ZRXOG�EH�HDV\�
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, 

WKH�IUHTXHQF\�DQG�VHYHULW\�RI�GURXJKW�DUH�LQFUHDVLQJ��
Warmer air means much more than changes in 

precipitation, however. The temperatures of bodies of 

water are impacted as well. And water temperature 

plays a fundamental role in regulating biogeochemical 

UHDFWLRQV�WKDW�DHFW�ZDWHU�TXDOLW\�DQG�HFRV\VWHP�IXQFWLRQ��
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, 

KRZHYHU��ZH�ȴQG�WKDW�WKH�VWRU\�LV�PXFK�PRUH�FRPSOLFDWHG�

)LJXUH����6QRZSDFN�DW�(PHUDOG�/DNH��$SULO����������DQG�$SULO����������PHDVXUHG�DV�VQRZ�ZDWHU�HTXLYDOHQW��6:(���6QRZSDFN�LQ�WKH�6LHUUD�KDV�
KLVWRULFDOO\�EHHQ�KLJKO\�YDULDEOH��EXW�WKH�IUHTXHQF\�RI�GURXJKW�\HDUV�LV�LQFUHDVLQJ��DQG�VQRZSDFN�LV�H[SHFWHG�WR�GHFOLQH�GUDPDWLFDOO\�DW�PDQ\�
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 

HHFW�DUH�WZLVWHG�DQG�WDQJOHG�E\�D�KRVW�RI�YDULDEOHVȃIURP�
elevation, to topography, to precipitation, and beyond. 

'LVHQWDQJOLQJ�KRZ�DQG�ZK\�WKHVH�FKDQJHV�DHFW�ZDWHU�
WHPSHUDWXUHV�LQ�ODNHV�LV�WKXV�WKH�ȴUVW�VWHS�LQ�XQGHUVWDQGLQJ�
the implications of climate change for lake health. 

Untangling the Web
Emerald Lake, located in the Tokopah Basin of 

&DOLIRUQLDȇV�6HTXRLD�1DWLRQDO�3DUN��LV�WKH�VXEMHFW�RI�
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 

Sadro and the Ecosystem Ecology and Limnology Lab at UC 

'DYLV��:H�PLJKW�H[SHFW�WR�ȴQG�ODNH�ZDWHU�WHPSHUDWXUHV�
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. 

ΖQ�RWKHU�ZRUGV��ZH�ȴQG�DQRWKHU�WDQJOH�LQ�WKH�ZHE�RI�FDXVH�
DQG�HHFW��7R�XQWDQJOH�LW��ZH�PXVW�XQGHUVWDQG�KRZ�VQRZ�
and ice shape the lakes of the Sierra Nevada.

0HDVXUHG�DV�VQRZ�ZDWHU�HTXLYDOHQW��ZKLFK�UHȵHFWV�WKH�
water content, depth, and density of snow), the size of the 

Sierra Nevada winter snowpack can vary wildly from year 

WR�\HDU��)LJXUH�����7KHVH�GLHUHQFHV�DHFW�WKH�KHDW�FRQWHQW�
of lakes by regulating how long lakes are covered by snow 

DQG�LFH��WKH�YROXPH�RI�FROG�LQȵRZLQJ�PHOWZDWHUV��DQG�WKH�
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 

RI�FRQȴGHQFH��)LJXUH����
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 

DHFWV�ODNH�WHPSHUDWXUH�DFURVV�D�EURDGHU�VXLWH�RI�ODNHV��

Tangled Web, Orderly Network
The problems posed by climate change are global, but 

the expressions of these problems are local. If we want 

WR�SUHGLFW�WKH�FRQVHTXHQFHV�RI�ZDUPHU�ZLQWHUV��VPDOOHU�
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 

)LJXUH����ΖQWHUDQQXDO�YDULDELOLW\�LQ�VQRZSDFN��D��UHJXODWHV�WKH�YROXPH�RI�FROG�LQȵRZLQJ�PHOWZDWHUV��E��DQG�WKH�GXUDWLRQ�RI�LFH�FRYHU��F��RQ�
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.

https://sadrolab.squarespace.com/
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QufGoicAAAAJ&cstart=20&pagesize=80&sortby=pubdate&citation_for_view=QufGoicAAAAJ:e5wmG9Sq2KIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QufGoicAAAAJ&cstart=20&pagesize=80&sortby=pubdate&citation_for_view=QufGoicAAAAJ:mB3voiENLucC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QufGoicAAAAJ&sortby=pubdate&citation_for_view=QufGoicAAAAJ:JV2RwH3_ST0C
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reaching lakes in steep catchments. Local-scale variability 

LQ�IDFWRUV�VXFK�DV�ODNH�VL]H�RU�GHSWK�PD\�IXUWKHU�LQȵXHQFH�
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 

WKH�QHWZRUN�LV�RXWȴWWHG�ZLWK�DQ�DUUD\�RI�VHQVRUV�ORFDWHG�
throughout the water column. With these instruments in 

place, we can measure changes in temperature, dissolved 

oxygen, and light.

Although only a few years of data have been collected 

WKXV�IDU��ZH�DOUHDG\�KDYH�PDGH�VRPH�SURPLVLQJ�ȴQGLQJV��
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. 

6QRZSDFN�VL]H�LV�WKH�PRVW�VLJQLȴFDQW�GHWHUPLQDQW�RI�KRZ�
early lakes become free of winter snow and ice, and the 

cumulative duration of winter ice cover was most strongly 

LQȵXHQFHG�E\�VQRZSDFN�VL]H�DQG�ZLQWHU�DLU�WHPSHUDWXUH�
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, 

Figure 3. Data from the California Mountain Lake Network is used to develop a predictive understanding of how regional changes in climate are 

DHFWLQJ�LQGLYLGXDO�ODNHV��)DFWRUV�VXFK�DV�ODNH�VL]H��D��DQG�VQRZSDFN��E��DHFW�ZLQWHU�ZDWHU�WHPSHUDWXUHV��ZKLOH�HOHYDWLRQ�SOD\V�DQ�LPSRUWDQW�
role in the duration of ice cover on lakes (c). Source: Adapted from Smits et al. 2021.

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QufGoicAAAAJ&sortby=pubdate&citation_for_view=QufGoicAAAAJ:lSLTfruPkqcC
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deep ones. Taken together, this data will help us make 

SUHGLFWLRQV�DERXW�WKH�HHFWV�RI�FOLPDWH�RQ�PRXQWDLQ�ODNHV��
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 

LQWHUPLWWHQW�ZHW�\HDUV�KDYH�EXHUHG�PDQ\�ODNHV�IURP�
WKH�HHFWV�RI�D�ZDUPLQJ�FOLPDWH��%XW�VXFK�SURWHFWLRQV�DUH�
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 

DHFWHG�LQ�WKH�VDPH�ZD\�RU�WR�WKH�VDPH�GHJUHH��6PDOOHU�
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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