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Abstract

Sections

Ice phenology has shifted with anthropogenic warming such that
many lakes are experiencing a shorter ice season. However, changes
toice quality — theratio of black and white ice layers — remain little
explored, despite relevance to lake physics, ecological function, human
recreation and transportation. In this Review, we outline how ice quality
is changing and discuss knock-on ecosystem service impacts. Although
direct evidence is sparse, there are suggestions thatice quality is
diminishing across the Northern Hemisphere, encompassing declining
ice thickness, decreasing blackice and increasing white ice. These
changes are projected to continue in the future, scaling with global
temperature increases, and driving considerable impacts to related
ecosystem services. Rising proportions of white ice will markedly
reduce bearing strength, implying more dangerous conditions for
transportation (limiting operational use of many winter roads) and
recreation (increasing the risk of fatal spring-time drownings). Shifts
fromblack to white ice conditions will further reduce the amount of
light reaching the water column, minimizing primary production, and
altering community composition to favour motile and mixotrophic
species; these changes will affect higher trophiclevels, including
diminished food quantity for zooplankton and fish, with potential
developmental consequences. Reliable and translatable in situ
sampling methods to assess and predict spatiotemporal variations
inice quality are urgently needed.
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Introduction

Lake ice is a critical component of the cryosphere' upon which popula-
tionsinthenorthernlatitudesrely.Societies derive tangible benefits from
ice-covered lakes?, including for transportation®, fishing for sport and
food*, recreation’ and entertainment®. Ice roads, for example, provide a
criticallifeline to northern and Indigenous communities during winter>’,
aswellassupporttrade and economicactivity, including the movement
of CAD$500 million in goods per year from the Tibbitt to Contwoyto
Winter Road*. Inaddition, ice cover strongly modulates the lakes’ physi-
cal characteristics, including temperature®’, stratification'® and light",
which, in turn, influence under-ice ecology. For instance, in years with
earlyicebreakup, water temperaturesincrease from prolonged exposure
tosolar radiation, warminglittoral habitats beyond the thermal tolerance
of some fish species and limiting their preferred feeding area",

Warmer air temperatures and shifting precipitation patterns —a
direct consequence of anthropogenic emissions™ — are changing the
extent” " and variability'®" of lake ice, affecting these societal and eco-
logicalservices.Suchchangesare often typified throughice phenology —
the timing of ice growth and retreat — with clear reductions in annual
ice cover (later freeze up and earlier melt) apparent in observational
records’*?' and future model projections™ (Box 1).

Beyond phenology, the transparency and consistency of ice is also
of criticalimportance. These characteristics describe ice quality — the
ratio of black to white ice. Blackice (also called clear ice or congelation
ice) is solid and transparent, whereas white ice (also called snow ice
or superimposed ice) is opaque and structurally weaker, owing to its
lower density associated with incorporation of air bubbles and slush
during freeze up*?*. These properties have strong bearing on the
societal and ecological benefits of lake ice. For instance, adecrease in
ice quality (representing reduced black ice compared with white ice)
has immediate impacts on the safety of individuals moving oniice,
either for transportation or recreational purposes®. In February
2021,10 individuals lost their lives in Sweden after falling through ice
consisting only of awhiteiice layer®; further drownings canbe expected
asice quality conditions worsen®. Ice quality also dictates the amount
of light transmitted to the water column, affecting under-ice water
temperature, light conditions and inverse stratification”, and thereby
under-ice ecology across trophic levels®°. Despite its importance,
however, limited data have resulted in minimal consideration of ice
quality, obscuring the shift towards degraded ice conditions.

In this Review, we investigate the changes in lake ice quality and
their resulting impacts. We begin by describing mechanisms that influ-
ence lake ice quality, before examining the observed and projected
consequences of climate warming on lake ice quality. We subsequently
examine the effects of these changes on transportation, recreation
and lake ecology. We end with recommendations for future research
priorities, including a consistentice quality measurement method and
the potential of cutting-edge technologies.

Mechanisms regulating ice quality

The same physical drivers that control ice phenology — primarily air
temperature, precipitation and wind — also governice quality, explain-
ing the contrasting bearing capacity and opacity characteristics (Fig. 1).
The primary mechanisms that lead to the development of black and
white ice are now discussed.

Temperature
Airtemperature is the predominant driver of lake ice growth, decay™,
thickness** and quality?. Prolonged cold air temperatures are required

to form the initial ice layer, usually composed of black ice*>. Once a
stable layer is established, the grain size of any subsequent growth is
largely dictated by the initial air temperature gradient: alarge tem-
perature gradient produces small grains owing to quick freezing®,
whereas asmall temperature gradient produces larger grains owing to
slower freezing. In both cases, black ice is formed, so-called because
it appears transparent as nearly as much light passes through it as
through liquid water (althoughin reality, black ice can be more trans-
parent thanwater asit tends to have alow concentration of dissolved or
suspended matter?).If cold, calm conditions remain, thisice continues
to grow parallel to the heat flux from the water column, continuing
while the conduction of latent heat fromice formation at the ice-water
interface is greater than the heat flux into the water®. However, fluc-
tuating temperatures inhibit black ice growth and cause formation of
white ice (Fig. 1b,c). In particular, temperatures above freezing result
in melt-freeze cycles®, introducing gas bubbles, decreasing grain
size and increasing opacity® — these small, randomly oriented crystals
andimpurities create opaqueice, hence white. Such white ice formation
is common during spring when air temperatures and solar radiation
meltsnow andice cover during the day, but low temperatures refreeze
the resulting slush during the night.

Precipitation

In addition to temperature, the timing, amount, frequency and type
(rain or snow) of winter precipitation also control lake ice quality
throughimpacts on thermal fluxes and white ice formation. Snow has
alow thermal conductivity (generally >0.3 W m™2°C™, varying with
density)** compared with lakeice (2.14 W m™°C™"at 0 °C)*. Accordingly,
itslows the release of latent heat, and delays or inhibits the formation
of blackice”?, albeit with seasonality. At the beginning of the ice cover
period, the temperature gradient between lake water and atmosphere
isgenerally lower thanlaterin the season, meaning that snow accumula-
tion limits black ice growth®. However, thick ice also conducts less heat
into theatmosphere, and thus, later in the season, snow accumulation
can have less influence on black ice growth®>¢,

The snow cover built up by precipitation also has secondary effects
by thickening the ice layer through white ice formation”. When enough
snow accumulates, the weight can submerge the ice layer and fill the
pore space in the snowpack; on refreezing, that flooded snow forms
whiteice?***°, White ice growth can also occur throughraininfiltrating
porespaceinthe snow layer to formslush, which subsequently freezes
asacombination of white ice layers and slush®***', Moreover, snow can
also undergo melt-freeze cycles and promote white ice growth?*,
When snow is artificially removed before the formation of white ice,
the whiteice formationis effectively halted, permitting the growth of
a thicker black ice layer**. Given that precipitation shows substantial
interannual variability, ice quality conditions vary markedly”.

Wind

Wind speed and direction have a further strong influence on ice for-
mation, thickness and quality by interacting with air temperature
and snow. When wind advects heat that is conducted through the
ice-water interface away from the ice surface, black ice formation is
promoted®*. Wind action during the ice formation period can snap
thinlayers of black ice, the stacking of which produces agglomerated
iceandresultsinthick whiteice layers, particularly close to the shore-
line”. Also, turbulence during ice formation creates frazil ice and slush
that can congeal and form an ice layer that incorporates air bubbles,
resulting in white ice**.
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Box 1| Changes to lake ice phenology and duration

Lake ice cover is a sentinel of climate change'’, often quantified
using the timing of ice formation and breakup — ice phenology.
Phenology records are some of the oldest climate observations

in the Northern Hemisphere, in some cases extending long before
the Industrial Revolution™®"°, As a direct consequence of rising
temperatures'", observations generally reveal later lake freeze up,
earlier thaw and a corresponding shorter ice season?'. Indeed, trends
over 1981-2019 suggest that ice duration is 9days shorter' when
averaged across the Northern Hemisphere (see the figure). On the
longer timescale, ice duration has declined by 17days per century
over the past 100-200years, highlighting amplified ice loss in later
years (six times faster between 1992 and 2016°).

Ice formation

Ice breakup

Future projections suggest that these observed changes in
ice cover will continue. By 2100, Northern-Hemisphere-averaged ice
formation, ice breakup and ice season are projected to be 20+8days
later, 20+7days earlier and 38+11days shorter, respectively, under
Shared Socioeconomic Pathway SSP3-7.0 (ref. 16). In a stronger
warming scenario, these changes would translate to 230,400 lakes
no longer freezing annually in an 8 °C warmer world™" and almost
5,700 lakes permanently losing ice cover by the end of the century
(Representative Concentration Pathway RCP8.5)'.

Ice duration

<-25

o Earlier formation
o Earlier breakup
 Shorter duration

Lakeice quality is heterogeneousin space, as snow accumulation
canvaryonicedepending onthe predominant wind direction, lake size
and land cover*“¢, Wind can move snow off the ice*” or accumulate
snow non-uniformly*®, Lakes with large fetches can experience high
wind speeds that remove snow and cool the ice surface, preventing
insulation from accumulating snow?. Larger lakes can form thicker
black ice than small, sheltered lakes where snow can remain on the
ice cover*®. For example, in Lake Baikal, which has a large fetch, wind
removes snow and creates black ice reaching 1 min thickness*>*°. Arti-
ficially removed snow cover for a lake in Wisconsin, USA, increased
the proportion of black ice, and reduced the white ice thickness from
amaximum of 48 cm during the control year without snow removal to
10.5 cm with snow removal®.

Observed and projected changes in ice quality

Rather than being a primary source of enquiry, contemporary under-
standing of ice quality is often linked to the quantification of the
under-ice light environment®’, phytoplankton abundance® or ice
bearing strength®. In situ ice quality measurements are therefore

Change (days)

e Later formation
o Later breakup
o Longer duration

rare, seasonally biased and geographically limited**, with longer-term
measurements necessary for change detection largely restricted to a
fewlakes in Russia®, Finland®”** and Wisconsin, USA* (Fig. 2). Observa-
tions of total ice thickness are more abundant and offer insight into the
behaviour of ice cover owing to the dominant control of temperature
and precipitation’**. However, these in situ ice thickness measure-
ments are alsorelatively sparse, which subsequently limits the oppor-
tunity to use remote-sensing methods owing toinadequate validation
data®. Using available observations and model output, observed and
projected changes toice quality are now discussed. Given limited data
sources, caution should be used when interpreting these trends.

Observed changes

Totalicethickness —anindirectindicator of ice quality — has generally
declined across the Northern Hemisphere®, albeit with geographical
variability. For instance, statistically significant thinning of -0.71cm yr™
has been observed over 1995-2020 in Lake Vendyurskoe, northwest
Russia (Fig. 2a). These changes are broadly consistent with changes
across Finnish lakes®, where mean and maximumiice thickness thinned
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Fig.1|Impacts onice quality in a warming climate. a, The drivers of a high
black:white ice ratio and their corresponding physical, ecological and social
impacts, broadly representative of a past climate. b, Asin panel a, but fora

roughly equal black:white ice ratio, broadly representative of the current climate.

¢, Asinpanela, but for alow black:white ice ratio, broadly representative of a
future, warmer climate. Altered ice quality ratios have a constellation of effects
that span human and ecosystem impacts.

by -0.24 cmyr?and -0.29 cm yr, respectively, over a 30-114-year
period between1910 and 2024 (Fig. 2b). More broadly, they corroborate
changesinlake ice thickness throughout North America, Europe and
Asiaover1990-2018 (ref. 32). In contrast, there have been no significant
reductions inice thickness across 11 lakes in Wisconsin, USA, over a
varying19-47-year period depending on the lake* (Fig. 2d). Although
these changes hint at a deterioration in ice quality in some locations,
resolving them requires explicit records of black and white ice.

Althoughblackice and whiteice dataarerare, those thatare avail-
able imply an overall increase in the ratio of white to black ice and,
hence, decliningice quality. For instance, despite an absence of white
ice changes in Lake Vendyurskoe (probably arising from interannual
variability of snow cover™*®), black ice thinning of —-0.52 cm yr™ over
1995-2020, incombination with reductions in total ice thickness, high-
lights an overarching loss of ice quality at this location® (Fig. 2a). Black
ice measurementsin Wisconsin further reveal reductionsinice quality,
including at Trout Bog Lake where significant thinning of -0.21 cm yr™
has been observed alongside expansion of white ice (0.05cm yr™)
(Fig. 2d). Other lakes (n = 3) in Wisconsin exhibit thinning of maxi-
mum black ice (-0.33 cm yr™), all pointing toward a decrease in the
black:whiteiceratio®. Although long-term (>30 year) black ice trends
arenotdetectableinFinland, increasesinmean (0.33 cm yr™) and maxi-
mum (0.45 cm yr™) white ice thickness, concurrent with decreases in
mean and maximum total ice (Fig. 2b), also suggest reduced ice quality
across most Finnish lakes, consistent with overallice loss”” and rapidly
increasing air temperatures since the 1960s*°. However, variability is
evident, as suggested by a significant decrease in white ice thickness
(-0.51cmyr™) atonelakein Finland.

The longest available data records indicate that lake ice is gener-
ally decreasing in mean and maximum thickness***. Despite limited
explicit quantifications of white and black ice*, detectable long-term
trendsin North Americaand Europe hint at transitions toward increas-
ing whiteice ratios*>*°. However, these trends are geographically con-
centrated, and further black ice measurements are needed to fully
informice quality trends.

Projected changes
Consistent with the observed tendency for reduced ice thickness, cli-
mate models projectan overall decrease inice thickness in the future'®°
(Fig.3), suggesting ongoingice quality declines. According to the Com-
munity Earth System Model Version 2 Large Ensemble (CESM2-LE, which
doesnot distinguish between black and white ice)®, average Northern
Hemisphere lake ice thickness is anticipated to declineby 7 + 5 cm at
1°Cwarming compared with a historical period (1851-1880), with the
largest declines in northerly latitudes of North America and Siberia
(Fig.3a,c). Although uncommon, ice thicknessis projected toincrease
in some regions, including the northwestern United States. These
overarchingreductionsinice thickness are seasonally variable, being
strongest in spring (-9 cm) compared with winter (-7 cm) (Fig. 3d).
These characteristics also hold at higher levels of anthropogenic
warming but with higher magnitude. For instance, at 2 °C warming,
Northern Hemisphere-meanice thicknessis projected to decline by
12 + 8 cm (Fig. 3b,c), with changes exhibiting the same geographical
variability and seasonality; changes are strongest in spring (=15 cm)
compared with winter (=12 cm) (Fig. 3d). These characteristics also
continue to 4 °C warming, the magnitude of thickness changes ris-
ing to decreases of 21 +12 cm, including spring changes of 25 cm
and winter changes of 20 cm (Fig. 3d). These changes are broadly
consistent with other modelling, which suggests a reduced mean
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ice thickness of 0.23 m by the end of the twenty-first century using
Shared Socioeconomic Pathway SSP3-7.0 (ref. 16), or a reduction
of maximum lake ice thickness by 0.18-0.35 m for Representative
Concentration Pathway RCP2.6-8.5; the geographical patterns of
changes are also similar®,

Very few models, however, are able to explicitly distinguish black
and white ice from total ice thickness. From those that are able, a 1D
process-based model suggests increases in white ice thickness across
the Northen Hemisphere®, including 1-5 cm in North America®, by
2041-2070 under SRES A2. The largest increases are apparent in con-
tinental regions of northern latitudes, eastern and western Canada,
and large swathes of Asia®>®*. These changes are largely thought to be
aresponse to future snowier conditions. In contrast, coastal regions
are expected to experience decreasing white ice, which in the case
of North America could exceed 20 cm; latitudes below 50° N are also
expected to see strong reductions®. This model broadly agrees with
the broadscale loss of lake ice thickness suggested by CESM2-LE®*.

Ice quality changes under future anthropogenic climate change
canalso beinferred from projected changesin key forcing variables: air
temperature, precipitation and wind. For instance, warming winter air
temperatures® willincrease the number of days that vary around 0 °C,
promoting enhanced whiteice growth through refreezing of resulting
slush layers®. For SSP3-7.0, the projected variability of mean surface
water temperatures will exceed the average variability (1850-1900)
by 2050 at~2.4 °C warming®®, implying warming-related degradation
ofiice quality. Furthermore, as air temperatures become anomalously
higher (2-8 °C) throughout the twenty-first century, particularly
strong temperature trends (0.1°C yr™) throughout Canada'® could
result in large numbers of lakes experiencing warmer winters that
lead to white ice conditions®. These projected increases in white ice
align with observed records of degraded ice quality associated with
short-term rising temperatures, as evident at local*®, regional® and
hemispheric scales®.

However, these temperature-forced increases in white ice will
be modulated by local precipitation regimes. For instance, against
a background of rising temperatures, any increases in snowfall will
further promote rising white ice concentrations****, decreasing ice
quality. Such changes are anticipated in the Canadian Arctic and north-
eastern Siberia®®. In contrast, locations with reduced snowfall — as in
the western United States® — would be expected to have larger ratios
ofblack towhiteice, provided that temperatures remain cool and melt
cycles are limited. Of course, interannual variability would modify
these overarching characteristics such that cooler years and reduced
snowfall would increase the ratio of blackice, but overallice thickness
is still likely to decline'®®,

Given the sensitivity of lake ice to air temperature, warming will
lead to the decline of lake ice thickness and will degrade ice quality”.
Modelled lake ice projections using a suite of future climate scenarios
suggest reduced ice quantity and degraded ice quality — more whiteice.
Althoughice quality projections are largely inferred fromice thickness
models, changing air temperatures and precipitation regimes point
toward a future with increasing white ice ratios.

Ecosystem services

Thinner lake ice with a larger proportion of white ice creates less
stable ice conditions, influencing transportation and recreation,
and limits light availability during ice cover, affecting lake ecology.
These impacts of changing ice quality on ecosystem services are now
described.

Transportation

Lakeice hasa critical transportation function. In Canada alone, approxi-
mately 8,000 km of winter ice roads connect remote communities with
accessto goods throughout the winter, particularly in diffusely popu-
lated (<0.5 people km™) Pan-Arctic regions north of 60° N”.. Despite
the low population concentration, northerncommunities rely heavily
oniceroadstoreducethe cost of goods and to maintain relationships
outside theirimmediate population centre, which disproportionally
affects the economies and wellbeing of Indigenous communities’.

Ice thickness, quality and atmospheric conditions are key aspects
influencing the load-bearing capacity and, thereby, safety of transpor-
tation on ice. Owing to the absence of ice quality data, ice thickness
is the most common measure of load-bearing capacity, feeding into
ice safety guidelines under the assumption that black ice predomi-
nates. However, this assumption could substantially underestimate
risk®® given that white ice (which is generally increasing in thickness;
Fig.2) hasalower density” and hence load-bearing strength than black
ice?”. Indeed, white ice is 36%, 21% and 51% weaker than black ice at
temperatures of —9.5°C, -5.0 °C and -0.5 °C, respectively®’. These
values also highlight the importance of air temperature in governing
ice safety?*. Rapid drops in air temperature make the ice brittle and
thusless safe owingto tensions between the upper and lower surfaces
of the ice cover?*, The ice also loses strength if the air temperature
stays above freezing for 24 hours or more, or if the average daily air
temperature rises above —1.1°C (refs. 24,74).

The aforementioned changes in ice quality threaten the safety
of transportation. Indeed, Indigenous peoples living in the James Bay
region of Ontario have noted changes to winter road duration, affect-
ing costs, livelihood and community interconnection’. For example,
theJames Bay Winter Road connects remote Indigenous communities
with the supplies from the larger southern city of Moosonee’”; the
decreasing duration of the Winter Road limits access to these goods
and increases their cost if increasingly relying on barge or aircraft
delivery”. These experiences are substantiated by declines in freez-
ing degree days necessary to maintain safe winter road conditions”.
InFebruary 2024, First Nations communities in northern Ontario and
Manitoba declared a state of emergency to address the conditions
of the winter roads owing to unusually warm temperatures’, with
similar concerns of increasing temperatures threatening infrastructure
alsoraised in the Sakha Republic in northeastern Russia. Winter road
data can be inconsistent, limiting the ability to detect trends inice
road duration; however, changes to the duration of winter roads have
beenrecordedboth through Indigenous observations and analysis of
freezing degree days™.

Although contemporary changes might be small, future warm-
ing is expected to have a strong influence on transportation infra-
structure, although with regional dependencies and temperature
sensitivity. The largest capacity losses will be in the Arctic regions of
North America and Asia. Under hypothetical ice quality scenarios,
allowable loads will decrease on average by approximately 3,600 kg,
16,000 kg and 36,000 kg under white ice, 50% white ice and 100%
blackice, respectively at 3 °C warming® (Fig. 4, bottom row). Accord-
ingly, the number of days with safe ice for transport trucks might
decline by as much as 90-99% with 1.5-3 °C warming®’. Given that
white ice has a much lower carrying capacity?**, overall capacity
losses are much smaller in 100% white ice scenarios (Fig. 4, top row),
but the number of safe travel days will disappear almost completely
owing to the additional ice thickness required to support the same
weight in the presence of whiteice®.
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Fig.2|Ice quality observations and trends. a, Total ice, black ice and whiteice
observations at Lake Vendyurskoe, Russia**; solid and dashed lines represent
statistically significant and non-significant trends, respectively. b, Variability in
ice property trends from Finnish lakes with at least 30 years of data (collection
ranging from 1910 to 2024)**; boxes and whiskers represent the medians, lower
and upper quartiles, and minima and maxima of the data. c, Ice quality (ice
thickness, black ice and/or white ice) measurements in Europe, coloured by
maximum proportion of white ice during the Ice Blitz project® in winter of 2021,
and symbols representing the duration of the ice records in years. Symbols

with white borders indicate lakes not sampled during year of the Ice Blitz.

d, Asin panel ¢, but for North America, with alinkedt time series plot specifically
for Wisconsin lakes. The linked plot displays the mean (black line), standard
deviation (blue shaded region) and the time series for the lake (Trout Bog Lake)
that exhibited asignificant trend for black and white ice (grey line)*°. Although
there are limited lake quality observations available, those that do exist generally
indicate declines in total and black ice thickness and increases to white ice
thickness, albeit with variability in magnitude and statistical significance.

Many lower-latitude regions containing winter roads>” will there-

fore no longer have substantial carrying capacity throughout North
America, Europe and Siberia’®”’. For instance, the Tibbitt to Contwoyto
Winter Road (the busiest winter road in northern Canada, responsible
for economic activity of CA$500 million per year”’) is projected to
be operationally usable by light and heavy vehicles for 75+ days and
2 days per year, respectively, by 2081-2100 under RCP8.5 (ref. 77);
these totals represent reductions of 62 and 50 days compared to
1986-2005. In Ontario, the James Bay Winter Road (320 km) and Wetum
Road (170 km) are unlikely to accumulate sufficient freezing degree
days by the mid-twenty-first century (2041-2070) for safe winter
road construction in all but the lowest warming scenarios (RCP2.5)?,
although more inland regions might remain usable’ according to
CMIP5simulations under RCP4.5.In other parts of the Arctic, warming
will also result in fewer operational travel days’®. For example, West
Siberia is projected to transition from 150-200 travel days under
historical conditions (1971-2000) to 100-150 for RCP6.0 and 50-100
for RCP8.5 (ref. 78).

Giventhese projected changesto the load-bearing capacity of lake
ice, adaptation efforts and planning are required to maintain impor-
tant transportation routes. One strategy includes the construction
of permanent roads where seasonal ice roads used to be viable”. For
example, Highway 10 in Canada, which supplies transportation from
Inuvik to Tuktoyaktuk, was constructed to replace a seasonal winter
road owing to concern over continued viability®°. In locations where
permafrost degradationis ongoing, permanentroad solutions are more
of achallenge®. Improving ice safety guidelines®, incorporatingice
quality into models of winter road capacity, and engineering roads
that promote black ice growth into climate adaptation strategies can
improve critical infrastructure response®***, Transportation of goods
and services might also involve shifting economies to marine ship-
ping as the Arctic Ocean becomes increasingly ice free®, as already
evidenced by rising shipping traffic from 1990 to 2015 (refs. 85,86)
and a correspondingreductioninthe number of highly strengthened
ships¥. The Arctic is becoming more navigable.

Recreation
Ice-centric recreational activities are a further ecosystem service in
cold-weather regions’. Lake ice has a long-standing role as a medium
for recreation, which includes ice skating, ice fishing and festivals®®,
often providing revenue. The Harbin International Ice and Snow festi-
val in China, for example, garnered 18 million visitors and generated
revenue of US$4.4 billion (ref. 6). Fishing can also have a critical rolein
the nutrition and economies of Indigenous communities®®. Changes
to ice cover will affect these recreational activities as warmer winters
lead to more dangerous ice conditions?.

Changesinrecreationare often considered from the perspective
of a shorter ice season. However, ice quality has a critical role in the

safety associated with these recreational activities, posing the threat
of drowning fatalities. Over 1991-2017, more than 4,000 drownings
have been documented across North America, Europe and Japan. The
highest numbers of drownings occurred in Latvia and Estonia, but when
examining the northern region of Canada, it experienced the highest
drownings per capita despite generally cold winter air temperatures,
probably owingto thereliance of ice cover for fishing and transporta-
tion, which increases frequency of exposure”. These fatal drownings
areclosely linked to air temperature, being 5 times higher when winter
air temperatures approach 0 °C (ref. 25). Accordingly, mean spring
drownings per capita across all countries are 1.5 times higher than
winter drownings, and meandrowningsin April 2.6 times higher thanin
February (Fig. 5). In spring, temperatures are increasing to the point
ofice meltand white ice conditions predominate®®; both these charac-
teristics are expected more frequently inthe future. Given these safety
concerns, thelocations of various outdoor winter events, including the
Olympic Games® and fishing tournaments®’, have had to be moved or
cancelled.

Projected declinesinice thickness and increases in white ice sug-
gest that ice safety will also decline in the future®. Accordingly, the
number of days during whichiceis accessible for activities suchasice
fishing, skating or festivals might decrease by as much as a week per
degreerise in temperature®®. However, there is distinct latitudinal and
regional variability to these changes: lakes between 40° and 45° N are
projectedto lose safeice for the duration of winter, while lakes>60° N
are projected to lose safe ice for 13-35 days, with the strongest losses
experienced in northeastern North America and Scandinavia®®. With
these changes, the probability of non-fatal and fatal drownings during
spring (March and April) mightincrease, particularly inareas with high
rates of unregulated winter activities and/or lenient laws onice safety
suchas Canada, Latvia and Estonia®*2,

Given projected decreases in ice safety and subsequent rising
risks, adaptation efforts will be needed. One such opportunity is
through stricter ice safety thresholds. Current guidelines indicate
that ice 10 cm thick is required for recreation, assuming black ice. In
the face ofincreasingly prevalent rising white ice, these guidelines will
probably need to be increased to 20 cm to ensure safe recreation.
Local authorities regulating light vehicle use could prevent drown-
ings, as snowmobiles are popular modes of transportation but can
result in ice breaks®. Additionally, regulation of ice activities when
temperaturesincrease above -5 °C, whenice degrades, could mitigate
drowning risks®.

Lake ecology

In addition to the more societally relevant impacts on transporta-
tionand recreation, lake ice quality has a critical role in determining
theunderlying ecology of the lake. Lake ecology has primarily been
researched during the open-water period, but a call to actionin 2017
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a Change inice thickness at +1°C warming

b changeinice thickness at +2°C warming
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Fig.3|Projected changes to ice thickness as a proxy for ice quality. a, Change
inaverage lake ice thickness in the Northern Hemisphere inal°C warmer world.
b, Asin panel a, but for 2 °C warming. ¢, Time series of Northern-Hemisphere-
averaged ice thickness anomalies with respect to a historical period of 1851-1880,
withyellow, orange and red circles representing the times at which warming
reaches1°C,2°Cand 4 °C, respectively. Shading represents the standard
deviation of ice thickness changes. d, Northern-Hemisphere-averaged ice
thickness in spring (March-May) and winter (December-February) for the
historical period (1851-1880) and for1°C, 2 °C and 4 °C warmer worlds;

Spr‘ing Winter

boxes and whiskers represent the medians, lower and upper quartiles, and the
minima and maxima of the data. All projections are from the Community Earth
System Model Version 2 Large Ensemble (CESM2-LE)®'. Average yearly lake ice
thickness was derived from the mean of 100 ensemble members. Anomaly values
were determined by subtracting each year from the historical mean (1851-1880).
Ice thickness declines are prominent above 60° N, with stark declines as air
temperatures increase throughout the twenty-first century, leading to declining
ice thicknessin the spring when ice is most dangerous for human use.

highlighted winter-time ecological processes as a necessary field
of enquiry®®. The limitations on light and atmospheric interaction
diminish but do not halt phytoplankton activity***°, which gives

rise to a host of research questions regarding the effect of altered
ice cover, such as ice quality, on autotrophic” and heterotrophic
species™”,
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Ice coverinfluences lake ecology largely through the transmission  thickness is also critical®®, but ice thickness is not’. In general, black
of light. Light transmission depends on the albedo and light attenua-  ice allows much larger light transmission than white ice owing to larger
tion coefficient of the ice cover related to ice quality®* (Fig.1); snow  crystal structures and limited air bubbles. For instance, roughly 95%

2 °C warming 3 °C warming

1°C warming

100% white ice

50% white ice/50% black ice

100% black ice

<-20000 15000 -10,000 -5000 0
Change in allowable load (kg)

Fig. 4 |Evolving allowableload. Changes in the allowable load onlakeice for1°C ~ The equation for ice bearing capacity was applied to each year*, and anomalies
(left), 2 °C (middle) and 3 °C (right) warmer worlds for 100% white ice (top), 50% represent the difference between the climatological historical mean (1851-1880)
white ice and 50% black ice (middle), and 100% black ice (bottom). Ice projections  and each year. Increasing ratios of white:black ice create weaker ice roads with
are taken from the Community Earth System Model Version 2 (CESM2-LE), lower carrying capacity; however, ice roads of all quality will be weakened
with allowable load calculated using a bearing capacity equation***°, Average through overallloss inice thickness inawarmer world.
yearly lake ice thickness was derived from the mean of 100 ensemble members.
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Fig. 5| Drownings through lake ice collapse. Monthly average drownings

in Canada, Estonia, Finland, Germany, Japan, Latvia and the United States®.

The boxes and whiskers represent the medians, lower and upper quartiles,

and the minima and maxima of the data. April had the highest average drownings,
witha high of 359 per 10,000 people in Estonia.

of photosynthetically active radiation (PAR; light between the wave-
lengths of 400 and 700 nm used for photosynthesis) is transmitted in
blackice with few bubbles®, almost as muchas in clear water, whereas
whiteice PAR varies between 20%’' and 27.2% transmission®®. Estimates
from Grand Traverse Bay, Lake Michigan, reaffirm these contrasts: black
icetransmitted approximately 70-80% of surface PAR, whereas acom-
bination of snow cover (8.9 cm) and white ice (1.3 cm) reduced that to
~44%°". Similarly, in Lake Haruna, Japan, 60% of surface light was trans-
mitted through 40 cmof clearice, but the percentage dropped to20%
through 30 cm of white ice®. These changes to light transmission will
directly affect microbial communities, phytoplankton communities
and higher tropiclevels, as now discussed®.

Microbial communities. Large and complex microbial communities
thrive beneath ice cover®’, dominated by Verrucomicrobia?*°%1°1,
Proteobacteria and Actinobacteria®*'°'%2, They perform essential
ecosystem services, including: breaking down decaying matter'®>'**,
transforming dissolved carboninto biomass that can feed other organ-
isms'®, contributing to nutrient cycling'°’, and moderating the balance
between respiration and productivity during periods when light is a
limiting factor®. Indeed, all these activities continue under ice'*'°®
when photosynthesis canstill occur butatadiminished rate compared
with the open-water season’.

However, light availability determines the location of these
microbial communities within the water column. Although difficult
to disentangle from otherinfluences such as water temperature, nitro-
gen species and conductivity'®?, there is evidence of bacterial com-
munities responding to snow thickness®’ (with snow accumulation
possible only when ice cover is present). Yet light limitation does not

seem to diminish bacterial growth rates directly'®”'°®. For example, in
Lake Stechlin, Germany, the termination of an under-ice cyanobacte-
rial bloom that followed snow cover (and therefore light limitation)
increased bacterial protein production to five times its typical spring
peak, suggesting that phytoplankton community dynamics factorinto
under-ice bacterial communities'®. In varying lake environments, such
as humic systems, bacterial production responds rapidly to the pres-
ence of phytoplankton, even under ice'”. However, bacterial produc-
tion can remain higher than phytoplankton production under ice'®®.
Therefore, shiftsin light abundance seem to affect the productivity of
bacterial communities in relation to other factors, such as available
phytoplankton biomass to break down'*1?7,

Theimplications of these community shifts remain unclearin the
face of changingice quality. The aforementioned interaction between
algal communities and microbial communities offers clues to how
microbial communities might behave under variable ice quality envi-
ronments. Bacterial communities in Lake Erie displayed a preference
toward mutualistic interactions with diatoms rather than dinoflagel-
lates, andincreased biomassin the presence of diatoms that were more
abundant under more transparentice'”’. Under limited transparency
(as expected under white ice conditions), dinoflagellates dominated
andbacterial communities were limited'*’. However, in Lake Tovel, Italy,
ayearwithreducedice transparency reduced competition from algae
in the upper euphotic layer that benefited certain bacteria, implying
variable direct and indirect effects of ice quality on microbial commu-
nities"’. Ice quality changes throughout the winter period*® can then
demonstrate under-ice cycles of bacterial succession®® that can have
impacts within the food web'”’. Microbial communities, however, dem-
onstrate highly specialized behaviour inice-covered environments',
which requires further enquiry to determine how these communities
will respond to changes inice quality.

Phytoplankton communities. Phytoplankton form the basis of the
food chain and hence are of vital importance for lake ecology. Their
presence provides overwintering species pivotal nutrients during the
ice cover period'?. Phytoplankton growth under ice exhibits strong
dependence onlight availability, with direct effects occurring through
photosynthesis and indirect effects through convection and resuspen-
sion of algae in the photic layer™. Yet knowledge of phytoplankton
growth, community assemblage and succession during the ice-covered
period is still nascent®.

Ice quality influences on light availability are the key mechanism
throughwhichimpacts on phytoplanktonarefelt. Ingeneral, high black
iceratios are associated with strong phytoplankton abundance, while
high white ice and snow cover are linked to declining phytoplankton
abundance. Experimentsin which snow cover was artificially removed
from lake ice to prevent white ice formation reinforce these findings:
concentrations of net primary productivity in four lakes in northern
Minnesota, USA (Barrs Lake, Pike Lake, Side Lake and South Sturgeon
Lake)” (Fig. 6a), and chlorophyll ain Lake Itasca, Minnesota™ (Fig. 6b)
andSouth Sparkling Bog, Wisconsin, USA** (Fig. 6¢) were all consistently
higher when snow was removed compared with turbid ice conditions.
These findings are consistent with evidence from Lake Haruna, Japan,
where chlorophyll a concentrations were ~160-180 mg m ™~ below a
transparentice cover but 70 mg m2under turbid ice conditions®".

Although photoautotrophs can grow in low light conditions, it is
clear they rapidly respond to light availability associated with black
ice*, whereas potential mixotrophs, unicellular cyanobacteria and
Chlorophytes tend to dominate in years with snow and white ice*.
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Relatedly, in Lake Miiggel, ice thickness correlates positively with the
abundance of the phytoplankton taxa Cryptomonas, Chrysoflagellates,
Chrysococcus, Synura and Chlamydomonas, and negatively with the
taxaRhodomonas and Aulacoseira™. These taxa represent functional
groups where motile taxa have higher relative biomass than non-motile
taxa when ice and snow limited light penetration into the water col-
umn. However, in some eutrophic systems, some snow and white ice
cover benefits photoautotrophs by limiting the photoinhibition that
occurs when highly transparent ice allows high surface radiation into
the upper water column?’,

Ice quality also influences phytoplankton through mixing. Under
blackice conditions, increased light transmission causes thermal con-
vection, in some locations causing mixing as deep as 50 m, as in Lake
Baikal"®. This mixing circulates nutrients"”"® and keeps non-motile
diatoms suspended in the photic zone'>""*'*°, benefiting large groups
of phytoplankton through access to higher light levels and nutrients.
In contrast, weak or absent radiatively driven convection, as is more
common in white ice environments, can lead to layered communi-
ties of motile phytoplankton'; these communities can attune to the
light availability within their layer” through strategies such as denser
pigment packing, altered pigment profiles, higher photosynthetic
efficiency and increased chlorophyll a content that maximize light
absorption and photosynthetic capacity'*>'?, Limited light conditions
and narrow light spectra penetration beneath snow and white ice lay-
ers provide a competitive advantage for phytoplankton species that
absorb light in the green spectrum, indicating a possible community
shift under future limited light conditions’’. These conditions also
favour motile taxa that can move nearer to the ice-water interface, or
attach to the ice, where the most light will be available'. In addition
tolimited light to promote convection, taxa that rely on convectionto
move toward the available light can sink in a stilling atmosphere'®,
limiting underwater currents"®. Limited light is additionally likely
to affect overall production with cascading impacts to the rest of
the under-ice food web'?. However, some of these impacts could be

mediated by shorter ice cover periodsin the future'®,

Higher trophic levels. Similar to phytoplankton communities, higher
trophic levels have gained attention during winter periods that had

a Gross primary production and manipulated
snow conditions

b Chlorophyll a under manipulated snow conditions

been assumed to be a period of quiescence. Invertebrates and verte-
bratesinteract with autotrophs to complete awhole aquatic food web
in lakes that continues beneath ice cover. Research on, for example,
zooplankton lipid content®® and fish behaviour'” demonstrates the
importance of winter for aquatic ecosystems as awhole. Higher tropic
levels — such as zooplankton, benthos and fish — are also affected by
ice quality. Theseimpacts occur both directly through light availability
andindirectly through the aforementioned effects on phytoplankton.

Indeed, the impact of ice quality on phytoplankton carries over
to indirectly influence biomass and community composition of het-
erotrophic taxa'?. One mechanism through which this connection
occurs is the availability of phytoplankton-derived energy which, in
turn, influences zooplankton growth and survivability. Recall that
high black relative to white ice is typically associated with high phy-
toplankton abundance, providing a food resource that drives high
phytoplankton abundance; low blackice relative to white, in contrast,
is linked to low phytoplankton abundance and, thus, low zooplank-
ton abundance. Evidence for these relationships is apparent in Lake
Atnsjgen, Norway'”, and Lake Kilpisjarvi, Finland"’: thinner ice and
snow cover (blackice conditions) were associated with high zooplank-
ton abundance (specifically high-lipid-content calanoids™'), whereas
thicker ice and snow cover (white ice conditions) were associated
with low zooplankton abundance (specifically low-lipid-content cla-
docerans™"). Similarly, zooplankton abundance decreased 51% in Lake
Superior during a high white ice year (-24% of the ice layer) compared
withablackiceyear”. Projected increasesin whiteice might, therefore,
decrease zooplankton abundance and shift communities to cladocer-
ans over copepods, disrupting the energy transfer to higher trophic
levels given low essential fatty acids™".

The impacts of ice quality on phytoplankton can also influence
benthic communities. Benthic organisms benefit from the precipi-
tated biomass of phytoplankton to the sediment, contributing to
the diets of benthic invertebrates™>** (as well as the degradation of
those organisms by bacteria™). Diminished autotrophic production
from altered ice quality could thereby limit resources and negatively
affect the benthos. Theimportance and potentialimpact of ice quality
changes onbenthic communities are unclear owing to limited research,
particularly onice quality®.

C Chlorophyll a with 3 years of manipulated
snow conditions
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Fig. 6| Snow coverimpacts on lake primary production. a, Differences in net
primary productivity (NPP) in four different lakes in Minnesota, USA, with snow
and those where snow was experimentally cleared”. b, As in panel a, snow was
experimentally cleared but points represent individual samples of chlorophyll
ainLakeltasca, USA"™. ¢, Asin panel b, but samples taken from individual depths

inSparkling Bog, USA, including a year with late and early snow removal, where
late snow removal resulted in higher white ice formation*’. The boxes and
whiskers represent the median, lower and upper quartiles, and the minima and
maxima of the data. Clearing lakes from snow increases productivity metrics.
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Any changes in primary and secondary production can further
affect fish populations. In particular, increased white ice in warm-
ing winters and subsequent diminished primary productivity® can
limit food availability and fish growth and reproductive success™”"*%,
There are also more direct consequences of changing lake ice on fish
populations, but these largely relate toice phenology and the changing
photoperiod rather thanice quality. For instance, desynchronization
of seasonal temperatures and photoperiod cues can affect fish gonad
developmentand egg viability'”. Spawning at inappropriate times (and
temperatures) can increase larval mortality or decouple juvenile fish
from the start of the spring production pulse™, Juvenile fish can miss
early zooplankton peaks that follow phytoplankton blooms once light
becomesavailable fromreduced snow cover™, or early snowmeltintro-
duces nutrients to the upper water column™’. For example, the hatching
andjuvenile growth of certain species, such as cisco Coregonus albula,
historically have coincided with favourable zooplankton dynamics'*°.
Thisasynchrony of hatching and prey availability for planktivorous fish
leads to high mortality, as early life stages are more likely to deplete
energy reserves during winter',

There could also be potential benefits to fish. Shorter winter peri-
ods, even with diminished under-ice productivity, could benefit fish
overall by limiting the overwintering period'* and oxygen loss. Yet
these benefits can be asymmetrical, as coldwater species will lose
important developmental periods with climate warming'*'. A more
comprehensive understanding of the effects of lake ice variability on
ecosystems is required'”’.

Summary and future perspectives

Lake ice is well known to have changed over the observational era,
particularly from the perspective of ice phenology — the timing of
ice growth and retreat. In contrast, ice quality — the ratio of black ice
to white ice — has been far less examined, despite its importance for
human safety and lake ecology. This absence of knowledge stems, in
part, from sparseice quality observations. However, available evidence
suggests that ice quality has declined (increasing white ice thickness
and decreasing black ice thickness) in Finland, Wisconsin and Russia
(Fig.2); reductionsinice thickness alongside broader climate changes
(intemperature, precipitation and wind) provide further indirect sup-
portfor decliningice quality reductions across most ice-covered lakes
inthe Northern Hemisphere. These changes are expected to continuein
the future, withice quality losses strongly scaled to the level of atmos-
phericwarming (Fig.3). The use of ice for transportation and recreation
is, in turn, expected to decline. For instance, even under scenarios of
pureblackice, heavy-vehicle use onlakes might completely haltina3 °C
warming world®’. Moreover, ice use for recreation in March and April
could be greatly reduced owing to increased risk of drowning associ-
ated with unsafe ice” (white ice prevalence). From the ecological per-
spective, changingice mightalso resultinahost of bottom-up trophic
interactions that could lead to losses in fitness of young-of-year fish.
Yet many unknowns remain, and a rapidly changing climate imposes
unprecedented challenges, exposing knowledge deficits regarding
how climate change alters ice quality and lake ecosystems.

Oneof thelargest challenges is in the sporadic and spatially limited
insitu measurements ofice quality. Limited ice quality records hinder
the ability to analyse temporal trends and spatial patterns that can
inform research on human and ecological impacts of lake ice quality.
With these expanded dataretrievals, a standardized ice quality meas-
urement method based on a data collection programme used by the
Finnish Environment Institute* is recommended. Each year, ice quality

measurements should be made aminimum of twice: once at the begin-
ning of the season, as soon as ice is safe to walk on, and again prior to
icebreakup. However, more frequent, weekly measurements would be
beneficial to assessice safety. Four essential measurements are recom-
mended: ameasure of the totalice thicknessin centimetres; ameasure
ofblackice thickness in centimetres; ameasure of white ice thickness
in centimetres; and ameasure of snow and or slush thickness in centi-
metres, taken as an average of three to five measurements surrounding
the site of ice column extraction. Additional quantitative information
should be taken when possible, such as the depth of white ice layers
that differinappearance, andimpurities from gas bubblesinblackice.

Other datasources highlight the opportunities available to over-
come the low temporal resolution of in situ measurements. For exam-
ple,ice quality could potentially be inferred through the relationship
between ice thickness and under-ice light availability>”’, achievable
through using a shallow water ice profiler (for ice thickness) and any
number of light sensors® (for light availability). However, light attenu-
ation under ice is not yet fully explored. To assess the applicability of
this method and its potential error, sensor dataneed be validated by in
situice measurements. High-frequency observations can additionally
incorporate cross-sectional measurements of the entire lake surface,
given the relatively low cost of sensors that can remain under the ice
during winter. Incorporating transect measurements from thelittoral
and pelagic zones, as well as edges, is valuable to understand the risk of
travelling ontoice as well as the light conditions for the littoral benthic
community under ice.

Spatially diverse measurements would further assist remote-
sensing methods that attempt to measure ice thickness on a larger
spatial scale. While ice quality measurements are not yet possible
using remote sensing'*>'*, satellite sensors can begin to accumulate
a global database of lake ice thickness. For example, ice thickness
was detected on 16 large lakes in North America using altimetry data
from TOPEX/Poseidon and Jason-1/2/3 with approximately a 0.2-m
accuracy™. Aggregating multiple satellite sensors can improve syn-
theticaperture radarimage density to estimate ice quality, forexample
through the use of satellite constellation missions such as Sentinel-1A/B
and Radarsat Constellation Mission'** and the development of radia-
tive transfer models such as the Snow Microwave Radiative Transfer
(SMRT) model"**'*, Tools such as synthetic aperture radar and models
like the SMRT, in conjunction with lakeice models, can help to predict
the presence of non-blackice layers as well as how those layers change
throughout the season'*.

Modelling offers an additional avenue to provide ice quality
assessment and, importantly, forecasting. Models such as DYRESM-
WQ-laccount for layers of black ice, white ice and snow cover*®. The
attempts to account for white ice have underpredicted the thick-
ness of the layer and overpredicted the thickness of black ice'. This
underprediction might result from the DYRESM-WQ-I modelisolating
the formation of white ice to the intrusion of lake water as aresult of
ice and snow weight overcoming ice buoyancy***'*’. A tuning param-
eter, such as the snow compression rate parameter, might assist
this prediction of white ice development™, Pairing models that pre-
dict black and white ice layers with models that account for spatial
heterogeneity of ice thickness, for example the Aquatic Ecosystem
Model AEM3D, can help predict complex heterogeneous patterns
of ice cover along a lake surface®. Ice models that better predict
lake ice quality can further contextualize active and passive remote
sensing and safety protocols for lakes that commonly hold recreation
or transportation activities.
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Satellite sensors and models are not easily accessible or interpret-

able to community members and stakeholders, but tools that project
ice conditions on lakes could prevent drownings and transportation
issues. Therefore, the combination of in situ, remote sensing and mod-
ellingislikely tobe necessary to predictreal-timeice thicknessandice
quality for the purposes of ice safety, similar to weather advisories. For
example, models might have large errors that cannot be corrected dur-
ing formationand breakup, when lake ice is most dangerous. Remote-
sensing data could help to correct ice quality models when ice is too
dangerous to collect in situ samples. Likewise, consistent ice quality
observations during asafeice cover period can help to adjust models to
predict whenice cover will begin to become unsafe, which canbe much
earlier in the season during warm years and years with high white ice
cover®. Asitstands, dataonice quality are severely lacking, inhibiting
the broadscale application of methods to help to prevent drownings
and transportation failures as well as under-ice impacts on aquatic
ecosystems inawarming world.

Published online: 19 September 2024

References

1

20.

21

22.

The Status of the Global Climate Observing System 2021: The GCOS Status Report
(UNFCC, 2021).

Magnuson, J. J. & Lathrop, R. Lake ice: winter, beauty, value, changes, and a threatened
future. LakeLine 43,18-27 (2014).

Hori, Y., Cheng, V. Y. S., Gough, W. A., Jien, J. Y. & Tsuji, L. J. S. Implications of projected
climate change on winter road systems in Ontario’s Far North, Canada. Clim. Change
148,109-122 (2018).

Orru, K., Kangur, K., Kangur, P., Ginter, K. & Kangur, A. Recreational ice fishing on the large
Lake Peipsi: socioeconomic importance, variability of ice-cover period, and possible
implications for fish stocks. Estonian J. Ecol. 63, 282 (2014).

Knoll, L. B. et al. Consequences of lake and river ice loss on cultural ecosystem services.
Limnol. Oceanogr. Lett. 4,119-131(2019).

Sharma, S. & et al. An introduction to the community lake ice collaboration: a long-term
lake ice phenology community science project spanning 1000 lakes and over 30
years.Limnol. Oceanogr. Bull. https://doi.org/10.1002/lob.10560 (2023).

Mullan, D. J. et al. Examining the viability of the world's busiest winter road to climate change
using a process-based lake model. Bull. Am. Meteorol. Soc. 102, E1464-E1480 (2021).
O'Reilly, C. M. et al. Rapid and highly variable warming of lake surface waters around the
globe. Geophys. Res. Lett. https://doi.org/10.1002/2015GL066235 (2015).

Austin, J. A. & Colman, S. M. Lake Superior summer water temperatures are increasing
more rapidly than regional air temperatures: a positive ice-albedo feedback.

Geophys. Res. Lett. https://doi.org/10.1029/2006GL029021 (2007).

Woolway, R. I. et al. Phenological shifts in lake stratification under climate change.

Nat. Commun. 12, 2318 (2021).

Cavaliere, E. et al. The lake ice continuum concept: influence of winter conditions on
energy and ecosystem dynamics. J. Geophys. Res. Biogeosci. 126, €2020JG006165 (2021).
Caldwell, T. J., Chandra, S., Feher, K., Simmons, J. B. & Hogan, Z. Ecosystem response

to earlier ice break-up date: climate-driven changes to water temperature, lake-
habitat-specific production, and trout habitat and resource use. Glob. Change Biol. 26,
5475-5491(2020).

Kraemer, B. M. et al. Climate change drives widespread shifts in lake thermal habitat.
Nat. Clim. Change 11, 521-528 (2021).

Grant, L. et al. Attribution of global lake systems change to anthropogenic forcing.

Nat. Geosci. 14, 849-854 (2021).

Hock, R. & Huss, M. in Climate Change 3rd edn (ed. Letcher, T. M.) 157-176 (Elsevier, 2021).
Huang, L. et al. Emerging unprecedented lake ice loss in climate change projections.
Nat. Commun. 13, 5798 (2022).

Notarnicola, C. Overall negative trends for snow cover extent and duration in global
mountain regions over 1982-2020. Sci. Rep. 12, 13731 (2022).

Richardson, D. C. et al. Nonlinear responses in interannual variability of lake ice to
climate change. Limnol. Oceanogr. 64, 789-801(2024).

Weyhenmeyer, G. A. et al. Large geographical differences in the sensitivity of ice-covered
lakes and rivers in the Northern Hemisphere to temperature changes. Glob. Change Biol.
17, 268-275 (2010).

Sharma, S. et al. Loss of ice cover, shifting phenology, and more extreme events in
Northern Hemisphere lakes. J. Geophys. Res. Biogeosci. 126, €2021JG006348 (2021).
Newton, A. M. W. & Mullan, D. J. Climate change and Northern Hemisphere lake and river
ice phenology from 1931-2005. Cryosphere 15, 2211-2234 (2021).

Barrette, P. D. A laboratory study on the flexural strength of white ice and clear ice from
the Rideau Canal skateway. Can. J. Civ. Eng. 38, 1435-1439 (2011).

Lepparanta, M. Freezing of Lakes and the Evolution of their Ice Cover (Springer, 2015).

24.
25.

26.

27.

28.

20.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gold, L. W. Use of ice covers for transportation. Can. Geotech. J. 8,170-181(1971).
Sharma, S. et al. Increased winter drownings in ice-covered regions with warmer winters.
PL0S ONE 15, €0241222 (2020).

Weyhenmeyer, G. A. et al. Towards critical white ice conditions in lakes under global
warming. Nat. Commun. 13, 4974 (2022).

Kirillin, G. et al. Physics of seasonally ice-covered lakes: a review. Aquat. Sci. 74, 659-682
(2012).

Yang, B., Young, J., Brown, L. & Wells, M. High-frequency observations of temperature
and dissolved oxygen reveal under-ice convection in a large lake. Geophys. Res. Lett.
https://doi.org/10.1002/2017GL075373 (2017).

Obertegger, U., Flaim, G., Corradini, S., Cerasino, L. & Zohary, T. Multi-annual
comparisons of summer and under-ice phytoplankton communities of a mountain lake.
Hydrobiologia 849, 4613-4635 (2022).

Bertilsson, S. et al. The under-ice microbiome of seasonally frozen lakes. Limnol. Oceanogr.
58,1998-2012 (2013).

Palecki, M. A. & Barry, R. G. Freeze-up and break-up of lakes as an index of temperature
changes during the transition seasons: a case study for Finland. J. Clim. Appl. Meteorol.
25, 893-902 (1986).

Li, X., Long, D., Huang, Q. & Zhao, F. The state and fate of lake ice thickness in the
Northern Hemisphere. Sci. Bull. 67, 537-546 (2022).

Michel, B. & Ramseier, R. O. Classification of river and lake ice. Can. Geotech. J. 8, 36-45
(1971).

Sturm, M., Holmgren, J., Kénig, M. & Morris, K. The thermal conductivity of seasonal
snow. J. Glaciol. 43, 26-41(1997).

Ashton, G. D. River and lake ice thickening, thinning, and snow ice formation. Cold Reg.
Sci. Technol. 68, 3-19 (2011).

Jeffries, M. O. & Morris, K. Instantaneous daytime conductive heat flow through snow on
lake ice in Alaska. Hydrol. Process. 20, 803-815 (2006).

Korhonen, J. Long-term changes in lake ice cover in Finland. Hydrol. Res. 37, 347-363
(2006).

Bengtsson, L. Ice-covered lakes: environment and climate — required research.

Hydrol. Process. 25, 2767-2769 (2011).

Saloranta, T. M. Modeling the evolution of snow, snow ice and ice in the Baltic Sea.
Tellus A 52, 93-108 (2000).

Palosuo, E. Frozen slush on lake ice. Geophysica 9, 131-147 (1965).

Brown, L. C. & Duguay, C. R. The response and role of ice cover in lake-climate
interactions. Prog. Phys. Geogr. Earth Environ. 34, 671-704 (2010).

Socha, E. et al. Under-ice plankton community response to snow removal experiment

in bog lake. Limnol. Oceanogr. 68,1001-1018 (2023).

Bartosiewicz, M., Ptak, M., Woolway, R. I. & Sojka, M. On thinning ice: effects of
atmospheric warming, changes in wind speed and rainfall on ice conditions in temperate
lakes (Northern Poland). J. Hydrol. 597, 125724 (2021).

Armstrong, T. & Roberts, B. Illustrated ice glossary. Polar Rec. 8, 4-12 (1956).

Higgins, S. N., Desjardins, C. M., Drouin, H., Hrenchuk, L. E. & van der Sanden, J. J. The
role of climate and lake size in regulating the ice phenology of boreal lakes. J. Geophys.
Res. Biogeosci. 126, €2020JG005898 (2021).

Lepparanta, M. & Wang, K. The ice cover on small and large lakes: scaling analysis and
mathematical modelling. Hydrobiologia 599, 183-189 (2008).

Katz, S. L. et al. The ‘Melosira years’ of Lake Baikal: winter environmental conditions at ice
onset predict under-ice algal blooms in spring. Limnol. Oceanogr. 60, 1950-1964 (2015).
Sturm, M. & Liston, G. E. The snow cover on lakes of the Arctic Coastal Plain of Alaska,
U.S.A. J. Glaciol. 49, 370-380 (2003).

Todd, M. C. & Mackay, A. W. Large-scale climatic controls on Lake Baikal ice cover. J. Clim.
16, 3186-3199 (2003).

Moore, M. V. et al. Climate change and the world’s ‘Sacred Sea’ — Lake Baikal, Siberia.
BioScience 59, 405-417 (2009).

Maeda, O. & Ichimura, S.-E. On the high density of a phytoplankton population found in
a lake under ice. Int. Rev. Ges. Hydrobiol. Hydrogr. 58, 673-689 (1973).

Jensen, T. C. Winter decrease of zooplankton abundance and biomass in subalpine
oligotrophic Lake Atnsjgen (SE Norway). J. Limnol. 78, 348-363 (2019).

Gow AJ. Flexural strength of ice on temperate lakes. J. Glaciol. 19, 247-256 (1977).
Zdorovennova, G. et al. Dissolved oxygen in a shallow ice-covered lake in winter: effect
of changes in light, thermal and ice regimes. Water https://doi.org/10.3390/w13172435
(2021).

Ice Thickness Observation Network (Version 5.7) [Data set]. Open Environmental Information
Systems: Hertta (Finnish Environment Institute, 2024); https://wwwp2.ymparisto.fi/scripts/
kirjaudu.asp.

Magnuson, J. J., Carpenter, S. R. & Stanley, E. H. North Temperate Lakes LTER: Snow and
Ice Depth 1982-current. https://doi.org/10.6073/pasta/038d117f5244b520f7f87ef41dba
7a31 (Environmental Data Initiative, 2023).

Lepparanta, M., Terzhevik, A. & Shirasawa, K. Solar radiation and ice melting in Lake
Vendyurskoe, Russian Karelia. Hydrol. Res. 41, 50-62 (2010).

Ohata, Y., Toyota, T. & Shiraiwa, T. Lake ice formation processes and thickness evolution
at Lake Abashiri, Hokkaido, Japan. J. Glaciol. 62, 563-578 (2016).

Irannezhad, M., Chen, D. & Klave, B. Interannual variations and trends in surface air
temperature in Finland in relation to atmospheric circulation patterns, 1961-2011.

Int. J. Climatol. 35, 3078-3092 (2015).

Woolway, R. I. et al. Lake ice will be less safe for recreation and transportation under
future warming. Earth’s Future 10, e2022EF002907 (2022).

Nature Reviews Earth & Environment | Volume 5 | October 2024 | 671-685

683


http://www.nature.com/natrevearthenviron
https://doi.org/10.1002/lob.10560
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1029/2006GL029021
https://doi.org/10.1002/2017GL075373
https://doi.org/10.3390/w13172435
https://wwwp2.ymparisto.fi/scripts/kirjaudu.asp
https://wwwp2.ymparisto.fi/scripts/kirjaudu.asp
https://doi.org/10.6073/pasta/038d117f5244b520f7f87ef41dba7a31
https://doi.org/10.6073/pasta/038d117f5244b520f7f87ef41dba7a31

Review article

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

Danabasoglu, G. et al. The Community Earth System Model version 2 (CESM2).

J. Adv. Model. Earth Syst. 12, e2019MS001916 (2020).

Dibike, Y., Prowse, T., Saloranta, T. & Ahmed, R. Response of Northern Hemisphere
lake-ice cover and lake-water thermal structure patterns to a changing climate.

Hydrol. Process. 25, 2942-2953 (2011).

Dibike, Y., Prowse, T., Bonsal, B., Rham, Lde & Saloranta, T. Simulation of North American
lake-ice cover characteristics under contemporary and future climate conditions.

Int. J. Climatol. 32, 695-709 (2012).

Subin, Z. M., Riley, W. J. & Mironov, D. An improved lake model for climate simulations:
model structure, evaluation, and sensitivity analyses in CESM1. J. Adv. Model. Earth Syst.
https://doi.org/10.1029/2011MS000072 (2012).

Deng, J., Dai, A. & Chyi, D. Northern Hemisphere winter air temperature patterns and their
associated atmospheric and ocean conditions. J. Clim. 33, 6165-6186 (2020).

Huang, L. & et al. Emergence of lake conditions that exceed natural temperature
variability. Nat. Geosci. https://doi.org/10.1038/s41561-024-01491-5 (2024).

Ariano, S. S. & Brown, L. C. Ice processes on medium-sized north-temperate lakes.
Hydrol. Process. 33, 2434-2448 (2019).

Krasting, J. P., Broccoli, A. J., Dixon, K. W. & Lanzante, J. R. Future changes in Northern
Hemisphere snowfall. J. Clim. https://doi.org/10.1175/JCLI-D-12-00832.1 (2013).
Siirila-Woodburn, E. R. et al. A low-to-no snow future and its impacts on water resources
in the western United States. Nat. Rev. Earth Environ. 2, 800-819 (2021).

Woolway, R. I. et al. Global lake responses to climate change. Nat. Rev. Earth Environ. 1,
388-403 (2020).

Barrette, P. D., Hori, Y. & Kim, A. M. The Canadian winter road infrastructure in a warming
climate: toward resiliency assessment and resource prioritization. Sustain. Resilient
Infrastruct. 7, 842-860 (2022).

Tam, B. Y., Gough, W. A., Edwards, V. & Tsuji, L. J. S. The impact of climate change on the
well-being and lifestyle of a First Nation community in the western James Bay region.
Can. Geogr. 57, 441-456 (2013).

Block, B. D. et al. The unique methodological challenges of winter limnology.

Limnol. Oceanogr. Methods 17, 42-57 (2019).

Masterson, D. M. State of the art of ice bearing capacity and ice construction. Cold Reg.
Sci. Technol. 58, 99-112 (2009).

Hori, Y., Gough, W. A., Butler, K. & Tsuji, L. J. S. Trends in the seasonal length and opening
dates of a winter road in the western James Bay region, Ontario, Canada. Theor. Appl.
Climatol. 129, 1309-1320 (2017).

Global News. Northern Ontario First Nations declare state of emergency over winter roads.
Canadian Press https://globalnews.ca/news/10283878/northern-ontario-first-nations-
state-of-emergency-winter-roads/ (2024).

Mullan, D. et al. Climate change and the long-term viability of the World’s busiest heavy
haulice road. Theor. Appl. Climatol. 129, 1089-1108 (2017).

Gadeke, A. et al. Climate change reduces winter overland travel across the Pan-Arctic
even under low-end global warming scenarios. Environ. Res. Lett. 16, 024049 (2021).
Dong, Y. et al. Warmer winters are reducing potential ice roads and port accessibility in
the Pan-Arctic. Environ. Res. Lett. 17,104051(2022).

Fellows, G., Munzur, A. & Winter, J. A socio-economic review of the impacts of Northwest
Territories’ Inuvik to Tuktoyaktuk highway 10. CJRS 45, 137-149 (2022).

Streletskiy, D., Shiklomanov, N. & Hatleberg, E. Infrastructure and a changing climate

in the Russian Arctic: a geographic impact assessment. In Proc. 10th International
Conference on Permafrost Vol. 1, 407-412 (The Northern Publisher, 2012).

Clark, D. G. et al. The role of environmental factors in search and rescue incidents in
Nunavut, Canada. Public Health 137, 44-49 (2016).

Adam, K. M. & Hernandez, H. Snow and ice roads: ability to support traffic and effects on
vegetation. Arctic 30, 13-27 (1977).

Durkalec, A., Furgal, C., Skinner, M. W. & Sheldon, T. Investigating environmental
determinants of injury and trauma in the Canadian North. Int. J. Environ. Res. Public
Health 11,1536-1548 (2014).

Mudryk, L. R. et al. Impact of 1, 2 and 4 °C of global warming on ship navigation in the
Canadian Arctic. Nat. Clim. Change 11, 673-679 (2021).

Dawson, J., Pizzolato, L., Howell, S. E. L., Copland, L. & Johnston, M. E. Temporal and spatial
patterns of ship traffic in the Canadian Arctic from 1990 to 2015. Arctic 71, 15-26 (2018).
Dawson, J., Cook, A., Holloway, J. & Copland, L. Analysis of changing levels of ice
strengthening (ice class) among vessels operating in the Canadian Arctic over the past
30years. Arctic 75, 413-430 (2022).

Berkes, F. et al. Wildlife harvesting and sustainable regional native economy in the
hudson and James Bay Lowland, Ontario. Arctic 47, 350-360 (1994).

Scott, D., Steiger, R., Rutty, M. & Fang, Y. The changing geography of the winter olympic
and paralympic games in a warmer world. Curr. Issues Tour. 22, 1301-1311 (2019).
Hampton, S. E. et al. Ecology under lake ice. Ecol. Lett. 20, 98-111 (2017).

Bramburger, A. J. et al. The not-so-dead of winter: underwater light climate and primary
productivity under snow and ice cover in inland lakes. Inland Waters 13, 1-12 (2023).
Ozersky, T. et al. The changing face of winter: lessons and questions from the Laurentian
great lakes. J. Geophys. Res. Biogeosci. 126, €2021JG006247 (2021).

Shchapov, K. & Ozersky, T. Opening the black box of winter: full-year dynamics of crustacean
zooplankton along a nearshore depth gradient in a large lake. Limnol. Oceanogr. 68,
1438-1451(2023).

Jakkila, J., Leppéranta, M., Kawamura, T., Shirasawa, K. & Salonen, K. Radiation transfer
and heat budget during the ice season in Lake P&éjarvi, Finland. Aquat. Ecol. 43, 681-692
(2009).

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

m.

2.

3.

4.

5.

1e.

7.

8.

e.

120.

121

122.

123.

124.

125.

126.

127.

128.

Mullen, P. C. & Warren, S. G. Theory of the optical properties of lake ice. J. Geophys. Res.
Atmos. 93, 8403-8414 (1988).

Bolsenga, S. J., Herdendorf, C. E. & Norton, D. C. Spectral transmittance of lake ice from
400-850nm. Hydrobiologia 218, 15-25 (1991).

Bolsenga, S. J. & Vanderploeg, H. A. Estimating photosynthetically available radiation
into open and ice-covered freshwater lakes from surface characteristics; a high
transmittance case study. Hydrobiologia 243, 95-104 (1992).

Dokulil, M. T. et al. Winter conditions in six European shallow lakes: a comparative
synopsis. Estonian J. Ecol. 63,111 (2014).

Bashenkhaeva, M. V. et al. Sub-ice microalgal and bacterial communities in freshwater
Lake Baikal, Russia. Microb. Ecol. 70, 751-765 (2015).

Tran, P. et al. Microbial life under ice: metagenome diversity and in situ activity of
Verrucomicrobia in seasonally ice-covered lakes. Environ. Microbiol. 20, 2568-2584
(2018).

Cabello-Yeves, P. J. et al. Genomes of novel microbial lineages assembled from the
sub-ice waters of Lake Baikal. Appl. Environ. Microbiol. 84, €02132-17 (2017).
Zakharova, Y. et al. Variability of microbial communities in two long-term ice-covered
freshwater lakes in the subarctic region of Yakutia, Russia. Microb. Ecol. 84, 958-973
(2022).

Tranvik, L. J. in Aquatic Humic Substances: Ecology and Biogeochemistry (eds Hessen,
D. O. & Tranvik, L. J.) 259-283 (Springer, 1998).

Munster, U. & Chrost, R. J. in Aquatic Microbial Ecology: Biochemical and Molecular
Approaches (eds Overbeck, J. & Chrdst, R. J.) 8-46 (Springer, 1990).

Reitner, B., Herzig, A. & Herndl, G. J. Microbial activity under the ice cover of the shallow
Neusiedler See (Austria, Central Europe). Hydrobiologia 357, 173-184 (1997).
Bizi¢-lonescu, M., Amann, R. & Grossart, H.-P. Massive regime shifts and high activity of
heterotrophic bacteria in an ice-covered lake. PLoS ONE 9, e113611 (2014).

Tulonen, T. Bacterial production in a mesohumic lake estimated from [*C]leucine
incorporation rate. Microb. Ecol. 26, 201-217 (1993).

Tulonen, T, Kankaala, P., Ojala, A. & Arvola, L. Factors controlling production of
phytoplankton and bacteria under ice in a humic, boreal lake. J. Plankton Res. 16,
1411-1432 (1994).

Beall, B. F. N. et al. Ice cover extent drives phytoplankton and bacterial community
structure in a large north-temperate lake: implications for a warming climate.

Environ. Microbiol. 18, 1704-1719 (2016).

Obertegger, U. Temporal and spatial differences of the under-ice microbiome are linked
to light transparency and chlorophyll-a. Hydrobiologia 849, 1593-1612 (2022).

Cai, M. et al. Microbial difference and its influencing factors in ice-covered lakes on the
three poles. Environ. Res. 252, 118753 (2024).

Grosbois, G., Mariash, H., Schneider, T. & Rautio, M. Under-ice availability of phytoplankton
lipids is key to freshwater zooplankton winter survival. Sci. Rep. 7, 11543 (2017).

Yang, B., Wells, M. G., Li, J. & Young, J. Mixing, stratification, and plankton under
lake-ice during winter in a large lake: implications for spring dissolved oxygen levels.
Limnol. Oceanogr. 65, 2713-2729 (2020).

Knoll, L. B., Fry, B., Hayes, N. M. & Sauer, H. M. Reduced snow and increased nutrients
show enhanced ice-associated photoautotrophic growth using a modified experimental
under-ice design. Limnol. Oceanogr. 69, 203-216 (2024).

Ozkundakei, D., Gsell, A. S., Hintze, T., Tauscher, H. & Adrian, R. Winter severity
determines functional trait composition of phytoplankton in seasonally ice-covered
lakes. Glob. Change Biol. 22, 284-298 (2016).

Jewson, D. H., Granin, N. G., Zhdanov, A. A. & Gnatovsky, R. Y. Effect of snow depth on
under-ice irradiance and growth of Aulacoseira baicalensis in Lake Baikal. Aquat. Ecol.
43, 673-679 (2009).

Jewson, D. H. & Granin, N. G. Cyclical size change and population dynamics of

a planktonic diatom, Aulacoseira baicalensis, in Lake Baikal. Eur. J. Phycol. 50, 1-19 (2015).
Pasche, N. et al. Implications of river intrusion and convective mixing on the spatial and
temporal variability of under-ice CO,. Inland Waters 9, 162-176 (2019).

Bouffard, D. & Wiiest, A. Convection in lakes. Annu. Rev. Fluid Mech. 51, 189-215 (2019).
Kelley, D. E. Convection in ice-covered lakes: effects on algal suspension. J. Plankton Res.
19, 1859-1880 (1997).

Jansen, J. et al. Winter limnology: how do hydrodynamics and biogeochemistry shape
ecosystems under ice? J. Geophys. Res. Biogeosci. 126, €2020JG006237 (2021).
Palmer, M. A. et al. Light and nutrient control of photosynthesis in natural phytoplankton
populations from the Chukchi and Beaufort seas, Arctic Ocean. Limnol. Oceanogr. 58,
2185-2205 (2013).

Lewis, K. M. et al. Photoacclimation of Arctic Ocean phytoplankton to shifting light and
nutrient limitation. Limnol. Oceanogr. 64, 284-301(2019).

Jones, R. |. & Ilmavirta, V. Flagellates in freshwater ecosystems — concluding remarks.
Hydrobiologia 161, 271-274 (1988).

Woolway, R. I. et al. Northern Hemisphere atmospheric stilling accelerates lake thermal
responses to a warming world. Geophys. Res. Lett. 46,11983-11992 (2019).

Magnuson, J. J. et al. Historical trends in lake and river ice cover in the Northern
Hemisphere. Science 289, 1743-1746 (2000).

Feiner, Z. S., Dugan, H. A., Lottig, N. R., Sass, G. G. & Gerrish, G. A. A perspective on the
ecological and evolutionary consequences of phenological variability in lake ice on
north-temperate lakes. Can. J. Fish. Aquat. Sci. 79, 1590-1604 (2022).

Bramm, M. E. et al. The role of light for fish-zooplankton-phytoplankton interactions
during winter in shallow lakes — a climate change perspective. Freshw. Biol. 54,
1093-1109 (2009).

Nature Reviews Earth & Environment | Volume 5 | October 2024 | 671-685

684


http://www.nature.com/natrevearthenviron
https://doi.org/10.1029/2011MS000072
https://doi.org/10.1038/s41561-024-01491-5
https://doi.org/10.1175/JCLI-D-12-00832.1
https://globalnews.ca/news/10283878/northern-ontario-first-nations-state-of-emergency-winter-roads/
https://globalnews.ca/news/10283878/northern-ontario-first-nations-state-of-emergency-winter-roads/

Review article

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Jensen, T. C. et al. Historical human impact on productivity and biodiversity in a
subalpine oligotrophic lake in Scandinavia. J. Paleolimnol. 63, 1-20 (2020).

Hayden, B., Harrod, C. & Kahilainen, K. K. Dual fuels: intra-annual variation in the relative
importance of benthic and pelagic resources to maintenance, growth and reproduction
in a generalist salmonid fish. J. Anim. Ecol. 83, 1501-1512 (2014).

Schneider, T., Grosbois, G., Vincent, W. F. & Rautio, M. Carotenoid accumulation in
copepods is related to lipid metabolism and reproduction rather than to UV-protection.
Limnol. Oceanogr. 61,1201-1213 (2016).

Auer, M. T, Auer, N. A., Urban, N. R. & Auer, T. Distribution of the amphipod Diporeia in
Lake Superior: the Ring of Fire. J. Gt Lakes Res. 39, 33-46 (2013).

Fitzgerald, S. A. & Gardner, W. S. An algal carbon budget for pelagic-benthic coupling
in Lake Michigan. Limnol. Oceanogr. 38, 547-560 (1993).

Gardner, W. S., Frez, W. A., Cichocki, E. A. & Parrish, C. C. Micromethod for lipids in
aquatic invertebrates. Limnol. Oceanogr. 30, 1099-1105 (1985).

Wilhelm, S. W. et al. Seasonal changes in microbial community structure and activity
imply winter production is linked to summer hypoxia in a large lake. FEMS Microbiol.
Ecol. 87, 475-485 (2014).

Hrycik, A. R. & Stockwell, J. D. Under-ice mesocosms reveal the primacy of light but the
importance of zooplankton in winter phytoplankton dynamics. Limnol. Oceanogr. 66,
481-495 (2021).

Farmer, T. M., Marschall, E. A., Dabrowski, K. & Ludsin, S. A. Short winters threaten
temperate fish populations. Nat. Commun. 6, 7724 (2015).

Shuter, B. J., Finstad, A. G., Helland, I. P., Zweimidiller, I. & Holker, F. The role of winter
phenology in shaping the ecology of freshwater fish and their sensitivities to climate
change. Aquat. Sci. 74, 637-657 (2012).

Hrycik, A. R. et al. Earlier winter/spring runoff and snowmelt during warmer winters lead
to lower summer chlorophyll-a in north temperate lakes. Glob. Change Biol. https://
doi.org/10.1111/gcb.15797 (2021).

Moe, S., Hobaek, A., Persson, J., Skjelbred, B. & Lavik, J. Shifted dynamics of plankton
communities in a restored lake: exploring the effects of climate change on phenology
through four decades. Clim. Res. https://doi.org/10.3354/cr01654 (2021).

Block, B. D., Stockwell, J. D. & Marsden, J. E. Contributions of winter foraging to the
annual growth of thermally dissimilar fish species. Hydrobiologia 847, 4325-4341(2020).
Murfitt, J. & Duguay, C. R. 50 years of lake ice research from active microwave remote
sensing: progress and prospects. Remote Sens. Environ. 264, 112616 (2021).

Murfitt, J., Duguay, C., Picard, G. & Gunn, G. Forward modelling of synthetic aperture
radar backscatter from lake ice over Canadian subarctic lakes. Remote Sens. Environ.
286, 113424 (2023).

Murfitt, J., Duguay, C. R., Picard, G. & Gunn, G. E. Investigating the effect of lake ice
properties on multifrequency backscatter using the Snow Microwave Radiative Transfer
(SMRT) model.IEEE Trans. Geosci. Remote Sens. https://doi.org/101109/TGRS.2022.3197109
(2022).

Picard, G., Sandells, M. & Léwe, H. SMRT: an active-passive microwave radiative transfer
model for snow with multiple microstructure and scattering formulations (v1.0).

Geosci. Model. Dev. 11, 2763-2788 (2018).

Rogers, C. K., Lawrence, G. A. & Hamblin, P. F. Observations and numerical simulation of
a shallow ice-covered midlatitude lake. Limnol. Oceanogr. 40, 374-385 (1995).
Hamilton, D. P, Magee, M. R., Wu, C. H. &Kratz, T. K. Ice cover and thermal regime in

a dimictic seepage lake under climate change. Inland Waters 8, 381-398 (2018).

148. Caramatti, ., Peeters, F., Hamilton, D. & Hofmann, H. Modelling inter-annual and spatial
variability of ice cover in a temperate lake with complex morphology. Hydrol. Process.
34, 691-704 (2020).

Adrian, R. et al. Lakes as sentinels of climate change. Limnol. Oceanogr. 54, 2283-2297
(20009).

Sharma, S. et al. Long-term ice phenology records spanning up to 578years for 78 lakes
around the Northern Hemisphere. Sci. Data 9, 318 (2022).

151. Sharma, S. et al. Widespread loss of lake ice around the Northern Hemisphere in a
warming world. Nat. Clim. Change 9, 227-231(2019).

Sharma, S., Blagrave, K., Filazzola, A., Imrit, M. A. & Hendricks Franssen, H.-J. Forecasting
the permanent loss of lake ice in the Northern Hemisphere within the 21st century.
Geophys. Res. Lett. 48, e2020GL091108 (2021).

149.

150.

152.

Acknowledgements

The authors thank the Global Lake Ecological Observatory Network (GLEON) for initial
conversation and feedback on the conceptual ideas from which this manuscript benefited.
Funding for this work was provided by the Natural Sciences and Engineering Research
Council (NSERC) Discovery Grant, York University Research Chair Programme, and ArcticNet,
a Network for Centres of Excellence Canada, to S.S. G.AW. and E.J. acknowledge funding from
the Swedish Research Council (grant no. 2020-03222) and the Swedish Research Council for
Environment, Agricultural Sciences, and Spatial Planning (FORMAS, grant no. 2020-01091).
S.H. was supported by the National Science Foundation DEB (grant no. 2306886). R.|.W. was
supported by a UKRI Natural Environment Research Council (NERC) Independent Research
Fellowship (grant no. NE/TO11246/1) and a NERC grant (reference no. NE/X019071/1), ‘UK EO
Climate Information Service'. The authors would also like to thank M. Pulkkanen for assistance
in navigating the Finnish Environmental Institute database. They also thank M. Magee and

G. Gunn for critical feedback.

Author contributions
All authors contributed substantially to discussion of the content, wrote, reviewed and/or
edited the manuscript before submission.

Competing interests
The authors declare no competing interests.

Additional information
Peer review information Nature Reviews Earth & Environment thanks Lian Feng, Andrew
Newton and Andrew Bramburger for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms
of such publishing agreement and applicable law.

© Springer Nature Limited 2024, corrected publication 2024

Nature Reviews Earth & Environment | Volume 5 | October 2024 | 671-685

685


http://www.nature.com/natrevearthenviron
https://doi.org/10.1111/gcb.15797
https://doi.org/10.1111/gcb.15797
https://doi.org/10.3354/cr01654
https://doi.org/10.1109/TGRS.2022.3197109

	Lake ice quality in a warming world

	Introduction

	Changes to lake ice phenology and duration


	Mechanisms regulating ice quality

	Temperature

	Precipitation

	Wind


	Observed and projected changes in ice quality

	Observed changes

	Projected changes


	Ecosystem services

	Transportation

	Recreation

	Lake ecology

	Microbial communities
	Phytoplankton communities
	Higher trophic levels


	Summary and future perspectives

	Acknowledgements

	Fig. 1 Impacts on ice quality in a warming climate.
	Fig. 2 Ice quality observations and trends.
	Fig. 3 Projected changes to ice thickness as a proxy for ice quality.
	Fig. 4 Evolving allowable load.
	Fig. 5 Drownings through lake ice collapse.
	Fig. 6 Snow cover impacts on lake primary production.




