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Abstract 17 

To date, winter limnology has focused on ice phenology, showing shorter overall ice cover. 18 

However, climate change also degrades the quality of ice. Assessments of ice quality are still 19 

rare but urgently needed, as ice thickness, transparency, and crystal structure are important for 20 

lake physics, biogeochemistry, ecosystem function, human recreation, and transportation. In this 21 

Review, we describe how climate change affects ice quality and related ecosystem services. Lake 22 

ice cover generally consists of black and white ice with black ice showing the highest bearing 23 

strength. Diminishing black ice in response to a 4 °C warmer world reduces the allowable load 24 

on ice by as much as 20,000 kilograms, implying more dangerous ice conditions for recreation 25 

and transportation. Furthermore, shifts from black to more white ice conditions can reduce the 26 

amount of light reaching the water column, limiting chlorophyll a by as much as 45% and 27 

altering community composition, favoring motile and mixotrophic species with potential impacts 28 

to bottom-up energy transfer. In future, developing reliable and translatable in situ sampling 29 

methods to assess and predict temporal and spatial variations in ice quality is much needed to 30 

guarantee safe human activities on frozen lakes. 31 

1. Introduction32 
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Lake ice is a critical component of the cryosphere 1. Warming air temperatures and 33 

changing precipitation patterns have fundamentally altered the extent 2–4 and variability 5,6 of ice 34 

cover, as a direct result of anthropogenic global warming (Box 1) 7. Over the past 150 years, ice 35 

records have revealed that lake ice forms on average 11 days later and melts 6.8 days earlier per 36 

century 8. Late ice formation can override a later breakup within the same winter ice cover period 37 

(or vice versa), resulting in overall ice cover loss 9. Complete ice loss in lakes is yet another 38 

result of warming air temperatures. As many as 230,400 seasonally frozen lakes are projected to 39 

no longer freeze annually by the end of the 21st Century, affecting between 394 and 656 million 40 

people 10. Societies derive tangible benefits from ice-covered lakes 11 with millions of people 41 

using ice cover for transportation 12, fishing for sport and food 13, recreation 14, and economic 42 

benefits 15. Moreover, ice cover loss results in warmer water temperatures 16,17, more intense 43 

thermal stratification 18, and fish habitat loss 19,20.  44 

Despite the critical importance of lake ice to local societies and ecosystems, ice quality is 45 

rarely considered 21 even though changes in ice quality occur concomitantly with ice phenology. 46 

Ice quality describes the transparency and consistency of ice, where black ice is solid and 47 

transparent, and white ice incorporates air bubbles along with slush making it opaque and 48 

structurally weaker (Box 2) 22,23. The quality of lake ice has immediate impacts on the safety of 49 

individuals moving on ice and the integrity of underlying ecosystems; however, limited ice 50 

quality data obscure the shift towards degraded ice conditions. As ice quality deteriorates, 51 

regulated and unregulated activities become more dangerous. In Sweden, for example, 10 52 

individuals lost their lives in February 2021 after falling through ice consisting only of a white 53 

ice layer 21. We can expect further drownings as ice quality conditions worsen with future 54 

climatic changes 24. Ice quality also dictates the amount of light transmitted to the water column, 55 

which impacts under-ice water temperature, light conditions, and inverse stratification 25. These 56 

changes in turn influence the viability of autotrophs during winter periods 26–28. Therefore, the 57 
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inability to adequately characterize contemporary ice quality limits the predictive capability of 58 

under-ice ecology across trophic levels from phytoplankton to fishes. 59 

In this Review, we investigate the fundamental changes in lake ice quality and 60 

consequential implications for human and ecosystem health. We describe the known and 61 

projected consequences of climate warming on lake ice quality. Furthermore, we analyze 62 

available data pertaining to the safety of lake ice for various activities, such as transportation and 63 

recreation, while also investigating the potential ramifications on ecosystems that can experience 64 

reduced winter light availability due to the increased prevalence of white ice. In addition, we 65 

propose a consistent ice quality measurement method and explore the transformative potential of 66 

cutting-edge technologies, including high-frequency sensors, satellite-based observation systems, 67 

and empirical modeling techniques, in enhancing understanding of lake ice quality across 68 

different spatial and temporal dimensions.  69 

 70 

2. Mechanisms regulating ice quality 71 

 The same forces that control ice phenology also govern ice quality, primarily air 72 

temperature, precipitation, and wind. Here, we describe the primary mechanisms that lead to the 73 

development of black and white ice.  74 

2.1 Temperature 75 

Air temperature is the predominant driver of the growth and decay of lake ice 29 and ice 76 

thickness 30. Air temperature also determines ice quality, such as the thickness of black and white 77 

ice 21. Prolonged cold air temperatures are required to form the initial ice layer, which is usually 78 

composed of black ice 31. Once a stable layer is established, the growth of black ice depends on 79 

air temperatures cold enough to sustain the flux of energy from the water-ice interface to the 80 

atmosphere 23 (Figure 1a). The initial air temperature gradient at the period of formation dictates 81 

the grain size of ice, which impacts ice clarity 31. A large temperature gradient can result in 82 
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smaller grains as the water freezes more quickly 31. A small temperature gradient between the 83 

atmosphere and water through the ice interface allows ice to develop slowly and results in large 84 

ice grains, which usually are more transparent.  These two types of ice grains form black ice that 85 

has a higher light transparency than white ice (Figure 1a).  86 

 Temperatures above freezing can result in melt-freeze cycles that lead to white ice 87 

growth (Figure 1b,c). Specifically, initially frozen black ice undergoes melt-freeze cycles when 88 

temperatures oscillate around 0 °C 23, resulting in steadily increasing white ice growth. 89 

Continuous melting and freezing introduce gas bubbles on top of the black ice that increase 90 

white ice growth, decrease the grain size of ice, and increase opacity 31. On top of the black ice, 91 

continuous melting and freezing introduce gas bubbles within the ice and lead to white ice with a 92 

smaller grain size and increased opacity 31.  93 

2.2 Precipitation 94 

The timing, amount, frequency, and in particular the type (rain or snow) of winter 95 

precipitation controls lake ice quality by limiting thermal fluxes from the water to the 96 

atmosphere 25,32. The effect of winter precipitation on ice quality depends on the seasonal timing 97 

of snowfall or rain, lake size, and prevailing winds 33 (Figure 1). Snow has a low thermal 98 

conductivity (generally >0.3 W m-2 °C-1, varying with density) 34, compared to lake ice (2.14 W 99 

m-2 °C-1 at 0 °C) 23. At the beginning of the ice cover period, the temperature gradient between 100 

the lake water and atmosphere is generally lower than later in the season. Thus, snow 101 

accumulation on the ice layer early in the season limits the growth of black ice 35. However, 102 

thick ice also conducts less heat into the atmosphere and thus later in the season, snow 103 

accumulation can have less influence on black ice growth 35,36. 104 

The snow cover built up by precipitation has several secondary effects of thickening the 105 

ice layer through the formation of white ice 37. The weight of the snow layer can submerge the 106 

ice layer beneath the water surface. Subsequently, the snow layer is flooded with lake water that 107 
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freezes to form white ice 23. After accumulating, snow can undergo melt-freeze cycles, subject to 108 

fluctuations in air temperature that promote white ice growth, and rain infiltrates the pore space 109 

of snow atop ice and forms white ice when freezing 23,31. Precipitation can be highly variable 110 

between years; therefore, ice quality conditions similarly vary 37. When snow is artificially 111 

removed before the formation of white ice, white ice formation is effectively halted, permitting 112 

the growth of a thicker black ice layer 38.  113 

2.3 Wind 114 

Wind speed and direction have a strong influence on ice formation, thickness, and quality 115 

by interacting with air temperature and snow. When wind advects heat that is conducted through 116 

the ice-water interface away from the ice surface the formation of black ice is promoted 25,39. 117 

Wind action during the ice formation period can snap thin layers of black ice. These thin layers 118 

subsequently stack into agglomerated ice and result in thick white ice layers, particularly close to 119 

the shoreline 23. Also, turbulence during ice formation creates frazil ice and slush that can 120 

congeal and form an ice layer that incorporates air bubbles, resulting in white ice 40. 121 

Lake ice quality is heterogeneous in space, as snow accumulation can vary on ice 122 

depending on the predominant wind direction, lake size, and land cover direction 33,41. Wind can 123 

move snow off the ice 42 or accumulate snow non-uniformly 43. Lakes with large fetches can 124 

experience high wind speeds that remove snow and cool the ice surface, preventing insulation 125 

from accumulating snow 23. Larger lakes can form thicker black ice than small, sheltered lakes 126 

where snow can remain on the ice cover 43. For example, in Lake Baikal, which has a large fetch, 127 

wind removes snow and creates black ice reaching 1 m in thickness 44,45. Artificially removed 128 

snow cover for a lake in Wisconsin, USA, increased the proportion of black ice, and reduced the 129 

white ice proportion from a maximum of 48 cm during the control year without snow removal to 130 

10.5 cm with snow removal 38.  131 

 132 
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3. Observed and projected changes in ice quality  133 

Ice quality measurements are rare and collected far less frequently during winter than 134 

other limnological variables of interest, such as biogeochemical variables 46,47. Contemporary 135 

understanding of ice quality is linked to the quantification of the under-ice light environment 48, 136 

phytoplankton abundance 49, or ice bearing strength 50. Despite the paucity of ice quality 137 

measurements, long-term measurements that include white and/or black ice are available, albeit 138 

in geographically concentrated areas 51. Here, we describe the contemporary understanding of 139 

lake ice quality through studies derived both from in situ data collection and future projections 140 

using modeling. 141 

3.1 Observed changes 142 

Long-term ice quality measurements are exceptionally rare but available time series data 143 

demonstrate the loss of black ice thickness 51. In Lake Vendyurskoe in northwest Russia, both 144 

total ice thickness (-0.71 cm yr-1, p < 0.05) and black ice thickness (-0.52 cm yr-1, p < 0.05) 145 

declined over 25 years (1995-2020; Figure 2a). White ice did not show a significant trend during 146 

the study period. The lack of a significant trend might be due to the interannual variability of 147 

snow cover, which influences white ice development 52,53.  148 

A long-term ecological research program in Wisconsin recorded ice thickness, black ice, 149 

and white ice measurements for 11 lakes over a 19 to 47 year period. Of these lakes, no lakes 150 

showed significant declines in ice thickness. However, one lake showed a mean decline in black 151 

ice thickness of -0.21 cm yr-1 and 3 lakes showed declining maximum black ice (-0.33 cm yr-1). 152 

Notably, Trout Bog Lake, which significantly declined in black ice, also showed a significant 153 

increase in white ice of 0.05 cm yr-1.  154 

A well-developed lake ice sampling program in Finland demonstrated broadscale 155 

thinning of mean (-0.24 cm yr-1; p < 0.05) and maximum (-0.29 cm yr-1, p < 0.05, n = 22) ice 156 

thickness 54. Lakes that showed decreasing ice thickness also showed significantly increasing 157 
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mean (0.33 cm yr-1, p < 0.05, n = 4) and maximum (0.45 cm yr-1, p < 0.05, n = 2) white ice 158 

thickness. One lake showed significantly decreasing white ice thickness at a rate of -0.51 cm yr-1. 159 

The declining total ice thickness and increasing white ice thickness imply an overall increase in 160 

the ratio of black to white ice (Figure 2b). Even though these observations coincide with overall 161 

ice loss in Finland 37 and rapidly increasing air temperatures, particularly since the 1960s 55, 162 

caution should be employed when interpreting these trends. Long-term ice quality records are 163 

few in number and are concentrated geographically (Figure 3) but emphasize the importance of 164 

collecting ice quality measurements to understand the long-term impacts of climate change on 165 

ice quality.  166 

Remote sensing is an alternative method of ascertaining lake ice thickness, but is not 167 

capable of detecting lake ice quality at present. However, the paucity of in situ records 168 

complicates the assessment of lake ice thickness because validation data are limited 30. However, 169 

ice thickness has been attained with root mean square error values of 0.12-0.41 m in Great Bear 170 

Lake and Great Slave Lake 56. Lake ice thickness calculated using satellite altimetry methods 171 

recorded lake ice thickness in North America, Europe, and Asia with an accuracy of 172 

approximately 0.2m 30. Despite the advancements of satellite remote sensing to detect ice 173 

thickness 57; these methods cannot articulate the black and white ice components of the ice 174 

column.  175 

3.2 Projected changes 176 

Contemporary models of climate change projections all agree on the overall loss of lake 177 

ice by altered phenology and decreased ice thickness 3,58. Only two, however, describe how 178 

future climatic changes will affect ice quality 59,60. Projected increases of over 300% in white ice 179 

thickness across the Northern Hemisphere by mid-to-late century can be a response to future 180 

snowier conditions 59,60. However, projections of ice thickness predominate. For example, 181 

warming air temperatures throughout the 21st Century could reduce ice thickness between 0.23 182 
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and 0.35 m 3,30. Lake ice thickness in the Northern Hemisphere, derived from Community Earth 183 

System Model Version 2 Large Ensemble (CESM2-LE) 61, will decline by 20±7 cm compared to 184 

the 1851-1880 period (Figure 4a,b), with marked declines projected after the year 2010 (Figure 185 

4c). Finally, compared to a preindustrial climate (1851-1880), seasonal shifts toward ice thinning 186 

with a loss of 20 cm in winter and a loss of 25 cm of ice cover during spring result from 4 °C of 187 

climate warming (Figure 4d). It is important to note that CESM2-LE does not distinguish 188 

between black and white ice; therefore, any large-scale climate model that includes the ratio of 189 

black to white ice would be an invaluable resource.  190 

Although little direct data exist that describe how ice quality will change under future 191 

anthropogenic climate change, ice quality changes can be inferred from the projected changes of 192 

the key forcing variables: air temperature, precipitation, and wind. Warming winter air 193 

temperatures 62 can increase the number of days that vary around 0 °C, which will more 194 

frequently melt ice and snow to form slush layers that can freeze and promote white ice growth 195 

35. For example, even with warming of 2-3 °C, white ice contributed up to 73% of the lake ice 196 

column in Lake Abashiri, Japan 53. In two Canadian lakes, frequent melt-freeze cycles limited 197 

black ice growth and promoted white ice growth over two anomalously warm seasons, 198 

influenced by a strong El Niño Southern Oscillation and North Atlantic Oscillation (2016 and 199 

2017) 63. Similarly, warm winter conditions in 2020 degraded initially black ice (70±28%) across 200 

the Northern Hemisphere to white ice (>50%) between January and March, with some lakes 201 

reaching a 100% white ice cover as early as February 21.  In addition, increasing proportions of 202 

white ice are also dependent on local precipitation regimes. For example, the western United 203 

States is tending toward a future of low-to-no snow, with declines of snow water equivalent to as 204 

much as 25% by 2050 64. Therefore, winters with cold temperatures could see larger proportions 205 

of black ice, but warming temperatures could still limit black ice growth. Areas with increasing 206 

snow, on the other hand, will see greater white ice proportions 37,38,63.   207 
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 208 

4. Ecosystem services 209 

Thinner lake ice with a larger proportion of white ice creates less stable ice conditions 210 

and limits light availability during ice cover. Here, we describe the many facets of how humans 211 

are impacted by changing ice quality, including safety during transportation and recreation. We 212 

also describe the response of lake ecosystems to changing ice quality.  213 

4.1 Transportation 214 

Ice thickness is the most common measure of the load-bearing capacity of lake ice; 215 

however, this measure fails to consider that white ice has less load-bearing strength than black 216 

ice 65,66. Ice with a higher density has a higher flexural strength 22, which explains the difference 217 

in bearing capacity between black and white ice. The stability of ice is not only affected by the 218 

thickness of the black and white ice layers, but also by air temperature, the thickness of the 219 

snowpack, and whether the load is static or moving 65. Rapid drops in air temperature make the 220 

ice brittle and thus less safe due to tensions between the upper and lower surfaces of the ice 221 

cover 22,65. The ice also loses strength if the air temperature stays above freezing degrees for 24 222 

hours or more, or if the average daily air temperature rises above -1.1 °C 65,67. Increasing air 223 

temperatures particularly affect white ice, which is 36 %, 21 %, and 51 % weaker than black ice 224 

at temperatures of -9.5 °C, -5.0 °C and -0.5 °C, respectively 22. Therefore, both ice quality and 225 

atmospheric conditions must be considered when determining the safety of ice for transportation.  226 

Due to the lack of ice quality data, ice safety guidelines for transportation can 227 

underestimate risk, as current ice measures assume that the ice consists primarily of black ice 58. 228 

Indigenous peoples living in the James Bay region of Ontario have noted changes to winter road 229 

duration, which affects costs of necessities, livelihood, and community interconnection 68. These 230 

individual experiences are substantiated by declines in freezing degree days in that region, where 231 

cold temperatures are required to maintain safe winter road conditions 69. In February 2024, First 232 
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Nations communities in northern Ontario and Manitoba declared a state of emergency to address 233 

the conditions of the winter roads, which they rely on for essential goods, owing to unusually 234 

warm temperatures 70. In the Sakha Republic in north-eastern Russia, similar concerns of 235 

increasing temperatures threaten infrastructure. Contemporary warming has not yet substantially 236 

impacted the duration of winter road travel, but can have some effect on the seasonality, through 237 

late openings or early closures 71.  238 

Future warming scenarios indicate that transportation infrastructure will be impacted, 239 

though with regional dependencies. For example, winter road construction near James Bay in 240 

Ontario’s Far North, encompassing hundreds of kilometers of winter roads, is likely to 241 

experience unstable ice conditions under future warming 68,69. However, more inland areas will 242 

be less affected by snow and ice and possibly usable throughout the century under a warming 243 

scenario of RCP 4.5 in the CMIP5 projections 72. The Tibbitt to Contwoyto Winter Road 244 

(TCWR), the busiest winter road in northern Canada, might experience a diminishing period of 245 

as much as 62 operational days for light vehicles at a 70 cm ice thickness threshold; however, in 246 

future scenarios, the 107 cm threshold for heavy vehicles might only be reached for a total of 4 247 

operational days under scenario RCP 8.5 73. The number of days with safe ice for transport 248 

trucks, assuming an ice column of 100 % black ice, might decline by as much as 90-99 % under 249 

a 1.5 - 3 °C warmer world 58. Given the additional ice thickness required to support the same 250 

weight in the presence of white ice, the number of safe days can be expected to decline almost 251 

entirely. 252 

The CESM2-LE projections indicate that air temperature warming of 3 °C will decrease 253 

allowable loads on lake ice by as much as 20,000 kg throughout the Northern Hemisphere 254 

(Figure 5). The largest capacity losses will be in the Arctic regions of North America and Asia. 255 

White ice loses less overall carrying capacity with increasing temperature, but this apparent 256 

smaller loss is because the initial carrying capacity is markedly lower than that of black ice. 257 
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Therefore, many regions in lower latitudes no longer have any substantial carrying capacity 258 

(Figure 5). When viewed in comparison to maps of important roads in North America 12,73, large 259 

carrying capacities will be lost near James Bay and above Yellowknife, where critical winter 260 

infrastructure is located.  261 

 Adaptation efforts and planning are required to maintain important transportation routes, 262 

particularly as these routes can have a large economic impact. For example, the TCWR is 263 

responsible for economic activity of approximately $500 million per year (Canadian dollars) 73. 264 

As an adaptation measure, contemporary climate warming has led to the construction of 265 

permanent roads where seasonal roads used to be viable 68. For example, the construction of 266 

Highway 10 in Canada, which supplies transportation from Inuvik to Tuktoyaktuk, replaced a 267 

seasonal winter road, owing to concern over the continued viability of the winter road 74. Other 268 

adaptations for the transportation of goods and services involve shifting economies to marine 269 

shipping, as the Arctic Ocean becomes increasingly ice free 75. Improving ice safety guidelines 270 

24,76, incorporating ice quality into models of winter road capacity, and engineering roads that 271 

promote black ice growth into climate adaptation strategies can improve critical infrastructure 272 

response77,78. 273 

4.3 Recreation 274 

Ice-centric recreational activities bring revenue and cultural significance to cold-weather 275 

regions 14. However, changing winters will result in less safe ice 58 and increasing drownings, 276 

particularly in areas with large populations of ice users and countries without strict laws on ice 277 

safety 24. These losses are usually described in the context of ice phenology (for example, shorter 278 

seasons); however, ice quality further complicates ice safety. Ice safety will need to account for 279 

ice quality, as ice presence does not equate to safe ice use.   280 

Ice safety thresholds based on ice thickness alone in the face of ice quality changes might 281 

need to be doubled 21. For example, current guidelines for walking on the ice require ice to be 10 282 
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cm thick, assuming black ice, but 20 cm might be needed for safe recreation and walking on ice 283 

considering the increased prevalence of white ice 21. The locations of outdoor winter events, such 284 

as the Olympic games, have needed to be moved as the loss of ice cover and changes to ice 285 

quality have inhibited the ability to compete 79. Fishing tournaments in central Minnesota, USA, 286 

tend to be canceled more frequently when air temperatures are above -4 °C, indicating that ice is 287 

less likely to be safe 14. Degrading ice conditions also increase the risk of fatal drownings. As air 288 

temperatures increase between -10 and 0 °C, winter drownings are five times higher than during 289 

winter periods with temperatures below -10 °C 24. Furthermore, drownings tend to be highest 290 

during spring when temperatures are increasing to the point of ice melt, which also correlates 291 

with higher white ice conditions 21 (Figure 6). 292 

Recreational activities in winter and spring months will become less safe as ice thickness 293 

declines and the ratio of white ice increases 58. The number of days during which ice is 294 

accessible for activities such as ice fishing, skating, or festivals might decrease by as much as 295 

one week per degree rise in temperature; however, some lakes between 40 and 45 °N  are 296 

projected to lose safe ice for the duration of winter 58. The number of days for safe recreation on 297 

ice (>60 °N) will decrease by an average of 13 – 35 days in a 1.5 – 3 °C warmer world, where 298 

northeastern North America and Scandinavian countries will experience the largest increases in 299 

unsafe days 58. Moreover, areas with the densest human populations (<60 °N) will lose between 300 

60 - 90% of safe ice cover duration during a 1.5 - 3 °C warmer world 58. Finally, the probability 301 

of non-fatal and fatal drownings during spring might increase, particularly in areas with high 302 

rates of winter activities, such as Canada, Latvia, and Estonia 24,76. Therefore, the probability of 303 

drowning might increase in March and April, or even February, when warming is impacting the 304 

quality and structure of the ice cover 21,24 (Figure 6).   305 
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4.3. Lake ecology  306 

Ice quality has a direct impact on lake ecosystems beneath the ice. A growing body of 307 

knowledge has shown the importance of ice for fostering winter algal growth, which contributes 308 

substantially to annual primary productivity 46, structures summer period ecosystems 80,81, and 309 

controls fluctuations of nutrient concentrations 47. Ice cover periods contribute to the growth 310 

cycle of various fish species such that diminishing ice cover periods limit their growth 311 

capabilities 82 and contract their feeding habitats 20. Much remains to be explored, however, 312 

regarding the structure and functions of ecosystems beneath ice cover. For example, ice 313 

thickness as a metric of winter severity has been used to establish distinct phytoplankton 314 

functional groups beneath ice 83. However, those functional groups are not explored under ice 315 

quality variation, arguably the more influential variable for the under-ice environment 48. Here, 316 

we outline perspectives on the immediate impacts to ecosystems under lake ice of changing 317 

quality. 318 

Ice cover on lakes can both hamper and enhance conditions for life (Figure 1, Figure 7). 319 

A crucial factor for under-ice ecology is light transmission below ice. Light transmission 320 

depends on the albedo and light attenuation coefficient of the ice and snow cover, both of which 321 

are influenced by ice structure and snow depth 84,85. Primary production under ice varies, 322 

depending on the penetration of sunlight and photosynthetically active radiation (PAR). Black 323 

ice with few bubbles transmits as much as 95% of PAR 86, where even a thin layer of ice and 324 

snow cover can still allow photosynthesis 87.  325 

Ice cover thickness, however, does not determine the percentage of light transmission 48. 326 

Clear ice cover can transmit nearly as much PAR as clear water. Clear ice cover on Grand 327 

Traverse Bay in Lake Michigan transmitted approximately 70-80 % of surface PAR, whereas a 328 

combination of snow cover (8.9 cm) and white ice (1.3 cm) reduced light transmission of 329 

incident PAR by approximately half (~44%) 86. Additionally, 60% of surface light was 330 
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transmitted through 40 cm of clear ice, but the percentage dropped to 20% through 30 cm of 331 

white ice 48. Alternatively, ice cover can increase light transmission in lakes with high 332 

concentrations of suspended particles by reducing the influence of the atmosphere, which allows 333 

suspended particles to settle 88. For example, light penetration increased by 1.5–2.2 m during the 334 

winter in turbid Lake Võrtsjärv through black ice 88. These variations in light transmission result 335 

in differences in the ability for autotrophs to photosynthesize under ice cover, which can have 336 

larger impacts on the under-ice ecosystem.  337 

4.3.1 Microbial communities 338 

Microbes are likely the least explored organisms under ice, though bacteria have large 339 

and complex communities that thrive beneath ice cover 89 and moderate the balance between 340 

respiration and productivity during a period where light is a limiting factor 28. Certain groups 341 

seem to dominate the community, for example, Verrucomicrobia 27,90,91 and Proteobacteria and 342 

Actinobacteria 27,91,92. Bacteria perform an essential ecosystem service by breaking down dead 343 

matter, transforming dissolved carbon into biomass that can feed other organisms, and 344 

contributing to nutrient cycling, activities that continue under ice 93,94 when photosynthesis can 345 

still occur but at a diminished rate compared to the open water season 46.  346 

Bacterial communities below ice can respond to snow thickness, indicating that light is a 347 

structuring factor for the community 27. However, light’s influence is challenging to disentangle 348 

from other factors, such as water temperature, nitrogen species, and conductivity 92.  Despite its 349 

apparent structuring capabilities, light limitation does not appear to diminish bacterial growth 350 

rates directly 95,96. For example, the termination of an under-ice cyanobacterial bloom that 351 

followed snow cover, and therefore light limitation, increased bacterial protein production to five 352 

times its typical spring peak, suggesting that phytoplankton community dynamics factor into 353 

under-ice bacterial communities 94. In varying lake environments, such as humic systems, 354 

bacterial production responds rapidly to the presence of phytoplankton, even under ice 95. 355 
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However, bacterial production can remain higher than phytoplankton production under ice 96. 356 

Therefore, shifts in light abundance seem to impact the productivity of bacterial communities in 357 

relation to other factors, such as available phytoplankton biomass to break down 94,95.  358 

The implications of these community shifts remain unclear in the face of changing ice 359 

quality that will shift the under-ice light environment. Ice presence and absence in Lake Erie 360 

altered the size of diatoms during winter, which then impacted the bacterial community 97. The 361 

bacterial communities shifted rapidly to accommodate the variation in diatom communities from 362 

filamentous species during ice cover to smaller-sized diatoms during open water conditions 97. 363 

Ice quality changes throughout the winter period 21 can then demonstrate under-ice cycles of 364 

bacterial succession 28 that can have impacts within the food web 97.  365 

4.3.2 Phytoplankton communities  366 

The effects of ice quality on phytoplankton communities are not well studied and far 367 

from being fully understood. Phytoplankton adapt to low light conditions by strategies such as 368 

denser pigment packing, altered pigment profiles, higher photosynthetic efficiency, and 369 

increased chlorophyll a content that maximize light absorption and photosynthetic capacity 98,99. 370 

Furthermore, mixotrophy can be employed as a principal feeding strategy 100. 371 

Ice quality, owing to its ability to determine mixing and light availability, influences 372 

phytoplankton communities even though mixotrophic feeding and motility can dampen this 373 

dependence 27. The highest winter chlorophyll a concentrations (160-180 mg m-2) 48 and 374 

phytoplankton densities 101 were observed below a transparent ice cover (Figure 7). In contrast, 375 

less than half of the concentration of chlorophyll a (70 mg m-2) was observed under turbid ice 376 

conditions 48,102. Artificial snow removal in a lake in Minnesota, USA, resulted in higher 377 

concentrations of chlorophyll a, regardless of nutrient additions (Figure 7b), implying that 378 

photoautotrophs can grow in low light conditions but rapidly respond to light availability 103 379 

(Figure 7). Years with snow and white ice were marked by the presence of lower chlorophyll a 380 
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(~45% less than a year with black ice), potential mixotrophs, unicellular cyanobacteria, and 381 

Chlorophytes, whereas black ice conditions saw the presence of a photoautotrophic community 382 

(Figure 7c) 38. However, in some eutrophic systems, snow and white ice cover benefit 383 

photoautotrophs by limiting photoinhibition that occurs when highly transparent ice allows high 384 

surface radiation into the upper water column 104. 385 

Thermal convection under black ice conditions 105 can benefit larger groups of 386 

phytoplankton, as convection circulates nutrients 106,107 and keeps non-motile diatoms suspended 387 

in the photic zone 108–110. Increased light transmission at snow-free sites in Lake Baikal caused 388 

convective mixing as deep as 40 m 102. Weak or absent radiatively driven convection can lead to 389 

layered communities of motile phytoplankton 111; however, those communities can attune to the 390 

light availability within their layer 104. Ice thickness correlates positively with the abundance of 391 

the phytoplankton taxa Cryptomonas, Chrysoflagellates, Chrysococcus, Synura, and 392 

Chlamydomonas and negatively with the taxa Rhodomonas and Aulacoseira (Lake Müggel) 83. 393 

These taxa represent functional groups where motile taxa performed better than non-motile taxa 394 

when ice and snow limited light penetration into the water column.  395 

Limited light conditions and narrow light spectra penetration beneath snow and white ice 396 

layers provide a competitive advantage for phytoplankton species that absorb light in the green 397 

spectrum, indicating a possible community shift under future limited light conditions 104. These 398 

conditions also favor motile taxa that can move nearer to the ice-water interface, or attach to the 399 

ice, where the most light will be available 112. In addition to limited light to promote convection, 400 

taxa that rely on convection to move toward the available light can sink in a stilling atmosphere 401 

113, which limits underwater currents 102. Limited light is additionally likely to impact overall 402 

production with cascading impacts to the rest of the under-ice food web 114. However, some of 403 

these impacts could be mediated by shorter ice cover periods in the future 115. 404 
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4.3.3 Higher trophic levels 405 

The impact of ice quality on phytoplankton carries over to biomass and community 406 

composition of heterotrophic taxa, namely zooplankton, benthos, and fish 116. For example, a 407 

phytoplankton bloom due to reduced snow and ice cover in late winter was associated with 408 

increased abundances of copepod nauplii in oligotrophic Lake Atnsjøen, Norway 117. Similarly, 409 

the highest thickness of ice, or an ice and snow combination, showed a comparably lower 410 

abundance of zooplankton in relation to warmer systems with thinner ice and snow cover 118, as 411 

well as shifts in zooplankton community structure from calanoids (high lipid content) to 412 

cladocerans (low lipid content) 119. Energy derived from phytoplankton during periods when the 413 

under-ice light environment is favorable for productivity benefits zooplankton, whose body mass 414 

can contain as much as 76% lipid reserves derived from phytoplankton, which enhances their 415 

ability to overwinter successfully 114.  416 

Increasing white ice and potentially diminished primary production can alter zooplankton 417 

growth and survival beneath the ice, which is an important time of development 119. Zooplankton 418 

abundance decreased by 51% during a year when white ice made up ~24% of the ice layer, 419 

compared to sampling during a clear ice year 120. This change in ice quality also favors 420 

cladocerans over copepods and disrupts the energy transfer to higher trophic levels, as 421 

cladocerans are low in essential fatty acids 119.  422 

Ice quality can also affect the links between near-surface productivity and benthic 423 

communities. Benthic organisms, such as Diporeia, benefit from the precipitated biomass of 424 

phytoplankton to the sediment, which contributes to the diets of benthic invertebrates 121–123 and 425 

the degradation of those organisms by bacteria 124. In turn, benthic algae supply grazing 426 

zooplankton with sustained energy through long winters 125. While diminished autotrophic 427 

production due to altered ice quality will limit resources to the benthos, the importance and 428 

potential impact of ice quality changes on benthic communities are unclear based on limited 429 
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research that directly investigates benthic communities during the ice cover period, let alone 430 

quantify ice quality during ice cover 126. 431 

Understanding of the impact of winter severity on fish is still developing, focusing 432 

primarily on ice phenology rather than ice quality; however, changes in photoperiod can help 433 

infer the possible shifts that diminishing ice quality can have on fishes. Desynchronization of 434 

seasonal temperatures and photoperiod cues can impact fish gonad development and egg 435 

viability 127. Spawning at inappropriate times can increase larval mortality by spawning at 436 

harmful temperatures or by decoupling juvenile fish from the start of the spring production pulse 437 

128. Juvenile fish can miss early zooplankton peaks that follow phytoplankton blooms once light 438 

becomes available from reduced snow cover 129, or early snowmelt introduces nutrients to the 439 

upper water column 130. For example, the hatching and juvenile growth of certain species, such 440 

as cisco Coregonus albula, historically have coincided with favorable zooplankton dynamics 131. 441 

This asynchrony of hatching and prey availability for planktivorous fish leads to high mortality, 442 

as early life stages are more likely to deplete energy reserves during winter 128. Therefore, the 443 

limited light availability that diminishes primary productivity 129, expected with increased white 444 

ice in warming winters, can limit food availability and fish fitness 127,128. Shorter winter periods, 445 

even with diminished under-ice productivity, can benefit fish overall by limiting the 446 

overwintering period 82 and oxygen loss. Although, benefits can be asymmetrical, as coldwater 447 

species will lose important developmental periods with climate warming 82. However, a more 448 

comprehensive understanding of the effects of lake ice variability on ecosystems is required 132. 449 

6. Summary and Future Perspectives 450 

Ice quality will directly impact the safety of human use of frozen lakes and the 451 

underlying ecosystems, lending urgency to understand the ongoing and future changes of ice 452 

quality. Based on very few available long-term ice quality time series in Finland, white ice has 453 

been increasing at a rate of 0.3 cm yr-1 compared to an overall ice thickness decline of 0.24 cm 454 
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yr-1, implying an overall decrease in black to white ice ratios. Increasing white ice prevalence in 455 

the future will limit the timing and ability to use ice for recreation, particularly in March and 456 

April, when most cold-weather drownings occur due to unsafe ice 24. Transportation using heavy 457 

vehicles might completely halt in a 3 °C warming world, even under scenarios of pure, black ice 458 

58. White ice has demonstrably altered under-ice light environments, where artificial snow 459 

removal that limited white ice development increased chlorophyll a concentrations by an average 460 

of 25.7 μg L-1 in a northern Wisconsin 38. Autotrophic productivity responses to changing ice 461 

might result in a host of bottom-up trophic interactions that could lead to losses in fitness of 462 

young-of-year fish. However, many unknowns remain, and a rapidly changing climate imposes 463 

unprecedented challenges, exposing knowledge deficits regarding how climate change alters ice 464 

quality and lake ecosystems. 465 

In situ measurements of ice quality have varied in their purpose and are therefore 466 

sporadic, impeding aggregation of disparate ice quality sources. We recommend a standardized 467 

ice quality measurement method, based on a data collection program used by the Finnish 468 

Environment Institute 54. Ice quality measurements should be made at a minimum of two times: 469 

once at the beginning of the season, as soon as ice is safe to walk on, and again prior to ice 470 

breakup. However, more frequent measurements, such as weekly measurements, are required for 471 

the assessment of ice safety. Four essential measurements are recommended: 1) a measure of the 472 

total ice thickness in cm; 2) a measure of black ice thickness in cm; 3) a measure of white ice 473 

thickness in cm; 4) a measure of snow and or slush thickness in cm, taken as an average of 3-5 474 

measurements surrounding the site of ice column extraction. Additional qualitative information 475 

should be taken when possible, such as depth of white ice layers, as white ice layers can have 476 

layering with distinct colors and densities. In black ice, impurities from gas bubbles should be 477 

noted, as bubbling can happen at discrete depths and help describe the formation processes of 478 

black and white ice.  479 
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A combination of ice thickness and light data taken by high-frequency sensors provide a 480 

potential amendment to the low temporal resolution of ice quality collection through typical in 481 

situ methods. If ice thickness and transparency are known, by using a combination of a Shallow 482 

Water Ice Profiler (SWIP) and any number of light sensors 63, lake ice quality might be inferred 483 

based on the relationships between ice thickness and under-ice light availability 48,86. However, 484 

light attenuation under ice is not yet fully explored. To validate the applicability of this method 485 

and its potential error, these sensor data should be validated by in situ ice measurements. High-486 

frequency observations can additionally incorporate cross-sectional measurements of the entire 487 

lake surface, given the relatively low cost of sensors that can remain under the ice during winter. 488 

Incorporating transect measurements from the littoral and pelagic zones, as well as edges, are 489 

valuable to understand the risk of traveling onto ice as well as the light conditions for the littoral 490 

benthic community under ice.  491 

Spatially diverse measurements would assist remote sensing methods that attempt to 492 

measure ice thickness on a larger spatial scale. While ice quality measurements are not yet 493 

possible using remote sensing 57,133, satellite sensors can begin to accumulate a global lake ice 494 

thickness database. For example, ice thickness was detected on 16 large lakes in North America 495 

using altimetry data from TOPEX/Poseidon and Jason-1/2/3 with approximately a 0.2 m 496 

accuracy 30. Aggregating multiple satellite sensors can improve synthetic aperture radar (SAR) 497 

image density to estimate ice quality, for example through the use of satellite constellation 498 

missions such as Sentinel-1 A/B and Radarsat Constellation Mission 57 and the development of 499 

radiative transfer models such as the snow microwave radiative transfer model (SMRT) 134,135. 500 

Tools such as SAR and models like the SMRT in conjunction with lake ice models can help 501 

predict the presence of non-black ice layers as well as how those layers change throughout the 502 

season 134.  503 
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Modeling offers an additional avenue to provide ice quality assessment, and importantly, 504 

forecasting. Models such as DYRESM-WQ-I account for layers of black ice, white ice, and snow 505 

cover 136. The attempts to account for white ice have underpredicted the thickness of the layer 506 

and overpredicted the thickness of black ice 137. This underprediction might result from the 507 

DYRESM-WQ-I model isolating the formation of white ice to the intrusion of lake water as a 508 

result of ice and snow weight overcoming ice buoyancy 136,137. A tuning parameter, such as the 509 

snow compression rate parameter, might assist this prediction of white ice development 53. 510 

Pairing models that predict black and white ice layers with models that account for spatial 511 

heterogeneity of ice thickness, for example the Aquatic Ecosystem Model, AEM3D, can help 512 

predict complex heterogeneous patterns of ice cover along a lake surface 138. Ice models that 513 

better predict lake ice quality can further contextualize active and passive remote sensing and 514 

safety protocols for lakes that commonly hold recreation or transportation activities.  515 

Satellite sensors and models are not easily accessible or interpretable to community 516 

members and stakeholders, but tools that project ice conditions on lakes could prevent drownings 517 

and transportation issues. Therefore, the combination of in situ, remote sensing, and modeling 518 

will likely be necessary to predict real-time ice thickness and ice quality for the purposes of ice 519 

safety, similar to weather advisories, which would greatly benefit freshwater management during 520 

winter.  For example, models might have large errors that cannot be corrected during formation 521 

and breakup, when lake ice is most dangerous. Remote sensing data could help correct ice 522 

quality models when ice is too dangerous to collect in situ samples. Likewise, consistent ice 523 

quality observations during a safe ice cover period can help adjust models to predict when ice 524 

cover will begin to become unsafe, which can be much earlier in the season during warm years 525 

and years with high white ice cover 21. As it stands, data on ice quality are severely lacking, 526 

inhibiting the broadscale application of methods to help prevent drownings and transportation 527 

failures as well as under-ice impacts on aquatic ecosystems in a warming world. 528 
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Figure Captions 529 

Figure 1: Impacts on ice quality in a warming climate.  530 

Changes to lake ice quality with changing meteorological forcing. Panels A to C represent a 531 
gradient of increasing liquid precipitation, less solid precipitation, increasing air temperatures, 532 
and decreasing light transparency of ice. The increasing white to black ice ratio that accompanies 533 
increasing temperature and changing precipitation patterns influences ecosystem services. Black 534 
ice is more stable for transportation and recreation than white ice. Black ice transmits more light 535 
than does white ice, leading to changes in under-ice light availability for photosynthesis, which 536 
alters phytoplankton community composition. Figure created with BioRender.com. 537 
 538 
Figure 2: Observed ice quality trends. 539 
 540 
Time series plot of ice thickness, black ice, and white ice (panel A) in Lake Vendyurskoe, 541 
Russia51. Variability in trends for total ice thickness and white ice thickness (panel B) for Finnish 542 
Lakes based on >30-year time-series. Lake Vendyurskoe shows significant declines in total ice 543 
thickness (0.71 cm yr-1) and black ice thickness (0.52 cm yr-1), but no discernable trend in white 544 
ice. Nine Finnish Lakes show significant trends in both total ice thickness and white ice 545 
thickness, where total ice thickness declines at a mean rate of 0.24 cm yr-1 and white ice 546 
increases in 8 of the 9 lakes at a mean rate of 0.3 cm yr-1. Data for the Finnish lakes are publicly 547 
available from the Finnish Environment Institute 54.    548 
 549 
Figure 3: Global distribution of ice quality measurements. 550 
 551 
Ice quality measurements across the Northern Hemisphere (panel A). Subsequent maps show 552 
that published data primarily derive from Europe (panel B) and North America (panel C). 553 
Individual points represent a lake with ice quality measurements (such as total ice thickness, 554 
black ice, and white ice) and these points are colored by the percent maximum thickness of white 555 
ice during the winter of 2021, when the Ice Blitz project took place 21. Furthermore, points are 556 
either presented as a circle for lakes with only a single year of data (at least one year of black and 557 
white ice thickness measurements was required to be included), a square for <10 years of data, or 558 
a triangle for lakes with >10 years of data. The lakes are primarily focused in Europe (taken from 559 
published, primary literature with a focus on Finland where ice quality measures are part of the 560 
national monitoring program 54), while North American time series come exclusively from the 561 
North Temperate Lakes dataset 139.  562 
 563 
Figure 4: Projected changes to ice thickness as a proxy for ice quality. 564 
 565 
Average ice thickness in the Northern Hemisphere for a warming scenario of 1 °C (panel A) and 566 
2 °C (panel B). Ice thickness declines are particularly prominent in latitudes north of 60° with 567 
decreases >30 cm. The trend of ice thickness changes for past and projected years (panel C); the 568 
shaded area represents the standard deviation of ice thickness changes. The yellow and orange 569 
circles represent 1 °C and 2 °C warming, respectively. (Panel D) Ice thickness declines at plus 1 570 
°C, 2 °C, and 4 °C compared to a historical average for both the winter and spring, which are 571 
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typical times when ice cover is used for transportation and recreation. Projections derived from 572 
the Community Earth System Model Version 2 (CESM2-LE) 61. 573 
 574 
Figure 5: Changes to allowable load on lake ice under a warming climate and different ice 575 
quality ratios. 576 
 577 
Change to the allowable load on lake ice. Each panel represents a change both in warming and 578 
ice quality (100% black ice, 50% black ice, and 100% white ice). The allowable load declines 579 
most in Arctic regions where black ice declines, leading to a loss in the allowable load of as 580 
much as 20,000 kg. The scenario with 100% white ice has a lower loss in load-bearing capacity 581 
because it can hold less load from the beginning. Projections derived from the Community Earth 582 
System Model Version 2 (CESM2-LE) in conjunction with an updated equation for bearing 583 
capacity 21,65.  584 
 585 
Figure 6: Monthly statistics of drowning through lake ice. 586 
 587 
Monthly average drownings through lake ice during available years 24. Each point within the box 588 
and whisker plots depicts the average drowning in people per 10,000 inhabitants in countries 589 
where data were available. April has the highest average drownings across countries, with a high 590 
of 359 drownings per 10,000 people in Estonia.  591 
 592 
Figure 7: Differences in primary production between snow-covered and snow-cleared ice. 593 
 594 
Metrics of productivity, both net primary productivity (NPP) (panel A) and chlorophyll a (panel 595 
B and C), in research where lakes were experimentally cleared of snow38,103,104. Clearing lakes 596 
from snow increases productivity metrics. In the late snow removal (panel C), the lake ice had 597 
time to develop into white ice, owing to a late start to the season from unsafe conditions38.  598 
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Boxes 599 

Box 1: Changes to lake ice phenology and duration 600 
 601 
Lake ice cover is considered an Essential Climate Variable 1 and a sentinel of climate change 

140. Lake ice records are some of the oldest observations of climate, extending long before the 

start of the Industrial Revolution 115. The most common metric of ice cover is the timing of ice 

formation and breakup (often referred to as ice phenology). These annual events have been 

recorded across the Northern Hemisphere 115,141. A large number of studies have calculated 

trends in ice phenology and overwhelmingly found that generally, lakes freeze later and thaw 

earlier, with shorter duration of ice cover 9. More specifically, in situ observations of lake ice 

records have revealed that ice duration is 17 days per century shorter over the last 100-200 

years, with rates of ice loss six times faster in the past 25 years 8. Lake ice responds directly to 

warming air temperatures with ice cover tending to decrease by 9.7 days per degree Celsius 

increase 7. As illustrated in the figure below, ice formation is approximately 3 days later, ice 

breakup is 5 days earlier, and ice duration is 9 days shorter on average across the Northern 

Hemisphere between 1981-2019 7. 
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Future projections of ice cover project widespread loss of ice cover across the Northern 

Hemisphere this century. Ice formation is projected to occur 20 ± 8 days later, ice breakup is 

predicted to be 20 ± 7 days earlier, and ice duration is predicted to last 38 ± 11 days shorter by 

the end of the century 3. Moreover, ice thickness is projected to decline by 0.18 ± 0.1 m  30. An 

areal increase of up to 11.7% ± 1.6% of lakes are projected to become intermittent by 2100 3 

and almost 5,700 lakes could permanently lose ice cover by the end of the century based on 

the RCP 8.5 greenhouse gas emissions scenario 142. 

  602 
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Box 2: Black and white ice formation process 603 

 

Ice quality describes the ratio of black to white ice that forms due to different physical drivers. Black 

and white ice have different qualities, such as bearing capacity and opacity.  

Black ice (also called clear ice or congelation ice) requires cold and calm conditions such that an ice 

layer forms undisturbed on a lake. Black ice appears transparent because nearly as much light passes 

through it as through liquid water. Black ice, however, can be more transparent than water, as it tends to 

have a much smaller concentration of dissolved or suspended matter than water or white ice 23. Black ice 

forms beneath the first thin ice layer and grows parallel to the heat flux from the water column. The 

growth of black ice continues until the conduction of latent heat from ice formation at the ice-water 

interface is greater than the heat flux into the water 23.  
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Snowfall can slow or even halt the formation of black ice because snow’s low thermal conductivity 

slows the release of latent heat from ice formation through snow 23,143. Slowed heat loss keeps crystal 

size large 23,31, maintaining the transparency of black ice 23; however, snowfall also results in formation 

of white ice (also called snow ice or superimposed ice), which has small, randomly oriented crystals and 

impurities that create opaque ice. In general, white ice forms either through the melting and refreezing of 

snow, for example during diel freezing cycles in spring, or when enough snow accumulates on the ice 

such that the ice cover sinks and lake water fills the pores space in the snowpack, eventually refreezing 

144–146. White ice also forms when rain infiltrates pore space in the snow layer to form slush, which 

subsequently freezes as a combination of white ice layers and slush 23,25,147. In dry places or areas where 

extremely cold temperatures prevent adhesion between the snow and the ice surface, white ice forms less 

frequently 23. 

Figure created with BioRender.com. 
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