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Abstract  Global warming and algal blooms have been two of the most pressing problems faced by the 
world today. In recent decades, numerous studies indicated that global warming promoted the expansion 
of algal blooms. However, research on how algal blooms respond to global warming is scant. Global 
warming coupled with eutrophication promoted the rapid growth of phytoplankton, which resulted in an 
expansion of algal blooms. Algal blooms are affected by the combined effects of global warming, 
including increases in temperatures, CO2 concentration, and nutrient input to aquatic systems by extreme 
weather events. Since the growth of phytoplankton requires CO2, they appear to act as a carbon sink. 
Unfortunately, algal blooms will release CH4, CO2, and inorganic nitrogen when they die and decompose. 
As substrate nitrogen increases from decompose algal biomass, more N2O will be released by nitrification 
and denitrification. In comparison to CO2, CH4 has 28-fold and N2O has 265-fold greenhouse effect. 
Moreover, algal blooms in the polar regions may contribute to melting glaciers and sea ice (will release 
greenhouse gas, which contribute to global warming) by reducing surface albedo, which consequently 
would accelerate global warming. Thus, algal blooms and global warming could form feedback loops 
which prevent human survival and development. Future researches shall examine the mechanism, trend, 
strength, and control strategies involved in this mutual feedback. Additionally, it will promote global 
projects of environmental protection combining governance greenhouse gas emissions and algal blooms, 
to form a geoengineering for regulating the cycles of carbon, nitrogen, and phosphorus.

Keyword: climate change; carbon neutrality; eutrophication; greenhouse gas; glaciers melting; geoengineering

1 INTRODUCTION

Algal bloom (or phytoplankton bloom) may be 
positively identified in eutrophic waters by the 
presence of a layer of blue-green scum or a stench 
froth in water surface. The majority of reports came 
from eutrophic inland waters and gave mean values 
for chlorophyll-a blooms ranging from 41 to 69 μg/L, 
or 80 000 to 249 000 cells/mL, according to the 
analysis in several methodological approaches (field, 
field-experimental, and satellite data) and kinds of 

environments (coastal, marine, and continental 
ecosystems) (Frau, 2023). As a result of global 
climate change and eutrophication, algal blooms are 
spreading across the globe (Paerl and Huisman, 
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2008; Huisman et al., 2018; Gray et al., 2020; Oziel 
et al., 2020; Hou et al., 2022). There have been 
severe algal blooms worldwide in aquatic 
ecosystems such as lakes, reservoirs, ponds, rivers, 
inland seas, and oceans (Smayda, 1997; Paerl and 
Huisman, 2008; Huisman et al., 2018). Algal 
blooms occurred even in the cold Antarctic and 
Arctic (Gray et al., 2020; Oziel et al., 2020) and on 
ice sheets (McCutcheon et al., 2021), as well as on 
snow in the polar regions (Segawa et al., 2018). 
Algal blooms cause hypoxia and disrupt food webs 
(Anderson, 1997; Conley, 2012), and produce toxins 
and undesirable taste and odor compounds (Cox et 
al., 2003; Rantala et al., 2003). As a result, algal 
blooms produce a hazard to drinking water supplies 
and have a negative impact on recreational and 
fishing activities in the affected areas. It poses a 
public health risk and has unfavorable ecological, 
economic, and water resource implications, as well 
as societal consequences (Brookes and Carey, 
2011; Ho et al., 2019). Freshwater blooms have 
cost more than $11.1 billion in annual losses in the 
United States and China alone, affecting drinking 
water supplies, aquatic production, recreation, and 
tourism (Bernard et al., 2014).

Algal blooms development is a highly complex 
process that depends on a number of variables, 
including meteorological parameters, hydrological 
parameters, water quality, algal growth, and migration. 
In addition to the recognized driver of eutrophication, 
climate warming is considered as one of the 
important reasons. Global warming is promoted by 
greenhouse gases, including CO2, CH4, N2O, etc. 
(Kiehl and Trenberth, 1997). The more greenhouse 
gases are emitted, the more significant of temperature 
increase (Lashof and Ahuja, 1990; Tian et al., 2016). 
Global warming may lead to changes in precipitation 
patterns, increasing in extreme storms and soil 
warming, which may change the nutrients input and 
retention time in lakes and other aquatic systems 
(Rustad et al., 2001; Jack et al, 2011; Jeppesen et al., 
2011). The increasing of global average temperature 
and CO2 concentration (CO2(aq)) may exacerbate 
algal blooms (Moss, 2011; Huisman et al., 2018). 
Hence, the impact of global warming on algal 
blooms has become a hot research topic in the past 
decades.

Given their apparent synergy, Moss et al. (2011) 
suggested that eutrophication and climate change 
(especially global warming) required coordinated 

solutions. Li et al. (2021) examined the direct and 
indirect components that influenced greenhouse gas 
(GHG) emissions from eutrophic waters, such as 
dissolved oxygen, organic carbon, and nutrients, as 
well as dominant primary producers and algal blooms. 
They indicated that the existence and significance of 
feedback loops between freshwater eutrophication 
and GHG emissions were particularly underlined in 
light of the difficulties in regulating freshwater 
ecosystems and the Earth’s climate (Li et al., 2021). 
Meerhoff et al. (2022) summarized advances on this 
issue and analyzed how eutrophication was being 
enhanced by climate change while also experiencing 
adverse feedback, especially in shallow lakes. 
However, the effects of algal blooms on global 
warming only received a little attention.

A carbon sink will be created as the growth of 
phytoplankton absorbs CO2. However, when 
phytoplankton dies or decomposes under anaerobic 
or hypoxic conditions, it releases CO2, CH4 and 
inorganic nitrogen. In addition, the release of N2O is 
enhanced by the increase in nitrogen content and the 
circulation rate (nitrification and denitrification) in 
aquatic systems. The details of above chemical 
processes/pathways are in complementary materials 
(Supplementary Figs.S1–S2).

Because the greenhouse effects of CH4 and N2O 
are 28 times and 265 times that of CO2, respectively 
(IPCC, 2014), the algal blooms will increase global 
warming potential. In addition, studies indicated that 
algal blooms in the poles and snow algae in glaciers 
may also contribute to the melting of snow and ice 
by reducing surface albedo (Arrigo et al., 2012; 
Boetius et al., 2013; Ganey et al., 2017). Based on 
this, we hypothesize that global warming and algal 
blooms would promote each other and strongly 
threaten the survival and development of human 
beings.

In order to promote researches in this field, we 
reviewed the progress in the interaction between 
algal blooms and global warming. Compared with 
the existing studies (Moss et al., 2011; Li et al., 
2021; Meerhoff et al., 2022), this review focuses on 
the mutual feedback between algal blooms and 
global warming. We emphasize on the potential of 
global warming promoted by greenhouse gas during 
the whole life cycle of algal blooms as well as algal 
blooms might cause glaciers and sea ice to melt 
(will release greenhouse gas contribute to global 
warming) by decreased surface albedo.
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2 IMPACT OF GLOBAL WARMING ON 
ALGAL BLOOMING

There are many ways of direct or indirect 
impacts of climate warming on algal bloom 
expansion (Fig.1; Table 1), which will be explained 
one by one below.

2.1 The effect of increasing temperature on algal 
blooming

Phytoplankton is the primary producer on the 

earth (Behrenfeld et al., 2001, 2010; Behrenfeld, 
2014) and temperature is one of the key factors 
restricting the growth of phytoplankton (Paerl and 
Huisman, 2008). According to the record of the 
occurrence and duration of algal blooms along the 
China’s coast (from 1970 to 2015), Xiao et al. 
(2019b) found that frequency of algal blooms has 
increased at a rate of 40±4 days per decade, but it 
was 5.50±1.78 days per decade during earlier timing.

Global warming changed the community structure 
of phytoplankton. In Taihu Lake, the dominant 

Fig.1 Interactions among environmental factors and complexity of the global warming impact on algal blooms

Table 1 Representative studies of the impact of global warming on algal blooming

Type

Increasing 
temperature

Rising CO2 
concentration 

Other global 
warming-related 
factors

Sub-type

Alter the community structure 
of phytoplankton

Increase the biomass of
phytoplankton

Cause advanced phenology 
and prolonged growth period

Increase the biomass of 
phytoplankton

Reduce vertical mixing

Affect precipitation and 
drought patterns

Other uncertain events

Topic

Cyanobacteria will become dominant populations

The biomass of phytoplankton will increase as temperature 
rises

The time of the beginning and/or the end of phytoplankton 
blooms are advanced and delayed

The growth and reproduction of phytoplankton biomass will 
be greatly affected

Increased stratification could reduce vertical mixing and favor 
the retention of phytoplankton in upper water column

High intensity rainfall events and droughts would increase 
bloom occurrences

For example, wildfires led to a rapid increase in iron and other 
biogenic elements to induce algal blooming

Reference

Liu et al., 2011; Carey et al., 
2012

Paerl and Huisman, 2008;
Davidson et al., 2015

Weyhenmeyer, 2001; Ma et al., 
2016; Zhang et al., 2018b

Verspagen et al., 2014; Visser 
et al., 2016

Doney, 2006; Huisman and 
Paerl, 2008; O’Neil et al., 
2012

Reichwaldt and Ghadouani, 
2012; Ho and Michalak, 2020

Tang et al., 2021; Liu et al., 
2022a
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populations of phytoplankton usually change with 
variation of temperature, and cyanobacteria will 
become dominant populations when temperature is 
above about 20 °C (Liu et al., 2011). It was reported 
that rising temperature promoted inhibiting effect 
of cyanobacteria growth on other species of 
phytoplankton (Carey et al., 2012). Moreover, the 
biomass of phytoplankton will increase as temperature 
rises under suitable condition (Davidson et al., 2015). 
It was found that phenology of phytoplankton was 
advanced and prolonged under temperature rise, and 
the temperature rise has shortened the winter. For 
example, the growth period of phytoplankton is at 
least one month earlier in the three major lakes in 
Sweden from summer to spring (Weyhenmeyer, 
2001). Besides, the time of the beginning and end of 
cyanobacterial blooms were advanced and delayed 
by global warming in Taihu Lake, respectively 
(Zhang et al., 2018b). In Taihu Lake, cyanobacterial 
blooms had also been found in winter (Ma et al., 
2016).

Taihu Lake has undergone considerable nutrients 
input reductions to prevent cyanobacterial blooms 
since 2007. However, significant cyanobacterial 
blooms continued throughout 2017 (Qin et al., 
2021). It was synergetically sparked by substantial 
external loading from flooding in the Taihu basin in 
2016 and a noticeably warmer winter in 2016–2017 
(Qin et al., 2021, 2022). High rainfall and a warm 
winter were produced in 2016 by the super-strong El 
Niño event of 2015–2016 in conjunction with warm 
phase backdrops, such as the Atlantic Multidecadal 
Oscillation (AMO) and Pacific Decade Oscillation 
(PDO) (Qin et al., 2021). By accelerating internal 
nutrients cycling and escalating cyanobacterial blooms, 
regional climate anomalies enhanced eutrophication 
via a positive feedback mechanism (Qin et al., 2021, 
2022).

Combined with the current situation of advanced 
phenology and prolonged growth period, it is 
feasible to expect that the algal blooms caused by 
rising temperature will be accompanied with 
widespread and long-lasting. In addition, changes in 
the vertical stratification of water bodies and 
meteorological changes brought by global warming, 
such as variations in winds, precipitation, etc., will 
also have an impact on the formation of algal 
blooms.

2.2 The impact of rising CO2 concentration 
impact on algal blooming

Rising carbon dioxide, is responsible for more 

than half of the impacts of global warming. which 
also affects the development of algal blooms. Since 
the Industrial Revolution, various greenhouse gases 
in the atmosphere have been increased significantly. 
Concentration of CO2(aq) increased from 278×10-6 
in 1750 to 390.5×10-6 in 2011 (IPCC, 2014). In 
addition, concentration of CO2(aq) is more than the 
highest value of 280×10-6 recorded in Antarctic ice 
cores for hundreds of thousands of years (Lenton et 
al., 2008). Concentration level of CO2(aq) is several 
orders of magnitude higher than other greenhouse 
gases, and its greenhouse effect contribution rate 
exceeds 60% (Ma’mum et al., 2005). However, 
global warming may also increase CO2 emissions by 
promoting the degradation of global organic carbon 
(Jenkinson et al., 1991; Cox et al., 2000; Koven 
et al., 2011; Crowther et al., 2016). Hence, CO2(aq) 
and rising temperatures may be mutually causal, and 
there has been a long-standing debate about the 
cause and effect.

As a huge carbon reservoir, the hydrosphere, 
especially the ocean, occupies more than 70% of the 
earth’s area. Studies have shown that humans emit 
5.5 billion tons of CO2 into the atmosphere each 
year, and about 2 billion tons of CO2 are absorbed 
by the ocean, accounting for 35% of the total 
emissions, while the land absorbs only 700 million 
tons (Riebesell et al., 2007; Rattan, 2008). The 
primary productivity of phytoplankton accounts for 
more than 50% of the total primary productivity of 
the earth (Field et al., 1998; Behrenfeld et al., 2001). 
The increasing CO2(aq) will increase the 
photosynthesis of phytoplankton and significantly 
increase the primary production capacity of 
phytoplankton (Hein and Sand-Jensen, 1997). An 
extensive number of studies have confirmed that 
when CO2(aq) is double, the primary productivity in 
the water body can increase by about 10%–50% 
(Bowes, 1993; Morel et al., 1994; Ibelings and 
Maberly, 1998; Raven and Falkowski, 1999; Schippers 
et al., 2004; Meseck et al., 2007).

CO2 becomes more crucial when nutrients are not 
limiting (van Dam et al., 2018). The growth and 
reproduction of phytoplankton will be greatlyaffected 
by rising CO2(aq) in eutrophic waters, whereas this 
effect is much less pronounced in oligotrophic 
waters (Verspagen et al., 2014). According to Visser 
et al. (2016), a steeper gradient of increased 
atmospheric CO2(aq) will result in more CO2 input. 
Algal blooms on the surface can absorb CO2, 
enhancing algal blooms in eutrophic waters. 
Phytoplankton with high-flux carbon absorption 
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systems contribute to an increase in inorganic 
carbon availability while also displaying surprising 
diversity (Visser et al., 2016). This is due to that 
various phytoplankton strains combine their CO2 
and bicarbonate absorption systems in different 
ways. As a result, the genetic makeup of algal 
blooms may change (Collins and Bell, 2004).

The increase in CO2(aq) may change the previous 
control strategy that mainly controlled the input of 
nutrients. Under the context of global climate 
change, the influential factors of algal blooms 
include the input of external nitrogen and 
phosphorus, internal circulation, and a complex 
process are combined with global warming. In 
eutrophic waters, we can simultaneously regulate 
eutrophication and global warming by controlling 
algal blooms (particularly the salvage and harvest 
algal biomass to recycle carbon, nitrogen, and 
phosphorus). Due to nutrients limitation in oligotrophic 
waters, nutrients input should be allowed to increase 
phytoplankton biomass, which can result in 
significant carbon absorption. It can be treated as in 
eutrophic waters once the biomass of phytoplankton 
is enough to form algal blooms in oligotrophic area. 
It is worth noting that this is only a relatively ideal 
conceive. It also takes careful analysis on all the 
pros and cons. In brief, combining the control of algal 
blooms and greenhouse gas emissions may become a 
huge project for the environment protection of the 
earth in the future.

2.3 Other global warming-related factors and 
uncertain events effect on algal blooming

Aside from rising temperatures and CO2, global 
warming promotes the expansion of algal blooms in 
many ways, such as to reduce vertical mixing and 
length the optimal growth period, to change 
precipitation and drought patterns, and to benefit 
bloom formation through captured nutrient loads 
(Paerl and Huisman, 2008). Global warming may 
lead to extreme climates, e.g., extreme precipitation 
and drought, extreme storms increasing, glaciers 
melting, and soil warming. These may increase the 
input of nutrients in the basin to lakes and other 
water bodies (Rustad et al., 2001; Brookshire et al., 
2011; Jeppesen et al., 2011), which will increase the 
eutrophication of aquatic systems. Moreover, global 
warming will promote the growth of algae and 
exacerbate eutrophication problems (e.g., algal 
blooms) and anaerobic water bodies (Moss et al., 
2011; Meerhoff et al., 2022). In particular, the 
observed trends in marine harmful algal blooms can 

be attributed to the ocean warming, heat waves, 
oxygen loss, eutrophication, and pollution (Gobler, 
2020). These factors are also direct or indirect 
related to the global warming.

Global warming will bring about many other 
uncertain events, which may create an environment 
benefiting the formation of algal blooms, including 
increase in nutrient supply, temperature rise, carbon 
dioxide increase, and the formation of a stable 
hydrological environment. Therefore, the expansion 
of algal blooms impacted by uncertain events. For 
example, the wildfires in Australia have led to a 
rapid increase in carbon dioxide and algal blooms 
(Tang et al., 2021).

3 THE IMPACT OF ALGAL BLOOMS ON 
GLOBAL WARMING IN TURN

The direct and indirect contribution of algal 
blooms to climate warming is mainly the release of 
greenhouse gases when phytoplankton dies, as well 
as accelerating melting of sea ice and glaciers 
(Fig.1; Table 1).

3.1 The impact of algal blooms on carbon dioxide 
emission

The photosynthesis of phytoplankton gradually 
transports organic carbon to the top of food chain 
and produces particulate organic carbon (POC) 
that sedimentation (Jiao et al., 2010; Zhang et al., 
2018a). Phytoplankton absorb carbon around 
100 million tons from the atmosphere in the photic 
zone of the ocean every day (Behrenfeld et al., 
2010). Although a large amount of the rising carbon 
dioxide in the atmosphere can effectively be 
absorbed, the “biological carbon sequestration” 
does not mean “carbon storage”. The POC actual 
sinks to the bottom of the sea and the percentage 
eventually buried is only 0.1% of the primary 
productivity (IPCC, 2001). This means that although 
phytoplankton absorbs and transforms a large 
amount of carbon dioxide, the real long-term 
amount of departure from the global carbon cycle is 
very low. More carbon is transferred through the 
food chain, the effects of animal and plant 
excrement, microbial degradation, and respiration, 
which will be added to the global carbon cycle. 
Moreover, this process is short-lived, so the impact 
on such a long-term global climate change is fragile 
(Jiao et al., 2010; Zhang et al., 2018a). The decay of 
biomass of algal blooms significantly increased CO2 
emissions (Hansen et al., 1998; Li et al., 2021, 
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2023). The carbon in the dead organic matter will be 
decomposed by microorganisms and finally be 
released into the water body and the atmosphere in 
CO2. Therefore, algal blooms as sinks of carbon in 
the growth phase, but it is source in the stage of 
death and decomposition. Whether algal blooms can 
ultimately reduce CO2(aq) and slow down climate 
warming needs further researches, particularly if 
human intervene the carbon cycle by capturing CO2 
in a way that does not exacerbate global warming.

3.2 The impact of algal blooms on methane 
production

The concentration of methane in the atmosphere 
was about 1 774×10-9 in 2005, which was more than 
twice the concentration before industrialization 
(IPCC, 2007). The contribution rate of methane to 
global warming reached 16%, which was only 
lower than that of carbon dioxide. Although the 
concentration of methane was much lower than that 
of carbon dioxide, the efficiency of capturing heat 
was 28 times that of CO2, and it was increasing at a 
faster rate every year (IPCC, 2014). As an essential 
release source of global methane, methane source of 
water accounts for about 40%–50% of the global 
methane source (Whiting and Chanton, 1993). 
When algal biomass dies and decomposes, it will 
consume a large amount of dissolved oxygen in the 
water body, causing the water body to be in an 
anoxic and anaerobic state in the water area. The 
anaerobic environment of the water body is 
conducive to the production of methane (Knittel and 
Boetius, 2009), and related studies have shown that 
the amount of methane released increases with the 
increase of eutrophication status of the water body 
(Yang et al., 2011). The “biological pump” formed 
by the growth of phytoplankton will increase the 
organic matter content in the water body to a certain 
extent, and eventually lead to an increase in the 
organic matter in the sediment, which will lead to an 
increase in oxygen consumption and methane flux 
in the water (Bastviken et al., 2004). Contrary to 
what had been believed, aerobic methane production 
in water bodies may be the main method of methane 
production and release, and its flux is highly 
correlated with algal biomass (Bogard et al., 2014). 
Bižić et al. (2020) showed that cyanobacteria living 
in marine, freshwater, and terrestrial environments 
produced significant amounts of methane under 
light, dark, oxic, and anoxic conditions, establishing 
a link between methane production and light-driven 
primary productivity in a globally important and 

ancient group of photoautotrophs. They discovered 
that during oxygenic photosynthesis, methane 
production increased. They hypothesized that 
cyanobacteria-produced methane leads to methane 
accumulation in oxygen-depleted marine and limnic 
surface waters. Because of global warming, frequent 
cyanobacterial blooms are expected to become more 
common, perhaps having a direct and positive 
feedback on climate change (Bižić et al., 2020).

Davidson et al. (2018) conducted an experiment 
to see how the effects of warming and 
eutrophication on CH4 ebullition. Eutrophication 
alone raised the percentage contribution of ebullition 
from 51% to 75%, according to the researchers. On 
the other hand, warming treatments (increased 
2–3 °C and 4–5 °C) and nutrient enrichment at 
showed synergistic impact, increasing mean annual 
ebullition by at least 1 900 mg CH4-C m2/a. Diffusive 
flux rose only marginally at higher temperatures 
(average 63 mg CH4-C m2/a) and exhibited no 
response to eutrophication.

In recent years, many studies showed that algal 
blooms increased the release of methane (Yan et al., 
2019; Xu et al., 2020), which exacerbated global 
warming. The CH4 emission of lake could be 
increased due to eutrophication. As a result, the ratio 
of CH4/CO2 emission would be around 2 (Sun et al., 
2021). Stronger stratification and surface warming 
boosted CH4 emission, resulting in greater 
cyanobacterial biomass deposition and bottom water 
anoxia (Bartosiewicz et al., 2021). As eutrophication 
progresses, the effect of algal blooms on methane 
production would rapidly rise. Downing et al. 
(2021) reported that during 2015–2050, the total 
socio-economic losses due to CH4 emissions from 
eutrophication (usually algal blooms) in lakes and 
reservoirs were estimated to be US $7.5–81 trillion. 
The potential savings of $0.66–24 trillion would 
accrue from keeping methane emissions at present 
levels instead of the projected 20%–100% increase 
by 2050.

3.3 The impact of algal blooms on N2O production

Nitrous oxide (N2O) is a trace gas affecting 
climate and atmospheric chemistry. It is a long-lived 
greenhouse gas alongside carbon dioxide and 
methane. Although N2O concentration in the 
atmosphere is much lower than that of CO2, single-
molecule of N2O has a radiation absorption capacity 
of 296–340 times that of CO2, and contributes 
5%–6% of the greenhouse effect (Houghton et al., 
1996). The concentration of N2O in the atmosphere 
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was 325×10-9 in 2013, which was 20% higher than 
that before industrialization (IPCC, 2014). The 
sources of atmospheric N2O mainly include oceans, 
rivers, soils, sediments, and human industrial and 
agricultural production (Khalil and Rasmussen, 
1992). The ocean is an important natural source of 
atmospheric N2O, and the N2O transported from the 
ocean to the atmosphere accounts for 25%–33% of 
the total transport (Nevison et al., 1995; Seitzinger 
et al., 2000). Among them, high-productivity coastal 
waters include estuaries and upwelling areas with 
high contribution of 60% (Naqvi et al., 2000). 
Dissolved oxygen (DO) is the main controlling 
factor for the production or consumption of N2O 
(Capone et al., 2008). Changes in DO concentration 
in water affect the production efficiency of N2O in 
the ocean, and may eventually become a factor on 
the source/sink of N2O in the ocean/atmosphere 
(Suntharalingam et al., 2000). Codispoti (2010) 
pointed out that the intensification of human 
activities will lead to the expansion of hypoxic or 
hypoxic water bodies in the world in future, change 
the production or consumption of N2O, and then 
affect the global N2O source and sink patterns.

The nitrate-nitrogen content affects N2O flux in 
water bodies (Stow et al., 2005). As substrate 
nitrogen increase from decompose algal biomass, 
more N2O will be released by nitrification and 
denitrification (Gruber and Galloway, 2008). The 
increasingly severe problem of eutrophication is 
bound to intensify the release of N2O in water 
bodies. Microalgae in aquatic systems are considered 
an important source that significantly contributes by 
directly creating N2O (Weathers, 1984; Wang et al., 
2006; Plouviez et al., 2019; Burlacot et al., 2020; 
Hutchins and Capone, 2022). It was reported that 
algal blooms produced high mean N2O flux in 
eutrophic lakes (Khoiyangbam and Chingangbam, 
2022; Liu et al., 2022b), particularly in lakes with 
annually algal blooming, e.g., Taihu Lake (Xiao 
et al., 2019a) and Lake Erie (Fernandez et al., 2020). 
Zhou et al. (2021) proposed a non-linear exponential 
model to explain the change in N2O emission flux 
by the degree of eutrophication, and showed that in 
shallow lakes, Chl a and TN predicted 86% of the 
N2O emission flux, demonstrating that nutrient-rich 
condition and algal buildup determine N2O emission 
flux; and furthermore they pointed out that 
temperature and phytoplankton accumulation-
decomposition influenced N2O emission flow in a 
complex fashion.

3.4 Algal bloom accelerates glacier and sea ice 
melting

Although the Antarctic and Greenland ice sheets, 
along with smaller ice caps and glaciers, account for 
merely 10% of the global land surface, despite their 
limited extent, those ice masses contain a vast 
volume of water equivalent to a 77-m rise in global 
sea levels (Barry, 1981). Ice sheets were previously 
considered inert parts of the carbon cycle and were 
generally ignored in global modeling, which has 
been changed by researchers in the past over 10 years, 
as they found that there were specialized microbial 
communities, high rates of biogeochemical/physical 
weathering in ice sheets, and storage and cycling of 
organic carbon (>104 PgC) and nutrients (Wadham 
et al., 2019). Bender et al. (1997) studied the 
fluctuation in atmospheric gas concentration on time 
scales from anthropogenic (past 200 years) to the 
glacial/interglacial (hundreds of thousands of years) 
periods and found that the fluctuation is due to air 
trapping in glacial ice.

It is a consensus that global warming accelerates 
the melting of glaciers, and melted glaciers have 
direct or indirect effect on global warming. The 
possible direct or indirect consequences of ice 
sheets include: (1) the sequestration or release of 
CO2/CH4 through microbial activity within the ice 
sheets; (2) the burial of terrestrial organic matter 
carried by rivers from ice sheets; (3) the release of 
CO2 through respiration or absorption by primary 
production in the oceans; and (4) the production of 
export material-organic matter generated by primary 
production that is not recycled before sinking to the 
ocean floor (Wadham et al., 2019; Du et al., 2022). 
The presence of meltwater has the potential to 
stabilize the ocean column, leading to amplifying 
feedback mechanisms that enhance subsurface 
ocean warming and ice shelf melting (Hansen et al., 
2016). The melting of glaciers contributes to the rise 
in sea levels, consequently exacerbating coastal 
erosion and intensifying storm surge, which is 
further combined by the effects of warming air and 
ocean temperatures, and resulted in more frequent 
and severe coastal storms (hurricanes and typhoons) 
(Hansen et al., 2016).

Many studies reported that the formation of algal 
blooms found in cold place with sea ice and on 
snow (Segawa et al., 2018; Engstrom et al., 2020; 
Gray et al., 2020; Onuma et al., 2022). Those algal 
blooms could undoubtedly accelerate the melting of 
glacier, sea ice and snow, and ultimately affect the 
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global climate and environment (Healy and Khan, 
2023). By reducing surface albedo, microbes can 
contribute to ice warming and contribute to glacier 
melt (Ganey et al., 2017). Their contribution to 
climate warming will grow with increased ice melt 
and nutrient input (Ganey et al., 2017).

Algal blooms in ocean in the polar regions may 
also melt sea-ice. The current thinning of sea ice and 
rising melt pond may result in increased under-ice 
productivity and ice-algae export from the surface to 
the deep sea (Boetius et al., 2013). Optical tests 
revealed that incident light in the ice beneath melt 
ponds (47%–59%) transmitted four times of that 
on neighboring snow-free ice (13%–18%) (Arrigo 
et al., 2012), suggesting that the melting rate was 
greatly increased. Algal blooms are becoming more 
prevalent in the Antarctic, the Arctic (Gray et al., 
2020; Oziel et al., 2020), and on ice sheets 
(McCutcheon et al., 2021). By accelerating the 
melting of winter ice cap, algal blooms might 
contribute to global warming. Indeed, in recent 
years, there has been increasing evidence that algal 
blooms have accelerated the process of melting 
glaciers and sea ice, such as in the western 
Greenland Ice Sheet (Cook et al., 2020), south-
western Greenland Ice Sheet (Cook et al., 2020), 
the Greenland Ice Sheet (Williamson et al., 2020), 
Arctic (Lutz et al., 2016; Castagno et al., 2023), 
and Alaskan Icefield (Ganey et al., 2017). Except 
for the glaciers and sea ice, algal blooms may 
have the capacity to melt ice in winter ice-cover 
freshwater aquatic systems. In winter, algal 
blooms in freshwater have been observed (Ma 
et al., 2016), which consequently contributed to 
global warming.

4 DISCUSSION

4.1 Mutual feedback between global warming 
and algal blooming

Algal blooms release greenhouse gases directly 

or indirectly via the melting of glaciers, which 
ultimately promote extreme weather and other 
outcomes on climate warming (Fig.2; Table 2). 
There are direct or indirect links between various 
processes and factors, reflecting the complexity of 
this issue. The quantitative research between multi-
process and multi-factor is thus highly demanded as 
research in this area remains scarce, calling for more 
data and evidence.

Climate warming promotes the expansion and 
occurrence of algal blooms directly by temperature 
rise or indirectly via increases in carbon dioxide 
concentration and extreme climate incidence (Fig.1; 
Table 1). Although many studies have been carried 
out on the issue, and evidence and data are relatively 
sufficient, the overall estimation is still lacking, 
especially the estimation at the global scale.

Algal blooms and climate warming have posed 
serious risks and losses to the advancement of 
human society and the economy in recent decades. 
A self-reinforcing cycle that may get more and more 
worsened due to the growth of algal blooms and the 
acceleration of climate change has been established 
(Fig.3). Regretfully, there is not much that we 
currently know about the closed loop of mutual 
promotion. Due to the complexity of this issue, 

Fig.2 The impact of algal blooms on global warming in 
turn

Table 2 Representative studies of the impact of algal blooms on global warming in turn

Type

CO2 emission

Methane production

N2O production

Melt glacier and sea ice

Topic

The decay of algal blooms significantly increased 
CO2 emissions

Algal blooms increased the release of methane

Algal blooms produced N2O flux

By reducing surface albedo, algal blooms can 
contribute to ice warming and glacier melt

Reference

Hansen et al., 1998; Li et al., 2021, 2023

Yan et al., 2019; Xu et al., 2020; Bartosiewicz et al., 2021; Sun et al., 2021

Xiao et al., 2019a; Bižić et al., 2020; Fernandez et al., 2020; Zhou et al., 
2021; Khoiyangbam and Chingangbam, 2022; Liu et al., 2022b

Arrigo et al., 2012; Ganey et al., 2017; Healy and Khan, 2023
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quantitative studies on each step of the process as 
well as quantitative estimation of the whole quantity 
are urgently needed. Quantitative research on the 
magnitude, pattern, and mechanism of their mutual 
feedback effects is very crucial.

Global warming promotes the expansion of algal 
blooms through mainly the increasing of temperature, 
CO2(aq), and nutrient input, and form more stable 
environment with long residence time. Undoubtedly, 
this is a process of capturing CO2 to form a carbon 
sink. However, algal blooms enhance the release of 
CO2 and CH4 during the death and decomposition of 
phytoplankton. In addition, phytoplankton can also 
release CO2 when they respire (i.e., at night). The 
increase of phytoplankton biomass, nitrogen content, 
and the acceleration of the cycle rate (nitrification 
and denitrification) promote the releasing of N2O 
(Plouviez et al., 2019). As the greenhouse effect of 
CH4 and N2O are 28 times and 265 times that of CO2

(IPCC, 2014), respectively, the algal blooms process 
will increase the global warming potential. Therefore, 
mutual backup by global warming and algal blooms 
will continue to deteriorate, and threaten the 
survival and development of human being. Although 
the impact of global warming on algal blooms has 
been a hot research topic in the past decades 

(Glibert, 2020; Gobler, 2020), unfortunately, the 
effects of algal blooms on global warming received 
only little attention.

Medium-sized experiments in shallow lakes had 
proved that nutrient concentrations could control 
greenhouse gas fluxes more than temperature 
(Davidson et al., 2015). In addition, the treatment 
effects of temperature at low and high nutrient levels 
indicate that the positive effects of temperature are 
relatively weak. At low nutrient levels, even on the 
contrary, the amount of CO2 released is decreased 
with increasing temperature and has no significant 
effect on the release of CH4 and N2O. The possible 
influence of temperature is indirect. For example, 
the annual total fluxes of both CH4 and CO2 and 
monthly observation data show that the abundance 
increase in aquatic plant at low nutrient levels is 
associated with a significant decrease in fluxes of 
CH4 and CO2 (Davidson et al., 2015). The 
abundance of aquatic plants is positively correlated 
with changes in temperature, which indicates that 
temperature indirectly affects plant abundance and 
thus the fluxes of CH4 and CO2. These results 
indicate that the fluxes of greenhouse gas in shallow 
lakes are controlled by factors indirectly related to 
temperature, such as the concentration of nutrients 

Fig.3 Mutual feedback between global warming and algal blooms
The relationship between algal blooms and global warming, directly or indirectly, is depicted in this schematic. Climate warming encourages the growth 

and sustaining of algae blooms by temperature rise directly, or indirectly by increases in CO2 concentration and extreme climate appearance. In addition,  

algae blooms directly release greenhouse gases, promote glacier melting to release greenhouse gases, and indirectly promote extreme climate and other 

incidents of climate warming. Hence, a closed loop of mutual promotion between the escalation of climate warming and the growth of algal blooms could 

make our planet environment worse.
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and the abundance of primary producers (Davidson 
et al., 2015).

It is worth noting that one of the hazards of algal 
blooms is producing anaerobic water bodies, 
causing deaths of fish and shrimps, and even the 
formation of lifeless “dead zones”. The production 
speed of CH4 and N2O is the fastest under anaerobic 
conditions. Therefore, how to form anaerobic in 
aquatic systems is the key for the mutual feedback 
between global warming and algal blooms. The 
anaerobic “dead zone” formed by algal blooms is 
increasing globally. Quantitative estimation on the 
CH4 and N2O produced by them will be the key 
issue of assessing the contribution of algal blooms 
to greenhouse gases.

In summary, algal blooms may increase the net 
warming potential of greenhouse gases and promote 
global warming. Existing studies have shown that 
global warming could also promote strongly algal 
blooms. Therefore, algal blooms and global warming 
promote each other (Fig.3). Future researches should 
focus on the strength and control strategy of mutual 
feedback between global warming and algal blooms. 
Researches on the issue will help deeply understand 
the process and mechanism of algal blooms and 
global warming, as well as develop control strategy 
and technology.

4.2 Outlook of countermeasure against algal 
blooms and global warming

Phytoplankton (or microalgae) is important in 
carbon cycle for its wide distribution and huge 
biomass in the world. The uptake of CO2 by 
microalgae biomass from the atmosphere or other 
sources has been suggested as one of 10 pathways 
on CO2 utilization and removal (Hepburn et al., 
2019). Algal blooms also are contributed to carbon 
sequestration. Diatoms, for instance, precipitate 
carbon by their fucan polysaccharide during blooms 
(Vidal-Melgosa et al., 2021). Microbial production 
of recalcitrant dissolved organic matter by the 
“microbial carbon pump” (MCP) could be a long-
term carbon storage in the oceans (Jiao et al., 2010).

It can be predicted that the interaction between 
global warming and algal blooms let us to consider 
the combination of algal bloom controlling and 
greenhouse gas emission mitigation in the future. 
The strategy of controlling algal blooms by reducing 
nitrogen and phosphorus will be developed into a 
global geoengineering for cycle regulation of carbon, 
nitrogen, and phosphorus.

The addition of iron into the ocean to increase 

phytoplankton biomass for controlling carbon is one 
of typical example of research on mitigating global 
warming (Coale et al., 1996, 2004; Boyd et al., 
2000, 2004, 2007; Watson et al., 2000; Blain et al., 
2007). About one-third of the oceans in the world 
have a large excess of nitrogen and phosphorus 
nutrients, but the biomass of phytoplankton is very 
low. Such sea areas are called as the “high-nutrient 
and low-chlorophyll” (HNLC). Iron limits the 
productivity of phytoplankton in the HNLC sea 
area, which in turn affects the transport of carbon 
dioxide to the deep ocean. The addition of iron in 
the HNLC sea area can promote the growth of 
phytoplankton, accelerate the export of carbon from 
the surface of the ocean to the deep layer, and 
ultimately reduce the content of carbon dioxide in 
the atmosphere, thereby alleviating or changing the 
global climate change problem caused by the 
greenhouse effect. Some studies have proved the 
scientific rationality of ocean ironing (Buesseler and 
Boyd, 2003; Buesseler et al., 2004). However, many 
issues in further practice are still controversial 
(Schiermeier, 2009; Cao and Caldeira, 2010; Güssow 
et al., 2010).

Therefore, how to use phytoplankton resources is 
the key after fixing carbon. Because of the large-
scale use of algal biomass, it will expand the cycle 
of carbon and reduce its greenhouse effect time 
(exposure to CO2 and CH4 in the atmosphere). 
Moreover, the polluted nitrogen and phosphorus in 
the water body will become a resource commodity, 
which will reduce the pollution load of nitrogen and 
phosphorus in the water body and help reduce algal 
blooms, because it will lengthen the carbon cycle 
and lessen the warming effect (CO2 and CH4 
exposure to the environment). This will simultaneously 
slow down the climate warming and benefit to the 
algal bloom control. Additionally, it may be a useful 
way to use a great amount of phytoplankton biomass 
for carbon sequestration. Many events are related to 
global warming, such as the Canadian wildfires that 
have continued for several months in 2023, can also 
be utilized for controlling the issues of algal blooms 
and climate change. Studies have shown that 
wildfires can increase the amount of iron and other 
biological elements, which ultimately lead to an 
increase in phytoplankton biomass and the outbreak 
of algal blooms (Tang et al., 2021; Liu et al., 2022a). 
It seems that better than the addition of iron into the 
ocean to increase phytoplankton biomass. However, 
it is difficult to predict where the material generated 
by wildfires will move, which is related to 
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meteorological factors.
In conclusion, this paper summarizes the mutual-

feedback effect between algal blooms and climate 
warming which will promote combination between 
algal blooms controlling and carbon neutralization; 
and built the theoretical basis for global protection 
geoengineering, by which carbon, nitrogen, and 
phosphorus cycles could be manipulated or 
controlled. This may be an important direction of 
environmental protection work in the next few 
decades.

5 DATA AVAILABILITY STATEMENT

Data sharing not applicable to this article as no 
datasets were generated or analyzed during the 
current study.
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