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Abstract: The period of freezing is an important phenological characteristic of lakes in the Northern
Hemisphere, exhibiting higher sensitivity to regional climate changes and aiding in the detection of
Earth’s response to climate change. This review systematically examines 1141 articles on seasonal
frozen lakes from 1991 to 2021, aiming to understand the seasonal variations and control conditions
of ice-covered lakes. For the former, we discussed the physical structure and growth characteristics of
seasonal ice cover, changes in water environmental conditions and primary production, accumulation
and transformation of CO, beneath the ice, and the role of winter lakes as carbon sources or sinks. We
also proposed a concept of structural stratification based on the differences in physical properties of
ice and solute content. The latter provided an overview of the ice-covered period (—1.2 d decade™1),
lake evaporation (+16% by the end of the 21st century), the response of planktonic organisms (earlier
spring blooming: 2.17 d year~!) to global climate change, the impact of greenhouse gas emissions on
ice-free events, and the influence of individual characteristics such as depth, latitude, and elevation
on the seasonal frozen lakes. Finally, future research directions for seasonally ice-covered lakes are
discussed. Considering the limited and less systematic research conducted so far, this study aims to
use bibliometric methods to synthesize and describe the trends and main research points of seasonal
ice-covered lakes so as to lay an important foundation for scholars in this field to better understand
the existing research progress and explore future research directions.
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1. Introduction

The ice-covered period is a significant phenological characteristic of Northern Hemi-
sphere lakes, with nearly 50% of the 117 million lakes larger than 0.002 km? worldwide
regularly freezing over. Seasonal ice cover exists in 14,800 lakes larger than 0.1 km? in
the Northern Hemisphere [1,2], particularly in the mid-to-high latitudes (30-70° N) [3].
Lakes above 50° N in North America and Asia experience frequent ice cover occurrence
(ICO = 100%). Within the latitude range of 50-60° N, the ICO values are almost twice as
high as those in European lakes [4]. Under similar latitude conditions, seasonal lake ice is
more common in high-altitude regions such as the Qinghai-Tibet Plateau (>4000 m, Asia)
and the Rocky Mountains (>2700 m, North America) [3,5,6]. In the southern hemisphere
(excluding Antarctica), lake ice cover occurs only at the southern end of the Andes. The
lakes in this region have only thin ice cover and short ice duration, and the lake ice is
continuing to shrink. By the end of the 21st century, the vast majority of lakes in the region
will be virtually ice-free [7].
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Seasonally frozen lakes respond uniquely to climate change, such as ice-on/off date,
ice duration and spring blooms, and seasonal CO; flux [4,8,9], as highly sensitive indicators
of regional watershed changes to detect the Earth’s response to climate change to some
extents [10]. Specifically, variations in lake morphology [11], geographical location [12], and
local climatic factors [13] result in significant differences in ice duration, freeze-thaw pro-
cesses, ice thickness, and spatial coverage in seasonally ice-covered lakes. These differences
affect the nutrient status, material cycling, dominant species succession, and ecological
conditions within the lakes [6,14,15]. During the frozen period, the trophic status of most
lakes is regulated by the solute exclusion processes of ice and sediments [16,17]. Moreover,
the CO, flux during freeze-thaw events is noteworthy, occasionally surpassing that of other
seasons (Buffalo Pound Lake [18]: spring flux contribution: 64% =4 20%; summer: 43.6%;
autumn: 23.3%). Ice phenology has social impacts. The centuries-long records of ice phe-
nology indirectly indicate the social impacts of northern lake ice on human activities and
livelihoods. Indigenous communities in northern Canada rely on ice cover for supplies and
social interactions [19]. Ice fishing and skating competitions held on lake ice in the United
States and Europe promote the development of local infrastructure and winter tourism [20].
Religious practices and ceremonies related to ice phenology are also observed in certain
communities. In Japan, Shinto practitioners living near Lake Suwa have been recording ice
phenology since 1443 and hold religious purification ceremonies in ice duration [21].

Traditional understanding and practical conditions have historically hindered the
study of winter ice-covered lakes [10,22]. Due to the low water temperature and insufficient
photosynthetically active radiation (PAR) during the frozen period, it was mistakenly
believed that the metabolic and biological activities within the lakes were stagnant, leading
to the perception of limited research value [17]. Previous studies on water environmental
research and flux estimation often excluded the ice-covered period due to site selection
and equipment limitations. However, it is now recognized that lake metabolism continues
during the freezing period, with processes such as carbon cycling and nutrient accumulation
sometimes exceeding those of the non-ice period. In Qinghai Lake [8], ice season draws
large amounts of CO; from the atmosphere (—0.87 4+ 0.38 g C m~2 d~1), more than twice
the CO, flux rate during the ice-free period (—0.41 4 0.35 g C m~2 d~!). In Lake Uliansuhai,
the nutrient concentration ratio between the open water and the ice season was 5-10. TDS
was 1050-2270 mg L~! in summer and 2430-5230 mg L~! in winter; TN was about 2 mg L~}
in summer and increased to 9 mg L~! in winter [16]. There are still unexplained phenomena
and unresolved issues in research on seasonally ice-covered lakes, including the specific
mechanisms and processes of carbon sources and sinks in brackish lakes [8,14], the specific
categories of solutes excluded and absorbed by lake ice [16,23], and the responsiveness of
these lakes to climate change [24,25].

Despite extensive research by scholars from various countries, represented by Matti
Leppdranta, Stephanie E. Hampton, Sapna Sharma, Blaize A. Denfeld et al. However,
Hampton [26] stated in Eos Special Reports, “Although basic understanding about winter
limnology has increased in the past decade, the pace of scientific progress has not kept
pace with rates of ecological change”. The research on ice season is relatively limited and
scattered compared to the non-ice period. Therefore, we use the Web of Science Core
Collection (WOSCC) as the data source and make a bibliometric analysis of internationally
published literature related to seasonal freezing lakes. This study provides a comprehensive
overview of research progress, highlighting hotspots and trends in this field, and aims to
guide future global research on the environmental aspects of seasonally ice-covered lakes.

2. Research History and Frontier Hotspots of Seasonal Ice-Covered Lakes during
1991-2021

We searched the articles of the Web of Science Core Collection (WOSCC) database from
1991 to 2021, using the following search item: TS = ((lake OR reservoir) NOT (*glacial OR
permafrost)) AND TS = (ice OR frozen OR freezing) AND TS = (seasonal). The total number
of publications found was 1141. Overall, the number of papers on seasonal ice-covered
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lake research has been increasing year by year; the growth rate is significantly higher from
2011 to 2021 compared to 1991 to 2010 (Figure 1).
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Figure 1. The annual publication volume and cumulative publication volume. A large amount of
basic research found seasonal variations in the nutrient status and the dominance of planktonic
species in the early stage of research (1991-1998). Starting from 1999, the impact of climate change on
the water environment of seasonally frozen lakes has gradually attracted attention.

According to the statistics on the research locations of seasonally ice-covered lakes
(Figure 2), 21 major research lakes are concentrated in North America (Lawrence Great
Lakes), Europe (Lake Vanajanselkd, Lake Tovel), and China (Lake Uliansuhai, Lake Qinghai)
between 30 and 70° N, consistent with the findings of Denfeld (2018). These studies have
been conducted in 59 countries. The United States, Canada, and China are the top three
countries contributing to publications, accounting for a total publication percentage of
67.69% by 2021 (Table S1). Among the 1285 institutions worldwide that focus on research
in this field, the top three institutions with the most publications are the Chinese Academy
of Sciences (75 papers), the Russian Academy of Sciences (55 papers), and the University of
Helsinki in Finland (36 papers).
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Figure 2. Major seasonally ice-covered lakes (N = 21) and their elevation.
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Over the past few years, interdisciplinary studies in physics, chemistry, biology, and
geology have intensified the environmental field of seasonally frozen lakes, leading to
expanded study areas. This has made research in this field more comprehensive and specific.
Under the background of climate warming, an in-depth study on the response of seasonally
ice-covered lakes to climate change, combined with large-scale spatial and temporal data,
has also promoted cooperation among research countries and institutions [4,11,27]. The
exchange and cooperation between countries and institutions show different patterns
(Figures S1 and S2). Perhaps the seasonally frozen lakes in Europe are mostly mountain
lakes at high altitudes and high latitudes, and European countries tend to cooperate more
internally, and the lakes are characterized by certain regional similarities [28].

The links between articles were analyzed by VOSviewer to identify the top 10 key-
words as “climate change”, “sediments”, “lake”, “temperature”, “seasonality”, “variability”
and “climate change”, “temperature”, “seasonality”, “variability”, “phytoplankton”, “wa-
ter”, “climate”, “dynamics” (Figure 3). This implies the research focuses on the seasonal
dynamics of sediments and water environment (nutrients and phytoplankton) during the
ice period and the response of frozen lakes to climate change. This study also investigates
the impact of “carbon” and “CO,” in light of growing concerns about carbon emissions.
The average appearance time (keyword link intensity) of these two topics in the four phases
(Figure 4) indicates a continuous increase in attention toward “carbon” and “CO,”, with
respective values of 1995.33 (27), 2002.00 (21), 2010.27 (28), 2017.75 (91) and 1997.67 (25),
2001.80 (10), 2010.00 (19), 2018.38 (57).

The visual analysis of keyword activity (Figure 4) describes the research history of
seasonally ice-covered lakes. Due to the continuous innovation of techniques and methods,
research has evolved from the evolution of the dominant phytoplankton species [29,30] to
the diversity of phytoplankton and planktonic microorganisms and their biological effects
in winter [31]. It has also shifted from the dynamic changes in water substances [16,32,33]
to the seasonal material cycle in the lake ecosystems [8,14,34]. This reveals a transition of
indicators from single-factor to multi-factor research in the field of seasonally ice-covered
lake water environments and an expansion of research content from the water environment
to the integrated study of “hydrology” and “climate”.
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Figure 3. Cluster analysis of research keywords.
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Figure 4. Keyword activity at different stages. The red indicates the keyword has the highest active
degree (the research hotspot in this stage).

3. Seasonal Variability of Lakes during the Ice-Covered Period
3.1. Ice Structure and Growth Characteristics

The static lake ice of seasonally ice-covered lakes in the Northern Hemisphere consists
of three main layers: primary ice, congelation ice, and superimposed ice (Figure 5). The
texture of primary or superimposed ice depends on the meteorological and hydrodynamic
conditions during formation. On calm water surfaces, primary ice forms as floating ice
grown horizontally within the super-cooled layer, with a thickness of a few millimeters,
larger horizontal crystal sizes, and a predominantly vertical c-axis orientation. Under
disturbed conditions (turbulent water, windy conditions, or snowfall), primary ice forms
from frazil ice crystals or condensed slush, with smaller crystal sizes (<1 mm) and a random
orientation of the c-axis, which may be thicker than the former [35,36]. Superimposed
ice forms above the primary ice and results from submerging the ice cover with any
imaginable water source, such as liquid precipitation or meltwater. It is typically composed
of condensed slush (a mixture of snow and liquid water) forming snow ice [35,37,38].
Congelation ice extends from the ice cover into the water column and is the predominant
ice type in northern lakes. Its crystal structure is controlled by the primary ice, and the
crystal size grows with increasing lake depth [35,39]. When the crystals in the primary ice
are vertically oriented, the same pattern will be formed in the congelation ice, resulting in
large macroscopic crystals. Otherwise, the congelation ice has a columnar crystal structure
with a horizontal rotation of the optic axis [36,40].
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Figure 5. Lake ice structure conceptual diagram. Based on the traditional physical layering, further
divisions of ice layers have been made based on the concentration of impurities.

Numerous studies have identified differences in impurity content, such as bubbles and
particles in the seasonal lake ice, but they are not specifically stratified. Here, we roughly
divide the lake ice into three layers based on the impurity content (Figure 5): surface ice,
middle ice, and bottom ice. Surface ice generally contains snow slush and is composed
of superimposed ice and primary ice under disturbed conditions, with most impurities
likely resulting from water submerging the ice and atmospheric deposition [22,41]. Bottom
ice (submerged congelation ice), in contact with the water layer beneath the ice and has
a loose, chopsticks-like or horse-teeth shape (also known as horse teeth ice), which could
accumulate substances such as chlorophyll-a, phytoplankton, algal fatty acids, and bacteria,
regulating primary production by affecting light limitation and modulating dissolved
oxygen (DO) and solute concentrations at the ice-water interface (excluding impurities in
the ice) [42—44]. During thermodynamic growth, the latent heat released at the bottom of
the ice is conducted through the ice to the atmosphere. When the latent heat flux exceeds the
heat flux from water to ice, the continuous downward growth of the bottom ice increases
the distance of conduction, gradually reducing its growth rate [38,40]. Middle ice mainly
consists of primary ice on calm water surfaces and upper congelation ice. It has a higher
purity crystal content, slower growth rate, and higher degree of solute exclusion compared
to bottom ice. Therefore, the nutrient content in the ice often follows a similar C-shaped
distribution pattern: surface > bottom > middle [16,23,44].

3.2. Characteristics of Water Environmental Conditions

The aquatic environment of lakes during the ice-covered period is primarily influenced
by factors such as PAR, DO, and organic matter (OM) (Figure 6).
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Characteristics of water environmental conditions
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-13.8-1.42 (1/1-31/3 2016)

Figure 6. The main variation characteristics of water environmental conditions.

Increased lake ice coverage reduces PAR [20,45]. Light limitation occurs when PAR
falls below the critical light intensity threshold for photosynthesis and biomass accumu-
lation [46]. It is primarily caused by ice and snow albedo, ice transmittance coefficient,
radiation bands filter, and colored dissolved organic matter (CDOM) in the water. Ice and
snow albedo, determined by factors such as ice thickness, humic substances on the ice
surface, snow grain size, and water content, affect light reflectance (lake ice: 0.10-0.85,
snow: 0.50-0.95) and light attenuation coefficient, which together influence sub-ice radi-
ation [47-49]. According to ice thickness and structure, clear ice transmittance contrasts
sharply with snow-covered ice transmittance (clear ice: 80-90% range, white ice: 60%,
covered-snow ice: 2.5%) [45]. Moreover, Bolsenga et al. [45] also found that covered snow
and ice can filter out a significant portion of visible light, with the green band (500-600 nm)
exhibiting the highest transparency (35.4-38.7%), followed by the blue band (400-500 nm,
30.2-34.5%) and the red band (600-700 nm, 30.0-31.6%). CDOM contributes to light lim-
itation beneath the ice by ultraviolet radiation absorption (280-400 nm) and visual light
weakness (400-700 nm), reducing the Secchi depth of water [49,50].

DO is another important factor influenced by lake ice during winter. The vertical
stability of the water column is enhanced during the ice-covered period compared to the
ice-free period, leading to distinct vertical gradients of temperature and DO concentration
in the sub-ice water, as density gradient flows are generated due to heat flux from sedi-
ments [51]. The formation of ice cover restricts gas exchange and physical disturbance by
wind. The exclusion of oxygen from the ice, greater primary production, and convective
mixing in the upper water generally result in the highest DO saturation (75-100%) and
concentration (>10 mg L~1) near the surface throughout the entire lake [52-54]. As the lake
depth increases, the water temperature rises continuously, and enhanced lake metabolism
accelerates the consumption of DO, primarily due to biological respiration and chemical
oxidation of reduced substances in the bottom sediments, leading to a different decrease
in DO at the bottom layer and the lowest DO concentration around the sediment-water
interface, creating an anoxic environment [53]. For example, in Eagle Lake of Canada (max-
imum depth ~31 m), the DO concentration remained relatively stable at all depths (~10 mg
L~!, 75% saturation) during pre-winter. At ~30 m depth, it depleted at 0.1 mg L~' d~!in
winter and down to 4 mg L~! (31% saturation) by the following spring turnover. Under
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the convective mixing and metabolism, the DO remained at ~78 mg L~ (52% saturation)
in the middle layer and ultimately approached hypoxia (15% saturation) at the bottom [54].

In Lake Tovel, a deep, oligotrophic lake at a high altitude in Italy (maximum depth
~39 m), the rate of O, consumption varies at different depths [32]. In March 20142016, the
DO concentration at 5 m depth averaged ~11 mg L~!, with an unstable seasonal pattern
influenced by radiation infiltration. At a depth of 25 m, the DO concentration averaged
~8.5 mg L1, and the pattern of DO was consistently decreasing, with an average rate of
decrease of 0.02 mg L~ d~!. In shallower lakes, solar radiation intensity can also affect
DO by altering entire convective mixing. Transmitted radiation and heat released from
sediments jointly influence thermal conduction in the water column, triggering convective
turbulent mixing and promoting the uniform distribution of oxygen. In Lake Uliansuhai in
Inner Mongolia, China [17], it was observed that during the growth and stable period of
ice, local turbulence or turbulence-layer flow mixing can occur in the top or middle layers,
promoting heat and oxygen mixing. After the ice melts, convection transports oxygen
downward to the near-bottom layer, alleviating or preventing hypoxic conditions. In Lake
Vanajanselka in southern Finland [29], biological metabolism reduction decreases DO in
winter. In spring, sunlight penetrates the ice and induces convection, resulting in a more
even vertical distribution of DO.

The low-temperature environment and limited light availability result in lower net
ecosystem production during the ice duration, such as Lake Ulansuhai, 2016-2019,
0.05 £ 0.02-0.15 & 0.11 mg O, L~ d~! [17], and Lake Tovel, spring in 2016: —13.80-
1.42 mmol DO m—3d~1 [32]. Although most of DOM and 90% of the salt excluded in the
ice growth process leads to an increase in nutrient concentration at the ice-water interface,
the release from sediment is the main reason for increased eutrophication in the entire
lake [16,17,49]. The cold anoxic conditions also facilitate the release of large amounts of
other reduced substances (hydrogen, methane, acetate, ammonium, etc.) and oxidants
(hydrogen peroxide, sulfates, carbon dioxide, etc.) and heavy metals, leading to significant
changes in water conductivity and salinity during the ice-covered period and freeze—thaw
cycles and altering the thermodynamic properties and convective mixing structure of lakes,
thereby affecting their aquatic ecosystems [55-57]. In addition, some studies also proved
the limitation of PAR under the ice and higher eutrophication levels could result in weaker
convective mixing and a more stable density layer [46].

3.3. The Growth Changes of Primary Producers

Changes in environmental conditions can strongly limit the growth of certain species
and remove growth restrictions for others. Light availability is a primary limiting fac-
tor, leading to a decrease in overall primary production during the frozen period. In
Gossenkollesee Lake, the primary production during the freezing period is 56% lower than
in the ice-free season [58]. Although the community structure is influenced by factors such
as light conditions and nutrient concentrations of lakes, biodiversity is still present in the
ice duration [30,59].

The light conditions in the lake affect the composition of dominant species and com-
munity structure of planktonic plants during the ice-covered period. In Lake Balkan, a
shallow, large, and nutrient-rich lake [59], the most abundant planktonic plants under the
ice layer are Cyclotella meneghiniana and S. uvella before and after snowfall. In Lake Erie [30],
the dominant species of planktonic plants is Aulacoseira islandica, with Cyclotella spp. as
the subdominant species. In Lake Vanajanselka [29], which is shallow and eutrophic, the
most abundant planktonic plant communities consist of cryptophytes (44%), chrysophytes
(23%), and chlorophytes (6%) in mid-winter. In comparison, cyanobacteria (39%), crypto-
phytes (29%), and diatoms (13%) become dominant in late winter. The main reason for the
dominance of the former in winter was their ability to adapt to low temperatures and low
light conditions, while later, cyanobacteria became the main dominant species due to rapid
blooms prompted by warmer temperatures and enhanced light conditions [29]. The ability
of these dominant species to continue to flourish under the ice can be attributed to their
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unique adaptations under low-light and low-temperature conditions (efficient light energy
utilization, buoyancy regulation, ability to move, and tolerance to low temperatures and
nutrients) [30,59]. For example, Cyclotella meneghiniana has some cold tolerance and is able
to maintain metabolic activity at lower temperatures. The species also benefits from its
small cell size and ability to regulate buoyancy through changes in lipid content to move
through the water column to the optimal light level and utilize the low light through the
ice more efficiently.

Furthermore, effective PAR also influences the distribution of planktonic plants in
seasonally ice-covered lakes. Studies on lake ice have found that planktonic plants tend to
aggregate at the ice-water interface, such as the filamentous diatom community suspended
under the ice in Lake Baikal [60] and algal aggregations at the ice-water interface in Lake
Saint-Pierre in southern Canada [61]. Lake ice can also absorb some planktonic plant
cells. In the freezing Laurentian Great Lakes [42], filamentous diatoms were found to be
adsorbed onto the overlying ice through frazil ice. In Simoncouche Lake [44], planktonic
plants (Peridinium sp., Cryptomonas sp., Synechococcus sp., etc.) were excluded from lake
ice water, while certain populations (Botryococcus sp., Chromulina sp., Gymnodinium sp.,
etc.) exhibited aggregation within the ice, with their numbers remaining constant or
increasing in winter. This proves lake ice can provide stable and potentially beneficial
winter habitats for some planktonic plants. When ice cracks, the release of planktonic plant
cells promotes spring blooms [44,61]. At this time, the rising of PAR and temperature trigger
convective mixing in the water, accelerating the growth of planktonic plants and providing
the foundation for spring blooms [29,59]. For some lakes with thicker ice cover and longer
ice periods, phytoplankton biomass was correlated with certain nutrient contents. In 28
ice-covered lakes in the Songnen Plain of northeastern China during winter, phytoplankton
growth was mainly related to the total nitrogen concentration in the water column and the
difference in total phosphorus concentration at the ice-water interface, with contribution
rates being, respectively, 25.5-35.0% and 9.2-11.3% [62].

Convective mixing induced by solar radiation has a notable impact on the growth of
planktonic plants in freshwater lakes with a low coefficient of expansion (<3.98 °C) [63].
It was found that when there was no convective mixing layer, light conditions were
sufficient to support the growth of 50.0% of planktonic plants in four mesotrophic lakes
in the northern temperate zone [46]. However, in the presence of convective mixing, only
37.5% of planktonic plants had enough light to increase biomass. This is likely due to
the fact that a convective mixing layer can significantly affect the vertical position of non-
motile planktonic plants in the upper water column and influence the light intensity they
experience during the day. For instance, buoyant planktonic plants can be cycled through
the convective mixing layer, providing them with improved light conditions and enhancing
their growth and photosynthetic rates [63,64]. Conversely, if positively buoyant or motile
planktonic plants are directly beneath the ice, they may have increased opportunities to
acquire light, while those within the convective mixing layer may cycle deeper within the
water column, reducing their access to light [51].

3.4. Material Circulation

With climate warming, carbon emissions and carbon neutrality have become hot
topics of discussion. The carbon cycling process during the freezing period of lakes and its
response to climate warming are gradually receiving attention.

During the ice-covered period, the decrease in hydrological inputs (such as surround-
ing soil, rivers, and groundwater) and hindered gas exchange at the water-air interface
constrains the external input of greenhouse gases [65]. Due to higher light limitation and
OM, respiration, mineralization, and microbial activity dominate the primary productivity
in most lakes, leading to the accumulation of CO; [66,67]. At the same time, changes
in DO gradients under the ice create environmental conditions for the transformation of
CO, and CHy4. Under anoxic conditions, archaea utilize CO, and other carbon-containing
compounds to produce CHy in the bottom layer [68,69], which exists in large amounts at the
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sediment-water interface and ice-water interface through diffusion or ebullition (bubble-
mediated transport) [70]. The produced CHy is then consumed by methane-oxidizing
bacteria in the surface sediment or upper layer, with CO, as a typical byproduct [71,72].
Furthermore, in terms of lake morphology, sediment metabolism, diffusion, and trans-
formation of CO; often result in the highest CO, concentrations in the bottom water of
most frozen lakes. The overall CO; concentration beneath the ice in large, deep lakes
may be lower than that in small, shallow lakes [3]. Denfeld et al. [73] divided 506 lakes
located in Finland and Sweden into four depth groups and found the average pCO, near
the surface decreased from ~5000 patm (mean depth < 2.5 m) to ~2000 patm (mean depth
> 4.5 m). This may be due to incomplete mixing in autumn and faster ice development,
which leads to lower oxygen levels and more accumulation of CO, and CHy during the
freezing period. Additionally, small lakes can cool down quickly and are less affected by
wind disturbances [74].

Most seasonal frozen lakes have a certain carbon sink effect in winter. It is well-known
that the solubility of gases in water increases as temperature decreases. Before the freezing
period, the lake can absorb CO, from the atmosphere through the water-air interface. Once
the freezing period begins, the lake ice blocks most of the gas exchange, and CO, mainly
accumulates within the lake [8,18]. Changes in ice phenology caused by climate warming
reduce the accumulation of CO, produced by winter lake metabolism and increase the
pH value of the water in spring and summer, diminishing the carbon sink effect [14].
Differences in salinity lead to varying source-sink processes in freshwater lakes and saline
lakes in winter. Freshwater lakes mainly achieve CO, supersaturation through metabolism
and release CO; into the atmosphere [75]. With climate warming, the CO, emissions
decrease because of reduced CO, accumulation under the ice.

In contrast, the alkaline conditions (pH 8-11) of saline lakes are influenced by carbon-
ate precipitation or dissolution reactions and the chemical enhancement of the air-water
interface CO, exchange rate [34,76], primarily determined by the average water pH [14].
When the pH of water exceeds 9.0, CO; is converted to HCO3;™ and CO;3%7, promoting
carbonate precipitation reactions [76], and CO; becomes undersaturated. Consequently, as
the water temperature decreases during the freezing process, the salinity and pH of saline
lakes increase, pCO, decreases, and the total absorption of CO, continues to increase [8,14].
During the frozen period, weaker gas exchange at the water-air interface and higher lake
metabolism lead to continuous accumulation of CO; in the water. As lake ice breaks,
the increased gas exchange leads to a decrease in the solubility of gases in water and a
reduction in CO; flux (depending on the pH of the water at that time, it may be released
into the atmosphere). When the temperature rises in spring and solar radiation increases,
saline lakes gradually regain their higher primary productivity, fixing a large amount of
inorganic carbon stored in the lake from the freezing process and the accumulation during
the freezing period, showing a stronger ability to store inorganic carbon than freshwater
lakes [34,77,78]. For saline lakes, the reduction in lake water volume caused by climate
warming increases water salinity. A shorter ice-covered period results in less accumulation
of CO; under the ice and higher pH values during spring and summer, which means the
seasonal freezing saline lakes emit less CO; [14]. Furthermore, studies have shown that
high temperatures can lead to autogenic carbonate precipitation, reducing the concentration
of Ca?*, which favors CO, emissions. That means rising temperatures may cause saline
lakes to transition from a carbon sink to a carbon source again [79].

4. Investigation of Factors Affecting Seasonal Ice Duration
4.1. Global Climate Change

Recently, studies comparing time series data have revealed a trend of shorter ice cover
duration and thinner ice thickness in lakes across the Northern Hemisphere [11]. Lopez
et al. [27] studied 152 lakes located in the Northern Hemisphere and found that 97% of
the lakes were shrinking ice cover duration, and the ice breakup dates advanced at a rate
of 1.2 d decade™! during 1951-2014. The ice duration and thickness of five temperate
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lakes located in northern Poland decreased at rates of 5.4 d decade ! and 2.5 cm decade !
from 1961 to 2017 and are predicted to lose their ice season at a rate between 4.5 and
10.0 d decade™, and ice thickness will decrease by between 3.0 and 5.0 cm decade™!
during the 21st century (ice thickness 0.12 < R? < 0.24, p < 0.001; ice duration 0.14 < R?
< 0.18, p < 0.001) [80]. The fraction of maximum ice thickness for 402 shallow lakes of
the North Slope of Alaska decreased from 51% to 26% during 2000-2011, while their
ice cover was thinner by 21-38 cm, and the ice season was shorter by about 24 days in
1950-2011 [81]. A large number of lakes are completely losing their ice cover. Under the
background of climate warming, winter surface water temperature plays a crucial role in
influencing lake ice phenology, along with factors such as precipitation, solar radiation,
and wind. The increase in winter precipitation (snowfall) can control the physical structure
and transparency of lake ice cover by suppressing black ice growth and promoting white
ice growth, thereby regulating the amount of radiation entering the lake [9]. At the same
time, the rise in surface water temperature leads to shorter ice cover duration and thinner
lake ice, intensifying the influence of solar radiation and wind on winter lake mixing,
resulting in accelerated ice formation in autumn and hastens melting in spring [53,80]. The
lack of lake ice coverage (23%) also led to higher evaporation rates (58% increase) and
more water loss (natural lakes: 2.1% decade™!, artificial reservoirs: 5.4% decade™!) from
1985 to 2018 [82] and the global annual lake evaporation increase by 16% (R? = 0.82) by
the end of the 215t century [83], which can affect regional air humidity and hydrological
processes [84]. It is worth noting that higher ice coverage often experiences high autumn
evaporation rates (water temperature cooling), but increased evaporation rates in late
winter and the following summer and early autumn may also cause lower lake ice coverage
(depleting from 90% in 2008-2009 to 31% in 2009-2010), which reflects the complexity
and necessity of studies on the interannual climate-seasonal ice phenology-evaporation
feedback process [85].

The warming seasonal pattern will also impact the response of planktonic organisms
in lake ecosystems to climate change. Due to shorter ice cover duration and higher surface
water temperature, the physical conditions and nutrient status of the water have changed
(Section 3.2). This inhibits the growth of planktonic organisms adapted to winter’s low
temperature and hypoxic conditions, while some rapidly growing spring species, such
as diatoms and copepods, exhibit a pronounced trend of earlier (2.17 d year~!, 2000~
2020) and synchronized blooming [86]. Although some slow-growing, long-living, and
more complex summer planktonic species are more affected during crucial developmental
stages (e.g., resting stage hatching in cladocerans, Dreissena spawning [87], the combined
effects of predator-prey relationships and shortened ice cover duration result in a gradual
reduction and disappearance of winter phytoplankton blooms in seasonally frozen lakes,
with maximum biomass shifting towards summer [88].

In addition, seasonally frozen lakes will gradually lose their lakes in the future, regard-
less of GHG emissions. Under a climate scenario with substantially lower GHG emissions
(RCP 2.6), winter ice thickness and ice period will decrease by 0.1 m and ~15 d, respectively,
by 2100, while under a higher emissions scenario (RCP 8.5), ice thickness and ice duration
are projected to decrease by 0.17 m and 40 days (RCT, p > 0.1) [89]. Therefore, reducing
greenhouse gas emissions is crucial for minimizing the loss of seasonally ice-covered lakes
and mitigating the associated ecological, cultural, and societal impacts [25].

4.2. Individual Characteristics of Lakes

In recent years, Sharma et al. [2] and Warne et al. [11] analyzed datasets and found
that lower altitude, western longitude, and lower latitude deep lakes are more influenced
by climate in terms of their ice phenology, which suggests, besides surface temperature
trends, individual characteristics of seasonally ice-covered lakes such as surface area, depth,
and geographical location can also have an impact on ice phenology.

In winter, as the lake ice forms and temperatures decrease, the lake undergoes vertical
density-driven cooling from the water surface downwards. Deeper lakes often have greater
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heat storage capacity and require a longer cooling period below the freezing point to
freeze [90].

Dimictic lakes undergo complete vertical mixing from top to bottom when they cool
or warm and through the maximum density temperature (Typ, 3.984 °C at zero salinity)
at the surface pressure [91]. In shallow freshwater lakes during the ice-covered period,
stable inverse thermal stratification forms and persists beneath the ice when the water
temperature is below the Typ [92]. When the lake ice begins to melt, solar radiation
penetrates the ice cover and drives turbulent convection [49] until the overall temperature
reaches or exceeds the Typ. For example, in Lake Onega (mean depth: 15 m, max depth:
30 m), higher solar radiation passing through the ice intensifies the daytime activity of the
convective mixing layer (reaching depths of 20 m), resulting in a slow overall temperature
increase until the end of the ice-covered period [93], promoting the breakup and melting of
the ice layer in spring [94]. However, complete sub-ice convective mixing may not occur
because of the stratification of salinity in the water. Some of the shallower mid-latitude salt
lakes during the freezing period may have a warm intermediate layer formed by salinity
stratification, separating the overlying inverse thermal stratification from the underlying
positive thermal stratification. For example, in a shallow thermokarst lake in the central part
of the Qinghai-Tibet Plateau (mean depth: 120 m, max depth: 150 m), the vertical thermal
structure beneath the ice consists of stable, strong inverse thermal stratification and a lower
convective layer reaching the lake bottom. The stronger inverse thermal stratification
induces horizontal and vertical advection, accelerating ice melting. Meanwhile, a warm
layer with gradually increasing thickness and temperature has been present between the
two since the middle equilibrium period, accumulating more heat during the ice-covered
period, with temperatures rising to 7-9 °C at the end of the frozen period [95].

In deeper seasonally ice-covered lakes, lake ice phenology is typically associated
with the upper water column. Since the Tyjp decreases with increasing pressure in the
deeper lake, once the ~4 °C water begins to sink, the interface at the bottom of the upper
mixed layer falls below the depth corresponding to the temperature of the Typ at that
water depth, resulting in the thermobaric instability being activated and free convection
until colder water closer to the Typ curve is encountered at greater depth [96]. Therefore,
the upper and lower water masses exhibit distinct temperature profiles and convective
mixing patterns with a fuzzy boundary at a certain depth. For example, based on the
difference between water temperature and Typ decreases with depth, the Great Slave
Lake (max depth: 614 m) in the Mackenzie River Basin of Canada is divided into inverse
thermal stratification (<200 m), thermobaric horizon (~200 m), and weakly permanent
stratification (>200 m). At the end of the ice duration, solar radiation penetrates the ice,
driving convective mixing in the upper layers, deepening the mixed layer, promoting ice
breakup and melting, and influencing the timing of spring phytoplankton production [92].

Elevation and latitude have a significant impact on the ice phenology of lakes. Lep-
pédranta and Wen [12] demonstrated through ice phenology time series from 10 Eurasian
sites that local temperature (determined by elevation, latitude, and longitude) and solar
radiation (determined by latitude) can influence the dates of freezing, thawing, and ice
duration. Lakes at higher elevations may also be cooler and less influenced by climate
change compared to lakes at lower elevations. For example, during 2000-2016, Qinghai
Lake, located on the Tibetan Plateau (3196 m elevation), experienced relatively small fluctu-
ations in freezing, thawing, and ice duration, with values of 20 days, 10 days, and 108 days,
respectively [97]. Of the seven alpine lakes (3126-3620 m elevation) in the same region
of Colorado, USA, 1981-2014, those at higher elevations demonstrated more consistent
freezing and thawing times [98]. Compared to the historical rates of change in northern
hemisphere water bodies (1846-1995), the average rate of change for freeze-up and breakup
dates in the Great Lakes region was 5.8 times faster and 3.3 times faster, respectively. The
average ice duration decreased by 5.3 d decade !, with the southwest lakes experiencing
even faster rates of change in breakup dates and ice duration [99].
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Additionally, a clear negative correlation between lake surface area and the start of ice
cover, as well as a potential negative correlation with ice duration (Figure 7). Theoretically,
larger lakes with greater surface areas often absorb more radiation and have a larger gas
exchange interface, facilitating more efficient heat exchange, leading to faster temperature
changes in the water during winter and spring, accelerating the freezing and thawing
of ice and resulting in earlier ice formation and breakup. However, it should be noted
that this could not determine whether the lake area directly influences ice duration or the
direction of its impact. Currently, there is a lack of research exploring the relationship
and mechanisms between winter lake ice phenology and lake area. Future studies could
potentially investigate the response of different types of seasonally ice-covered lakes to
climate change by using it as a starting point.

Lake Morphology Gelf)géztri);l]cal Climate Factor Water Quality
0.70
Startdate 0.635
0.42
Enddate 0.496 0.14
Iceduration 0 -0.14
-0.42
Icedepth ﬂ ﬂ 408
T T T T T % T T T T T T T T T T T T =g
& >

Figure 7. The heat map shows the relationship between ice phenology parameters and influenc-
ing factors of seasonally frozen lakes (N = 73). The numbers within the boxes represent Pearson
correlation coefficients. The labels on the X-axis represent specific influencing factors, including
surface area (Area), lake average depth (Da), lake max depth (Dm), euphotic depth (ED), elevation
(EL), station latitude (LAT), station longitude (LON), water temperature (Tw), air temperature (Ta),
radiation intensity (R), snow depth (Ds), Secchi depth (SD), total phosphorus (TP), total dissolved
phosphorus (TDP), total nitrogen (TN), total dissolved nitrogen (TDN), dissolved organic carbon
(DOC), Chlorophylla (Chl-a), zooplankton biomass (ZP).

5. Conclusions and Future Trends

In this study, we discuss the growth characteristics of seasonal ice cover, changes
in hydric environmental conditions and primary production, and the accumulation and
transformation of carbon dioxide by winter lakes. We also provide an overview of winter
lake ice cover periods, evapotranspiration, planktonic responses to global climate change,
the effects of greenhouse gas emissions on ice-free events, and the effects of individual
characteristics on seasonally frozen lakes. We found that most current studies focus
on analyzing water phytoplankton succession, quality changes, and ice phenology in
individual seasonal frozen lakes. This existing work provides an important foundation
for our continued exploration and study of ice-covered lake ecosystems in the future. In
addition, the development of remote sensing has led to the emergence of joint research
on multiple lakes with similar or different characteristics at various spatial scales. To
comprehensively understand the response of global seasonal frozen lakes to climate change
and predict local climate, regression analysis, R, machine learning, and other methods are
combined with large datasets containing time series data on lake morphology, geographical
location, and climate factors. This helps explore and simulate the impacts of various
factors on winter lakes and establish a global-scale frozen lake data model. In addition, the
following aspects still need further exploration: future impacts of meteorological/climatic
parameters on ice-covered ecosystems, solute changes and carbon emissions in high-
altitude lakes and salt lakes in winter, chemical composition and distribution patterns at the
ice-water interface, differences in phytoplankton responses among species characteristics,
lake types, and regional climates, and rapid stratification methods for measuring solute



Water 2024, 16, 2727 14 of 17

content or ice physical properties, the use of sensitivity analyses, and/or multi-criteria
methods to determine the impact of analyzed parameters on ice thickness.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16192727/s1, Table S1. TOP 10 most productive countries on
seasonal ice-covered lakes research during 1991-2021. Figure S1. Research Collaboration between
Countries. Figure S2. Global Institutional Collaboration.
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