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Abstract: Phytoplankton under the ice of seasonally ice-covered lakes is a key indicator species for
maintaining the health of lake ecosystems. However, there is a lack of a unified definition of cold
lakes internationally. In addition, there are few studies on the distribution, driving mechanism and
simulation prediction of phytoplankton under the ice, which have limited the development of
winter limnology and the prevention and control of spring algal blooms. The average temperature
of the coldest month, the duration of the ice period and the average annual water temperature were
the main indicators for defining cold lakes based on the literatures review. The cross-action of
subglacial hydrodynamics and biogeochemistry during the ice period and freeze-thaw period is the
key to promoting the phytoplankton growth. The migration and transformation of nutrients and
the formation of hypoxic zones of subglacial were driven by physical factors such as available light
and water temperature. Cyanobacteria got advantages in the ice period and above the water column
through their own gas vesicles and strong adaptation to low temperature and low oxygen. Diatoms
are able to multiply rapidly with the increasing of available light and the water temperature in
spring. However, the migration and transformation of nutrients induced by physical factors during
the freezing-freezing-thawing process, the role of microorganisms in biogeochemical reactions, and
the extent and direction of the combined effects of multiple environmental factors on phytoplankton
functional groups are still unclear. At present, lake algal blooms have gradually expanded to higher
latitudes under the climate change. How to accurately predict the development and response
mechanism of algal blooms in cold lakes under the climate change has become a key direction in the
development of winter limnology. This review explains the unique physical and chemical processes
of phytoplankton growth competition in cold lakes from the perspectives of bibliometrics,
mechanism analysis, method construction and future prospects. These findings would provide new
insights into the field of winter limnology and provide theoretical support for the future
management of spring algal blooms in cold lakes.

Keywords: phytoplankton growth and competition; algal blooms; subglacial hydrodynamics;
climate change; seasonally ice-covered lakes

1. Introduction

68% of lakes worldwide are experiencing an increasing trend in the scale, frequency, and
duration of algal blooms, which seriously serious threat to the health and sustainability of freshwater
ecosystems [1]. Algal blooms, especially cyanobacterial blooms, not only reduced the survival space
of other aquatic species by competing for dissolved oxygen, nutrients, and available light in the lake,
but also produced harmful algal toxins that harm terrestrial organisms and humans [2,3]. In addition,
the economic value of surface freshwater will also be reduced due to the turbidity and odorous gases
caused by algal blooms [4,5]. Therefore, preventing, controlling and managing algal blooms in lakes
is a key and challenge for aquatic ecological management.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The water temperature and nutrient concentration of lakes continue to rise with climate
warming and intensified human activities, leading to eutrophication of lakes and the expansion of
algal blooms to mid to high latitudes [6]. Relative to mid-low latitude lakes, there was evidence that
algal blooms have been found in lakes with low water temperatures, especially cyanobacterial blooms
[7]. Cyanobacteria have stronger adaptability to low temperatures than other algae species, which
also causesd cyanobacterial blooms to be more frequently in lakes with low water temperatures than
other algae [8,9]. Therefore, cyanobacterial blooms may also like cold water based on the area,
frequency, physiological shape, and abiotic factors of cyanobacterial blooms [8-11]. Cyanobacterial
blooms were defined as the accumulation of cyanobacteria in the water column or edges, resulting
discoloration of the water body or a maximum chlorophyll-a concentrations in the thermocline [36].
Relatively, the definition of cyanobacterial blooms in cold lakes is not clear. Recently, cyanobacterial
blooms in cold lakes have been defined as those that occur in lakes with water temperatures below
15°C [12]. According to the above definition, cold lakes included not only mid-high latitude lakes,
but also included high-altitude lakes. However, there were few studies on the mechanisms of algal
blooms in cold lakes, which have limited the effective prevention and control of algal blooms

The unique water environment with low water temperature, subglacial hydrodynamics, and
biogeochemical processes for the survival of phytoplankton in cold lakes was created. [13,14].
However, there was a lack of systematic research on the impact of various environmental factors on
the growth of phytoplankton under ice, which made it difficult to support a deeper understanding
of the mechanisms of phytoplankton succession [14]. Winter limnology originated in 1963, when the
study of phytoplankton ecology in ice-covered lakes was proposed by Wright’s [15]. At present, the
nutrient migration pathways and transformation mechanisms of cold lakes during the freezing
period, as well as their understanding of lake ecological functions, are limited due to the lack of
research data [16]. Since 2016, winter limnology has been developing rapidly abroad. Lake ice
dynamics, subglacial biogeochemical reaction processes and subglacial hydrothermal evolution has
accelerated the understanding of subglacial environmental factors on phytoplankton [17]. However,
the contribution of these processes such as freezing, ice melting, and snowmelt to water circulation,
phytoplankton competition, and algal blooms in cold lakes is not yet clear. The biogeochemical
processes under the variations in hydrothermal structure of cold lakes have become more complex
and variable with the intensification of climate warming [18]. Therefore, in order to enrich the
theoretical basis of winter limnology, it is urgent to reveal the definition and mechanisms of algal
blooms in cold lakes, and aim to propose adaptive strategies for future climate change [19,20].

Our study summarized domestic and foreign papers of phytoplankton in cold lakes in the past
60 years, which conducted a more detailed analysis related to phytoplankton in ice periods from 1963
to 2023 in the Web of science (WoS) database. Clarifying the development history and current
research hotspots based on the visual analysis. Sort out the definition of cold lakes. The focus was on
revealing the effects of subglacial fluid dynamics and biogeochemistry on the phytoplankton growth
during freezing periods, as well as their responsed to climate change. In view of the problem that
current winter limnology research was not systematic, emerging methods for future winter
limnology have been proposed to enrich the development of winter limnology theory and control the
algal blooms in cold lakes.

2. Data and Hot Spot Analysis

CiteSpace was used to analyze historical documents on the impact of lake subglacial water
environment on phytoplankton growth and competition from 1963 to 2023. Research hot spots and
trends will be further revealed in our study. The advantage of CiteSpace is the in-depth exploration
of literature through mathematical and statistical methods, as well as the visualization of data
structures and hotspot relationships [21]. This study mainly used time slicing technology to construct
a time-varying model of time series and integrated a single network into an overview network. In
addition, this study achieved document visualization through dynamic time series mapping,
including keyword identification, research hotspot extraction, correlation between publishing units

[6].
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2.1. Data Sources

The database for literature search was mainly web of science, and the search period was 60 years

/i

of relevant literature from 1963 to 2023. The search keywords were “phytoplankton”, “cold region
lakes”, “cyanobacterial blooms”, “ice-covered Lake”, “phytoplankton dynamics”, “winter”, “winter
limnology”, “winter convection” and “phytoplankton dynamics”. The “phytoplankton” must be

included, which included a total of 8919 papers.

2.2. Hot Spot Analyze

Based on a total of 60 years from 1963 to 2023, the top five countries that have published research
on the competitive mechanism of phytoplankton growth in cold lakes were the United States (2,084),
China (1654), Canada (747), the United Kingdom (665), and Germany (663) (Figure 1). The number of
published articles has increased significantly, especially in the United States and China after 2007.
The number of publications in the UK, France, and Canada has remained relatively stable. The
number of publications in the United States peaked at 158 in 2019.

Figure 1. Statistical chart of the top five countries with the most publications on lakes in cold regions,
1963-2023.

In recent years, the number of publications in China has significantly increased, especially since
2018, from 96 to the current 198. In contrast, the number of published articles in the United States has
shown a slow downward trend since reaching its peak in 2010. The number of publications in Canada,
the United Kingdom, and Germany has been relatively stable in the past few years. Although there
have been some fluctuations, the overall change is not significant. 280 hot keywords extracted from
1963 to 2013 based on WOS database for hot spot analysis (Figure 2). The 280 keywords with high
frequency were climate change (3359), phytoplankton (1346), temperature (1098), Nitrogen (1095) and
ice (1008).
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Figure 2. Keyword co-occurrence analysis diagram.
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Table 1. Mapping of keyword frequency, centrality and high-frequency burst.

d0i:10.20944/preprints202408.1409.v1

order Sort by frequency of occurrence Centrality sorting Emergent analysis
Key words frequency  Key words Centrality =~ Key words Emergence rate Start Over 1963-2023
1  Phytoplankton 3359 Phytoplankton 0.11 Carbon 0.87 2007 2012
2 Climate change 1346 Water 0.09 Plankton 0.09 2007 2010
3 Temperature 1098 Great lakes 0.09 Dynamics 0.12 2009 2015 o
4  Nitrogen 1095 impacts 0.08 Seaice 0.85 2010 2014
5 ice 1008 ecology 0.07 Nitrogen 0.5 2013 2016 —
6  Phosphorus 970 ice 0.06 diversity 0.69 2014 2017 —
7 Constructed wetland 969 dynamics 0.06 winter 0.88 2014 2019 —
8  Denitrification 823 climate 0.05 tibetan plateau 0.55 2019 2023 —
9  Waste water treatment 762 trends 0.05 northern hemisphere 0.1 2020 2023 -
10 Dynamics 707 diversity 0.05 lake ice phenology 0.66 2020 2023 —

analysis in the WoS database.
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3. Definition and Driving Mechanism
3.1. Definition of Algal Blooms in Cold Lake

There were differences in the definitions of cold lakes among international scholars. They
defined cold lakes based on indicators such as the average temperature of the coldest month, the
duration of the freezing period, and the average annual water temperature (Table 2). In 1966,
American scholars defined cold lakes based on their average freezing period exceeding 100 days per
year and ice depth exceeding 0.3 meters for at least one year every 10 years [22]. In 1997, Yang defined
China’s cold lakes based on the fact that the coldest month had a temperature below -3 ° C, the
number of months with an average monthly temperature above 10 ° C did not exceed 4 months, the
freezing period of lakes exceeded 100 days, and the proportion of solid precipitation received
exceeded 50% [22]. In 2000, Yang added accumulated temperature and annual average snowfall days
to define cold lakes [107]. In 2013, lakes with an annual average water temperature below 15 ° C were
defined as cold lakes by Lurling [22]. Cyanobacterial blooms that occured in lakes with water
temperatures well below optimal growth temperatures were defined as cold water cyanobacterial
blooms [23].

Table 2. Definitions of lakes in cold regions.

Name Country Identify References

The maximum snow depth observed on the ground is
greater than 0.3m, the average freezing period of rivers  Bates, R. E. And
us and lakes is greater than 100 days per year, and theice  Bilello et al.
depth is greater than 0.3m in at least one year every 10  (1966)
years.
Yang proposed the criteria for the division of China’s
cold regions, including the coldest month temperature
below -3°C, the average monthly temperature above 10°C
for no more than 4 months, the freezing period of rivers
and lakes for more than 100 days, and the proportion of Yang, Z et al.
precipitation received in the form of frozen ice exceeding 2000
50%. Yang et al. added the accumulated temperature
between 500 and 1000°C and the average number of
snow days per year of 30 days to calculate China’s cold
regions.

Bates, R. E. And
Bilello

Yang, Z China

Pacrland and When the annual average water temperature is below Pacrland and

15°C, which is far below the optimal temperature for

huisman us cyanobacteria to grow, cyanobacterial blooms are huisman
2008;Lurling et Y O BTOW, €y , 2008;Lurling et
observed, which are called cold water cyanobacterial
al. 2013 al. 2013
blooms.
. oo . . Maartje et al.
Maartje 2024  US Lake surface ice is defined as cold region lakes 024

The United States has conducted a lot of research on phytoplankton in cold lakes at high
latitudes. Cyanobacteria (Microcystis, Anabaena, Aphanizomenon, Asterix, Chromococcus, etc.) and
diatoms (Icelandic Streptocystis, filamentous diatoms, Baikal Streptocystis, Navicula gracilis, Glacier
Navicula, Antarctic Thalassiocystis, Nitzschia fragmenta, etc.) were the dominant algae species in
typical cold lakes. The driving factors of dominant cyanobacteria included TP, TN, WT and BODs,
among which nutrients were the main driving factors.
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Table 3. Dominant phytoplankton species and driving factors in typical cold region lakes.
. . . Impact
Lak t R tative d t
ake/country epresentative dominant species factor
Alte Donau/(US) Raphidiopsis and raciborskii TN TP
. . TN TP
Bethel Lake/Canada Dolichospermum affinis BOD:
Brandy Lake/Canada Aphanizomenonspp. And Dolichospermum TNTP
y phamiz PP P BODsWT
Suya Lake Reservoir/China Cyanobacteria: Microcystis and Anabaena TN TP
Lake Baikal/Russia Diatom Melosomum baikalense (Russia) WT TN
Cyanobacteria: Anabaena and Aphanizomenon and
Lake Erie/North America MicrocystisDiatoms and Melosceles Icelandica and TN TP
filamentous diatoms
Balkan Lakes/Albania Diatoms and Cyclotella menifolia and Golden algae and TN TP
Yellow algae
. . . TN TP
Lake Luboszki / Latvia Cyanobacteria BODs WT
) Diatoms and Navicula gracilis and Navicula glacierica ~ TN TP
Antarctica . . .
and Thalassiosira and Nitzschia fragmenta NOs
Hulun Lake/China Cyanobacteria and Chromococcus Chlorella and Fibrous NHs-N
algae and Chlorella and Chlamydomonas TP TN
. o . TN TP
Lake Khanka/China Cyanobacteria Microcystis and Anabaena BODs WT
BODs TN
Xidayang Reservoir/China Cyanobacteria Microcystis T;’
Devil's Lake/US Dolichospermum circinalis and Aphanizomenon flos- BOD:
aquae
Fernan Lake/US Microcystis spp and D.ohc.hospermum spp and TN TP
Gloeotrichia spp.
. : d .
LakeStechlin/ Germany Dohchospermum(prlmary)an 'Aphanlzomenon , and BODsWT
Planktothrix
Lough Neagh/Northern . .. TN TP
Ireland Planktothrix agardhii and Pseudanabaena spp. BODs WT
Neusiedler see/Austria Aphanocapsa 1r1.certa and Oscillatoria and TN TP
Dolichospermum WT chl-a
. . . TP BOD:s
Three Mile Lake/Canada Aphanizomenonspp.and Dolichospermum spp. WT
TN BOD
VanernWeyhenmeyer/Sweden Aphanizomenon sp. NW,? ’

3.2. Hydrothermal and Hydrodynamic Conditions

Hydrodynamics and thermal stratification under lake ice were the key physical factors that

d0i:10.20944/preprints202408.1409.v1

trigger the spatiotemporal heterogeneity of subglacial phytoplankton [24]. The difference of
hydrodynamic processes between ice- period and freeze-thaw period leads to the different migration
and transformation of nutrients from other lakes, which further provided an explanation for the
competitive mechanism of phytoplankton growth in cold lakes from the perspective of physical
environment (Figure 3) [25,26]. Notably, snow on the ice also affected the vertical distribution of
physical and chemical properties in the lake by limiting the amount of solar radiation available under
the ice [25]. The physical processes of lakes during the freeze-thaw and ice-covered periods are as
follows:
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(1) Freeze-thaw period (Figure 3c): It mainly occured in early winter and early spring. During this
period, there were significant temperature variations and lakes were in a state of both freezing
and thawing. In early winter, the freezing process caused nutrients from ice to be released into
the water, which triggerred osmotic convection and stratification of the water column [16]. This
caused the water quality factors to slow down and formed a stable stratified state [26]. During
melting, solar radiation (higher than in winter) penetrating the ice will cause hydrodynamic
processes to become more intensity [27]. Radiation-driven (RDC) convection driven vertical
convective circulation, which penetrates from the surface boundary layer to the stratified water
column below [28]. How water quality factors were affected by increasing water temperature,
increasing convection and increasing resussuspension are worthy of further discussion. The
melting of ice and snow in early spring can lead to a large amount of freshwater flowing into
lakes, exacerbating the resuspension of sediment at the bottom of the lake and carrying a large
amount of pollutions into the lake [26]. Wind-induced waves can also cause sediment re-
suspension, which induces the release of nutrients (such as nitrogen and phosphorus) from the
sediment into the water body [29].

(2) Ice-covered period (Figure 3a-b): mainly occured in midwinter. The presence of snow and ice
reduced the available solar radiation under the ice, and the radiation-driven convection has little
affected on the hydrodynamic force under the ice (Figure 3a) [26]. Lake convective circulation
continued to occur slowly when there was no snow on the ice (Figure 3b) [24].

concentration

(2) snow on 1ce concentration (b) clear ice

+High +High

Incoming solar radiation

convedtive
mixing

Waler
depth

water

depth

]
Lhia |y .

tHigh tHigh
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e T
- >
incouming solar rdiation s

Legend

WT-WATER Temperature ('C)
DO-Dissolved oxygen(mg/L)
Chl-e-Chlorophyll a- (ug/L)
pH-potential of hydrogen
TP-total phosphorus- (mg/L)
NO-Nitrate (mg/L)

NH, “-Ammonium (mg/L)

waler

depth

tHigh

Figure 3. Schematic diagram of the changes in water heat, hydrodynamics and physical and chemical
forms of cold region lakes with water depth (lake ice cover stage diagram). The thermal-
hydrodynamic and physicochemical properties of lake water change with water depth when ice and
snow coexist in the lake in winter; (b) The thermal-hydrodynamic and physicochemical properties of
lake water change with water depth when there is only ice in the lake in winter; (c) Schematic diagram
of the thermal-hydrodynamic and physicochemical properties of lake water change with water depth
after the early spring ice and snow melt.

The variation of hydrodynamic circulation under ice also triggerred vertical variations in water
quality indicators (Figure 3). Total phosphorus (TP), nitrate (NOs), and ammonium (NH4)
concentrations all increased with increasing water depth. Under different conditions, light and
temperature have a significant effect on the concentration and distribution of various chemical
substances in the water body. The presence of ice will reduce the surface water temperature and
dissolved oxygen content, while the concentration of chemical substances at the bottom was generally
higher [31]. The increasing of available light underwater would increased the surface temperature,
chlorophyll-a concentration, and dissolved oxygen, when the surface of the lake was free of ice and
snow [32]. Understanding these impacts will help us better understand and predict the ecological
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processes and ecosystem functions of phytoplankton. The impact of subglacial hydrodynamics on
phytoplankton was multifaceted, including nutrient transport, dissolved oxygen levels, and the
special environment of the ice-covered period [33]. These processes controlled subglacial
phytoplankton growth by influencing the migration and transformation of N and P between water
and sediment [34]. High concentrations of nutrients and low nitrogen-phosphorus ratios can
maintain the growth rate of phytoplankton during the ice-covered period, promoting phytoplankton
more adaptable to the light conditions during the ice-covered period [35]. Light, temperature, and
nutrients work synergistically to maintain the growth of phytoplankton under the ice.

3.3. Nutrient Migration and Transformation During Freezing

The multi-media migration and transformation of nutrients during the freezing-ice-thaw process
was the key to affecting the growth competition of phytoplankton under the ice (Figure 4). The ice-
covered period changed the physical and chemical processes of the lake, resulting in different
nutrient migration and transformation from other seasons [36]. In early winter, the lake has a strong
repulsive effect on nutrients during the ice-covered period, resulting in higher nutrient
concentrations in the lake water than in the ice [34]. Nutrients continued to migrate and concentrate
in the water with lake ice crystals gradually precipitate [37]. During the ice-covered period, the
dynamic balance of nutrients between water and sediments was broken, and the nutrients in the
water migrates to the sediment under the driving force of the concentrations gradient [38]. Sediments
accept a large amount of nutrients and become endogenous pollutants [39]. However, dissolved
nitrogen and phosphorus in the interstitial water of endogenous sediments tended to be released into
the subglacial water during the ice-covered period, which will also lead to an nutrients increasing in
the water [40]. In addition to the uncertainty of the migration direction and process of nutrients, their
transformation process was also more complicated. Organic nitrogen in sediments formed
ammonium through ammonification, and ammonium salts formed nitrates under nitrification and
denitrification (Figure 4). Organic phosphorus in sediments formed phosphates under mineralization
[41]. Phytoplankton mainly absorbed carbon dioxide and other nutrients from water through
photosynthesis. These nutrients can contribute to the nitrogen fixation activity of nitrogen fixing
cyanobacteria [6-9]. In addition, phytoplankton residues were also the main source of organic
nitrogen and phosphorus in sediments [42]. External inputs such as factory wastewater and
agricultural wastewater directly provided phosphates and nitrates to phytoplankton. In a word, the
direction and amount of multi-media migration and transformation of nutrients in the freezing-
thawing process are uncertain, which would increase the difficulty of studying the nutrient driving
mechanism of algal blooms in cold lakes.
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Figure 4. Schematic diagram of the mechanism of the impact of nutrient migration and transformation
on phytoplankton. Note: 1-12 represent (1) Nitrogen fixation, (2) Nitrification, (3) Denitrification, (4)
Amination, @ Assimilation, @ Adsorption, @ Desorption, settlement, @ Mineralization,
Resuspension, (1) Adsorption complexation, @2) Dissolve.

3.4. Phytoplankton Characteristics

Phytoplankton is the basis of material circulation and energy flow in lake ecosystems, and plays
a very important role in maintaining the balance of lake ecosystems and improving the ecological
environment [43,44]. Variations in phytoplankton community structure directly affect water quality.
Phytoplankton growth during the ice-covered period was related to the characteristics of
phytoplankton cellular structure and the migration and transformation of nutrients [45]. The main
reason why cyanobacteria can easily gain an advantage during the ice-covered period was that
cyanobacteria have air vesicles and have a stronger ability to adapt to temperature changes [46]. Air
vesicles can regulate buoyancy, allowing cyanobacteria to float on the surface of the water body,
thereby obtaining more light available under the ice for photosynthesis during the ice-covered period
[47]. Therefore, cyanobacteria can survive and reproduce in harsh environments such as low
temperature, low oxygen and low nitrogen [35-46]. Diatoms have siliceous cell walls (silica shells)
and lack air vesicles. Diatoms usually inhabit the lower and middle layers of the water column,
relying on water flow and turbulence to maintain suspension [19]. Therefore, diatoms are more
adapted to living in environments with abundant light and rich nutrients [61].

4. Advances in Research Methods

Common research methods for the competition mechanism of phytoplankton in cold lakes
included remote sensing, field sampling, indoor simulation and numerical simulation [37]. Among
them, the conventional methods were remote sensing, field sampling and indoor simulation. With
the development of computer technology, data-driven numerical simulation and mechanism-driven
numerical simulation were gradually applied to the prediction and prevention of cyanobacterial
blooms in lakes.

4.1. Conventional Technical Means

At present, field monitoring is the basis of all monitoring. The advantage of on-site monitoring
was that sample testing is the most accurate [38-102]. However, the monitoring frequency,
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monitoring cost and monitoring scope all limited the effective prevention and control of lake algal
blooms [82]. Remote sensing technology was widely used due to its wide coverage and high real-
time performance [36]. However, remote sensing technology has the limitations of discontinuous
spatiotemporal monitoring and complex monitoring methods due to the existence of rain and fog
[91]. In order to predict the mechanism of multiple environmental factors on phytoplankton growth
competition, indoor simulation has became a conventional method [39-57]. Experimental simulation
experiments can accurately control variables such as temperature, light, nutrients, etc, and have the
advantages of strong repeatability and high reliability. Equipment technology and simulation scale
limited the accuracy of prediction.

4.2. Numerical Simulation Model

Numerical simulation includes data-driven machine learning methods and mechanism-driven
hydrodynamic-ecological integrated model methods. They have significant advantages in the study
of competition mechanisms among phytoplankton in cold lakes [49]. The deeper and more
comprehensive understanding of the advantages of numerical simulation for research was provided
[93]. Machine learning methods can extract complex patterns and relationships from a large amount
of observational data, which were suitable for processing high-dimensional and nonlinear data [49].
This method was suitable for real-time or near-real-time applications. The disadvantage of data-
driven numerical simulation was that it was highly data-dependent [95]. The model relied more on
statistical relationships in the data rather than physical mechanisms [47].

In order to enhance the accuracy and precision of model simulation, it is necessary to construct
a numerical simulation model for mechanism characterization [94]. The mechanism model was based
on physical and ecological principles, can provide a physical explanation of the system behavior.
These models were applicable to lakes of different types and sizes, and has strong extrapolation
capabilities [48,100]. Most numerical simulations focused on the characterization of the non-ice-
covered period, and lack of the construction of all-season model [Powers et al. 2016]. There were few
studies and data on ice-covered lakes, lacking systematicity and in-depthness [44-63]. Therefore, it is
urgent to improve the hydrodynamic-algal bloom module based on the principles of lake ice
dynamics, mass balance principle and algal competition mechanism, and construct all-season
hydrodynamic-water quality-water ecology coupling model (Figure 5). Among them, the
hydrodynamic module mainly corrected the hydraulic and thermal elements during the ice-covered
period. During the ice-covered period, the lake surface water level used a water gauge and an
automatic flow monitor to measure ice thickness (Hi), water depth under ice (d), water level (L), flow
velocity (v), and the water level are corrected using the density difference between ice and water and
the ice body pressure. Net solar radiation (I), atmospheric radiation (a), convective heat flux (QS),
evaporative heat flux (QE), reflectivity ((3), and initial temperature (T) are also obtained based on
empirical formulas or measurement methods. On the basis of the traditional lake hydrodynamics-
water quality-water ecology coupling model, the algal bloom module (BLOOM) is nested to reflect
the growth and competition process of algae at the level of phenotypic characteristics.
Hydrodynamic, water quality and algal bloom modules are modified as Equation (1)—(6).
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Figure 5. Schematic diagram of the improved cold region lake hydrodynamic-water ecology model.
The roughness coefficient during the ice-covered period is n., and the expression is:

v2 32
n'~+n
P L M
2
1 is the lake basin roughness; ni is the ice cover roughness value.
The expression of the actual water level is:

z=z,~Hxp,/p, )

z is the actual water level, zm is the monitored water level, Hi is the ice thickness, pi and pw are
the densities of ice and water respectively.
The total heat flux expression of the ice surface is:

Qtot = IO + Qai - Qei - Qsi (3)

where [o is the net solar radiation (short wave), Qi is the net atmospheric radiation (long wave), Qb:
is the reflection (long wave), Qii is the evaporation heat flux (latent heat flux), and Qsi is the convective
heat flux (sensible heat flux).

Based on the traditional lake hydrodynamic-water quality-water ecology model, the algal bloom
module (BLOOM) is nested to reflect the growth and competition process of algae at the level of algal

representation.
Mass balance equation:
oc + owC) + ovC) + owC) = Q(Kx G_CJ + 9 K o + Q(Kz a_Cj +Sc 4)
ot ox oy Oz ox ox) oyl "oy ) oz 0z

C is the concentration of water quality parameters; f is the simulation time; u, v, w represent the
flow velocity in the x, y, and z directions respectively; Kx, Ky, K- represent the turbulent diffusion

coefficients in the x, y, and z directions respectively; Sc represents the biochemical transformation of
nutrients.

Algae growth and characterization equations:
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Nitrogen n n
hmitafion D (S X Phy, . )< D" (Sy, % Phy,)+NO,+NH, 5)
Phosphorus n n
limiIt)ation Zi=1(SP,i x Phy, ) < 2i=1 (Sp, x Phy,)+ PO, (6)

Phy: is the phytoplankton type, kd is the total extinction coefficient, Sx;i is the stoichiometry of
nitrogen in type i phytoplankton, and Sr, is the stoichiometry of phosphorus in type i phytoplankton.

5. Response to Climate Change

Global warming has led to rising temperatures, shortening the ice-covered time of cold lakes
and advancing the melting time [43]. Phytoplankton is sensitive to environmental changes. Physical
and biogeochemical changed during the ice-covered period (such as subglacial solar radiation,
temperature, subglacial hydrodynamics, nutrient migration and transformation, nutrient migration
and concentration, and dominant phytoplankton species) will affect the structure and function of
phytoplankton communities [31-63]. This variations not only affected the seasonal dynamics of lakes,
but also had a profound impact on lake ecosystems. The shortening of ice-covered time and the
advancement of melting time provide a longer growing season for algae, resulting in the expansion
of the range of algal blooms to high-latitude ice-covered lakes [58]. High-latitude regions may not
have had algal blooms before, but these areas are also suitable for algal growth with climate warming.
Rising water temperatures speed up the circulation of nutrients in the lake, which increases the
intensity and frequency of algal blooms [29]. Algal blooms frequently occur in early spring, causing
serious impacts on lake water quality, leading to eutrophication of water bodies and destroying the
ecological balance of lakes [45-84].

Subglacial physical effected influence subglacial phytoplankton competition by influencing
biogeochemistry. The most important physical effects were the dynamic changes of underwater light,
lake ice sheet thickness and lake temperature [25,64]. The intensification of fluid dynamics, nutrient
migration and transformation under the ice led to the early end of the freezing period due to the
rising temperature [102]. The reduction of lake ice cover and the shortening of ice age may lead to
increased light intensity and longer photoperiods in subglacial waters [18-22]. This was conducive
to the photosynthesis of subglacial phytoplankton, which may lead to an increase in its abundance
and productivity.

The melting of lake ice may change the distribution and supply of oxygen, affecting the
respiratory process of plankton [97]. The increasing of temperature in subglacial water environment
may affect the growth, reproduction and metabolic processes of plankton, thereby affecting its
ecological function and survival ability [58]. The reduction of ice cover and the increase in water
temperature led to more intense and earlier algal blooms [73-93]. The ice-covered period changed
the chemical processes of the lake, resulting in nutrient migration and transformation that were
different from other seasons. The nutrient concentrations affected in the water during the ice-covered
period may be more significant under global warming. Nutrient may migrate faster from the
subglacial water body to the interstitial water, changing the dynamic balance of salt between the
water body and the sediment with decreasing ice layer [93]. Variation in nutrient concentrations
affected the diffusion and transformation of nutrients. The increasing endogenous nitrogen and
phosphorus would lead to lake eutrophication, providing abundant nutrients and promoting the
rapid growth and reproduction of phytoplankton [41].

6. Conclusion and Outlook

Understanding the mechanism of algal blooms in cold lakes is an important part of enriching
and developing winter limnology, and is also the basis of environmental management and water
ecological protection of cold lakes. Based on a literature review of nearly 60 years, this study has
summarized the current hot spots and future development directions of phytoplankton growth in
cold lakes. Elucidated the mechanisms by which lake ice induced hydrodynamics, nutrient migration


https://doi.org/10.20944/preprints202408.1409.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2024 doi:10.20944/preprints202408.1409.v1

14

and transformation, and the inherent characteristics of phytoplankton compete for growth in cold
lakes. The main factors for the frequent occurrence of algal blooms in early spring after ice-melting
are analyzed. The existence of ice-melting-ice-covering further made the response of phytoplankton
in cold lakes more sensitive to climate change. Variations in lake ice phenology (shortened ice-
covered time, early ice-melting time, and increased water temperature) have led to the expansion of
the scale, increase in frequency, and prolonged duration of algal blooms in cold lakes. Existing
technical such as field monitoring, remote sensing inversion, and indoor simulation can no longer
meet the real-time monitoring of algal blooms in cold lakes and effective predictions for future
climate change. It is urgent to build a hydrodynamics-water quality-water ecology comprehensive
model for cold lakes in all-seasons to provide technological for the effective prevention and control
of algal blooms in cold lakes. Based on the existing conclusions, the following prospects are proposed
for the study of algal blooms in cold lakes:

(1) Provide a definition of the validity of cold lakes with physical and ecological significance;

(2) Accurately characterize the subglacial hydrodynamics and biogeochemical processes under the
action of ice sheet formation and decline, so as to reveal the internal mechanism of algal blooms
in cold lakes;

(3) Build a comprehensive simulation technology of hydrodynamics, water quality and water
ecology for cold lakes in all seasons, so as to provide technical means for the precise prevention
and control of algal blooms in cold lakes;

(4) Strengthen the in-depth understanding of the response of algal blooms in cold lakes to climate
change, so as to propose adaptive prevention and control strategies to cope with future climate
change.
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